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Preface 

This work is accomplished within the framework of the joint Ph.D. 
project in the European School of Materials (EUSMAT) through the 
Doctoral Programme in Materials Science and Engineering (DOCMASE) 
between January 2015 to January 2019. 
It has been carried out under the supervision of Associate professor Dr. 
Esa Vuorinen at Luleå University of Technology as the main supervisor 
and Prof. Dr.-Ing. Frank Mücklich at Saarland University as the second 
university.  
This work has been focused on study of the Quenching and Partitioning 
(Q&P) process by assessing involved mechanisms, microstructure and 
mechanical properties, aiming at an acceleration of phase transformation 
rate to shorten the process time in addition to improving properties in 
service to the industry. 
A part of the work has been performed together with students in different 
case study projects during these 4 years, who are mentioned as co-authors 
of different journal or conference papers. 
The results acquired have been presented in peer-review scientific 
journals, which are appended at the end of this book. 
 
Farnoosh Forouzan 
Jan 2019, Luleå 
 
 
 
 



ii 

 

 
 
 
 
 



iii 

Popular Science Summary  
 
Demands from society and industry to develop lighter components in 
order to reduce the required energy and environmental impact of specially 
vehicles and equipment subjected to moving, have resulted in a huge 
interest in development and improvement of advanced high strength 
steels (AHSS). Enhancement of the merit indexes as yield strength/density 
(R0.2/ρ) ratio in addition to other properties of importance for the specific 
application, is the principle goal in this strive.  
In this work, one low-carbon low-silicon and one high-carbon high-
silicon steel were subjected to a special heat treatment named as 
“Quenching and Partitioning” (Q&P). The main goal was to use the 
Q&P technique to produce ultra-high strength steels with their required 
properties in a very short time. Besides, this technique has been tested 
directly after laser welding and in these tests not only reduced the risk of 
brittle martensite formation but also shortened the post welding treatment 
time in comparison with regular methods.  
To evaluate the feasibility, limitations and advantages of this method, the 
microstructural evolution, as well as mechanical properties of the samples 
were investigated. The promising results have shown that this method can 
be applied successfully for different applications and save a lot of time, 
cost and energy. 
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Populärvetenskaplig sammanfattning 
 
Krav som ställs av samhället och industrin på utveckling av lättare 
komponenter för framför allt fordon men även annan rörlig utrustning 
har medfört ett stort intresse för utveckling och förbättring av existerande 
avancerade höghållfasta stål (AHSS) i syfte att minska energiförbrukning 
och miljöpåverkan. Målet är att förbättra olika materialindex som kvoten 
mellan förlängningsgräns och densitet [Rp0.2/ρ] eller egenskaper som 
utmattningshållfasthet, allt efter vad som är viktigast för den specifika 
tillämpningen. 
I detta arbete har ett lågkolhaltigt stål med låg kiselhalt och ett 
högkolhaltigt stål med hög kiselhalt utsatts för värmebehandlingsmetoden 
”quenching and partitioning” (Q&P), vilket blir ungefär ”släckning och 
omfördelning” på svenska. Huvudsyftet har varit att utveckla 
ultrahöghållfasta stål som uppfyller de krav som ställs på dessa genom en 
process som är betydligt snabbare än vad som vanligtvis är möjligt. Därtill 
så har den föreslagna tekniken testats i direkt anslutning till lasersvetsning 
och då inte enbart gett en minskad risk för bildning av spröd martensit 
utan även en betydligt kortare behandlingstid efter svetsningen. 
För att utvärdera teknikens möjligheter, begränsningar och fördelar har 
mikrostrukturförändringar och de mekaniska egenskaperna för materialen 
undersökts. De lovande resultaten har visat att denna behandlingsmetod 
(Q&P) kan användas på ett framgångsrikt sätt för olika applikationer och 
genom det kan man spara tid, kostnader och energi.  
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Populäre Wissenschaftszusammenfassung 
 
Steigende Anforderungen seitens der Gesellschaft und Industrie, leichtere 
Werkstoffe zu entwickeln, um deren Auswirkungen auf 
Energieverbrauch und Umwelteinfluss zu reduzieren, führten zu einem 
großen Interesse, hochfeste unlegierte Stähle (Advanced High Strength 
Steels – AHSS), zu entwickeln und verbessern. Das Hauptziel dieser 
Arbeit ist die Erhöhung von Leistungsindikatoren wie der spezifischen 
Festigkeit (Fließspannung R0.2/Dichte ρ) zusätzlich zu anderen 
einsatzabhängigen Eigenschaften.  
In der vorliegenden Arbeit wurden jeweils ein niedrigkohliger 
siliziumarmer und ein hochkohliger siliziumreicher Stahl einem Prozess 
namens „Quenching and Partitioning“ (Q&P) unterworfen. Das 
Hauptziel war, die Erzeugung ultra-hochfester Stähle mittels Q&P-
Prozess mit den geforderten Eigenschaften nach kurzen Prozesszeiten zu 
erreichen. Daneben wurde diese Technik direkt im Anschluss an 
Laserschweißen angewendet und es wurde gezeigt, dass nicht nur das 
Risiko der Bildung spröden Martensits reduziert wurde, sondern auch die 
Nachbearbeitungszeit insgesamt im Vergleich zum regulären Schweißen 
verringert werden konnte.  
Die Untersuchung der Mikrostrukturentwicklung sowie der 
mechanischen Eigenschaften hergestellter Proben dienten dazu, die 
Anwendbarkeit, Grenzen und Vorteile dieser Prozessmethode zu 
evaluieren. Die Ergebnisse haben gezeigt, dass der Q&P-Prozess 
erfolgreich für mannigfaltige Anwendungen geeignet ist und ein großes 
Einsparungspotential für Zeit, Kosten und Energie hat. 
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Abstract 

The bainite transformation rate has been shown to increase by starting the 
heat treatment with partial martensite transformation after austenitization. 
Based on this fact, a process very similar to “Quenching and Partitioning” 
(Q&P) is used to produce a fine-grained complex microstructure of 
martensite, bainite and retained austenite with outstanding mechanical 
properties in a very short time. During this process, different mechanisms 
including bainite transformation, carbon partitioning, carbide 
precipitation, grain growth may occur. All these mechanisms can affect 
the mechanical properties such as strength, ductility and toughness. 
Investigation of the different mechanisms influencing the properties and 
subsequent optimization of these is important. In this work, different 
mechanisms of the Q&P heat treatment process and its practical industrial 
applications have been investigated.   
Firstly, the implementation of a Q&P method directly after laser welding 
for a few seconds to substitute any post welding treatment has been 
studied. To investigate the feasibility, limitations, and advantages of this 
method for a low-carbon low-silicon high strength steel, the 
microstructure and mechanical properties by both modelling and 
experimental approach were studied. Promising results show that this 
method can decrease the ordinary post-welding treatment time from a 
few minutes to a few seconds, and in addition improve the mechanical 
properties of the fusion zone and the heat affected zone to the same or 
even higher values in comparison with the base material.  
In the second part of this work, the effect of quenching and partitioning 
on the microstructure and mechanical properties of a high carbon steel 
has been studied. The aim with this part was to optimize the phase 
transformation rate for production of ultra-high strength steel by 
controlling its microstructural evolution. The results show that it is 
possible to get good strength values also for high carbon steels by Q&P 
treatment. In addition, the approach with process control maps can give 
a good overview of which properties can be achieved by this method. 
Hardness value of over 700 HV, and tensile strength of up to 2.5 GPa 
with a relatively good ductility of 4-6% has been achieved by quenching 
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to room temperature and partitioning for less than one minute at 400 °C 
resulting in a microstructure consisting of martensite and retained 
austenite. In a nutshell, the approach to bainite transformation with pre-
existing martensite shorten the processing time for development of 
advanced high strength steels significantly. This method is also possible to 
be used in industrial processes as in welding.  
 
Keywords: Advanced high strength steel; Quenching and partitioning; 
Welding 
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Sammanfattning 

Omvandlingen av austenit till bainit kan påskyndas genom att inleda 
värmebehandlingen genom att först omvandla en del av austeniten till 
martensit. Baserad på detta faktum, har en process som är mycket lik den 
så kallade ”Snabbkylning och Omfördelningen” (“Quenching and 
Partitioning”, (Q&P)) använts för att skapa en finkornig komplex 
mikrostruktur bestående av martensit, bainit och restaustenit med 
utmärkta mekaniska egenskaper på mycket kort tid. Under denna process 
kan olika mekanismer innefattande bainitomvandling, kolomfördelning, 
karbidutskiljning och korntillväxt förekomma. Dessa kan påverka de 
mekaniska egenskaperna som hållfasthet, duktilitet och seghet. En 
undersökning av de olika mekanismerna som påverkar egenskaperna och 
den efterföljande optimeringen av dessa är viktig. I detta arbete har olika 
mekanismer som påverkar Q&P värmebehandlingsprocessen och dess 
praktiska industriella tillämpningar undersökts. 
I första delen av detta arbete har med denna utgångspunkt 
implementeringen av en Q&P metod direkt efter lasersvetsning för några 
sekunder för att ersätta andra efterbehandlingsmetoder studerats. För att 
studera möjligheterna, begränsningarna och fördelarna av denna metod 
för ett lågkolhaltigt höghållfast stål med låg kiselhalt har mikrostrukturen 
och de mekaniska egenskaperna studerats genom såväl modellering som 
experimentellt. Resultaten är lovande och visar att den vanliga 
efterbehandlingstiden kan minskas från några minuter till några få 
sekunder, och därtill kan de mekaniska egenskaperna för den smälta zonen 
och den värmepåverkade zonen förbättras och kan vara lika bra eller till 
och med bättre i jämförelse med grundmaterialet. 
I den andra delen av detta arbete har effekten av Q&P på mikrostrukturen 
och de mekaniska egenskaperna för ett högkolhaltigt stål studerats. Målet 
med denna del var att optimera omvandlingshastigheten för att tillverka 
ultrahöghållfast stål genom att styra mikrostrukturens utveckling. 
Resultaten visar att det är möjligt att erhålla goda hållfasthetsegenskaper 
även för högkolhaltiga stål genom Q&P behandling. Därtill, ger ansatsen 
med processtyrningskartor en bra översikt över vilka egenskaper som kan 
erhållas med denna metod. Hårdhetsvärde på över 700 HV och brottgräns 
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på upp till 2.5 GPa med relativt god duktilitet på 4-6 % har erhållits 
genom snabbkylning till rumstemperatur och omfördelning vid 400 °C 
under mindre än en minut resulterade i en mikrostruktur bestående av 
martensit och restaustenit. 
I ett nötskal kan ansatsen att genomföra bainitomvandling med hjälp av 
en viss andel martensit som skapas i förväg förkorta tiden avsevärt för 
processer för att utveckla avancerade höghållfasta stål. Metoden är också 
möjlig att använda för industriella processer som svetsning. 
 
Keywords: Advanced high strength steel; Quenching and partitioning; 
Svetsning 
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Zusammenfassung 

Die Rate, mit der Austenit zu Bainit umwandelt, wurde erhöht, wenn 
bereits teilweise Martensit nach der Austenitisierung gebildet wurde. 
Basierend darauf wurde ein Prozess entwickelt, der sehr ähnlich mit dem 
„Quenching & Partitioning“-Prozess ist und der mit kurzer Prozesszeit 
ein feines und komplexes Stahlgefüge bestehend aus Martensit, Bainit und 
Restaustenit mit exzellenten mechanischen Eigenschaften produziert. 
Während dieses Prozesses treten mehrere Mechanismen auf, unter 
anderem die Bainitumwandlung, Kohlenstoffpartitionierung, 
Karbidausscheidung und Kornwachstum. All diese Mechanismen 
beeinflussen die mechanischen Eigenschaften wie Festigkeit, Duktilität 
und Zähigkeit. Die Untersuchung und anschließende Optimierung dieser 
Wirkweisen hinsichtlich der genannten Eigenschaften sind sehr wichtig. 
In der vorliegenden Arbeit wurden die verschiedenen Mechanismen des 
Q&P-Prozesses auf ihre industrielle Anwendbarkeit hin untersucht. 
Als erstes wurde der Einsatz von Q&P über wenige Sekunden direkt nach 
dem Laserschweißen untersucht, um jegliche Schweißnachbehandlungen 
zu ersetzen. Sowohl Modellierung, als auch Charakterisierung der 
entstehenden Mikrostruktur und der mechanischen Eigenschaften eines 
niedrigkohligen siliziumarmen hochfesten Stahls wurden herangezogen, 
um die Anwendbarkeit, Grenzen und Vorteile dieser Methode zu 
untersuchen. Die Ergebnisse zeigen, dass diese Methode die 
Schweißnachbearbeitungszeit, die üblicherweise mehrere Minuten 
beträgt, auf Sekunden reduzieren kann. Zusätzlich werden die 
mechanischen Eigenschaften der Schweißzone und der 
Wärmeeinflusszone derart verbessert, dass sie den Level des Ausgangsstahls 
erreichen oder sogar übersteigen. 
Im zweiten Teil wird der Einfluss von Q&P auf die Mikrostruktur und 
mechanischen Eigenschaften eines hochkohligen Stahls untersucht. In 
diesem Fall war das Ziel die Optimierung der Umwandlungsrate zur 
Erzeugung eines ultra-hochfesten Gefüges. Es zeigte sich, dass auch für 
hochkohlige Stähle gute Festigkeitswerte mittels Q&P erzeugt werden 
können. Darüber hinaus liefern Karten zur Prozesskontrolle eine gute 
Übersicht, welche Eigenschaften durch diese Methode erzielt werden 
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können. Härtewerte über HV700, und Zugfestigkeiten bis zu 2,5 GPa 
mit verhältnismäßig guten Duktilitäten von 4-6 % wurden erreicht, 
indem auf Raumtemperatur abgeschreckt („Quenching“) und für 
weniger als eine Minute bei 400 °C gehalten wurde („Partitioning“). Das 
resultierende Gefüge bestand daraufhin aus Martensit und Restaustenit. 
Zusammengefasst lässt sich die Prozesszeit deutlich verkürzen, wenn die 
Bainitumwandlung in einem Gefüge der Austenit bereits teilweise zu 
Martensit umgewandelt ist. Diese Methode besitzt daher auch großes 
Potential bei der Anwendung in industriellen Schweißprozessen. 
 
Keywords: Advanced high strength steel; Quenching and partitioning; 
Schweißen 
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1 Introduction 

 Development of Advanced High Strength Steels (AHSS) 

Throughout the world, there is increasing interest in the development of 
new Advanced High Strength Steels (AHSS) with enhanced combination 
of strength and ductility to reduce the weight of components in order to 
reduce the environmental impact of fuel consumption and gas emissions 
and to increase the safety of vehicles [1]. Mechanical properties, industrial 
feasibility and cost-effectiveness are also critical aspects that must be 
considered. For these reasons, the improvement of the high strength steel 
grades does not only represent an important area of study but also a 
challenging one that must be carefully analyzed. The average use of AHSS 
in car body design from both mass percentage and also the variety of 
available grades has increased significantly over the past 20 years [2]. Most 
of the current commercially applied AHSS steels have been developed 
from Dual-Phase (DP) steel [3]. Starting from the late 1970s the increase 
in strength without losing or even improving the ductility generated 
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significant interest and extensive research on DP steels [4,5]. One 
important finding was the contribution of retained austenite on the 
elongation of DP steels. It was observed that the ductility of DP steels 
increased with an increase in retained austenite [6].  
In addition to DP steels, Complex Phase (CP) and TRansformation 
Induced Plasticity (TRIP) steels are other AHSS grades that are currently 
being used or under investigation by steel suppliers. These grades are 
referred to as “first generation” AHSS as shown in the overview of their 
tensile properties in comparison with other grades in Figure 1-1. While 
the first generation of AHSS contains low alloy steels, the “second 
generation” was developed by adding higher amounts of alloying 
elements, such as manganese, nickel or chromium which led to the 
introduction of the austenitic stainless steels, Twinning Induced Plasticity 
(TWIP) steels, lightweight steels with induced plasticity (L-IP) and shear 
band strengthened steels (SIP). Despite providing an excellent 
combination of strength and ductility, the cost and difficulties in the 
industrial processing made the use of this group limited [7]. 

 

Figure 1-1 Overview of tensile strength vs elongation for various classes of conventional 
and advanced high strength sheet steel (AHSS) grades [3].  

The first generation AHSS concepts are mostly ferritic-based multi-phase 
microstructures. DP steels are still the most applied AHSS grades. Interest 
in DP steels results from improved strength and formability, good 
weldability, relative ease of processing, and availability [8]. 
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The current area of research is focused on the “third generation” of AHSS 
in order to enhance the tensile strength/ductility combinations without 
adding high amount of expensive elements. At this time, the effort is 
mainly dedicated to improving the processing of the already developed 
steels using new heat treatments or low additions of special elements. In 
the following subsections a few of the most attractive new methods to 
develop 3rd generation AHSS will be described shortly and finally 
“quenching and partitioning” methodology which is the main concept of 
this work, will be explained more in detail in chapter 2. 

 Strengthening Mechanisms 

Strength in steels comes from several phenomena, which is why they are 
able to offer such a wide range of properties. The heat treatment of steels 
allows a great variation in microstructure to be produced so that a wide 
range of mechanical properties can be obtained even in plain carbon steels. 
The addition of alloying elements provides even better control over 
microstructure and consequently mechanical properties, as a result of their 
influence on the phase diagram and kinetics of transformations. The most 
important strengthening mechanisms are: 

• Work hardening (dislocation strengthening) 
• Solid solution strengthening by interstitial atoms 
• Solid solution strengthening by substitutional atoms 
• Refinement of grain size 
• Precipitate strengthening  

The only method which results not only in increasing of the strength but 
also ductility is the decrease of the grain size by different means. So, this 
technique is the main method for production of AHSS today. In this 
regard, thermo-mechanical treatments can be used in order to control the 
size and shape of the austenite grains. Besides, controlling the cooling 
cycle from austenite to give the possibility for a finer structure is another 
common method. 
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 Development Methods for 3rd Generation AHSS 

1.3.1 Improvement of Dual Phase (DP) Steels  

The dual phase steels are low-alloy steels consisting of two major phases. 
One is soft and the other one is considerably harder. To produce DP 
steels, samples are heated to the ferrite-austenite region to transform part 
of structure to austenite. The subsequent quenching to room temperature 
transforms austenite to martensite.  
Increasing the martensite fraction by changing the carbon content and/or 
intercritical annealing temperature resulted in a stronger still formable 
structure such as DP780 and DP980 which are now available 
commercially [3]. In addition, grain refinement by special hot 
deformation to increase the strength has been successfully practiced for 
this kind of steel [9-12]. 

1.3.2 Modified TRIP Steels  

The TRIP steels developed to have a major or minor fraction of austenite 
by using different quantities of austenite-stabilizing solutes. During plastic 
deformation, austenite transforms to martensite. Having retained austenite 
as micro-constituent in microstructure not only increases the ductility but 
gives also a TRIP effect and a blocking of  crack propagation (BCP) 
which has been defined by Zackayetal [13] around 50 years ago. The 
production of TRIP is similar to DP steels with the difference that the 
sample is quenched to a temperature above Ms and hold at this 
temperature until carbon inside bainitic ferrite diffuse out to austenite and 
stabilizes by that some retained austenite at room temperature. During the 
last quench, some austenite will transform to martensite, so the structure 
consists of ferrite, austenite, and martensite. 
Primary TRIP steel grades have had higher carbon contents than 
currently used in commercially available grades. In addition, grain 
refinement of TRIP steels by microalloying has also been investigated 
[14,15]. Tensile strengths of up to 1 GPa with elongation level around  
20 % has been obtained as can be seen in Figure 1-2. 
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Figure 1-2 Overview of mechanical properties obtained by different approaches to 
producing the 3rd generation of AHSS [16]. 

1.3.3 Ultrafine Carbide Free Bainite (CFB) 

Numerous works have been conducted to create ultrafine bainitic 
microstructures over the last decade [17-21].The difference between CFB 
in comparison with bainitic steels starts from their chemical composition. 
CFB steels contain a certain amount of silicon and/or aluminum which 
are elements that suppress the formation of carbides and stabilize the 
austenite. So that the resulting microstructure consists of fine sheaves of 
ferritic bainite laths and thin austenitic films. By using low enough 
transformation temperatures for austempering at 200 °C, very fine lathes 
in the thickness range of 20-40 nm can be achieved, which improves the 
properties significantly. For instance, the strength of 2.5 GPa with 600 
HV hardness is achieved after 15 days heat treatment of a 0.98C-1.89Mn-
1.46Si-1.26Cr (in wt%) steel [21]. Although the properties are very good, 
the time seems to be too long for industrial purposes and thus further 
work has been done on increasing bainite kinetics, reducing heat 
treatment to hours rather than days by alloying with Al and/or Co 
[20,22]. 
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2 Quenching and Partitioning 

The quenching and partitioning (Q&P) represent an original heat 
treatment to achieve a martensitic matrix with a minor fraction of retained 
austenite. The process starts from a full or partial austenitization of the 
steel and subsequently controlled quenching between the martensite start 
(Ms) and martensite finish temperatures (Mf) in order to obtain a desired 
fraction of martensite in the microstructure. Finally, holding at a certain 
temperature for a specific time (normally a few minutes) called 
partitioning step, followed by the cooling down to room temperature. 
The partitioning stage can be performed at the same temperature as the 
quenching stage, named as “one-step Q&P”, or at a higher temperature 
“two-step Q&P”. The process is schematically illustrated in Figure 2-1.  
The partitioning step promotes the carbon enrichment in the retained 
austenite due to the carbon diffusion from martensite formed during the 
first quench to austenite [4]. As a result, the austenite that is not 
sufficiently enriched in carbon transforms into martensite during the final 
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quenching. So, martensite transformed during the first quenching has 
lower carbon content due to the tempering effect and it is usually termed 
as “initial martensite”. Depending on partitioning conditions, tempering 
of martensite to increase the toughness without a too great loss of the 
strength of martensite could be performed. Since the martensite formation 
is a shear transformation, the fraction of initial martensite must be 
controlled by adjusting the quenching temperature. 
On the other hand, by high enough carbon enrichment of the austenite 
which has not been transformed at the first quenching, retained austenite 
(RA) will stabilize during the partitioning stage. After the final cooling, 
despite the austenite has been carbon-enriched, if its Ms temperature is 
still above room temperature because of an insufficient stabilization, the 
martensitic transformation could take place. This martensite is usually 
called “fresh martensite” or “untempered martensite”. It has a higher 
dislocation density and it is supersaturated in carbon.   

 

Figure 2-1 Schematic Temperature vs. Time representation of the quenching and 
partitioning thermal cycle with corresponding microstructure evolution [23]. 

 Chemical Composition of Q&P steels  

The chemical composition design of typical Q&P steels is based on 
generating the optimal conditions to achieve retained austenite, and to 
avoid the carbide formation or any diffusive transformation. Because 
competing reactions decompose retained austenite to other phases (i.e. 
bainitic ferrite) or reduce the amount of carbon available to stabilize the 
austenite by carbide precipitation or coarsening. Consequently, these 
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reactions will reduce the possibility to achieve the required mechanical 
properties. 
Silicon, aluminum and phosphorous represents suitable alloying elements 
to hinder diffusive transformations and thus, retard the cementite 
formation (see Figure. 2-2) [24-26]. Since it is not possible for these 
elements to dissolve in cementite, it is required for the cementite to reject 
them in order to grow, and it represents the main cause for the delay of 
this transformation [24,27].  
Recently, the effect of Si on the acceleration of bainite transformation 
was investigated [24,28]. It has been shown that the addition of silicon 
stabilizes the austenite phase during the partitioning stage and retards the 
austenite decomposition into bainite. 
Among these elements, silicon appears to be more effective for Q&P 
treatment [27], because although Al could suppress the carbide formation 
it is associated with faster austenite decomposition into bainite [25]. Thus, 
its utilization in steels for Q&P is limited in contrary to CFB steel. 
However, steels with silicon additions have shown problems related to 
the galvanizing process because of the formation of an adherent oxide 
[27]. Therefore, it is necessary to replace Si by Al or P in steels which 
need to be galvanized. 

 

Figure 2-2 Schematic C-curve emphasizing the delaying effect of silicon on the kinetics of 
carbide formation [29]. 
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Adding manganese (Mn) decreases the driving force for transformation 
and resulting in slower transformation [30]. Nickel (Ni), is also effectively 
stabilizing austenite for longer times at higher partitioning temperatures. 
The use of manganese has been more popular because it is economically 
convenient compared to nickel but it will increase the degree of 
segregation in the steel [31]. On the other hand, the addition of Cr, which 
increases the hardenability and reduces C diffusivity in austenite and slows 
down the austenite decomposition, has been recently reported as more 
effective than Ni in the stabilization of retained austenite after Q&P [32]. 
Molybdenum is potential of importance in hot-dip coated sheet products 
-where partitioning is accomplished in conjunction with coating- since it 
could effectively stabilize austenite for longer times at higher partitioning 
temperatures in Si-added steels [16]. 
At last but not least, selection of the carbon content could play a critical 
role in the mechanical properties of the steel after Q&P. Because the Ms 

temperature drops considerably with the addition of carbon and thus an 
austenite stabilization can be reached easier. Moreover, the carbon 
content affects significantly the mechanical properties due to its interstitial 
nature in steel and the effect of solid solution strengthening.  

 Overview of mechanisms in the Q&P process 

An ideal microstructure after two step Q&P process consist of tempered 
martensite retained austenite and frequently fresh martensite. However, 
other competing reactions were reported in numerous publications. 
These competing reactions include bainite transformation and growing, 
tempering of martensite and carbide precipitation formation [28,33-37]. 
Typical microstructure of Q&P treated steel can be seen in Figure 2-3 
and 2-4 [38,39]. 
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Figure 2-3 Schematic of a typical microstructure of Q&P treated grain including 
submicron-scale lath martensite or bainite matrix within which uniformly distributed fine 

carbides with an average size of several nanometers plus submicron-scale island-like 
metastable retained austenite (RA) or polygonal ferrite and film-like RA with film width 

of dozens of nanometers [39]. 

 

Figure 2-4 The microstructure observed by EBSD analysis of a 0.2%C steel a) 
Combination of image quality map and phase map where blue corresponds to martensite 

and red corresponds to retained austenite -Darker bands are associated with fresh 
martensite. b) Combination of the inverse pole-figure map and band contrast map on 
austenite- bright areas correspond to martensite, dark areas are associated with fresh 

martensite and austenite is shown colorful depending on its orientation [38]. 

Depending on the chemical composition, an almost instantaneous 
transitional carbide precipitation after quenching could occur in 
martensite before the partitioning stage. Nevertheless, as the formation of 
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cementite is supposed to be inhibited, an increase in the partitioning time 
or partitioning temperature may lead to a resolution of these transitional 
carbides providing, a “new” source of carbon to enrich the austenite 
carbon content during partitioning. For example, as shown in Figure 2-5 
by prolonging the partitioning time an increment in the austenite fraction 
is observed as a second peak when different partitioning times are 
considered [29]. The possible explanation for this behavior is due to the 
difference between the carbon content of RA achieved after a short 
partitioning time (first peak) and after longer time. Although the amount 
of RA after short time is higher its carbon content is low, and it has lower 
stability. By prolonging the holding time, some of the RA will decompose 
to other phases such as ferritic bainite. When the partitioning time is 
longer than approximately 1800 seconds, the austenite has gotten high 
enough carbon content so that the austenite will not transform to 
martensite at quenching to room temperature.   
 

 

Figure 2-5 Analysis of volume fraction of austenite as a function of partitioning time for 
quenching temperatures of 180ºC and 150ºC. [29]. 
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It is clearly revealed that isothermal martensite and bainite form at or close 
to the partitioning temperature. While isothermal martensite formation 
begins almost immediately after quenching, the formation of bainite seems 
to follow TTT diagram predictions [33]. Additionally, the quenching 
temperature influences the kinetics of the bainitic transformation. Higher 
quenching temperatures involve a higher initial fraction of austenite and 
thus, lower carbon content present within the austenite. Hence, as a result 
of the lower carbon content stabilizing the austenite, the bainite formation 
occurs faster when the quench temperature is increased [33]. 

It is important to notice that the fresh, high-carbon, martensite has been 
reported as high strength and brittle microconstituent because of its 
carbon content [40,41]. Therefore, its low capability to deform leads to 
potential sites for voids or cracks nucleation in interfaces of fresh 
martensite/initial martensite or fresh martensite/austenite [42]. 

2.2.1 Martensite formation  

Martensite forms when steel quenches from austenite to an appropriately 
low temperature. The cooling must be rapid enough so that there is no 
time for a diffusion-controlled phase transformation to ferrite. The 
driving force for the transformation increases with decreasing 
temperature, resulting in a shear transformation of the face centered cubic 
(FCC) lattice of austenite to body-centered tetragonal [43,44]. The 
transformation occurs as a series of small-scale displacements of atoms 
across a moving semicoherent interface. The result is the formation of 
lenticular martensitic laths inside the parent austenite grains. As the 
transformation progresses, new laths are formed inside the parent austenite 
grains until all austenite has transformed.  
Finding the critical temperatures of phase transformations, specially 
martensite start transformation temperature (Ms) is crucial with regard to 
Q&P heat treatment design. Several empirical and physical models for 
predicting the Ms temperature have been proposed over the past 70 years.  
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Table 2-1 Different formulas for estimation of the Ms temperature. 

Formula Reference 

772-316.7C-33.3Mn-11.1Si-27.8Cr-16.7Ni-
11.1Mo-11.1W 

[45] 

811-361C-38.9Mn-38.9Cr-19.4Ni-27.8Mo 
[46] 

772-300C-33.3Mn-11.1Si-22.2Cr-16.7Ni-
11.1Mo 

[47] 

834.2-473.9C-33Mn-16.7Cr-16.7Ni-21.2Mo 
[48] 

812-423C-30.4Mn-12.1Cr-17.7Ni-7.5Mo 
[49] 

785-453C-16.9Ni-15Cr-9.5Mo+217(C)2-
71.5(C)(Mn)-67.6(C)(Cr) 

[49] 

838−600[1−𝑒𝑒𝑒𝑒𝑒𝑒(−0.96𝐶𝐶)] [50] 
 
In the above Equations mentioned in Table 2-1, the variables stand for 
the mass fractions of the respective alloying elements in wt%. However, 
all these empirical equations are typically limited to only a narrow 
composition range of alloys and an experimental verification should 
always be carried out. 

2.2.2 Martensite morphology 

The morphology of martensite varies according to the chemical 
composition and mainly the carbon content of the steel, i.e. lath 
martensite in low carbon steels and plain (lenticular) martensite in high 
carbon steels [51]. Normally, the lath martensite in low carbon steels is 
with high-density dislocations as the substructure, in contrast to twin 
substructure in lenticular high carbon martensite [52]. 
For low carbon steels with a total carbon content of approximately 0.2 
weight percent, the laths are grouped together into blocks. A cluster of 
blocks will form a packet when sharing the same (111)γ to which the 
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corresponding (001)α′ is almost parallel [44]. It is shown that by increasing 
the carbon content, the sizes of both packet and block decrease [53]. In 
low carbon steels, a block which is observed as having different contrasts 
under optical microscopy contains two groups (sub-blocks) of laths which 
are of two K-S variants with a misorientation degree of around 10. On 
the other hand, in the high carbon alloy, a block consists of laths of a 
single K-S variant, as shown in Figure 2-6.  

 

Figure 2-6 Schematic illustrations showing lath martensite structure in (a) low carbon (0–
0.4%C) and (b) high carbon (0.6%C) alloys[53]. 

The high-angle boundaries between the packets and the blocks act as 
obstacles to dislocation movement, granting improved tensile strength and 
fracture toughness of the material. Morito et al. [53] categorized certain 
martensitic variant combinations as “sub-blocks” because of their low 
mutual misorientation angle. In any case, fully martensitic microstructures 
are typically characterized by a high strength but relatively low uniform 
elongation. 
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2.2.3  Stability of retained austenite 

It has been shown [40,54-56] that the stability of retained austenite (RA) 
is mainly affected by i) the chemical composition (principally local carbon 
content) of the retained austenite ii) the grain size iii) the morphology of 
the retained austenite iv) the constraint generated by phases surrounding 
the austenite and v) there is also a small effect of dislocation density and 
the crystallographic orientation of the austenite with respect to the loading 
direction. 
As it is well defined, carbon is the element which provides austenite with 
the highest stability. However, the high carbon content is not the only 
factor to ensure the stability of the austenite. It is shown that the 
morphology of retained austenite can strongly affect the austenite stability 
[55,56]. Since the blocky retained austenite regardless of its carbon 
content presents lower mechanically stability than filmy austenite. Two 
different mechanisms have been used to explain this.  
The first one correlates the stability of RA to its adjacent 
microconstituents. Since filmy austenite is located between martensite 
laths and austenite must deform in order to accommodate the volume 
expansion of the martensitic transformation during TRIP effect, the 
strength of martensite surrounding the film austenite could avoid/delay 
the martensite transformation in this morphology [56]. The second 
explanation for the higher stability of the filmy-austenite refers to the 
residual stresses i.e. volume expansion during martensitic transformation 
that compress the retained austenite. Subsequently, this hydrostatic 
pressure may hinder or postpone the TRIP effect as the martensitic 
transformation contains a volume expansion [56].  

 Constrained carbon equilibrium (CCE) model 

Designing the Q&P heat treatment, based on optimization of both 
strength and elongation mainly depends on the amount and morphology 
of different micro-constituents, i.e. FM, TM, RA, B, and precipitates. 
Among them retained austenite (RA) play a key role in Q&P steels. 
It has been proposed that the carbon partitioning from martensite into 
austenite is controlled by the constrained carbon equilibrium (CCE) 
principle. The aim of this model is to predict the carbon concentration in 
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austenite under the condition where: (i) Competing reactions, such as 
cementite or transition carbide formation or bainite transformation, are 
suppressed; (ii) An identical carbon chemical potential exists in both 
ferrite (or martensite) and austenite; and (iii) The carbon partitioning 
proceeds under the assumption that the interface between ferrite and 
austenite does not migrate. However, carbide precipitation in martensite 
is often observed during the partitioning step of low or high carbon steels, 
even if they contain a high amount of Si. As a result, this carbide consumes 
some of the carbon and consequently reduces the amount of available 
carbon to enrich austenite during partitioning. Hence, the carbon 
concentration of the austenite after the partitioning step is supposed to be 
lower than that predicted under the CCE conditions excluding carbide 
precipitation. 
In order to estimate the RA, a theoretical model to determine the 
optimum quench temperature based on CCE conditions has been 
proposed and used extensively [25,29,57]. The basis of this method is 
described below: 
Firstly, it is required to estimate the fraction of martensite (and also 
austenite) based on the quench temperature by Koistinen and Marburger 
relationship (Eq. 2-1) [58]. 

𝑓𝑓𝑀𝑀 = 1 − 𝑒𝑒−𝛼𝛼𝑚𝑚(𝑀𝑀𝑠𝑠−𝑄𝑄𝑄𝑄) (Eq. 2 − 1) 

𝛼𝛼𝑚𝑚 = 10−3�27.2 −� 𝑆𝑆𝑖𝑖𝑋𝑋𝑖𝑖 − 19,8 (1 − 𝑒𝑒−1.56𝑥𝑥𝑐𝑐) 
𝑖𝑖 �(Eq. 2-2) 

∑  𝑆𝑆𝑖𝑖𝑒𝑒𝑖𝑖=0.14𝑒𝑒𝑀𝑀𝑀𝑀 + 0.21𝑒𝑒𝑆𝑆𝑖𝑖 + 0.11𝑒𝑒𝐶𝐶𝐶𝐶 + 0.08𝑒𝑒𝑁𝑁𝑖𝑖 + 0.05𝑒𝑒𝑀𝑀𝑀𝑀𝑖𝑖 (Eq. 2-3) 

Where 𝑓𝑓𝑀𝑀 refers to the austenite fraction transformed into martensite at 
the quench temperature (QT), αm is the rate parameter which can be 
calculated from (Eq.2-2) and depends on the chemical composition (Eq. 
2-3), while Ms is the martensite start temperature of the steel. 
Since the initial austenite after the quenching stage can be described as 
1 − 𝑓𝑓𝑀𝑀, assuming that all carbon partitions from martensite to austenite 
and that other competing reactions are precluded (bainite growth, carbide 
precipitation, etc.), the carbon content in austenite (%𝐶𝐶𝛾𝛾) after the 
partitioning step is obtained by (Eq. 2-4): 
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%𝐶𝐶𝛾𝛾 =
%𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑀𝑀𝑎𝑎

1 − 𝑓𝑓𝑀𝑀
 (Eq. 2 − 4) 

At the final cooling, if the austenite is not completely stabilized (which 
means that the carbon content is not high enough and its Ms temperature 
is above room temperature) part of this retained austenite transforms into 
“fresh martensite” following Koistinen and Marburger relationship (Eq. 
2-1). 
Figure 2-7 illustrates the differences between the retained austenite 
fraction measured by X-ray diffraction analysis and the predicted 
according to the model described above in steel grade 9260 (0.6% C–
0.95%Mn–1.96%Si (wt.%)). So, it is clear that despite the lower amount 
of austenite achieved, the shape of the curve and the optimum quench 
temperature to obtain the maximum austenite fraction do not change very 
much, which means that the method could be used to get a good 
estimation of optimum QT. The alteration on the final austenite can be 
explained by considering the presence of competing reactions which 
either decrease significantly the carbon available to partition and stabilize 
the austenite or reduce the austenite volume due to a transformation 
(carbide precipitation, and bainite growth respectively) (Section 2.2). 

 
Figure 2-7 Comparison between the measured and predicted RA fraction for steel grade 

9260 (0.6% C–0.95%Mn–1.96%Si (wt.%))[29]. 
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3 Scope of the present work 

As mentioned earlier, development of advanced high strength steels is of 
great importance for industry and society. The goal is to reduce the 
environmental impact from industrial processes and products. Although 
many of the AHSS were proposed already in the 1970s and 1980s, the use 
of some of them in different applications are still limited. This is mainly 
due to the feasibility and the cost of production of such steels, as for 
example the very long heat treatment time required for CFB steels or 
because some steels as stainless steels, TWIP steels and Maraging steels are 
highly alloyed with expensive elements such as Ni, Cr, Mn. The other 
reason is the practical limitation of them in service. Because most of the 
AHSS are produced by a controlled thermal or thermo-mechanical 
treatment, the microstructure and properties could change significantly 
after high temperature heating for instance, after welding or hot forming 
processes. 
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 The increase of phase transformation rate 

Different kinds of ferritic-austenitic microstructures (i.e. DP, CFB) shows 
the best toughness and strength properties. But normally the diffusional 
phase transformation takes a long time to reach the steady state condition. 
For example, the duration to reach steady-state for the bainite reaction in 
low temperature austempering of high carbon high silicon steels is 
typically longer than 10 h at a temperature of 250°C. The transformation 
duration can exceed 100 h for lower temperatures [19,21,59].  
Conventional tempering temperatures for hypereutectoid steels in order 
to achieve high hardness are typically within 160–230°C. 
Therefore, decomposition of retained austenite after quenching to bainite 
take tens if not hundreds of hours [60]. This problem makes this kind of 
heat treatments very difficult and costly for industry.  
Ko and Cottrell showed in 1952 [61]that pre-existing martensite shortens 
the required duration for an incubation time of bainite transformation to 
1/3. Recent investigations have also confirmed this observation that the 
effect of preliminary martensite is the same as if the same amount of 
bainite exist in the system before the final bainite transformation [62,63].  
Based on this fact, comparing schematic heat treatment “A” and “B” in 
Figure 3-1 illustrates that although both of them are multiphase 
microstructures containing bainite and martensite, in combination with 
probably retained austenite and carbides, heat treatment “B” takes much 
longer time to create the stable condition for final quenching and 
minimum amount of fresh martensite (FM). 
The thermal treatment “A” is very close to the ideal Q&P process which 
also starts with the transformation of part of austenite to martensite.  
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Figure 3-1 Schematic of two heat treatments on a general CCT-diagram for hypo-
eutectoidic steel. Blue curve is shifted to the left (red curve) after partial martensite 

formation. In cooling cycle, A: martensite is followed by bainite, in cooling cycle B: 
Bainite is followed by martensite. 

So, if the steel contains enough alloying elements such as Si for retarding 
the diffusional transformations, the process could avoid the formation of 
bainite during the heat treatment as it is originally aimed for Q&P process. 
However, the process provides the possibility for (carbide-free) bainite 
formation during the partitioning step, i.e. in the presence of martensite. 
This overlap between the process of carbon partitioning from initial 
martensite and the formation of bainite, lead to an enhanced carbon 
enrichment of the austenite by both mechanisms. Therefore, the increase 
of the carbon concentration in the austenite through the carbon 
partitioning from martensite would accelerate the rate that austenite 
reaches the maximum carbon content at which the formation of bainite 
is stopped[64]. 
On the other hand, thermal treatment “B” is very close to the 
austempering process to produce CFB, but in that case depending on the 
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austempering temperature it takes tens if not hundreds of hours to enrich 
the stable fully carbide free bainite and carbon enriched austenite[65].  

 Using Q&P in industrial applications 

Generally, AHSS are produced by using special thermal and/or 
mechanical treatments which could be affected during the last production 
steps for different applications. For example, for different hot forming 
processes the microstructure and mechanical properties of all or some parts 
of the component could significantly change. Below are three possible 
application areas for which a Q&P treatment could be added at the end 
of the process presented.  

3.2.1 Press Hardening 

 The advantage of using the Q&P process directly during the press 
hardening is proposed by Vuorinen [18,66] in 2012. Although the process 
is not as quick as conventional press hardening of boron steels, it showed 
the higher quality of the product. The schematics of the process is shown 
in Figure 3-2. Although this subject is still relatively new, many 
researchers are working to establish the methodology and its cons and 
pros [67-70].  
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Figure 3-2 Application of Q&P process during Press Hardening[70] 

3.2.2 Welding 

Welding is also one critical process for which the microstructure and 
properties of the FZ and HAZ can be strongly affected. So, usually 
different kind of pre and/or post welding treatment is necessary to avoid 
the brittleness and failure from this region. Normally, this treatment takes 
several minutes, but the idea of using Q&P treatment in connection to 
welding gives the opportunity to accelerate the phase transformation rate, 
as well as providing comparable properties with the base metal to the weld 
zone. (See Figure 3-3) 
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Figure 3-3 Application of Q&P process directly after laser welding [71]. 

However, there are questions regarding the application of Q&P after 
welding that are investigated in this work. For instance: 

- How the Q&P treatment could be applied on the sample, just 
after the welding? 

- How successful is this treatment to secure the weld zone from the 
risk of brittle martensite formation? 

- How does this post-welding treatment affect the size of 
precipitates? 

- What are the limitations and advantages of using this method in 
comparison with regular pre/post welding methods? 
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3.2.3 Bearing steels 

Despite works on Quenching and Partitioning of low/medium carbon 
high silicon steels during the last 15 years, provides a wealth of 
information on the microstructure, mechanical properties, kinetics of 
transformation, etc. there is still a significant lack of information on using 
Q&P for high carbon (C>0.5 wt%) steels. Since the main application of 
Q&P steels, up to now has been in automotive industry, relatively high 
elongation (over 15%) and good weldability have been necessary. 
Consequently, this attracts researchers to concentrate their work on 
carbon level of 0.15 to 0.35 wt%. But steels with higher carbon contents 
are also used in other applications such as rail steels, spring steels, wear 
resistant steels, forging grades, wire ropes, tire reinforcement, pre-stressed 
concrete, and high strength bars [72]. 
In this study, the feasibility of using Q&P treatment for steels with higher 
carbon contents, resulting in extremely high strength values have been 
investigated. The main question has been, if there is any chance to 
stabilize austenite and increase the elongation to the acceptable level. The 
benefit of such work is mainly the increase of phase transformation rate 
to shorten the process time to only a few minutes. Conventional heat 
treatment for low alloy high carbon steels is quenching and tempering for 
a few hours, such as traditional 100Cr6 steel resulting in 2 GPa strength 
and 1-2 % elongation. In addition, CFB steels which showed higher 
elongation needs to be austempered for tens to hundreds of hours heating 
at low temperatures (125–350 °C).  

 Objectives 

Multiphase microstructures in steel have been extensively studied in the 
past two decades but combining non-equilibrium phases still offers great 
potential for further development of these steel grades. Presence of strong 
microconstituents as martensite or bainite beside the softer austenite will 
result in an improved combination of mechanical properties. Specifically, 
microstructure on the basis of carbon-depleted martensite and retained 
austenite which could transform into martensite during the mechanical 
loading, gives a great opportunity to shorten the process as described at 
the beginning of section 3-1.  
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The objectives of this work has been to investigate the following main 
topics: 

- Shortening the ordinary processing time for advanced high 
strength steels without losing their excellent properties 

- Development of the Q&P processing routes in service to 
industry, i.e. welding. 

- Understanding the effect of different variants of thermal 
treatment on the microstructure and mechanical properties. 

- Investigation of benefits and limitations of application of the 
suggested novel processes in practice.  
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4 Materials and Methods 

 Materials 

Two different AHSS have been used in this study. The first one is 
“Domex 960” from SSAB, Sweden, which is a low carbon low silicon 
steel for investigation of Q&P post-welding treatment and the second one 
is “06CV” produced by Ascometal, France which is high carbon high 
silicon steel. Their chemical compositions are listed in Table 4-1. 

Table 4-1 The chemical composition of Domex 960 and 06CV steels. 

 
C% Si% Mn% Ti% Mo% Cr% Ni% V% N% 

Domex 
960 

0.082 0.23 1.79 0.184 0.503 0.064 0.296 0.012 0.004 

06CV 0.6 1.6 1.25 - 0.15 1.75 - 0.12 - 

 
The phase diagram of Domex 960 and 06CV sheets of steel are simulated 
by ThermoCalc® with the thermodynamic database TCFE8 and mobility 
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database of MOBFE3 [73]. Results are shown in Figure 4-1 and Figure 
4-2, respectively.  

 

Figure 4-1 Phase diagram based on the chemical composition of Domex 960 vs carbon 
simulated by Thermocalc. 

It can be seen in Figure 4-1 that the only phase in addition to carbides for 
this level of carbon is ferrite. 
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Figure 4-2 Phase diagram based on the chemical composition of 06CV vs carbon 
simulated by Thermocalc. 

Figure 4-2 implies that mainly because of having high Silicon content, 
the eutectoid carbon composition is shifted to the left. In addition, LOM 
pictures and microhardness results (HV0.5 =346 ± 7.6), confirms a fully 
pearlitic microstructure of the as-received material.  

 Heat Treatment  

The heat treatments that have been performed for both steels are 
mentioned in the corresponding papers. The selection of the austenitizing 
temperatures, quenching temperatures and partitioning temperatures and 
times were based on the critical temperature of each steel.  
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Austenitizing was performed above the A3 temperature. The quenching 
rate and temperatures were selected, based on the CCT diagrams of the 
steels. In order to select the QT, the Ms is calculated according to the 
empirical equations mentioned in Table 2-1 and/or related brochures 
from the companies or previous studies on these steels. Based on these 
information, 3 different QT were selected to have a different amount of 
initial martensite calculated by using Eq. 2-1. Following the first quench, 
the partitioning conditions were selected using the CCT diagrams to limit 
the diffusive transformations.  

4.2.1 Q&P treatment of Domex 960  

The selected heat treatment conditions are schematically shown in Figure 
4-3. Totally 27 different samples were heat treated by using Gleeble. After 
that, the same heat treatment was repeated by using an induction heater 
immediately after laser welding as shown in Figure 4-4. 

 

Figure 4-3 Schematic of heat treatment for Domex 960 used in paper 1 to 3. 
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Figure 4-4 The configuration of the equipment used for laser welding and Q&P 
treatment. 

Ytterbium fiber laser with 5kW power, the travel speed of 1.1m/min, 
argon as a shielding gas with a flow rate of 20litre/min were used for laser 
welding of the 5.5 mm sheet of Domex 960. Thermocouples were 
welded 1.5 mm far from Fusion Zone (FZ) to monitor the temperature. 
As can be seen in Figure 4-4, the induction heater was used to control 
the quenching temperature and for applying the partitioning condition 
directly after the welding.  

4.2.2 Q&P treatment of 06CV 

The Q&P conditions, which have been used for the 06CV steel, are 
shown in Figure 4-5.  
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Figure 4-5 Schematic illustration of the Q&P conditions evaluated. PT and Pt refer to 
partitioning temperature and partitioning time respectively. 

The austenitization temperature of the sample treated by Gleeble was 
carried out at 910°C for 5 minutes. But the austenitization of the samples 
which were heat treated by using Nabertherm N11/H batch furnace, was 
carried out at 890°C for 1h. The quenching stage was performed in either 
Therm Concept salt bath (for QT190 and QT165) or oil (for samples 
quenched until room temperature). Samples quenched until 190°C or 
165°C were held in the salt bath for 1 minute, in order to stabilize the 
temperature of the salt bath and subsequently they were partitioned at the 
selected temperature in a second salt bath. The batch furnace and the salt 
bath can be seen in Figure 4-6. It should be noted that, for samples 
quenched until room temperature, the oil was removed before they were 
partitioned in the salt bath. All samples were cooled to room temperature 
in air after the partitioning.  

  

Figure 4-6 a) the batch furnace and b) the salt bath furnace, which were used for heat 
treatments. 

a) b) 
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In order to analyze the actual thermal profile achieved in the samples, the 
K-type thermocouples were welded on the samples.  
Samples of 10x10x75mm were heat treated and the cross section used to 
evaluate the microstructure, hardness and impact toughness, while tensile 
test samples were machined, and heat treated in a second round using 
same parameters and same equipment.  
It should be mention that the austenitization was performed in air 
atmosphere, so decarburization of the surface could occur. In order to 
remove the decarburized layer accurately, the hardness along the distance 
from the surface was measured in advance. The hardness profile as shown 
in Figure 4-7, demonstrated that grinding of approximately 250 µm is 
necessary after the heat treatment of tensile test samples, which is shown 
in Figure 4-8.  

 

Figure 4-7 The Hardness (HV0.1) profile along the cross-section of the heat treated 
tensile test samples. Decreasing the hardness close to the surface is associated with 

decarburization during the heat treatment. 
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Figure 4-8 Shape and layout of tensile test samples a) As-machined b) After heat 
treatment c) After grinding d) Layout of specimens. 

 Material characterization techniques 

Sample preparation for microstructure studies including light optical 
microscopy (LOM), micro-hardness measurement, scanning electron 
microscopy (SEM), Electron backscatter diffraction (EBSD), and X-ray 
diffraction studies were performed by conventional manual grinding and 
polishing. The specimens were ground using Buehler MetaServ 250 
(P220- P600- P1200- P2500) and polished (6 µm- 3 µm- 1 µm- 0.25 µm) 
step by step, followed by the last stage of Colloidal Silica (0.06 µm). 

4.3.1 Light Optical Microscopy  

The optical microscopy (OM) analysis was carried out using Nikon 
Eclipse MA200. Nital and LePera color etching (Table 4-2) were utilized 
to reveal and distinguish the structure.  

a) b) c) d) 
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Table 4-2 Etching solutions that have been used in this study. 

Etching Solution 
Effect on 

microstructure 
Observations 

LePera 
Equal portions of 
solutions: 

(a) 1% Na2S2O5 in 
aqueous dilution 

(b) 4% picric acid in 
ethanol 

Ferrite 
yellow/blue; 
bainite brown, 
retained 
austenite and 
fresh martensite 
white 

Austenite and fresh 
martensite not separately 
identifiable. 

2%-Nital 

(a) 98ml ethanol 99% 
(b) 2ml nitric acid 65% 

Reveals alpha 
grain boundaries 
and constituents. 

Most common etchant 
for steels and casts iron. 
The 2 or 4% solution is 
commonly used. Use by 
immersion of sample for 
up to 60 s. 

4.3.2 Microhardness 

A Matsuzawa MXT microhardness tester was utilized to study the Vickers 
Hardness (HV) variations of the samples. The applied load is selected 
based on the purpose of the study. Normally, a load of 500g (HV0.5) was 
used in order to obtain an indentation size with a diagonal larger than 20 
µm, that could include all the phases present in the microstructure. The 
specified load in each case is mentioned in the corresponding article.  

4.3.3 SEM, EDX, and EBSD 

A JEOL JSM-IT300LV microscope, equipped with Oxford X-Max 
energy dispersive spectroscopy (EDS) was used when necessary for SEM-
EDS analysis. Samples were etched with 2%-Nital as mentioned in table 
4-2, before SEM studies.  
In addition, FE-SEM Helios Nanolab 600 (FEI company) have been used 
for SEM and especially high-resolution EBSD. The samples for EBSD 
were polished very carefully to avoid mechanical transformation of RA 
to M and then the EBSD was performed on polished samples.   
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4.3.4 XRD Analysis 

A transversal cutting was performed by Struers Secotom-10 using a feed 
speed of 0.05 mm/s aiming to introduce the lowest amount of plastic 
deformation. A final cutting parallel to the first cut surface was performed 
in order to obtain samples of 10x10x5 mm size. Subsequently, the samples 
were ground and polished as mentioned earlier.  
Panalytical Empyrean diffractometer was operated to obtain XRD 
patterns, collecting (2ϴ) data from 40° to 100° with a step size of 
0.0131303°, and a scan speed of 0.026796°/s. 
HighScore Plus v4.7.1 software was utilized to perform Rietveld analysis 
and determinate the phase fractions and their lattice parameters.  

4.3.5 Charpy-V impact toughness 

The Charpy-V Impact Tests were carried out according to ASTM 
Standard E 23- “Standard Test Methods for Notched Bar Impact” and 
the energy absorbed during the test is reported in joule (J). The 
dimensions of the samples are shown in Figure 4-9.   

 

Figure 4-9 Charpy V-Notched dimensions according to ASTM Standard E 23-
“Standard Test Methods for Notched Bar Impact Testing of Metallic Materials”. 

4.3.6 Tensile Testing    

Tensile test specimens of Domex 960 were cut from different welded 
sheets which were Q&P treated based on different conditions, in advance. 
The size of the samples was normal A-50 according to the standard EN 
ISO 6892-1:2009. It should be noticed that the FZ was located in the 
center of the specimens, but the place of fracture is different based on the 



Chapter |4 Materials and Methods                                                   61 

 

properties of the samples as can be seen in Figure 4-10. Samples were 
tested by using Instron 250 kN. 

 

Figure 4-10 Examples of laser welded +Q&P treated tensile test samples. 

The dimensions of the tensile test specimens of 06CV are specified in 
Figure 4-8. It should be noted that the gage length is 15mm with a 
diameter of 3 mm (L/D=5). The tensile tests were carried out at room 
temperature in Gleeble 3800, with a longitudinal glass extensometer 
(HZT extensometer), which is designed to operate at high temperatures. 
The arrangement of the specimen in Gleeble 3800 before the test is shown 
in Figure. 4-11.  

 

Figure 4-11 The outlook of the tensile test specimen and extensometer in Gleeble 3800. 
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5 Results and discussion:  

Based on the results presented in papers I to V, the following three 
sections gives a summary, of these by describing the thermal treatments 
performed, the microstructures created, and the mechanical properties 
achieved. The goal for chapter 5 is to give additional information and 
more details and comparisons to what is presented in the articles and not 
to repeat the results presented in the different articles.  

 Thermal Treatments: 

The thermal treatment that has been used for Domex 960 mentioned in 
papers I, II and III is the same as in the Q&P process but since this steel 
has not high enough carbon and silicon content for stabilization of 
retained austenite by carbon enrichment during “second heating” was 
improbable. So, because of the similarity between the thermal processes, 
it was named as Q&P but the goal of using this process was not only to 
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produce a martensitic microstructure with retained austenite but also to 
take the advantage of pre-existing martensite to accelerate the bainite 
transformation, in addition to tempering of the primary martensite and 
results in a non-brittle multiphase microstructure.   
The thermal treatment for 06CV that has been discussed in paper IV and 
V is identical with Q&P. The best results were observed by quenching to 
room temperature in which the initial fraction of martensite is around 
80%. So, this case is the same as quenching and tempering but for a higher 
temperature and shorter times than traditional tempering conditions to 
design the properties by controlling the microstructural evolution.  

 Microstructure 

Results from LOM, SEM, EDX, EBSD, and XRD are presented in this 
section. 

5.2.1 The microstructure of Domex 960 

Microstructural observations revealed the presence of tempered 
martensite with fine carbonitrides inside them, bulky fresh martensite, 
bainite laths and Ti(C, N) precipitates. The base material was thermo-
mechanically treated, so it had a very fine microstructure as shown in 
Figure 5-1. 

 
Figure 5-1  EBSD of the as-received (a) IPF+IQ (b) Phase map+ IQ. 

The amount of each microconstituent depends on the Q&P treatment 
history. Besides, two sizes of precipitates have been observed; i) coarse 
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Ti(C, N) precipitates from casting which were not dissolved during the 
Q&P process (shown in Figure 5-2) and ii) secondary precipitates which 
are very fine and are distributed all over the microstructure which can 
grow during the Q&P process ( see Figure 5-3) (more details are 
mentioned in paper III).  
 

 
Figure 5-2 very large Ti(C, N) precipitates in the base material which is formed during 

the casting which h are sparsely distributed. 
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Figure 5-3 SEM pictures of different shapes of precipitates in the post-weld heat treated 
sample at QT=355 ◦C and PT=640 ◦C for 50sec.( mentioned in paper III) 

5.2.2 The microstructure of 06CV 

In general, the main microconstituents of Q&P treated samples are fresh 
and tempered martensites, which could have both lath and plain 
morphology, bainite and retained austenite. To quantify the amount of 
different phases, 3 different methods have been used, color etching, 
EBSD, and XRD.  
For all samples, LePera color etching method have been used. Therefore, 
the fraction of phases were measured by using the image analysis software 
“Image J”. Figure 5-4 shows the result of this tint etching for a 06CV 
sample which is quenched to 165° C and partitioned at 280°C for 5 
minutes in 2 magnifications. As can be seen, preliminary martensite is 
clearly dark blue, bainite is brown and the white parts are retained 
austenite or fresh martensite.  
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Figure 5-4 The microstructure of a Q&P treated 06CV steel sample in which Blue: 
Tempered Martensite, Brown: Bainite, White: Retained austenite or fresh martensite. 

EBSD is also used to confirm the phases corresponding to different colors 
of the above-mentioned tint etching. For example, Figure 5.5 shows that 
the white colour around the tempered martensite is austenite, as expected. 
More information about this figure can be found in paper V.  

 

Figure 5-5 Superimposed image quality map and color-coded phase map of sample 
QT165-PT500-Pt5. Austenite appears green. Regions of all BCC structured phases 
(i.e. tempered or fresh martensite/bainite) appear red. The brighter regions are likely 

tempered martensite while darker grayscale indicates regions are likely martensite/bainite. 

In addition, based on the tetragonality information of the phases and by 
using PDF4 database, and Retvield analysis the amount of fresh martensite 
could be extracted from XRD patterns in addition to retained austenite 
and the other ferritic structures with lower tetragonality. The method is 
shown in Figure 5-6. 
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Figure 5-6(a) XRD pattern of sample QT165-PT280 -pt600 (b) Large zoom of the 
first peak in (a) to show how the peaks of tempered and fresh martensite were 

differentiated. 

 

 Mechanical properties 

The mechanical properties studied in the papers I to V were hardness, 
Charpy impact toughness, tensile strength and elongation values. 

5.3.1 Mechanical properties of Domex 960 

Since the coarse-grained zone of HAZ has the highest risk for failure in a 
welded material, all Q&P conditions have been tested by using Gleeble 
on samples with the size of normal Charpy impact test pieces.  Hardness 
and Charpy values were measured in advance. The results of this part are 
reported in Paper I. Subsequently, the laser welding and Q&P treatment 
were performed on sheets of 5.5 mm thickness and tensile testing was also 
carried out. Results showed that all samples have higher strength than the 
base metal and in optimized conditions also higher ductility and 
toughness. Paper II and III gives detailed information about the results 
and especially in paper III, the main reasons which could potentially 
influence the toughness in different Q&P conditions are studied and 
discussed in detail.  

 
(a) 

(b) 
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5.3.1 Mechanical properties of 06CV 

The mechanical properties, including hardness, impact toughness and 
tensile test results, of steel 06CV are extensively described by different 
process control maps in paper V. The reason was to get an overview of 
the properties as a function of different Q&P processing parameters. In a 
few Q&P conditions, hardness of over 800 HV but a very brittle structure 
is observed. For some other cases both good toughness and hardness were 
achieved. Samples with satisfactory ductility and over 2 GPa tensile 
strength showed over 700 HV in hardness. All these properties could be 
used in different applications with specific demands. In addition, other 
tests including fatigue and wear (rolling- sliding) test are ongoing or 
planned for continued investigation of this steel.   
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6 Summary of appended papers 

Paper I 
 

Title: Microstructure Analysis and Mechanical Properties of Low Alloy 
High Strength Quenched and Partitioned Steel 
Authors: F. Forouzan; S. Gunasekaran; A. Hedayati, E. Vuorinen; F. 
Mücklich 

Summary: In paper I, the effect of different Q&P conditions on 
microstructure and mechanical properties of Domex 960 steel have been 
investigated. Three different quenching temperatures, three partitioning 
temperatures and three partitioning times have been selected to process 
the 27 specimens by Gleeble® 1500 at Oulu University.  
Microstructure characterization has been performed by optical 
microscopy, scanning electron microscopy (SEM), Energy Dispersive X-
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Ray (EDX) and X-ray diffraction and the mechanical properties that were 
studied are hardness and impact toughness. The SEM analyses revealed 
the presence of tempered martensite with precipitates (Ti(C,N)) inside 
them, bainite laths and bulky retained austenite and/or untempered 
martensite for all samples. The amount and size of each micro-constituent 
depend on the Q&P conditions. 
The hardness increases as the quenching temperature is decreased, 
however, at the highest partitioning temperature (640°C) the hardness 
increases sharply due to extensive precipitate formation. Results showed 
that although Domex960 has very low carbon content (0.08wt%) and 
small amounts of Si to slow down the diffusional transformations, the 
properties of the final structure can be improved by selecting proper Q&P 
conditions.  
 
Author’s contribution: The author performed the experimental work 
with help of Suresh Gunasekaran (second author), analyzed the data, 
wrote the paper and presented this work at 8th International Conference 
on Materials Structure & Micromechanics of Fracture, Brno, Czech 
Republic, June 27–29, 2016. 
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Paper II 
 
Title: Post weld-treatment of laser welded AHSS by application of 
quenching and partitioning technique 
Authors: F. Forouzan, E. Vuorinen, F. Mücklich 
 
Due to the very high cooling rate of laser welding usually brittle 
martensite form in the HAZ. So, in this study the effect of Q&P treatment 
on the HAZ just after welding is simulated by using Gleeble 
thermomechanical simulator and thereafter tested (which more detailed 
in paper I). In this paper, the same cycles tested in Gleeble were repeated 
after laser welding by using an induction heater close to the weld zone. 
The microstructures were analyzed using LOM, SEM, EBSD, EDX, and 
XRD and mechanical properties were studied by micro-hardness 
measurements across the weld, tensile and impact toughness tests. 
Microstructural observations revealed the presence of tempered 
martensite with precipitates, bulky fresh martensite, bainite laths, and 
precipitates. EBSD analysis of the samples showed that short isothermal 
heating times of 2 or 5 s were long enough for tempering the primary 
martensite formed after quenching. Although higher temperature 
increases diffusion rate, phase transformation to ferrite is more 
pronounced in samples tempered at 540°C in comparison with 640°C 
since increasing temperature from 540°C to 640°C will increase the 
carbon solubility in ferrite and decrease the stress concentrations in the 
structure. Tensile test results of the welded samples showed that all the 
heat treated samples have higher strength than the minimum defined 
strength of the material. Samples with more than 60% martensite created 
during the first quench which are then tempered properly, showed up to 
80% increase of the elongation at failure (A5) value in comparison with 
the reference weld, saving the strength limit of base metal. However, the 
impact toughness of samples tempered at 640 °C was surprisingly low. So, 
in paper III different factors which can cause this low toughness were 
investigated in detail. 
 
Author’s contribution: First author has performed most of the 
experiments, analyzes, and writing of the article, which is published in 
Materials Science and Engineering: A.vol.698, 174-182, 2017.  
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Paper III 
 

Title: Effect of Carbon Partitioning, Carbide Precipitation, 
and Grain Size on Brittle Fracture of Ultra-High-Strength, Low-Carbon 
Steel after welding by a Quenching and Partitioning Process 
 
Authors: F. Forouzan, A. Guitar, E. Vuorinen, F. Mücklich,  
 
Paper III has been focused on the possible main causes of the very low 
impact toughness results of a group of samples mentioned in paper II 
which have very good strength and ductility. In this regard; i) The carbon 
content and amount of retained austenite; ii) Precipitate size and 
distribution, and; iii) Martensite/bainite packet size, were investigated. 
Results show that there is no retained austenite in these low toughness 
samples. In addition, although the number density of the precipitates in 
these samples are 1.5 times higher than for the tough samples, their 
average size is the same or even smaller. But the packet sizes of martensite 
and/or bainite lathes are significantly larger after partitioning at 640°C. 
Therefore, it could be concluded that the increase of the number density 
of small precipitates in the sample partitioned at 640 °C compensates the 
effect of the increase of crystallographic packets size. The strength and 
ductility values are kept at a high level, but the impact toughness will 
decrease considerably. 
Author’s contribution: First author has done most of the experiments 
and some of the experiments was performed together with the second 
author. In addition, simulations, analyze of  the data, and writing of the 
article was accomplished by the first author.  
Published in Metals, vol. 8, 747, 2018.  
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Paper IV 
 
Title: Optimization of Quenching Temperature to Minimize the Micro 
Segregation Induced Banding Phenomena in Quenching and Partitioning 
(Q&P) Steels 
 
Authors: F. Forouzan, L. Borasi, E. Vuorinen, and F. Mücklich 

 
In this paper has an issue that can occur in Q&P steels been treated. Mn 
and Cr are favorable elements for Q&P steels but because they will 
increase the risk of microsegregation, this paper is focused on this problem 
and how that can affect the microstructure and properties of a Q&P 
treated steel. In addition, the question of how it is possible to minimize 
the effect of segregation in Q&P steels by selection of quenching 
temperature is discussed.  
 
Author’s contribution: First author has perfomed most of the 
experimental work, while the second author has performed some of the 
experiments. In addition, analyze of the data, and writing of the article 
was accomplished by the first author.  
Published in Steel Research Int., 90 (1), Article ID 1800281, 2019.  
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Paper V 
 

Title: Process Control Maps to Design an Ultra-High Strength-Ductile 
Steel 

Authors: F. Forouzan, L. Borasi, E. Vuorinen, F. Mücklich 

 

Paper V is about the Q&P process of a high carbon high silicon steel (0.6 
wt% C, 1.5 wt%Si) and the resulting microstructure and mechanical 
properties. In this work, the effect of Q&P conditions on the amount 
retained austenite and its carbon content, hardness, Charpy impact 
toughness, tensile strength, and elongation are demonstrated by several 
color-contour process maps. This work has shown also very promising 
results; tensile strength of 2.4-2.5 GPa and elongation at fracture up to 
4.8-5.7 %, by quenching to room temperature and partitioning at 400 °C 
for 30 seconds. This result is better than several hours tempering of 
traditional Q&T steels and on the same level as maraging steels with a 
high amount of expensive alloying element or CFB steels which needs 
several hours of austempering treatment.  
 
Author’s contribution: First author has done most of the experimental 
work, while some of the experiments was performed with the help of the 
second author. In addition, analyze of the data, and writing the article is 
accomplished mainly by the first author.  
Submitted to Materials Science and Technology, Jan 2019. 
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7 Conclusions and Future work  

The work presented in this thesis has shown that the application of 
quenching and partitioning technique in order to increase the phase 
transformation rate as post welding heat treatment and for producing well 
stabilized austenite for bearing steels in comparison with traditional 
techniques have promising results. These kinds of approaches to utilize 
Q&P have not been reported earlier and it can be seen as novel 
knowledge which could be used in other technical applications as well.  

 Important conclusions 

• Application of Q&P after laser welding not only gives a quick 
industrial processing method for post welding treatments but also 
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improves the microstructure and mechanical properties of the 
HAZ. 

• Application of Q&P process for low silicon steel to increase the 
phase transformation rate needs more attention to the competing 
mechanisms like carbide precipitation, bainite transformation, 
and grain growth. 

• Growing of martensite packet size was observed after the 
partitioning stage. This phenomenon is very important because 
the martensite packet size influences the toughness significantly 
by changing the DBTT.  

• An ultra-high strength steel with 0.6 wt% carbon and high silicon 
content is produced by Q&P process. The best results were 
observed after quenching to room temperature and tempering at 
a higher temperature (400 °C) than normal tempering 
temperatures for a few seconds. The tensile strength of 2.4-2.5 
GPa and elongation of 4-6 %, with the hardness over 700 HV is 
achieved.   

• Using the above-mentioned treatment can reduce the cost to 
around 1/50 compared with maraging steels and the time at least 
to 1/15 of the advanced methods of CFB steels with similar 
properties. 

• Micro-segregation is a common issue in especially high Mn steels 
that can affect the properties after Q&P treatment. Generally, by 
increasing the under cooling (QT-Ms) inhomogeneity in the 
segregated bands after Q&P has less effect in forming different 
micro constituents. But there is an optimum point far below the 
Ms which gives the minimum difference between the bands and 
by increasing the undercooling after that the difference in 
hardness and inhomogeneity will increase again.   
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 Future work 

With regard to the objective of this work; increasing the phase 
transformation rate and shortening the whole heat treatment time 
by partial transformation of austenite to martensite, this is the 
main task which could be investigated more in detail and be 
tested on other applications. The following topics are are of 
interest:  

• Study the kinetics of other transformations (i.e. bainite 
transformation, stabilization of austenite) in presence of pre-
existing martensite by using in-situ XRD. 

• Optimization of Q&P for higher carbon steels (i.e. 1%C steel) in 
order to reach an acceptable ductility. 

•  Further modification of Q&P to reach over 10% ductility for 
high carbon steels. For instance, by grain refinement and/or 
additional tempering after the final quenching or modifications 
in chemical composition. 

• Comprehensive comparison of mechanical properties, wear and 
fatigue of Q&P steels with ausferritic (CFB) steels for a wide 
range of chemical compositions.  

• Investigation of the effect of tempering conditions on growth of 
martensite packets. 

• Application of Q&P after MIG/MAG welding by developing; 
proper filler metal, high enough cooling rate after welding and 
the practical methodology of second heating for partitioning 
stage.  

• Application of Q&P for spot welding and hot forming processes.  





 

Chapter 8 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

8 References 

[1] J.R. Fekete, J.N. Hall, 1 - Design of auto body: Materials perspective, 
in: R. Rana, , S.B. Singh (Eds.), Automotive Steels, Woodhead 
Publishing, 2017, pp. 1-18. 

[2] C. Lesch, N. Kwiaton, F.B. Klose, Advanced High Strength Steels 
(AHSS) for Automotive Applications − Tailored Properties by Smart 
Microstructural Adjustments, steel research int. 88 (2017) 1700210. 

[3] D.K. Matlock, J.G. Speer, E. De Moor, P.J. Gibbs, Recent 
developments in advanced high strength sheet steels for automotive 
applications: an overview,. 



Chapter | 8 Bibliography                                                                82 

 

[4] R.A. Kot and B.L. Bramfitt, eds. :, Fundamentals of Dual-Phase 
Steels&nbsp; TMS AIME, Warrendale, PA. (1981). 

[5] M.S. Rashid, B.V.N. Rao, Tempering characteristics of a vanadium 
containing dual phase steel, Metallurgical Transactions A. 13 (1982) 1679-
1686. 

[6] Marder, A.R., &nbsp;Factors Affecting the Ductility of “Dial-Phase” 
Alloys&nbsp; Formable HSLA and Dual-Phase Steels, A.T. Davenport, 
TMS AIME, Warrendale, PA, 1979, pp. 98. 

[7] J.G. Speer, E. De Moor, K.O. Findley, D.K. Matlock, B.C. De 
Cooman, D.V. Edmonds, Analysis of Microstructure Evolution in 
Quenching and Partitioning Automotive Sheet Steel, Metallurgical and 
Materials Transactions A. 42 (2011) 3591. 

[8] E. Billur, T. Altan, Three generations of advanced high-strength steels 
for automotive applications, Part III, Stamp J. (2014). 

[9] H. Dong, X. Sun, Deformation induced ferrite transformation in low 
carbon steels, Current Opinion in Solid State and Materials Science. 9 
(2005) 269-276. 

[10] J. Choi, D. Seo, J. Lee, K. Um, W. Choo, Formation of Ultrafine 
Ferrite by Strain-induced Dynamic Transformation in Plain Low Carbon 
Steel, ISIJ Int. 43 (2003) 746-754. 

[11] M. Delincé, Y. Bréchet, J.D. Embury, M.G.D. Geers, P.J. Jacques, 
T. Pardoen, Structure–property optimization of ultrafine-grained dual-
phase steels using a microstructure-based strain hardening model, Acta 
Materialia. 55 (2007) 2337-2350. 

[12] Y. Okitsu, T. Naito, N. Takaki, T. Sugiura, N. Tsuji, Mechanical 
Properties and Crash Worthiness of Ultrafine Grained Multi-Phase Steel 
Sheets for Automotive Body Applications, SAE Int. J. Mater. Manuf. 3 
(2010) 237-245. 

[13] V.F. Zackay, E.R. Parker, D. Fahr, R. Busch, The enhancement of 
ductility in high-strength steels, Transactions of the ASM. 60 (1967) 252-
257. 



Chapter | 8 Bibliography                                                                83 

 

[14] F. Perrard, C. Scott, Vanadium Precipitation During Intercritical 
Annealing in Cold Rolled TRIP Steels, ISIJ Int. 47 (2007) 1168-1177. 

[15] A.Z. Hanzaki, P.D. Hodgson, S. Yue, Hot Deformation 
Characteristics of Si-Mn TRIP Steels with and without Nb Microalloy 
Additions, ISIJ Int. 35 (1995) 324-331. 

[16] E. De Moor, P.J. Gibbs, J.G. Speer, D.K. Matlock, J.G. Schroth, 
Strategies for third-generation advanced high-strength steel development, 
Iron and Steel Technology. 7 (2010) 133-144. 

[17] F.G. Caballero, 12 - Carbide-free bainite in steels, in: E. Pereloma, 
D.V. Edmonds (Eds.), Phase Transformations in Steels, Woodhead 
Publishing, 2012, pp. 436-467. 

[18] F.G. Caballero, C. García-Mateo, j. Cornide, S. Allain, J. Puerta, M. 
Crouvizier, T. Mastrorillo, L. Jantzen, E. Vuorinen, L.E. Lindgren, K. 
Eriksson, G. Berglund, A. Hirvi, V. Lang, T.T. Nyo, P. Suikkanen, A.J. 
Ristola, New advanced ultra high strength bainitic steels: ductility and 
formability (DUCTAFORM), 25977 (2013). 

[19] T. Sourmail, V. Smanio, C. Ziegler, V. Heuer, M. Kuntz, F. 
Caballero, C. Garcia-Mateo, J. Cornide, R. Elvira, A. Leiro, E. 
Vuorinen, T. Teeri, Novel Nanostructured Bainitic Steel Grades to 
Answer the Need for High-Performance Steel Components (Nanobain), 
2013. 

[20] C. GARCIA-MATEO, F.G. CABALLERO, Ultra-high-strength 
Bainitic Steels, ISIJ Int. 45 (2005) 1736-1740. 

[21] F.G. Caballero, Bhadeshia, H. K. D. H., Very strong bainite, Current 
Opinion in Solid State and Materials Science. 8 (2004) 251-257. 

[22] C. Garcia-Mateo, F.G. Caballero, Bhadeshia, H. K. D. H., 
Acceleration of low-temperature bainite, ISIJ Int. 43 (2003) 1821-1825. 

[23] J. Schmitt, T. Iung, New developments of advanced high-strength 
steels for automotive applications, Comptes Rendus Physique. (2018). 



Chapter | 8 Bibliography                                                                84 

 

[24] B. Kim, J. Sietsma, M.J. Santofimia, The role of silicon in carbon 
partitioning processes in martensite/austenite microstructures, Materials 
& Design. 127 (2017) 336-345. 

[25] J.G. Speer, F.C. Rizzo, D.K. Matlock, D.V. Edmonds, The 
"Quenching and Partitioning Process": Background and Recent Progress. 
Materials Research. 8 (2005) 417-423. 

[26] M.J. Santofimia, L. Zhao, J. Sietsma, Overview of Mechanisms 
Involved During the Quenching and Partitioning Process in Steels, 
Metallurgical and Materials Transactions A. 42 (2011) 3620-3626. 

[27] E. De Moor, S. Lacroix, A.J. Clarke, J. Penning, J.G. Speer, Effect 
of retained austenite stabilized via quench and partitioning on the strain 
hardening of martensitic steels, Metallurgical and Materials Transactions 
A. 39 (2008) 2586. 

[28] Y. Toji, H. Matsuda, D. Raabe, Effect of Si on the acceleration of 
bainite transformation by pre-existing martensite, Acta Materialia. 116 
(2016) 250-262. 

[29] D.V. Edmonds, K. He, F.C. Rizzo, B.C. De Cooman, D.K. 
Matlock, J.G. Speer, Quenching and partitioning martensite—A novel 
steel heat treatment, Materials Science and Engineering: A. 438–440 
(2006) 25-34. 

[30] D. Kim, J. Speer, H. Kim, B. De Cooman, Observation of an 
Isothermal Transformation during Quenching and Partitioning 
Processing, Metallurgical and Materials Transactions A. 40 (2009) 2048-
2060. 

[31] F. HajyAkbary, J. Sietsma, R.H. Petrov, G. Miyamoto, T. Furuhara, 
M.J. Santofimia, A quantitative investigation of the effect of Mn 
segregation on microstructural properties of quenching and partitioning 
steels, Scripta Materialia. 137 (2017) 27-30. 

[32] D.T. Pierce, D.R. Coughlin, K.D. Clarke, E. De Moor, J. 
Poplawsky, D.L. Williamson, B. Mazumder, J.G. Speer, A. Hood, A.J. 
Clarke, Microstructural evolution during quenching and partitioning of 
0.2C-1.5Mn-1.3Si steels with Cr or Ni additions, Acta Materialia. 151 
(2018) 454-469. 



Chapter | 8 Bibliography                                                                85 

 

[33] M.C. Somani, D.A. Porter, L.P. Karjalainen, R.D.K. Misra, On 
Various Aspects of Decomposition of Austenite in a High-Silicon Steel 
During Quenching and Partitioning, Metallurgical and Materials 
Transactions A. 45 (2014) 1247-1257. 

[34] Y. Toji, G. Miyamoto, D. Raabe, Carbon partitioning during 
quenching and partitioning heat treatment accompanied by carbide 
precipitation, Acta Materialia. 86 (2015) 137-147. 

[35] Y.S. Allain, G. Geandier, J. Hell, M. Soler, F. Danoix, M. Gouné, 
Effects of Q&P Processing Conditions on Austenite Carbon Enrichment 
Studied by In Situ High-Energy X-ray Diffraction Experiments, Metals. 
7 (2017). 

[36] A.S. Nishikawa, M.J. Santofimia, J. Sietsma, H. Goldenstein, 
Influence of bainite reaction on the kinetics of carbon redistribution 
during the Quenching and Partitioning process, Acta Materialia. 142 
(2018) 142-151. 

[37] F. HajyAkbary, J. Sietsma, G. Miyamoto, T. Furuhara, M.J. 
Santofimia, Interaction of carbon partitioning, carbide precipitation and 
bainite formation during the Q&P process in a low C steel, Acta 
Materialia. 104 (2016) 72-83. 

[38] D.T. Pierce, D.R. Coughlin, K.D. Clarke, E. De Moor, J. 
Poplawsky, D.L. Williamson, B. Mazumder, J.G. Speer, A. Hood, A.J. 
Clarke, Microstructural evolution during quenching and partitioning of 
0.2C-1.5Mn-1.3Si steels with Cr or Ni additions, Acta Materialia. 151 
(2018) 454-469. 

[39] X.D. Wang, Z.H. Guo, Y.H. Rong, Mechanism exploration of an 
ultrahigh strength steel by quenching–partitioning–tempering process, 
Materials Science and Engineering: A. 529 (2011) 35-40. 

[40] D. De Knijf, R. Petrov, C. Föjer, L.A.I. Kestens, Effect of fresh 
martensite on the stability of retained austenite in quenching and 
partitioning steel, Mater. Sci. Eng. A. 615 (2014) 107-115. 

[41] M.J. Santofimia, R.H. Petrov, L. Zhao, J. Sietsma, Microstructural 
analysis of martensite constituents in quenching and partitioning steels, 
Mater Charact. 92 (2014) 91-95. 



Chapter | 8 Bibliography                                                                86 

 

[42] M.-. Wang, J.-. Hell, C.C. Tasan, Martensite size effects on damage 
in quenching and partitioning steels, Scripta Materialia. 138 (2017) 1-5. 

[43] B. Hutchinson, J. Hagström, O. Karlsson, D. Lindell, M. Tornberg, 
F. Lindberg, M. Thuvander, Microstructures and hardness of as-quenched 
martensites (0.1–0.5% C), Acta Materialia. 59 (2011) 5845-5858. 

[44] Bhadeshia, H K D H, S.R. Honeycombe, 5 - Formation of 
Martensite, in: Bhadeshia, H K D H, S.R. Honeycombe (Eds.), Steels 
(Third Edition), Butterworth-Heinemann, Oxford, 2006, pp. 95-128. 

[45] P. Payson, C.H. Savage, Martensite reactions in alloy steels, 
Trans.ASM. 33 (1944) 261-280. 

[46] R.A. Grange, H.M. Stewart, The temperature range of martensite 
formation, Trans.AIME. 167 (1946) 467-501. 

[47] A.E. Nehrenberg, Contribution to Discussion on Grange and 
Stewart, Trans.Amer.Inst.Min.Met.Engrs. 167 (1946) 494-498. 

[48] A.G. Haynes, W. Steven, The temperature of formation of 
martensite and bainite in low-alloy steel, J.Iron Steel Inst. 183 (1956) 349-
359. 

[49] K.W. Andrews, Empirical formulae for the calculation of some 
transformation temperatures, J.Iron Steel Inst. 203 (1965) 721-727. 

[50] S. Van Bohemen, Bainite and martensite start temperature calculated 
with exponential carbon dependence, Materials Science and Technology. 
28 (2012) 487-495. 

[51] A. Stormvinter, G. Miyamoto, T. Furuhara, P. Hedström, A. 
Borgenstam, Effect of carbon content on variant pairing of martensite in 
Fe–C alloys, Acta Materialia. 60 (2012) 7265-7274. 

[52] P. Zhang, Y. Chen, W. Xiao, D. Ping, X. Zhao, Twin structure of 
the lath martensite in low carbon steel, Progress in Natural Science: 
Materials International. 26 (2016) 169-172. 



Chapter | 8 Bibliography                                                                87 

 

[53] S. Morito, H. Tanaka, R. Konishi, T. Furuhara, T. Maki, The 
morphology and crystallography of lath martensite in Fe-C alloys, Acta 
Materialia. 51 (2003) 1789-1799. 

[54] N.H. van Dijk, A.M. Butt, L. Zhao, J. Sietsma, S.E. Offerman, J.P. 
Wright, S. van der Zwaag, Thermal stability of retained austenite in TRIP 
steels studied by synchrotron X-ray diffraction during cooling, Acta 
Materialia. 53 (2005) 5439-5447. 

[55] C. Garcia-Mateo, F.G. Caballero, J. Chao, C. Capdevila, d.A. 
Garcia, Mechanical stability of retained austenite during plastic 
deformation of super high strength carbide free bainitic steels, J. Mater. 
Sci. 44 (2009) 4617-4624. 

[56] X.C. Xiong, B. Chen, M.X. Huang, J.F. Wang, L. Wang, The effect 
of morphology on the stability of retained austenite in a quenched and 
partitioned steel, Scripta Materialia. 68 (2013) 321-324. 

[57] A.J. Clarke, J.G. Speer, D.K. Matlock, F.C. Rizzo, D.V. Edmonds, 
M.J. Santofimia, Influence of carbon partitioning kinetics on final 
austenite fraction during quenching and partitioning, Scr. Mater. 61 
(2009) 149-152. 

[58] D.P. Koistinen, R.E. Marburger, A general equation prescribing the 
extent of the austenite-martensite transformation in pure iron-carbon 
alloys and plain carbon steels, Acta Metallurgica. 7 (1959) 59-60. 

[59] F.G. Caballero, C. Garcia-Mateo, 9 - Phase transformations in 
advanced bainitic steels, in: E. Pereloma, , D.V. Edmonds (Eds.), Phase 
Transformations in Steels, Woodhead Publishing, 2012, pp. 271-294. 

[60] T. Sourmail, F.G. Caballero, F. Moudian, D. De Castro, M. Benito, 
High Hardness and Retained Austenite Stability in Si-Bearing 
Hypereutectoid Steel through New Heat Treatment Design Principles, 
2018. 

[61] T. Ko, S.A. Cottrell, The formation of bainite, Journal of the Iron 
and Steel Institute. 172 (1952) &. 



Chapter | 8 Bibliography                                                                88 

 

[62] V. Smanio, T. Sourmail, Effect of partial martensite transformation 
on bainite reaction kinetics in different 1%C steels, Diffus Def Data Pt B. 
172-174 (2011). 

[63] I.A. Yakubtsov, G.R. Purdy, Analyses of Transformation Kinetics of 
Carbide-Free Bainite Above and Below the Athermal Martensite-Start 
Temperature, Metallurgical and Materials Transactions A. 43 (2012) 437-
446. 

[64] M.J. Santofimia, van Bohemen, S. M. C., J. Sietsma, Combining 
bainite and martensite in steel microstructures for light weight 
applications, Journal of the Southern African Institute of Mining and 
Metallurgy. 113 (2013) 143-148. 

[65] T. Sourmail, F.G. Caballero, F. Moudian, D. De Castro, M. Benito, 
High hardness and retained austenite stability in Si-bearing 
hypereutectoid steel through new heat treatment design principles, 
Materials & Design. 142 (2018) 279-287. 

[66] E. Vuorinen, Structure and properties of advanced fine grained steels 
produced using novel thermal treatments, Doctoral thesis / Luleå 
University of Technology 1 jan 1997 → …. (2012) 43. 

[67] E. Vuorinen, Time diffusivity estimations in press hardening and 
welding processes with quenching and partitioning heat treatments, 
EEIGM International Conference on Advanced materials research : 
21/03/2013 - 22/03/2013. (2013) 1. 

[68] X. Han, Y. Zhong, K. Yang, Z. Cui, J. Chen, Application of Hot 
Stamping Process by Integrating Quenching & Partitioning Heat 
Treatment to Improve Mechanical Properties, Procedia Engineering. 81 
(2014) 1737-1743. 

[69] X. Han, Y. Zhong, S. Tan, Y. Ding, J. Chen, Microstructure and 
performance evaluations on Q&P hot stamping parts of several UHSS 
sheet metals, Science China Technological Sciences. (2017). 

[70] E.J. Seo, L. Cho, B.C. De Cooman, Application of Quenching and 
Partitioning (Q&P) Processing to Press Hardening Steel, Metallurgical 
and Materials Transactions A. 45 (2014) 4022-4037. 



Chapter | 8 Bibliography                                                                89 

 

[71] F. Forouzan, E. Vuorinen, F. Mücklich, Post weld-treatment of laser 
welded AHSS by application of quenching and partitioning technique, 
Materials Science and Engineering: A. 698 (2017) 174-182. 

[72] E. Vuorinen, N. Ojala, V. Heino, C. Rau, C. Gahm, Erosive and 
abrasive wear performance of carbide free bainitic steels – comparison of 
field and laboratory experiments, Tribology International. 98 (2016) 108-
115. 

[73] A.B. Thermo-Calc Software, MOBFE3: TCS Steels/Fe-Alloys 
Mobility Database,. 

  

  





Paper I





Microstructure Analysis and Mechanical Properties of Low Alloy High 
Strength Quenched and Partitioned Steel 

Farnoosh Forouzan 1,a, Suresh Gunasekaran 1,b , Ali Hedayati 1,c,  
Esa Vuorinen 1,d and Frank Mücklich2,e 

1 Department of Engineering Sciences and Mathematics, Luleå University of Technology,  
SE-97187 Luleå, Sweden 

2 Department for Materials Science, Functional Materials, Saarland University, D-66041 
Saarbrücken, Germany 

afarnoosh.forouzan@ltu.se, bsuresh.gunasekaran@icloud.com, cali.hedayati@ltu.se, 
desa.vuorinen@ltu.se,emuecke@matsci.uni-sb.de 

Keywords: AHSS, Gleeble, Quenching and partitioning (Q&P), X-ray, mechanical properties 

Abstract. Gleeble study of the quenching and partitioning (Q&P) process has been performed on 

Domex 960 steel (Fe, 0.08 %C, 1.79 %Mn, 0.23 %Si, 0.184 %Ti, and 0.038 %Al). The effect of 

different Q&P conditions on microstructure and mechanical properties were investigated. The aim 

of the process is to produce a fine grained microstructure for better ductility and controlled amounts 

of different micro-constituents to increase the strength and toughness simultaneously. Three 

different quenching temperatures, three partitioning temperatures and three partitioning times have 

been selected to process the 27 specimens by Gleeble® 1500. The specimens were characterized by 

means of OM, SEM, XRD, hardness and impact tests. It was found that, fine lath martensite with 

retained austenite is achievable without high amount of Si or Al in the composition although lack of 

these elements may cause the formation of carbides and decrease the available amount of carbon for 

partitioning into the austenite. The hardness increases as the quenching temperature is decreased, 

however, at highest partitioning temperature (640
◦
C) the hardness increases sharply due to extensive 

precipitate formation.  

Introduction 

Significant research efforts have been directed towards the development of advanced high-strength 
steels (AHSS). The main objective has been to obtain a good combination of strength and ductility. 
AHSS steels are usually multiphase and, thus the combination of different phases (ferrite, 
martensite, retained austenite (RA), etc.) leads to unique mechanical properties. The martensite and 
bainite constituents contribute to an increase of strength, whereas RA provides an improvement of 
ductility [1]. The microstructural heterogeneity results also in significant stress and strain 
partitioning among the micro-constituents during plastic deformation. The thermal processing route, 
“quenching and partitioning” (Q&P), has been used for production of martensitic microstructures 
containing enhanced levels of retained austenite caused by carbon diffusion from martensite into 
austenite. Elements such as Si or Al hinder the carbide formation in steels. [2].  The mechanical 
behaviour depends on morphology, distribution and mechanical properties of the individual phases 
[3]. The Q&P processing technique can also give a higher transformation rate in different 
manufacturing processes like press hardening, welding, etc. [4]. Initial studies on welding of a 
spring steel showed that it is possible to control the hardness in the fusion zone (FZ) and the part of 
the heat affected zone (HAZ) which is subjected to a risk of martensite formation at the end of the 
welding process. The results showed that a quenching process producing 50 % martensite followed 
by partitioning during 90 seconds could restore the same hardness in the FZ and HAZ as 
conventional pre- and post-heat treatments lasting 30 + 30 minutes [5].  
The aim of this study has been to investigate the effects of using different Q&P variables during 
welding of modern thermo-mechanically produced steel by simulating the process with Gleeble test 
and study the amount of retained austenite, microstructure and mechanical properties achieved after 
these treatments. 
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Experimental procedure 

Table 1 shows the chemical composition of the AHSS, Domex 960, produced by SSAB Company.  

Table 1. Chemical composition of Domex 960. 

C% Si% Mn% P% S% Al% Ti% Mo% Cr% Ni% Cu% V% N% Fe 

0.082 0.23 1.79 0.008 0.001 0.038 0.184 0.503 0.064 0.296 0.016 0.012 0.004 Balance

Specimens (75×5.5 mm) were cut from 6 mm thick plates and subjected to Q&P heat treatment 

cycles in the Gleeble® 1500 simulator. The process started with heating to above the A3 

temperature (1350 
◦
C for 2 sec) and was followed by quenching to one of 3 (255, 355 and 420 

◦
C) 

temperatures. Then the samples were reheated with a heating rate of 80 
◦
C/s, kept isothermally at 

440 
◦
C (close to Ms), 540 

◦
C (between Ms and Bs) or 640 

◦
C (above Bs) for 2, 5 or 50 seconds for 

partitioning and finally quenched with a rate of 80 
◦
C/s to room temperature. 

After regular grinding and polishing steps until 0.05 µm, samples were etched by Nital 3% and 

scanning electron microscopy (SEM) was done by JSM 6460 LV, with accelerating voltage of 

15kV. X-ray diffraction (XRD) analysis was performed using monochromatic Cu-Kα radiation at 

40 KV and 45 mA to scan the angular 2θ range of 35° to 100°. Data was analysed using High Score 

Plus software (vers.3.0.1). Micro Vickers hardness measurements were performed on the specimens 

using the load of 0.5 kg. Impact tests were carried out according to the standard EN ISO 6892-

1:2009. 

Results 

The microstructural investigation of the samples show bulky micro-constituents which are most 

likely tempered martensite with titanium nitride precipitates inside martensite and retained austenite 

in flat dark areas with fine bainitic ferrite laths. Comparison of microstructures of the samples 

quenched at same temperature in Fig. 1 implies that since the amounts of martensite in all 

conditions are approximately the same, the longer the partitioning time and higher the temperature, 

the higher the number and size of precipitates and thicker the bainitic laths are. However, the 

particles cannot be seen in Fig. 1(i) which is heated at 640 
◦
C for 50s probably because larger 

precipitates can be formed at the grain boundaries and be hidden there. In addition, the amount of 

stabilized retained austenite at room temperature after the heat treatment cycle increases as the 

temperature or time increase in samples partitioned at 440 
◦
C or 540 

◦
C but for the samples 

partitioned at 640 
◦
C the retained austenite transforms to other phases.  
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Figure 1. The XRD analyze of one of the softest samples shows around 6% austenite, . In Fig. 2(a) 

the first two peaks around 40
◦ 

and 42
◦
 shows one type of titanium nitride and all other peaks are 

related to retained austenite (γ) and ferrite/martensite (α). It is hard to distinguish martensite from 

ferrite with XRD since their peaks are expected to be found at the same angles or very close to each 

other.  

 

 
 

 

 
 

  

Figure 2. (a) XRD pattern of the sample quenched at 355 °C
 
and heated at 540°C for 2 seconds  

(b) EDS result of sample quenched at 355 °C
 
and partitioned at 640 °C

 
for 50 seconds. 

(a) 

(b) 
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Only the martensite diffraction peaks for the (002) and (112) planes around 2θ = 60° and 78° 

respectively, can distinctly be separated from the austenite and ferrite peaks but these peaks are 

weak and cannot be seen in these samples. It means that most of the martensite in the structure is 

tempered and during the last quench no or very small amount of retained austenite is transformed to 

martensite which is not detectable in XRD pattern. Also characterization of the precipitates with 

EDS in Fig 2(b), confirms the formation of titanium nitrides during partitioning. 

Fig 3(a) shows the hardness values of the samples. The hardness is higher for all treated samples in 

comparison with the received material (320 HV0.5). Typically, increasing the partitioning time or 

temperature will decrease the hardness value as a result of martensite tempering and partitioning of 

the adequate carbon to retained austenite and stabilize that. But, samples which are partitioned at 

640 
◦ 
C for 50 s have significantly higher hardness since this condition provides enough time for the 

hardening by precipitation to counteract the tempering effect. The energy absorbed during Charpy 

impact test, shows that samples partitioned at 640°C have the lowest results while the samples 

isothermally heated at 540°C show the best results, see Fig. 3(b). 

 

 
Figure 3. (a) Hardness results and (b) Impact toughness test results of different samples. 

Conclusions: 

1) The SEM analyse reveals the presence of tempered martensite with precipitates (titanium nitride) 

inside, bainite laths and bulky retained austenite and/or untempered martensite for all samples. The 

amount and size of each micro-constituent depends on the Q&P conditions.  

2) The hardness values of all treated samples were higher than the base material due to the 

formation of martensite and precipitates in all cases. The specimens which were partitioned at 640 
◦
C for 50s have noticeably higher hardness than the other samples because of the increasing amount 

of precipitates in the structure at that temperature. 

3) Although there are just small amounts of Si and Al which can slow down the carbide formation, 

the austenite can be stabilised by selecting proper Q&P conditions. 

4) Impact toughness results show more brittle behaviour for samples partitioned at 640 
◦
C even for a 

very short partitioning time of 2 seconds but the values for samples in which the partitioning 

temperature is below the Bs temperature are much better. 

 

 

 

 

(a) (b) 

PT=640°C 
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A B S T R A C T

Two-step quenching and partitioning (Q & P) treatment was applied on specimens of an advanced high strength
steel (AHSS) after laser welding, for post welding treatment. In order to avoid formation of brittle martensite
phase, which usually form due to very high cooling rate of laser welding. To simulate the effect of different Q & P
parameters after welding in the most critical part of HAZ, several cycles were performed in Gleeble simulator
and analyzed in advance. Subsequently some of the cycles were repeated after laser welding by using an
induction heater close to the weld. Different techniques including SEM, EBSD and XRD were used to analyze the
microconstituents of the structure and mechanical properties were investigated by micro-hardness measure-
ments across the weld, tensile and impact toughness tests. The final structure consists of controlled amount of
tempered martensite with precipitates, bainite laths and small amount of fresh martensite depending on the
thermal cycles. In addition, samples heated at a temperature between Ms and Bs (in this case 540 °C) showed the
best mechanical properties. Therefore, this technique not only improves the microstructure and mechanical
properties of the fusion zone (FZ) and heat affected zone (HAZ) but gives also a quick industrial processing
method for post welding treatments.

1. Introduction

The number of application in which advanced high strength steels
(AHSS) are used, is growing due to their high toughness that can reduce
the weight, fuel consumption and costs and last but not least, reduce the
environmental impact. But processing of AHSS in which some kind of
heat treatment is required to reach the desired mechanical properties,
in order to be able to use them in different applications needs more
caution [1].

One process method used by the industry is laser welding since it
can increase the productivity, can be applied to variety of product
geometries, thicknesses and materials without distortion; and it can
reduce the weight of the component. There are two modes of laser
welding, conduction limited welding and penetration keyhole welding.
The resulting weld has wide heat affected zone (HAZ) in the former
mode, while in the latter mode it acts as a line source of energy
penetrating into the body of material producing narrower and deeper
welds. The keyhole mode has higher power density than 106 (W/cm2)
which vaporizes the material and forms a cavity hole, which will be
filled by the surrounded molten metal as the laser beam moves along
the weld. The conduction mode show welding results in depth to width

of about 3:1 compared to about 10:1 or higher for the keyhole mode.
The cooling rate which is a function of the laser power and the
interaction time between the beam and the substrate, is a key factor
in defining the microstructure and mechanical properties of the welds
[2]. The cooling rates estimated by different setting of laser welding
parameters have been found to be much higher than the critical cooling
rate for martensite formation. So, there is a risk of martensite
transformation in the fusion zone (FZ) and HAZ [3]. In addition, grain
growth in the HAZ can change the initial mechanical properties of the
material. Thus, controlling the microstructure within the fusion zone
and heat affected zone is a challenging topic that can be approached by
different ways. Mostly, the idea is to control the micro-constituents by
adjusting the welding parameters like speed or power of welding or by
using different post-weld heat treatments [4].

Quenching and Partitioning (Q & P) is a heat treatment process in
order to give fine grained microstructure by stabilizing the austenite in
the steel. The whole procedure consists of three main parts, (i) fully or
partially austenitization (ii) quenching the steel to a temperature
between Ms and Mf to produce a specific volume fraction of martensite
and subsequently (iii) heating to a temperature below or above the Ms

temperature, partitioning temperature (PT), where the carbon can
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diffuse from martensite to austenite during the partitioning stage [4].
Therefore, the microstructure consists of retained austenite and mar-
tensite (also ferrite, bainite and precipitates depending of the CCT
diagram of the steel) [5–7]. Presence of Si and Mn in the chemical
composition of the steel is useful to suppress the cementite formation
and slow down the kinetic of transformations. However, carbide
precipitation and decomposition of austenite to bainite are not com-
pletely suppressed. So, during the partitioning step of the samples, there
are a few phenomenon competing; i) carbon partitioning from pre-
liminary martensite to austenite ii) carbide precipitation and iii)
decomposition of austenite to bainite. Therefore, understanding the
prevailed transformation at each condition has an important influence
on predicting the final microstructure. The carbon concentration is one
effective factor which makes austenite to stabilize at room temperature.
Very fine austenite grain size, less than 5 µm, decreases the martensite
start temperature significantly [8,9]. In addition, Lee et al. [10]
reported that with decreasing austenite grain size, both Bs and Bf

decreased and overall bainitic transformation rate was accelerated.
The Q & P process can produce not only complex fine grained

microstructure but also give a higher transformation rate in different
manufacturing processes [11,12]. By applying the Q & P processing
concept to laser welding (see Fig. 1), the toughness of FZ and HAZ are
expected to be preserved or even improved in comparison with the Base
Metal (BM). Also, since the production speed is the most important
parameter in industry, this method can significantly decrease the
typical post-welding heat treatment times.

Different pre- and post-weld and Q& P treatments respectively of a
spring steel containing 0.55% C and 1.64% Si, in austempered condi-
tion were investigated in order to avoid martensite formation in the FZ
and HAZ. Results show that application of the quenching and partition-
ing (Q & P) process enables the control of hardness and a structure
similar to the original carbide free bainite instead of martensite was
achieved [13].

In the present study, Q & P process was implemented just after
welding. The Q & P heat treatment starts with air cooling of the weld
area to a temperature between Ms and Mf. The process is continued by
isothermal holding at the same or higher temperature as quenching and
the final step was quenching to room temperature. This technique is a
promising method to produce a good combination of controlled amount
of martensite from the first and final quenching that guarantee high
strength. Since, this steel doesn’t contain high levels of Si or Al in its
structure, austenite stabilizing at low temperatures is very difficult. So,
partitioning stage in this work is actually like the tempering stage for
martensite formed in the first step, providing opportunity for phase
transformation of retained austenite to bainite and precipitation of
carbides, nitrides and carbonitrides in the steel.

The steel used in this study, is an Advanced High Strength Steel
(AHSS) with low carbon and silicon contents. The effect of using a post
weld heat-treatment similar to Q & P methodology after laser welding
has been investigated from microstructural and mechanical strength
point of view.

2. Experimental methods and materials

The chemical composition of the steel sheet, Domex 960 from SSAB,
used in the present study is shown in Table 1. The typical application of
this AHSS is advanced lifting devices and lighter transport solutions and
components: The 5.5 mm-thick sheets were received in the thermo-
mechanically rolled, annealed and grain refined condition with the
yield strength of 960 MPa and elongation (A5) of approximately 8% and
had a microstructure consisting of ferrite and martensite. The transfor-
mation start temperature to martensite (Ms) is 440 °C.

Primarily, to see the effect of Q & P, 27 experiments simulating the
weld in controlled conditions in Gleeble 1500, were performed at the
Material Engineering Laboratory, Oulu University, Finland. The dimen-
sion of Gleeble specimens was 75 mm×10 mm×5.5 mm. As shown in
Fig. 2, all Gleeble specimens were fully austenitized at 1350 °C for 2 s
which is selected to simulate the coarse grain part of HAZ, with the
highest probability to get martensitic structure. Then samples quenched
with the cooling rate of 80 °C/s to (Ms-185 °C), (Ms-85 °C) or (Ms-20 °C)
and isothermally hold at (Ms), (Ms+100) or (Ms+200) for 2, 5 or 50 s
partitioning time before final quenching to room temperature.

Laser welding was conducted on the 200 mm×100 mm sheets of
5.5 mm thickness. The sheets were prepared by cutting and after that
machining to get flat surface for the laser welding. The keyhole
penetration mode with the ytterbium Fiber Laser (YLR Laser-15000)
was selected for the welding. Other welding parameters were adjusted
to, 5 kW power, travel speed of 1.1 m/min, Argon was used as a
shielding gas with flow rate of 20 l/min. The laser welded specimens
were subjected to post-heat treatment directly after the laser welding
with help of induction heater, placed above the specimen. The
induction heating was steered by adjusting only the Voltage while the
induction current was kept at max level. The thermocouple was spot
welded 1.5 mm from the fusion zone (FZ) of the weld, and connected to
data logger RS-232 to control the temperature during Q & P and to
adjust the voltage in short time (less than 1 s). Different Q & P
conditions of the investigated specimens are shown in Table 2. In
addition, samples 16 and 17 are not post-weld heat-treated, and
therefore denominated as “Ref. Weld”.

2.1. Microstructural characterization

After grinding and polishing step by step until 0.05 µm, specimens
were etched with 3% Nital for optical microscopy (OM) and scanning
electron microscopy (SEM). The specimens were prepared for electron
backscatter diffraction (EBSD) examination with a final polishing step
of colloidal silica and after that were the samples electropolished by
LectroPol-5, Struers, with A2 electrolyte at 30 V for 8 s. The analyses
were done by orientation imaging microscopy (OIM) on a JSM-IT300
under the acceleration voltage of 20 kV; tilt angle 70; step size 200 nm.
The orientation data were post-processed with the AZtech, oxford and
Tango software. The same instrument was also used for Energy
Dispersive Spectroscopy (EDS). Furthermore, volume fractions of
retained austenite were determined by means of X-ray diffraction
(XRD) analysis using a monochromatic Cu-Kα radiation at 40 kV and
45 mA. Diffractometer was used to scan the angular 2θ range of 35° to

Laser welding Quenching Stage Partitioning Stage Final Quenching 
Fig. 1. Schematic of the keyhole fiber laser welding process with Q & P post weld heat treatment.
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100°, the scanning time of every diffractogram was 10 min. The data
was analyzed using High Score Plus software (vers.3.0.1).

2.2. Mechanical characterization

Micro Vickers hardness measurements were performed on the
Gleeble specimens using the load of 0.5 kg. A load of 0.3 kg was used
for the welded samples in which the hardness was determined at both
surface and root positions each 0.3 mm across 32 mm of the weld.
Tensile tests and impact tests were carried out according to the standard
EN ISO 6892-1:2009.

3. Results and discussion

3.1. Gleeble simulation results

Fig. 3 shows OM and SEM micrographs of a few Gleeble samples in

different magnifications. The microstructures consist of martensite and
bainite. Tempering of martensite, produced in quenching stage, during
the second stage provides enough energy for carbon atoms to escape
from martensite by diffusion to the retained austenite around, as well as
nitride/carbide precipitation with highest enthalpy in this steel (Ti, V,
Mo), by nucleation on the dislocations of the matrix, or at primary
austenite grain boundaries and martensite lath boundaries.

Based on Koistinen–Marburger equation [14], the volume fraction
of preliminary martensite after the first quenching and prior to
tempering were predicted as shown in Table 3.

However, the amount of carbon that actually is transported from
martensite to the austenite depends on the partitioning conditions.
Theoretically the volume fraction of phases after heat treatment can be
approximately predicted by the method developed by Clarke et al. [15].
Following that method, by using Santofimia et al. [16] calculations, the
possible martensite austenite interface mobility imposed by the thermal
stability of carbon-concentration gradient within the martensite and
austenite grains before partitioning step can be included.

A comparison of samples with almost 60% preliminary martensite
by OM (Fig. 3b–d), shows a decrease of the white blocks of un-etched
fresh martensite by increasing the tempering time or temperature. The
amount of bainite in the structure is increased instead. This shows that
the amount of diffused carbon in retained austenite was not high
enough to stabilize the retained austenite. Also, there are some large
particles of Ti(C, N) in all samples. They are formed during the casting
process and can be found in the as-received material. But a closer look
shows a large number of fine precipitates (around 100 nm) in the
tempered martensite matrix, Fig. 3(e) and (f). In Fig. 3(g), some
precipitates can be distinguished but in Fig. 3(h) it is very difficult to
find them because the increased tempering time at this high tempera-
ture of 640 °C, enhances the solubility of carbon in ferrite [17]. Hence,
the amount of carbon accessible to form precipitates and escape from
ferrite is low and carbon can be solved inside ferrite but can also
contribute to coarsening of the Ti(C, N) precipitates created before the
first quenching step or be formed during the partitioning at the expense
of decreasing the number of small precipitates according to Ostwald
ripening mechanism.

Table 1
Chemical composition of the steel.

C% Si% Mn% P% S% Al% Ti% Mo% Cr% Ni% Cu% V% N% Fe

0.082 0.23 1.79 0.008 0.001 0.038 0.184 0.503 0.064 0.296 0.016 0.012 0.004 Balance

Fig. 2. Schematic of quench and partitioning process in Gleeble simulator.

Table 2
Post-heat treatment procedure for laser welded specimens.

Weld no. Quenching
temperature (QT)

Partitioning
temperature (PT)

Holding time

1 255 °C 440 °C 2 s
2 255 °C 440 °C 5 s
3 255 °C 540 °C 2 s
4 255 °C 540 °C 5 s
5 255 °C 640 °C 2 s
6 255 °C 640 °C 5 s
7 355 °C 440 °C 2 s
8 355 °C 440 °C 5 s
9 355 °C 540 °C 2 s
10 355 °C 540 °C 5 s
11 355 °C 640 °C 5 s
12 355 °C 640 °C 50 s
13 422 °C 440 °C 5 s
14 422 °C 540 °C 2 s
15 422 °C 540 °C 5 s
16 Room temp. 540 °C 5 s
17 Room temp. – –
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Fig. 4 shows examples of the x-ray diffraction results of samples
quenched just below the Ms (so, it has a small amount of martensite
(according to Table 3:18%)), from the first quench just below Ms and
subsequently heated to 640 °C and hold for different times (2, 5, 50 s).
Generally, it can be seen that the longer holding time, the lower amount
of retained austenite is formed in the structure. However, since there is
not enough Si to retard the carbide formation and enough of C to enrich
the retained austenite and stabilize it, the fraction of retained austenite
based on Rietveld refinement [18] method shows 1.6, 2 and 0.2 wt%
retained austenite respectively, see Fig. 4(a)–(c). These low amounts
cannot have a significant effect on the mechanical properties of the
steel.

As expected, Figs. 5 and 6 confirms that increasing of the partition-
ing time at tempering temperatures much lower than the Bs tempera-
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Fig. 3. Microstructure of the following Gleeble samples (a,e) QT=422 °C, PT=540 °C for 2 s (b,f) QT=355 °C, PT=540 °C for 50 s, (c,g) QT=355 °C, PT=640 °C for 2 s (d,h)
QT=355 °C, PT=640 °C for 50 s. P: Precipitate, α′t: Tempered Martensite, α′f: Fresh Martensite, B: Bainite.

Table 3
Predicted martensite fraction of the specimens quenched to different temperatures,
according to Koistinen-Marburger equation.

Quenching temperature (°C) Martensite volume fraction (%)

422 17.9
355 60.7
255 86.9

Fig. 4. X-Ray Diffraction spectrum of Domex 960 showing bainitic ferrite (110) and retained austenite in (111). Austenitizing at 1350 °C, cooling to 422 °C, heating at 640 °C for 2 (a), 5
(b) and 50 (c) seconds respectively.

Fig. 5. Effect of different Q & P conditions on hardness of Gleeble samples.
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ture decreases the hardness. This is due to increasing the tempering of
primary martensite and carbon enrichment and stabilizing of the
austenite when sufficient level of carbon is reached or that better
conditions for transformation of austenite to lower bainite which is
much softer than untempered martensite is provided, whereas pre-
cipitates are still very fine. On the other hand, tempering at Bs (640 °C)
has invers effect on hardness and shows high increase of hardness for all
samples heated for 50 s. No significant effect was caused by the
different quenching temperatures. It was shown that even 2 s at
640 °C is enough to transform all the retained austenite in this low
carbon low alloy steel while increasing the holding time will promote
the precipitate formation and growth. As a consequence, the structure
will be more brittle and harder.

3.2. Laser welding results

The microstructural investigation of the laser welded samples shows
almost the same microstructure as Gleeble samples. Blocks of tempered
martensite with small carbides are apparent in the samples tempered at
540 °C as shown in Fig. 7(a) while samples tempered at 640 °C Fig. 7(b)
have fewer precipitates inside tempered martensite. EDS analysis
(Fig. 8) confirmed that the fine precipitates are mainly made of the
same elements, titanium and nitrogen as the large precipitates, since
these elements have the highest attraction to precipitate during phase
transformation in this steel [19].

It was desirable to understand the mechanisms and to confirm phase
interpretations during tempering stage specially to distinguish fresh
martensite from tempered martensite and bainitic ferrite as well as the
presence of austenite. Therefore, two samples with the same quenching
temperature of 350 °C and different mechanical properties were studied

with electron backscatter diffraction (EBSD) technique. One sample,
post weld heat treated at 540 °C for 2 s and another one at 640 °C for
50 s. Phase map analysis of both samples showed that around 99% of
both samples have BCC structure. So, discrimination of martensite
(body centered tetragonal) from ferrite (body centered cubic) structure
which is not easy due to their very similar crystallographic structure,
and even more difficult in low carbon steels having low tetragonality
distortion is the main question to clarify, if possible by EBSD. Some
previous studies [20,21] did clarify that it is possible to distinguish
martensite from ferrite by the fact that martensite has high dislocation
density and carbon content, in comparison with ferrite and that this will
decrease the quality of patterns and image quality (IQ). Knijf et al. [22]
also compared the image quality map with the Kernel average mis-
orientation map and showed that the dark regions associated with fresh
martensite, has a higher Kernel average mis-orientation than the rest of
the microstructure.

Fig. 9(a) and (d) show the quality map of the mentioned samples. In
this study, darker area can refer to fresh martensite and/or bainite
while brighter shows tempered martensite. During austenite (fcc) to
bainite (bcc) transformation, structure is expanded, so this volume
change is accumulated in the structure. It is important to consider that
all low quality patterns are not those two, it could be also because of
grain boundaries, volume surrounding precipitates, etc. On the other
hand, Fig. 9(b) and (e) shows local mis-orientation map indicating
degree of deformation while (c) and (f) show areas with high internal
stress/deformation (high dislocation density) in red and stress-free
structured areas in yellow while the recrystallized grains are blue. So
that in the first sample (Fig. 9c) there are 51.9%, 41% and 7.05% red,
yellow and blue areas while these values are 59.5%, 37.5% and 3%
respectively in the second sample (Fig. 9f). As can be seen, the brighter
areas in (a) and (d) are blue colored areas in (b) and (e) respectively.
The maximum deformation/internal stress can be seen as red dots in the
local mis-orientation pictures which are mostly located on the grain
boundaries between green and blue areas. These dots are probably
representing large precipitates. More interestingly, comparing Fig. 9(b)
and (c) or (e) and (f) shows that despite that the blue areas in mis-
orientation map are yellow in the recrystallization map, there are some
stresses caused by the formation of precipitates and existence of extra
carbon in the center of the structured areas (tempered martensite).
Recrystallization of the grains on the boundaries of deformed and
structured areas, is in accordance with tempering stages which starts
with precipitation of transition carbides, then decomposition of re-
tained austenite to bainite, consequently precipitation of cementite and
on the fourth stage recrystallization and precipitation (in this case Ti
(C,N)). So, the best area to start recrystallization is on the grain
boundaries with the highest energy through the deformed areas.
However, there is still an unanswered question. Why the recrystallized
and structured areas in the sample which is tempered at 540 °C for 2 s
are larger than those in the sample which is tempered at 640 °C for

Fig. 6. Charpy V notch impact energies of Gleeble treated samples after Q & P in
comparison with quenched and Q& T samples.

Fig. 7. SEM micrographs of the specimens obtained by quenching to 255 °C and then isothermally heated with the following conditions: (a) 540 °C for 2 s, (b) 640 °C for 50 s.
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50 s?
As can be seen in SEM pictures (Fig. 7), the sample which is

partitioned at 540 °C for 2 s is full of very fine (50–250 nm) precipitates
in the tempered martensite. These particles increase the resistance
against dislocation movement and causes some internal stress in the

martensite during tempering at 540 °C. So, the tendency of primary
martensite to recrystallize will increase. But at higher temperature (like
640 °C) the solubility of carbon in ferrite will increase -especially since
this steel (Domex 960) has a very low amount of carbon- therefore,
fewer precipitates which are large Ti(C, N) particles can be found in the

Fig. 8. EDS result of the sample tempered at 440 °C for 2 s shows that precipitates in the structure consist of Titanium nitride.

Fig. 9. EBSD analysis of (a, d) the band contrast, (b, e) local mis-orientation map showing deformation degree between Min (0) to Max (5), (c, f) recrystallization analysis
(recrystallized=blue, structured=yellow, deformed=red) for two samples both quenched to 355 °C then heat treated at (a,b,c) 540 °C for 2 s and at (d,e,f) 640 °C for 50 s. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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structure. Zajac et al. [17], by using a thermo-calc modeling showed
that the solubility of carbon in ferrite in equilibrium with cementite is
approximately 5 times higher at 640 °C than at 540 °C.

3.2.1. Mechanical properties
Typically, micro-hardness profile of AHSS across the weld shows a

slight increase when entering the HAZ area from base metal and
subsequently sharp drop before the FZ. Since during the welding, both
FZ and the inner HAZ are fully austenitized, the high temperature in the
inner HAZ lead to coarse grains which have higher tendency for

hardening and the next zone of HAZ heated to lower temperature
recrystallizes to austenite but does not have the possibility for grain
growth and this part of HAZ results in fine grains with better
mechanical properties [23]. The softer zone (CGHAZ) results from
local tempering of the martensite phase through welding as well as the
normal cause for hardness drop in FZ which is the increased size of
grains. The normal increase of hardness in HAZ is caused by the grain
refined zone (FGHAZ) [24] (Fig. 10).

Investigating the strength and elongation of the samples verify the
hardness results. Table 3, shows that the yield strength of all the
samples is higher than the base metal (980 MPa) and elongation in a
few cases is almost equal or higher than the reference value of this
AHSS. It means that in spite of mostly martensitic structure in the weld
created during the first quench, the tempering stage even for 2 s has a
great effect on stress and carbon release of the martensite and could
help softening the structure and generate secondary hardening by
creating titanium carbonitrides form martensite, simultaneously. Ten-
sile test results of the welded samples which were quenched to 255 °C
(almost 90% martensite from first quench) show that tempering at
440 °C for a few seconds is not enough to temper martensite and
provide enough energy for nucleation and growth of bainite and they
also exhibit limited ductility. But ductility of the samples which were
tempered at 540 °C or 640 °C increased up to 2 times higher than
reference weld without losing the limit of strength (see sample No. 5
and 7 in Fig. 11). Samples which were quenched to 355 °C, with almost
60% martensite, shows almost the same trend when tempered at
440 °C, but for tempering temperatures 540 °C and 640 °C, an increase
with 20% and 76% in ductility can be seen. It seems that although
heating at 440 °C for 5 s can lead to good results, for tempering of the

Fig. 10. Vickers hardness profile of laser welded samples and subsequently (a) Quenched to 255 °C and tempered at 440 °C for 2 s (b) Quenched to 255 °C and tempered at 640 °C for 2 s
(c) Quenched to 355 °C and tempered at 640 °C for 50 s (d) Quenched to room temperature. FZ: Fusion Zone, HAZ: Heat Affected Zone, FGHAZ: Fine Grain HAZ, CGHAZ: Coarse Grain
HAZ, BM: Base metal.

Fig. 11. Tensile test results of different samples.
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first quenched martensite, this is not enough to complete the bainitic
transformation in this sample with low amount of nucleation sites. So,
the rest of the retained austenite is transformed to martensite in the
second quench, while samples which were quenched to 440 °C are not
affected by the first quenched martensite, why their properties are
approximately the same as for the Ref. weld.

Selecting the best conditions for quenching and tempering is
becoming more interesting when impact Charpy test results of the best
tensile test samples are investigated. For example, despite very good
elongation and strength of sample number 18 (QT:355 °C, PT:640 °C),
the Charpy energy absorbed before failure by these samples are the
lowest ones. Fig. 12 shows the results of impact toughness tests
performed on the FZ of the welds.

It has been shown that contrary to acceptable mechanical properties
due to bainitic structure, nucleation of microcracks in Ti microalloyed
bainitic steels takes place in brittle Ti (C, N) particles and not in
carbides. So, when the structure contains coarse Ti (C, N) particles
(regularly larger than 0.5 µm), they will act as a dominant microstruc-
tural feature to promote cleavage fracture [25,26]. Therefore, samples
quenched to 422 °C followed by partitioning at 540 °C for 2 and 5 s and
at 440 °C for 5 s leads to the best mechanical properties.

4. Conclusions

In order to find a method for quick transformation of austenite to
non- brittle, fine grained but strong and ductile structure, after laser
beam welding process, in the FZ and HAZ, a type of quenching and
tempering treatment directly after welding has been implemented for
low carbon AHSS. The results show that:

• Microstructural observations revealed the presence of tempered
martensite with precipitates, bulky fresh martensite, bainite laths
and Ti(C, N) precipitates. The amount of each micro-constituent
depends on the quenching and tempering conditions. For instance,
there are some islands of fresh martensite in samples kept at low
temperature for short time while the amount of large Ti(C, N)
precipitates, found in samples tempered at 640 °C are higher.

• EBSD analysis of the samples showed that short isothermal heating

times of 2 or 5 s were long enough for tempering the primary
martensite formed after quenching. Although higher temperature
increases diffusion rate, phase transformation to ferrite is more
pronounced in samples tempered at 540 °C in comparison with
640 °C since increasing temperature from 540 °C to 640 °C will
increase the carbon solubility in ferrite and decrease the stress
concentrations in the structure.

• Tensile test results of the welded samples showed that all the heat
treated samples have higher strength than minimum defined
strength of the material. Samples with more than 60% martensite
created during first quench which are then tempered properly,
showed up to 80% increase of the elongation at failure (A5) value in
comparison with the reference weld, with saving the limit of base
metal strength. In addition, increasing the partitioning temperature
and time leads to increase of the ductility and decrease of the
strength.

• However, the impact toughness of samples tempered at 640 °C was
surprisingly low. This could be a result of initiation of microcracks
from coarse Ti(C, N) particles in this structure.
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Abstract: To improve the weld zone properties of Advanced High Strength Steel (AHSS), quenching
and partitioning (Q&P) has been used immediately after laser welding of a low-carbon steel. However,
the mechanical properties can be affected for several reasons: (i) The carbon content and amount of
retained austenite, bainite, and fresh martensite; (ii) Precipitate size and distribution; (iii) Grain size.
In this work, carbon movements during the partitioning stage and prediction of Ti (C, N), and MoC
precipitation at different partitioning temperatures have been simulated by using Thermocalc, Dictra,
and TC-PRISMA. Verification and comparison of the experimental results were performed by optical
microscopy, X-ray diffraction (XRD), Scanning Electron Microscop (SEM), and Scanning Transmission
Electron Microscopy (STEM), and Energy Dispersive Spectroscopy (EDS) and Electron Backscatter
Scanning Diffraction (EBSD) analysis were used to investigate the effect of martensitic/bainitic
packet size. Results show that the increase in the number density of small precipitates in the sample
partitioned at 640 ◦C compensates for the increase in crystallographic packets size. The strength and
ductility values are kept at a high level, but the impact toughness will decrease considerably.

Keywords: low-carbon AHSS; Q&P; toughness; modelling; precipitation; martensite packet

1. Introduction

The automotive industry focuses on increasing the use of advanced high-strength steels (AHSS)
in order to satisfy the current demand for decreasing the fuel consumption by reduced weight and
increasing vehicle safety by using these steels in different energy-absorbing components [1]. Usually,
these AHSS are produced by thermomechanical processes, which control the microstructure and grain
size as well as the precipitation hardening of micro-alloyed steels.

During welding of AHSS, the weld area will be completely changed and the excellent properties
(i.e., tensile strength, toughness) will be lost. This means that the welded area could be the best area
for crack propagation [2]. Therefore, pre-and/or post-welding treatment is necessary to improve
the properties of this zone. Laser welding is a popular method in the industry because it is fast,
creates narrow and deep welds, and can be used for different materials and shapes. So, in this work,
a quenching and partitioning [3] method has been applied for post-welding treatment in order to
control the microstructure [4]. The final structure will contain tempered martensite (which increases
the yield strength) with retained austenite (which improves the ductility), and, depending on the
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Q&P conditions and chemical composition of the steel, some bainite and fresh martensite can also
be formed [3–5].

However, carbide/nitride precipitation during the partitioning step cannot be avoided, even in
low-carbon [6] or in high-carbon, high-silicon steels [7]. Therefore, one of the critical aspects is to
monitor the behavior of precipitates during the process. Although precipitates and/or particles
are designed to strengthen the material by a precipitation hardening mechanism, they could act as
cleavage initiation sites and deteriorate the toughness [8–10]. Fairchild et al. [11] showed that a strong
inclusion-matrix bond is why TiN inclusions are potent cleavage initiators in steels even with modest
Ti contents. Another study by Di Schino et al. [12] on the effect of Nb microalloying on the heat-affected
zone (HAZ) showed that a small difference in Nb content is able to influence the size of the bainitic
packet, which results in both toughness and hardness.

Several works have been done on the mechanism of Q&P up to now [4,13–17], while only a few
papers have investigated the fracture mechanisms and toughness of Q&P steels [18,19]. Fracture causes
could mainly be related to: (i) Kinetics of carbon partitioning and stabilization of retained austenite
(RA) in the structure, because it has been shown that increasing volume fraction of RA due to the TRIP
effect delays the crack propagation [20]; (ii) Kinetics, size, number density and shape of secondary
precipitates; and (iii) Microstructural refinement can be very effective for improving the toughness.
Wang et al. [21] found that, when the cleavage crack encounters another packet of martensite, it may
be arrested and then largely changes its propagation direction.

Previous studies by the authors [4,22] on the effect of Q&P after laser welding of a low-carbon
steel showed that samples partitioned at a higher temperature had the best tensile properties but very
low Charpy V impact toughness results. In the present work, in order to investigate the origins of
such contradictory results, the abovementioned main issues are studied. Carbon diffusion from α′ to
retained austenite was modeled by a diffusion-controlled transformation tool (DICTRA) [23] during
quenching and partitioning. The type, size, and distribution of the precipitates were evaluated using
a scanning transmission electron microscope (STEM) in order to verify the precipitation prediction
modeling by TC–PRISMA. Finally, the effect of the packet size of martensite/bainite laths on crack
propagation has been investigated by electron backscatter diffraction (EBSD).

2. Materials and Methods

Laser welding was conducted on 5.5 mm thick sheets of ‘Domex 960’ advanced high strength
steel from SSAB (Stockholm, Sweden). This steel is thermomechanically processed (TMP) and was
received in TMP condition with a yield strength of 960 MPa and elongation (A5) of approximately 8%.
The chemical composition of the steel is given in Table 1, but for Thermocalc simulations, a simplified
composition of Fe–0.08 wt % C–1.78 wt % Mn–0.5 wt % Mo–0.187 wt % Ti–0.004 wt % N is assumed.
All calculations were carried out with the thermodynamic database TCFE8 [24] and mobility database
of MOBFE3 [25].

Table 1. The chemical composition of the steel used in the experiments (wt %).

C Si Mn P S Al Ti Mo Cr Ni Cu V N Fe

0.082 0.23 1.79 0.008 0.001 0.038 0.184 0.503 0.064 0.296 0.016 0.012 0.004 Balance

For the welding, process the keyhole penetration mode, with ytterbium Fiber Laser (YLR
Laser–15000, IPG Photonics, Oxford, MA, USA), 5 kW power, travel speed of 1.1 m/min, and Argon
shielding gas with a flow rate of 20 L/min, was used. The welded specimens were subjected to post
heat treatment immediately after the laser welding. For that, an induction heater was placed above the
specimen. The temperature was monitored during the whole procedure of welding and Q&P, by using
welded thermocouples located 1.5 mm from the fusion zone (FZ). For the same quenching temperature
(QT) of 355 ◦C (approx. equal to 60% initial martensite), three partitioning temperatures (PT) of 440 ◦C
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(20 ◦C above Ms), 540 ◦C (half between Ms and Bs), and 640 ◦C (Bs) and three partitioning times (Pt)
were tested.

Tensile testing was performed on cross weld specimens; the tensile axis was kept perpendicular
to the rolling direction of the steel sheet, while the weld zone is located exactly in the middle of the
dog-bone-shaped A50 samples. Charpy V notch samples were prepared according to the standard EN
ISO 6892–1:2009 and testing was conducted on transverse specimens with a notch in the center of FZ.
Results showed that all the samples that were partitioned at 640 ◦C had very low impact toughness.

In order to investigate the reasons, the samples that showed the best and the worst toughness
were selected for comparison, see Table 2.

Table 2. Mechanical properties of samples Q&P treated immediately after laser welding. (Energy =
Absorbed energy during Charpy V test at 20 ◦C.)

Sample Code QT (◦C) PT (◦C) Pt (s) A80 (%) A5 (%) Rp0.2 (MPa) Rm (MPa) Energy (J/cm2)

S(540, 5) 355 540 5 4 6 1005 1025 109
S(640, 50) 355 640 50 6 8 1034 1051 4

The precipitate characterization was determined from C–replicas taken from weld area (FZ and
HAZ) with a FE–SEM Helios Nanolab 600 (FEI, Hillsboro, OR, USA) working with an acceleration
voltage of 30 kV and a 1.4 nA beam current. The precipitate sizes were determined by image analysis
(I–A) of STEM micrographs using the software A4i© (Aquinto AG, Berlin, Germany). The carbide
chemistry was identified in transmission using energy-dispersive X-rays (EDX) (Jeol Ltd., Tokyo,
Japan) at 30 kV accelerating voltage. Electron Backscatter Diffraction (EBSD) was carried out on HAZ
using an accelerating voltage of 20 kV, a beam current of 11 nA, and a step size of 150 nm and 100 nm
for Q&P and base metal (BM) samples, respectively. The raw data were filtered by confidence index
(CI) of CI > 0.09 after a CI cleanup and grain dilation (grain tolerance angle 5◦ and minimum grain
size 2). The grains were defined as at least two adjacent points with similar orientation within a range
of 15◦ misorientation.

3. Results and Discussion

3.1. Fracture Results

Figure 1 shows dimple and cleavage mix-mode fracture in all fractographies, but the average
radius of dimples in S(540, 5) (Figure 1a) is smaller than the other samples including the reference
weld without any heat treatment (Figure 1c), and S(640, 50) (Figure 1b).
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3.2. Thermodynamic Modeling

In order to understand the critical temperatures of phase transformation and formation of stable
precipitates in an equilibrium condition of Domex 960, the amount of phases at different temperatures
was calculated with Thermocalc [23]. Although the temperatures and amount of phases could be far
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from the real conditions during Q&P, this calculation could give a good overview of the most stable
microconstituents. Figure 2 shows that Ti(C, N) has the highest tendency to form the first carbonitrides
in this system. It will start when there is still some liquid in the system and the precipitation will
continue until it reaches room temperature. After that, two other carbides (M7C3) and cementite will
nucleate around 700 ◦C, but they are not stable and will disappear very soon around 600 ◦C, while their
amount is also very small (e.g., 0.001 mol). The next important precipitate in this system in the critical
temperature range of 440 ◦C to 640 ◦C, is MoC, as expected from its enthalpy for carbide formation in
comparison with other alloying elements in this steel [26]. The kinetics of nucleation and growth of
these elements modeled by the TC–Prisma [23] module are illustrated in Figure 3.
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According to Figure 3a, Ti(C, N) nucleates at very high temperature, with a maximum rate at
ca. 1150 ◦C, at which it takes only 0.2 s. At lower temperatures up to 800 ◦C, the nucleation takes
under 10 s. The time for nucleation grows exponentially with decreasing temperature and nucleation
takes a longer time than the longest partitioning time used in this work (maximum 50 s). On the
other hand, Figure 3b shows that, although nucleation of this carbide (MoC) is very fast, 600 ◦C is a
critical temperature for this Q&P, because below this temperature nucleation takes more than 100 s,
which means that nucleation of MoC cannot occur during this heat treatment. In summary, Ti(C, N)
precipitation could be an issue during welding and previous Ti(C, N) particles from casting could still
remain in the structure, but MoC precipitation occurs during the partitioning stage at 640 ◦C.

3.3. Carbon Partitioning

Understanding the carbon movement during the partitioning stage at different temperatures with
regard to the first quenched martensite and retained austenite grain boundaries has an important
role in the prediction of the phase transformations. Comparison between the diffusion coefficient of
carbon in austenite (Dc

γ) and ferrite (Dc
α) in Table 3 shows that for the temperature range of γ + α

(440–640 ◦C in this case) the equilibrium ’D’ is more than 100 times higher in ferrite than austenite.
This means that carbon can partition out of martensite rapidly but will then pile up behind the α′/γ
grain boundary.

Table 3. Carbon diffusion coefficient in austenite (Dc
γ) and ferrite (Dc

α) and at different temperatures.

Carbon Diffusion Coefficient 440 ◦C 540 ◦C 640 ◦C

Dc
γ 3.30 × 10−16 7.12 × 10−14 2.82 × 10−21

Dc
α 8.54 × 10−13 4.49 × 10−17 1.22 × 10−18

In other words, this velocity is critical for the determination of the area of retained austenite
around tempered martensite plates, especially for low-carbon steels, in order to design the structural
and mechanical properties of the material, since three different phenomena could occur during
the partitioning stage: (i) The amount of austenite’s carbon enrichment to stabilize it after the
final quench; (ii) Nucleation and growth of third phases (e.g., bainitic ferrite); and (iii) Carbide
precipitation. Nishikawa et al. [27] modeled the influence of the bainite reaction on the kinetics
of carbon redistribution during the Q&P process. Simulations indicate that the kinetics of carbon
partitioning from martensite to austenite is controlled by carbon diffusion in austenite and is affected
only to a small extent by the decomposition of austenite into bainitic ferrite.

Based on microscopy pictures of the samples, a model with 3 µm space for austenite until the next
lath of martensite and a 2 µm space for ferrite, which represents martensite in this simulation, in a
rectangular linear model with 50 nodes for calculations that are more frequent close to the interface, is
assumed (see Figure 4).

Figure 5 shows the simulation results of carbon partitioning at 640 ◦C and 540 ◦C. Regarding
the fact that Mn drops the chemical potential of carbon in austenite, it is expected that regions with
high Mn concentration attract more carbon [13]. Therefore, adding 1.78 wt % Mn to the system makes
carbon atoms pile up at the border of γ/α and causes a constant increase of the carbon content of
austenite until 0.15 wt % after 50 s at 640 ◦C. If the partitioning process stops after 2 or 5 s, a small
distance of approximately 0.5 µm could be enriched with up to 0.3 wt % C (Figure 5a). As can be seen
in Figure 5b, diffusion at 540 ◦C is much slower and makes the boundary full of carbon up to 1.6 wt %.
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Figure 5. Carbon content of (a) Fe–0.08 wt % C–1.78 wt % Mn system at 640 ◦C; (b) Fe–0.08 wt % C–1.78
wt % Mn system at 540 ◦C.

In order to find the reason for the very low impact toughness results of samples partitioned at
640 ◦C while they have very good tensile properties, simulations were focused on S(640, 50) and
S(540, 5) for comparison. The effect of temperature is shown in Figure 6a. Figure 6b shows the carbon
movement inside austenite close to the martensite interface for these two samples, and the existence of
retained austenite after the final quench after partitioning can be predicted.
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Figure 6. Comparison of samples partitioned at 540 ◦C, 5 s (blue) and 640 ◦C, 50 s (red), calculated
using Dictra. (a) The composition of the interface as a function of the time; (b) carbon content vs.
location γ/α interface is at 3 µm distance).

Minimum estimated amount of C to stabilize austenite, based on different equations [28–33] for
this steel is 0.9 to 1.2 wt % C at ambient temperature. So, comparing with Figure 6b implies that there
is no chance for stabilizing the retained austenite in S(640, 50), but there is some possibility in samples
treated at 540 ◦C or less. This is also confirmed by XRD measurements of these two samples S(540, 5)
and S(640, 50).

Wu et al. [34] investigated the effect of austenite on fracture resistance of Q&P and showed that
the energy absorption by transformation from austenite to martensite postponed the crack propagation
and enhanced the fracture resistance of Q&P steels. Even a small amount of retained austenite at room
temperature could have a significant effect on energy absorption during crack propagation.

3.4. Kinetics of Precipitation

In Figure 3 it was shown that precipitation of Ti(C, N) can start from the liquid. So, it is difficult to
control the size and distribution of the Ti(C, N) particles in the structure. However, SEM pictures of the
Q&P-treated sample shows small precipitates as well (Figure 7). EDS study of the particles confirmed
the Ti content of these large and sharp-edged particles.

Beside these very large precipitates form during casting, there are some other particles that can
nucleate, grow, or coarsen during welding and Q&P treatment. For example, in Figure 7 different
particle types can be seen in the HAZ. For example, in region (b) a Ti(C, N) particle nucleated and
coarsened during welding and Q&P; region (c) shows accumulation of nucleated carbides at the grain
boundary and (d) shows transition carbides that are created during tempering of martensite laths in
the partitioning stage.
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Figure 7. SEM pictures of S(640, 50) displays secondary precipitates at different size and shapes.

As reported by Gustafson [35], there are two sizes of TiC particles, one with sparsely distributed
particles of micrometer size and a second with densely distributed particles with sizes of a few tens
or hundreds of nanometers. In this work, precipitates with the smaller size were studied, under the
assumption that the large primary particles are so sparsely distributed that they will not affect the
coarsening of the secondary ones, since the coarsening of the large particles is expected to follow a
much slower process and has no important influence on the mechanical properties.

Since the precipitates (especially the small ones) from casting will melt in FZ during welding,
the most critical area will be HAZ. In order to model the nucleation and growth of precipitation using
TC–Prisma, isothermal heating at 1350 ◦C for 5 s is considered. Figure 8, shows that the equivalent
average diameter of Ti(C, N) particles is around 150 nm.
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Figure 8. Prediction of precipitate size in HAZ considering isothermal heating at 1350 ◦C for 5 s,
resulting in a particle size of around 150 nm.
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Comparison of the precipitate coarsening rates in corresponding matrix phases using the
Thermocalc database shows that increasing the temperature from 540 ◦C to 640 ◦C will increase the
coarsening rate of Ti(C, N) 1000 times to 1.27× 10–35 m3/s and of MoC 100 times to 3.875 × 10–31 m3/s.

Quantification of the precipitate size distribution in base material (BM) and in those partitioned
at 540 ◦C and 640 ◦C was carried out by STEM from carbon replicas of the samples.

Figure 9 shows the particle size distribution for both partitioned samples (at 540 ◦C and 640 ◦C)
and for the BM. The average particle size was calculated to be 0.263 ± 0.108 µm, 0.207 ± 0.089 µm,
and 0.07 ± 0.11 µm for S(540, 5), S(640, 50), and BM, respectively. The precipitates quantification in
the BM became more complicated since it presents particles over a large range of sizes. SEM analysis
of precipitates show a few large particles (between 0.2 and 0.65 µm) at relatively low magnification
(20,000×). However, at higher magnifications (e.g., 80,000×), a large quantity of small particles
(<0.2 µm) can be distinguished. For this reason, the analysis of the precipitates in this sample was
performed at two different magnifications.
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Figure 9. Measured size distribution of precipitates vs. number of particles for post-welding
heat-treated samples (a) at QT = 355 ◦C and PT = 540 ◦C for 5 s; (b) at QT = 355 ◦C and PT =
640 ◦C for 50 s; (c) base metal.
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Figure 10 shows STEM images from C replicas corresponding to the samples. An apparently
larger particle density can be observed in the sample partitioned at 640 ◦C, when comparing the
same area of both samples (Figure 10a,b). However, the particle density has not been systematically
analyzed in this case. Two hundred six and 388 particles were considered for S(540, 5) and S(640, 50),
respectively, and this was compared with the base metal (see Figure 9).

Results indicate that the approximate average size of particles in treated samples are
0.263 ± 0.108 µm for the sample partitioned at 540 ◦C and 0.207 ± 0.089 µm for the one partitioned at
640 ◦C, while the number density of particles after partitioning at 640 ◦C is around 1.5 times higher
than for 540 ◦C. This can be seen when comparing Figure 10a,b.
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Figure 10. Comparison between distribution, number density, and shape of the particles in carbon
replicas made from the sample: (a) S(540, 5) and (b) S(640, 50).

From EDS measurements, it was determined that the particles in samples partitioned at 540 ◦C
and 640 ◦C are principally MoC (round shaped particles) and Ti(C, N) (rectangular shaped particles).

3.5. Grain Size Effect

As mentioned before, the structure is made of tempered and fresh martensite lathes from
the first and second quench and bainite from the partitioning stage. So, the toughness of such
structure is increased by a high density of the high angle boundaries created, because this kind
of boundary acts as an obstacle for cleavage propagation, forcing the cleavage crack to change its
microscopic plane of propagation in order to accommodate the new local crystallography [22,36,37].
In addition, the presence of coarse martensite laths leads to early strain localization, especially when
they are in the vicinity of untempered martensite islands [38]. However, the complexity of the
lath martensitic/bainitic structure makes the grain size measurement very difficult. For this reason,
the region of martensite/bainite lathes with a determined crystallographic orientation is defined
as a block [39]. Clusters of blocks form a packet when they share the same (111)γ, to which the
corresponding (001)α is almost parallel [40]. Since the blocks and packages present high angle grain
boundaries (>11◦), the toughness of the material might be influenced by their size [41]. In this study, the
effective grain size of the martensite/bainite was determined from EBSD measurements, considering
grain boundary misorientation ≥15◦. Figure 11 shows the inverse pole figure (IPF) superimposed
on the image quality map (IQ) for the treated samples. Results shows that partitioning at a lower
temperature (540 ◦C) leads to a refinement of the effective grain size (block packages), as can be noticed
by the change in the color orientation. Kawata et al. [42] showed that the bainite block is coarsened
by ausforming, especially for a higher temperature, by formation of preferred variants in a packet.
In contrast, the same ausforming treatments refine the lath martensite block. In fact, packet size will
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influence the ductile–brittle transition temperature (DBTT). As mentioned in Equation (1), DBTT (T)
is inversely proportional to the root square of the distance between high-angle grain boundaries (d),
where K is a constant [36]:

T = T0 − Kd−2. (1)
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4. Conclusions

The aim of this work was to investigate the reason for brittle fracture of the samples from
a low-carbon, low-Si AHSS, which were post-weld heat-treated by the Q&P method around Bs

temperature (640 ◦C). Their strength and ductility were the best in comparison with other samples
partitioned at lower temperatures, i.e., 540 ◦C and 440 ◦C. Results shows that since Dc

α′ is much higher
than Dc

γ carbon diffuses out from martensite and piles up behind the border of α′/γ. The partitioning
temperature controls the rate of carbon diffusion, but this amount at the α′/γ border cannot reach the
level necessary to stabilize austenite at 640 ◦C, while it can occur for a small area next to the border at
540 ◦C. Subsequently, this RA can contribute to eliminating the brittle fracture due to the TRIP effect
and increasing the impact toughness.

STEM results of carbon replicas revealed that there are many more very small precipitates
(<0.1 µm) in the sample partitioned at 640 ◦C; this can increase the strength of the material via
precipitation strengthening mechanism. On the other hand, EBSD results showed much larger
crystallographic packets in this sample, which can result in a lowering of the material strength.
The increase of strength by precipitation strengthening and the decrease of the strength due to larger
packet size will counteract each other so that the tensile test results of the samples partitioned at 640 ◦C
are still good.

Author Contributions: Concept and design of experiments: F.F. and E.V.; Experiments, simulations, analysis of
data and writing the original draft: F.F.; Experiments and revising the paper: M.A.G.; Supervision: E.V. and F.M.

Funding: This research was funded by Erasmus+: Erasmus Mundus Joint Doctorate (EMJD)-Advanced Materials
Engineering-DOCMASE, grant number “2011-0020”.

Acknowledgments: The support of the EUSMAT (European School of Materials) via the Ph.D. program
‘DOCMASE’ and Flavio Soldera is gratefully acknowledged by the authors.

Conflicts of Interest: The authors declare no conflict of interest.



Metals 2018, 8, 747 12 of 13

References

1. Opbroek, E. UltraLight Steel: A Global Consortium Changes the Future of Automotive Steel; Xlibris: Bloomington,
IN, USA, 2013; ISBN 1479773441.

2. Shome, M.; Tumuluru, M. Welding and Joining of Advanced High Strength Steels (AHSS), 1st ed.; Woodhead
Publishing: Cambridge, UK, 2015; ISBN 9780857098580.

3. Speer, J.; Matlock, D.K.; De Cooman, B.C.; Schroth, J.G. Carbon partitioning into austenite after martensite
transformation. Acta Mater. 2003, 51, 2611–2622. [CrossRef]

4. Forouzan, F.; Vuorinen, E.; Mücklich, F. Post weld–treatment of laser welded AHSS by application of
quenching and partitioning technique. Mater. Sci. Eng. A 2017, 698, 174–182. [CrossRef]

5. Clarke, A.J.; Speer, J.G.; Miller, M.K.; Hackenberg, R.E.; Edmonds, D.V.; Matlock, D.K.; Rizzo, F.C.;
Clarke, K.D.; De Moor, E. Carbon partitioning to austenite from martensite or bainite during the quench and
partition (Q&P) process: A critical assessment. Acta Mater. 2008, 56, 16–22. [CrossRef]

6. Santofimia, M.J.; Zhao, L.; Sietsma, J. Microstructural Evolution of a Low–Carbon Steel during Application
of Quenching and Partitioning Heat Treatments after Partial Austenitization. Metall. Mater. Trans. A 2009,
40, 46–57. [CrossRef]

7. Toji, Y.; Miyamoto, G.; Raabe, D. Carbon partitioning during quenching and partitioning heat treatment
accompanied by carbide precipitation. Acta Mater. 2015, 86, 137–147. [CrossRef]

8. Charleux, M.; Poole, W.J.; Militzer, M.; Deschamps, A. Precipitation behavior and its effect on strengthening
of an HSLA–Nb/Ti steel. Metall. Mater. Trans. A 2001, 32, 1635–1647. [CrossRef]

9. Soto, R.; Saikaly, W.; Bano, X.; Issartel, C.; Rigaut, G.; Charai, A. Statistical and theoretical analysis of
precipitates in dual–phase steels microalloyed with titanium and their effect on mechanical properties.
Acta Mater. 1999, 47, 3475–3481. [CrossRef]

10. Toji, Y.; Matsuda, H.; Herbig, M.; Choi, P.; Raabe, D. Atomic–scale analysis of carbon partitioning between
martensite and austenite by atom probe tomography and correlative transmission electron microscopy.
Acta Mater. 2014, 65, 215–228. [CrossRef]

11. Fairchild, D.P.; Howden, D.G.; Clark, W.A.T. The mechanism of brittle fracture in a microalloyed steel: Part I.
Inclusion–induced cleavage. Metall. Mater. Trans. A 2000, 31, 641–652. [CrossRef]

12. Di Schino, A.; Di Nunzio, P.E. Effect of Nb microalloying on the heat affected zone microstructure of girth
welded joints. Mater. Lett. 2017, 186, 86–89. [CrossRef]

13. HajyAkbary, F.; Sietsma, J.; Miyamoto, G.; Furuhara, T.; Santofimia, M.J. Interaction of carbon partitioning,
carbide precipitation and bainite formation during the Q&P process in a low C steel. Acta Mater. 2016,
104, 72–83. [CrossRef]

14. Clarke, A.J.; Speer, J.G.; Matlock, D.K.; Rizzo, F.C.; Edmonds, D.V.; Santofimia, M.J. Influence of carbon
partitioning kinetics on final austenite fraction during quenching and partitioning. Scr. Mater. 2009,
61, 149–152. [CrossRef]

15. Somani, M.C.; Porter, D.A.; Karjalainen, L.P.; Misra, R.D.K. On Various Aspects of Decomposition of
Austenite in a High–Silicon Steel During Quenching and Partitioning. Metall. Mater. Trans. A 2014,
45, 1247–1257. [CrossRef]

16. Santofimia, M.J.; Zhao, L.; Sietsma, J. Overview of Mechanisms Involved During the Quenching and
Partitioning Process in Steels. Metall. Mater. Trans. A 2011, 42, 3620–3626. [CrossRef]

17. Thomas, G.A.; Speer, J.G. Interface migration during partitioning of Q&P Steel. Mater. Sci. Technol. 2014,
30, 998–1007. [CrossRef]

18. De Knijf, D.; Petrov, R.; Föjer, C.; Kestens, L.A. Effect of fresh martensite on the stability of retained austenite
in quenching and partitioning steel. Mater. Sci. Eng. A 2014, 615, 107–115. [CrossRef]

19. De Knijf, D.; Puype, A.; Föjer, C.; Petrov, R. The influence of ultra–fast annealing prior to quenching and
partitioning on the microstructure and mechanical properties. Mater. Sci. Eng. A 2015, 627, 182–190.
[CrossRef]

20. De Diego-Calderón, I.; Sabirov, I.; Molina-Aldareguia, J.M.; Föjer, C.; Thiessen, R.; Petrov, R.H.
Microstructural design in quenched and partitioned (Q&P) steels to improve their fracture properties.
Mater. Sci. Eng. A 2016, 657, 136–146. [CrossRef]

21. Wang, C.; Wang, M.; Shi, J.; Hui, W.; Dong, H. Effect of microstructural refinement on the toughness of low
carbon martensitic steel. Scr. Mater. 2008, 58, 492–495. [CrossRef]



Metals 2018, 8, 747 13 of 13

22. Forouzan, F.; Gunasekaran, S.; Hedayati, A.; Vuorinen, E.; Mucklich, F. Microstructure analysis and
mechanical properties of Low alloy High strength Quenched and Partitioned Steel. DiVA 2016, 258, 574–578.
[CrossRef]

23. Andersson, J.O.; Helander, T.; Höglund, L.; Shi, P.F.; Sundman, B. Thermo-Calc & DICTRA, Computational
tools for materials science. Calphad 2002, 26, 273–312.

24. Thermo-Calc Software TCFE9 Steels/Fe-alloys Database. Available online: https://www.thermocalc.com/
products-services/databases/thermodynamic/ (accessed on 20 September 2018).

25. A.B. MOBFE3: TCS Steels/Fe–Alloys Mobility Database. Thermo–Calc Software. Available online: https:
//www.thermocalc.com/products-services/databases/mobility/ (accessed on 20 September 2018).

26. Bhadeshia, H.; Honeycombe, R. Microstructure and properties. In Steels: Microstructure and Properties, 3rd ed.;
Butterworth–Heinemann: Cambridge, UK, 2011; ISBN 0080462928, 9780080462929.

27. Nishikawa, A.S.; Santofimia, M.J.; Sietsma, J.; Goldenstein, H. Influence of bainite reaction on the kinetics
of carbon redistribution during the Quenching and Partitioning process. Acta Mater. 2018, 142, 142–151.
[CrossRef]

28. Payson, P.; Savage, C.H. Martensite reactions in alloy steels. Trans. ASM 1944, 33, 261–280.
29. Grange, R.A.; Stewart, H.M. The temperature range of martensite formation. Trans. AIME 1946, 167, 467–501.
30. Van Bohemen, S. Bainite and martensite start temperature calculated with exponential carbon dependence.

Mater. Sci. Technol. 2012, 28, 487–495. [CrossRef]
31. Nehrenberg, A.E. Contribution to Discussion on Grange and Stewart. Trans. Am. Inst. Min. Met. Eng. 1946,

167, 494–498.
32. Haynes, A.G.; Steven, W. The temperature of formation of martensite and bainite in low–alloy steel. J. Iron

Steel Inst. 1956, 183, 349–359.
33. Andrews, K.W. Empirical formulae for the calculation of some transformation temperatures. J. Iron Steel Inst.

1965, 203, 721–727.
34. Wu, R.; Li, J.; Li, W.; Wu, X.; Jin, X.; Zhou, S.; Wang, L. Effect of metastable austenite on fracture resistance of

quenched and partitioned (Q&P) sheet steels. Mater. Sci. Eng. A 2016, 657, 57–63. [CrossRef]
35. Gustafson, Å. Coarsening of TiC in austenitic stainless steel-experiments and simulations in comparison.

Mater. Sci. Eng. A 2000, 287, 52–58. [CrossRef]
36. Díaz–Fuentes, M.; Iza–Mendia, A.; Gutiérrez, I. Analysis of different acicular ferrite microstructures in

low–carbon steels by electron backscattered diffraction. Study of their toughness behavior. Metall. Mater.
Trans. A 2003, 34, 2505–2516. [CrossRef]

37. Rodriguez–Ibabe, J. The Role of Microstructure in Toughness Behaviour of Microalloyed Steels.
Mater. Sci. Forum. 1998, 284–286, 51–62. [CrossRef]

38. Wang, M.; Hell, J.; Tasan, C.C. Martensite size effects on damage in quenching and partitioning steels.
Scr. Mater. 2017, 138, 1–5. [CrossRef]

39. Verbeken, K.; Barbé, L.; Raabe, D. Evaluation of the crystallographic orientation relationships between FCC
and BCC phases in TRIP steels. ISIJ Int. 2009, 49, 1601–1609. [CrossRef]

40. Morito, S.; Tanaka, H.; Konishi, R.; Furuhara, T.; Maki, T. The morphology and crystallography of lath
martensite in Fe–C alloys. Acta Mater. 2003, 51, 1789–1799. [CrossRef]

41. Bhadeshia, H.K.D.H. Bainite in Steels. In Theory and Practice, 3rd ed.; Maney Publishing: Cambridge, UK,
2015; ISBN 1909662747, 9781909662742.

42. Kawata, H.; Sakamoto, K.; Moritani, T.; Morito, S.; Furuhara, T.; Maki, T. Crystallography of ausformed
upper bainite structure in Fe–9Ni–C alloys. Mater. Sci. Eng. A 2006, 438, 140–144. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).





Paper IV





Optimization of Quenching Temperature to Minimize
the Micro Segregation Induced Banding Phenomena in
Quenching and Partitioning (Q&P) Steels

Farnoosh Forouzan,* Luciano Borasi, Esa Vuorinen, and Frank Mücklich

Mn, Cr, and Si are favorable elements for designing the quenching and
partitioning (Q&P) steels while the microsegregation of them is a common
phenomenon in the steels. This segregation makes the bands of enriched
and depleted Mn–Cr regions, which affects the Ms temperature of the bands
and consequently influence the volume fraction of initial martensite, retained
austenite, and secondary fresh martensite in different bands. This issue leads
to non-homogeneity in the microstructure and mechanical properties. In this
study, the optimization method to minimize the inhomogeneity by selection
of the quenching temperature is demonstrated.

1. Introduction

The “quenching and partitioning” (Q&P) is a promising heat
treatment which could be used to produce 3rd generation of
advanced high strength steels (AHSS) by producing a fine
controlled complex microstructure of mainly martensite and
retained austenite.[1,2] So, selection of the quenching temperature
(QT), partitioning temperature (PT), and time (Pt) play a very
important role in designing the volume fraction of phases and
optimizing the strength and ductility.[3,4] But due to the sluggish
diffusion of substitutional atoms in steels, the interdendritic
chemical segregation cannot be completely removed by hot work
processing. On the contrary, interstitially dissolved carbon atoms
in steel have a high diffusion coefficient that allows a homogeni-
zation of the carbon content in the steel. Nevertheless, as the
presence of other elements can locally modify the carbon activity,
the segregation of substitutional atoms can lead to carbon content
variations.[5] For example, Mn and Cr decrease the carbon activity,
and thus areas enriched with these elements can also result in a

local increase of the carbon content. In
contrast, Si, P, and Mo increase the carbon
activity and thus reject it to other regions.[6]

During hot rolling, the micro-segregations
arealigned intobandsin therollingdirection
generating non-homogenous areas in the
normal direction. This issue could make
some problem, for example, localized defor-
mation, hot-working, and corrosion behav-
ior in microstructure.[7,8] It is typical for
TRIP steels to have bands of ferrite bainite-
martensite-austenite.[9,10] Effect of banding
onmechanicalpropertiesof ferritic/pearlitic
bands has been widely studied.[11–13] Typi-
cally, no or very small effect has been

observed on the anisotropy of tensile propertieswhile a significant
anisotropy of reduction in area for impact properties was found.

Normally, “Q&P steels” contain over 1.5wt% silicon to inhibit
carbide precipitation as well as Mn, Ni, and Cr to retard ferrite,
pearlite, and bainite formation and to effectively stabilize
austenite for longer times at higher partitioning temper-
atures.[14] Although the role of alloying additions like Mn, Ni,
Cr, Si, etc. on microstructural development in Q&P steels is of
significant interest,[15–17] there is a lack of research on the effect
of segregation of these elements.

Recently, HajyAkbary et al.[18] investigated the effect of Mn
segregation on 0.3C–1.3Si–3.2Mn (wt%) steel. They compared
the overall volume fractions of the phases in the specimens
quenched at two quenching temperatures of 180 and 240 �C,
based on the simulations and experimental measurements
considering two regions of poor and rich Mn. Results showed
that microstructural non-homogeneity is more pronounced in
the specimen quenched to a higher temperature.

The aim of this work is to investigate the effect of banding
induced by micro-segregation of medium carbon and Mn–Cr
containing steel on the final microstructure and mechanical
propertiesafterquenchingandpartitioningprocessandtooptimize
the quenching temperature to minimize the in-homogeneity.

2. Experimental Section

Rectangular specimens of 10� 10� 55mm from a steel bar with
the nominal chemical composition of 0.6%C–1.6%Si–1.25%Mn–
1.75%Cr–0.15%Mo–0.12%V (wt%) were machined and treated
using Gleeble 3800. Heat treatment starts with austenitization at
890 �C for 60min, followed by quenching to 190 �C (QT190),
165 �C (QT165), 100 �C (QT100), and 25 �C (QT25) while the
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nominal martensite’s start temperature (Ms) is 223 �C. Subse-
quently, samples are partitioned at 280 �C for 900 s and quenched
to room temperature. The specimens studied by optical
microscopy,microhardness, SEM, EDX, and XRDmeasurements
werecutandmounted, thengrindedandpolisheduntil 0.05μm.In
order to color etch, “Le Pera”[19] method, which contains equal
portions of 1% aqueous sodium metabisulfite and 4% picral
solutions for 30 s, was used. Before SEM and EDS analyses,
samples were etched with Nital (3%) for 15 s. “JSM-IT300”
scanning electron microscope equipped with Oxford X-Max
energy dispersive spectroscopy detector has been used. The data
was processed with the AZtec oxford software. Furthermore,
volume fractions of retained austenite were determined by X-ray
diffraction (XRD) analysis using a monochromatic Cu-Kα
Q4radiation at 40KV and 45mA and the data were collected from
40� to 100� 2θ with a step size of 0.0131�. Results were analyzed
through Rietveld simulation using High Score Plus software
(vers.3.0.1).

3. Results

Figure 1 shows the SEM images of Nital etched samples
quenched to different temperatures. The comparison shows
more significant microstructural banding at higher quenching
temperatures (QT190 and QT165).

A detailed examination of dark and light bands in Figure 2
shows the presence of higher amount of initial martensite (as

dark blue etched feature) in the darker regions, while the
predominantly white regions are associated with an increase in
the local fraction of either retained austenite or fresh martensite
transformed during final cooling.

A line-scan by EDS in a transversal direction to the banding
(see Figure 3a) displays the segregation of both chromium and
manganese with the same tendency. None of the other alloying
elements has shown considerable segregation. The content of
Mn and Cr decreases constantly in the regions associated with
higher amount of initial martensite, while the maximum peaks
are located in the regions exhibiting the presence of fresh
martensite.

The analysis reports a variation from 1% up to 1.75% in
Mn and between 1.5% and 2.1% for Cr, while the nominal
composition of the steel has a 1.25% and 1.75% for Mn and Cr,
respectively. In addition, a carbon alteration is expected due to
the effect of Mn and Cr in the carbon activity. However, the C
concentration will adjust to constant C activity in different band
due to high carbon diffusivity. Since it is not possible to obtain a
reliable quantification of carbon concentration by using EDS, its
diffusion during austenitization has been modelled by Thermo-
calc-Dictra using TCEFE9 and MOBFE3 database. Results show
that carbon content varies from 0.57% up to 0.615% from Mn
depleted regions toward enriched regions, when equilibrium
conditions are assumed within the bands.

The effect of substitutional alloying elements on theoretical
martensite start temperature are modelled by Bohemen[20] as
modified Andrews’ equation,[20,21] in Equation (1) and (2).

Figure 1. Comparison between the samples quenched to a) 190 �C, b) 165 �C, c) 100 �C, and d) 25 �C and thereafter partitioned at 280 �C for 900 s.
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Ms
�Cð Þ ¼ 565�

Xi

n¼1
Knxn � 600ð1� e�0:96xcÞ ð1Þ

Xi

n¼1
Knxn

�Cð Þ ¼ �31xMn þ 13xSi þ 10xCr þ 18xNi

þ 12xMo ð2Þ

As these elements of alloy decrease the martensite start
temperature (Equation (2)), a calculation of Ms was performed

along the segregated bands considering the point by point data
for Cr and Mn from Figure 3a and assuming that the other
elements do not have a compositional variation (Figure 3b).
Considering also the effect of C variation on the highest and
lowest values in Figure 3b the difference in Ms temperature
between the bands is extended up to 40 �C.

As mentioned previously, the segregation profile can be
detected perpendicular to the rolling direction. So, the effect of
segregation on hardness (HV0.2) of the bands is compared with
the volume fraction of retained austenite measured from the
section transversal to the rolling direction and initial martensite
formed during the first quenching in addition to the hardness
(HV0.5) of the same side, which does not have segregation
in Table 1. Figure 1 illustrate that specimens quenched at a
higher temperature (QT190 and QT165) have higher amount of
fresh martensite, because the carbon partitioning is insufficient
to stabilize the remained austenite after the first quenching.
Hence, QT190 and QT165 show higher hardness in general,
besides the difference between the hardness of the bands is also
noticeable. On the other hand, by decreasing the quenching
temperature the volume fraction of initial martensite increases
and the amount of retained austenite and fresh martensite
could not play a significant role. The effect of partitioning
condition is always important to consider due to the fact that
decreasing partitioning temperature or time can lead to an
incomplete carbon partition process in both enriched and
depleted regions. This can increase the amount of untempered
martensite and, therefore, increase the microstructural
banding.[18]

Figure 3. a) Line scan EDS on microstructural banding observed by SEM
on QT190 sample. b) Calculated Ms along the distance corresponding to
the measured segregation in a).

Figure 2. a) OM of QT190 sample, etched with LePera reagentshows initial (tempered) martensite as dark blue and retained austenite or fresh
martensite as white (unetched). b) OM of bright band in higher magnification containing more retained austenite/fresh martensite. c) OM of darker
band in higher magnification where dark regions of initial martensite predominate.
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4. Discussion

A schematic illustration emphasizing the effect of segregation in
quenching and partitioning process is shown in Figure 4. Due to
the sluggish diffusion of substitutional elements, segregation
bands of Mn/Cr cannot be eliminated during austenitization.[22]

In the first quenching, a higher volume fraction of martensite is
transformed in the Mn–Cr poor regions because of their higher
Ms. During partitioning this initial martensite will temper
and become softer and the final hardness is determined by
partitioning conditions (temperature and time). Additionally, the
carbon partitioning to the surrounding austenite is insufficient
to stabilize all the austenite and thus, during final cooling more
fresh martensite is formed in Mn–Cr rich regions because of
their higher amount of austenite that can transform.

To calculate the volume fraction of martensite as a function of
undercooling from Ms, Koistinen and Marburger equation[23]

(Equation (3)) can be used. T is the quenching temperature and

αm is the rate parameter which is a function of chemical
composition, as described in Equation (4) and (5).

f ¼ 1� e�αmðMs�TÞ ð3Þ

αm ¼ 10�3 27:2�
X

i
SiXi � 19; 8 1� e�1:56xc

� �� �
ð4Þ

And

X
i
Sixi ¼ 0:14xMn þ 0:21xSi þ 0:11xCr þ 0:08xNi

þ 0:05xMo ð5Þ

In Equation (5) is xi the concentration in wt%.
Considering the highest and lowest Ms calculated based on

EDS profiles for Cr and Mn (Figure 3a) and taking into account

Table 1. Hardness of Mn–Cr depleted and enriched regions and volume fraction of the phases in samples quenched at different temperatures.

QT
[�C]

HV0.2 of Mn–Cr enriched
region

HV0.2 of Mn–Cr depleted
region ΔHV0.2 HV0.5

%Austenite by
XRD

%FM (calculated initial martensite for the nominal
composition)

190 845 703 142 719 9 38

165 845 774 71 762 17 56.7

100 742 726 16 730 18 83.1

25 720 747 27 725 15 94

Figure 4. Schematic illustration of microstructure development during QP process, emphasizing the effect of segregation in the quenching and
partitioning process.
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the C variations according to the simulation, the theoretical
fraction of initial martensite and retained austenite of both
Mn–Cr–C depleted and enriched regions are calculated based on
a CCE model proposed[24,25] and shown in Figure 5.

They illustrate that by decreasing the quenching temperature
and proposing higher undercooling energy, the difference
between volume fraction of initial martensite inMn–Cr enriched
and depleted regions will be reduced. In addition, based on
the above-mentioned relationships, if the carbon content and
amount of segregated elements (mainly Mn) decrease, the
fraction of martensite in enriched and depleted region will be
more similar. But it should be noticed that by decreasing the
quenching temperature, the fraction of retained austenite in
Mn–Cr depleted region decreases and it will be higher in
enriched region which makes the difference to be negative from
a certain point (in this case from 162 �C). Regarding to the fact
that predicted data for retained austenite is higher than
experimental results and the rest will transform to fresh

martensite at final quenching, finding the optimum point for
having as similar structure and mechanical properties as
possible to justify the effect of banding is not so simple.
Figure 6 shows the correlation between the predicted and
experimental data according to the quenching temperature.
Results indicate that in both cases, experimental results are
much smoother than predicted as it is also shown by other
researchers.[26]

In both Table 1 and Figure 7, it is possible to notice that the
difference in hardness between bands (ΔHV) decreases when
the quenching temperature is lowered till a certain point and
then it will increase but inversely which means the depleted
region which was softer becomes harder than enriched region
due to higher austenite fraction. Additionally, comparing the
difference between the hardness of the bands (ΔHV) with the
difference in the fraction of martensite (Δfm) shows a linear
relationship. As the carbon content is the preponderant
parameter to define the hardness in steels and also the
substitutional elements of alloys may affect, it is expected that
the slope of this line depends on the chemical composition of the
steel and degree of segregation, which could affect the volume
fraction of different phases

Linear relation showed in Figure 7 illustrates that the
fraction of initial martensite is predominant parameter which
controls the hardness but if the quenching temperature is
low enough to make the structure between 80% and 90%
martensitic (Δfm< 0.1), the Mn–Cr rich regions include more
retained austenite and it will result in the softest band.
Optimizing the temperature to a slightly higher temperature,
which could vary for different chemical compositions, will
compensate the effect of softening of initial martensite during
partitioning with the higher amount of austenite in the Mn–Cr
rich region. On the other hand, by increasing the quenching
temperature, the higher hardness of fresh martensite will
dominate the average hardness and will result in a hardness
increase in this region.

Figure 5. Calculated phase fraction of initial martensite (M1) and retained
austenite (RA) for segregated bands.

Figure 6. Comparison between theoretical and experimental data regarding the quenching temperature for different partitioning conditions. a) For
martensite fraction. b) For retained austenite fraction.
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5. Conclusion

In this study has the effect of micro-segregation of substitutional
elements on microstructure and local hardness of an alloy after
Q&P process been investigated and the following main con-
clusions can be made.

1) Micro-segregation of Mn and Cr is a common issue in all
steels resulting in banding phenomena by changing
the Ms temperature of the Mn–Cr depleted and enriched
regions.

2) Difference inMs temperature between the bands is extended
up to 40 �C for the steel investigated.

3) Since a higher amount of Mn and Cr lowers the Ms

temperature, the Mn–Cr depleted regions are imposed to
a larger undercooling in comparison with the Mn–Cr
enriched regions. This will result in a higher volume fraction
of initial martensite in the first quenching stage for the Mn–
Cr depleted region and this produces a softer final structure
with higher fraction of tempered martensite and retained
austenite in comparison with Mn–Cr enriched region.

4) The difference between the hardness of the bands at high
quenching temperatures could be very high, depending on
the chemical composition (150HVat QT200 in this steel) but
by decreasing the quenching temperature, the difference
between the amounts of initial martensite will be very small
and Mn–Cr enriched region becomes softer due to higher
fraction of retained austenite.

5) Although a low quenching temperature leads to a decrease
in the banding phenomenon, the optimum quenching
temperature is represented by considering the balance
between the banding formation and the possibility to retain
a considerable fraction of austenite to improve the ductility.
Thus, when bands with different level of alloying elements
are present, the quenching temperature should not be close
to the Ms temperature to prevent the banding formation.
But, on the other hand, it must be high enough to obtain a
significant amount of retained austenite after the heat
treatment. For this reason, the optimum quenching
temperature may be evaluated for each particular chemical
composition and level of segregation.
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ABSTRACT
Steel with 2.4–2.5 GPa tensile strength and elongation to fracture of 4.8–5.7%, is produced by
designing a novel heat treatment identical to quenching and tempering, in less than a few
minutes. Since addition of Si to Fe–Mn steel promotes the austenite stabilisation by carbon
enrichment, the elongation to fracture of 0.6C–1.6Si–1.2Mn (wt-%) steel treated by different
quenching and partitioning (Q&P) routes is improved. Results demonstrated by process control
maps give a good overview of the final microconstituents. By using higher partitioning tempera-
tures, the temperingofmartensite, stabilisationof austenite and improvement of themechanical
properties, could effectively be accelerated. This approach results in significant time and cost
reduction which makes this heat treatment attractive for industries.
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Introduction

Ultra-high strength steels with good ductility are highly
demanded and have been developed in recent years in
order to design lighter components and decrease the
energy consumption and environmental impact [1–5].
Increasing carbon content to medium or high level
(>0.5 wt-%) as the primary alloy for steels with higher
strength and hardness is usually the most economi-
cal approach to achieve extreme properties. However,
high-carbon martensitic steels are ‘as brittle as glass’
in the as-quenched or low-temperature-tempered state
[6]. When the limited ductility and toughness can be
tolerated, the excellent strength and hardness of high-
carbon steels could be utilised. Common applications
of high-carbon steels include rail steels, spring steels,
wear resistant steels, forging grades, wire rope, tire
reinforcement, pre-stressed concrete, and high strength
bars [7].

Many attempts have been performed in order to
develop such ultra-high strength steels without los-
ing the ductility. The most typical class is ‘maraging’
steels which contain carbon-free martensitic matrix
with nanoprecipitates, but these steels are highly alloyed
with Ni (8–18), Co (4–15), Mo (1–5) wt-% and Ti,
which limits their applicability due to their price. For
instance, C530 in this group has the highest strength
of 2.4 GPa and 7% ductility. On the other hand, tem-
pering of martensitic steels has been widely studied
during the last 50 years [8,9]. For example, a modified
version of the 100Cr6 (AISI 52100, a 1C-1.5Cr wt-%
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bearing steel) was developed in the late 1990s to exhibit
higher retained austenite contents by adding Mn and
Si to the chemical composition [10,11]. The original
100Cr6 has a high tensile strength of 2 GPa, but very
low elongation of about 1–2% [12]. Basically, retained
austenite is often undesirable in standard 100Cr6 steel
because of its low thermal and mechanical stability
which makes it susceptible to rapid decomposition
(a few hours) at temperatures as low as 200°C
[13–15]. By adding Mn, the martensite start tem-
perature is lowered, while Si additions help further
stabilisation of retained austenite. Previous investiga-
tions on low austempering temperatures (125–350°C)
of high-carbon high-silicon steels provide comprehen-
sive information on the kinetics of austenite decompo-
sition into bainite [7,16–21]. Themain purpose of using
low temperature austempering is to allow the develop-
ment of amixture of very fine bainite lathswith retained
austenite but this requires tens of hours at 250°C or
lower temperatures. Comparing yield strength of dif-
ferent microconstituents, the martensitic structure has
the highest yield since strain-inducedmartensitic trans-
formation from retained austenite relieves the stress
within untransformed retained austenite and gives rise
to stress redistribution also in its adjacent ferrite laths
during deformation [22]. So, Quenching and Parti-
tioning (Q&P) steels show one of the best mechanical
properties among low carbon steels (C < 0.3 wt-%).
However, the formation of brittle twin-type martensite
[23–25], as well as the instability of carbon enriched
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retained austenite [22] are detrimental for the ductility
and toughness of steels. In order to enhance the ductil-
ity of high-carbon martensitic steel, the basic approach
is to utilise dispersed carbon enriched retained austen-
ite to replace bulky retained austenite [25]. In addition,
recent findings [6,26] showed that decreasing the num-
ber of coarse martensite plates can effectively increase
the ductility.Wang et al. [27] have decreased the austen-
ite grain size by applying severe plastic deformation
(ε = 90%) above A3 and quenching the sample to
room temperature. Thereafter, heating the sample to
500°C and holding it there for 1 h, applying the sec-
ond deformation (ε = 85%) followed by quenching
and finally performing the heat treatment by austeni-
tisation, water quench and low temperature tempering.
Although this thermomechanical treatment is long and
costly, ultra-fine austenite grains of 2.4μm and 2.6 GPa
ultimate tensile strength (UTS) with 7% elongation is
obtained.

Recently, Sourmail et al. [13] have designed a new
heat treatment based on the fact that pre-existing
martensite shortens the required duration for bainitic
transformation [28–30]. So, the process is basically
quenching and tempering of a high-carbon high-silicon
steel (1C–1.25Si–0.96 Mn wt-%) but the tempering
temperature is selected to be sufficient (300°C) to com-
plete the bainite reaction in a few hours. In compari-
son with austempering, the quenching and partitioning
(Q&P) treatment has much higher transformation rate.
Basically, Q&P starts with a first controlled quench-
ing to a temperature between Ms and Mf after fully or
partially austenitisation. This quench defines a specific
fraction of initial martensite, and then a holding of the
component at a usually higher temperature for some
time gives enough energy for tempering the ‘initial
martensite’ and partitioning of carbon from marten-
site to retained austenite. Subsequently, the process fin-
ishes with a second quench which may lead to the
formation of ‘secondary martensite’ (fresh martensite)
[31,32]. Owing to weldability requirements, 90% of all
steels used today are alloyed with less than 0.2 wt-% C
[33]. Therefore, there is still a large lack of information
on high-carbon steels in comparison with low carbon
steels.

In thiswork, the concept of quenching and partition-
ing based on the understanding of the microstructural
evolution of high-carbon high-silicon steel has been
used to design a new heat treatment route. Owing to
that fact that silicon retards the austenite decompo-
sition into bainite by promoting carbon partitioning
from martensite into austenite and increasing austen-
ite stability during the partitioning stage [34,35], high
partitioning temperatures for a few seconds have been
compared with lower temperatures but longer times.
The goal has been to compare the effect of different
Q&P conditions and to provide a process map in order
to elucidate the microstructural evolution and give the

opportunity for the consumer to select the heat treat-
ment conditions based on the desired properties.

Experimental procedure

The chemical composition of the steel in this study,
denominated 0.6CV, is shown in Table 1.

Gleeble 3800 has been used to perform different heat
treatments on samples with the size of 10× 10× 75
[mm3]. These were used to analyse the microstruc-
ture (Section ‘Microscopy’), fraction of phases (Section
‘XRD Analysis’), hardness (Section ‘Hardness’) and
impact toughness (Section ‘Impact Toughness’). A fully
austenitisation at 890°C for 5 min was performed for
all samples, while different quenching and partition-
ing conditions were applied (Figure 1) Three differ-
ent quenching temperatures (190, 165, 25°C) were
selected, which results approximately in 30, 50 and
85% of martensite after the first quench (Ms = 223°C;
Mf = 99−195°C). Partitioning conditions in order to
achieve similar levels of carbon enrichment of austen-
ite, based on carbon diffusivity (discussed in section
‘Discussion’, Figure 12) were selected. So, a total num-
ber of 48 conditionswere analysed as shown in Figure 1,
where QT, PT, and Pt refer to the quenching temper-
ature, partitioning temperature and partitioning time,
respectively.

The terminology of the samples is QTX-PTX-PtY,
where X and Y denote the temperature (in Celsius) and
time (in seconds) used during the different steps of the
heat treatment.

Concerning the process maps, the experimentally
tested partitioning temperatures and times were used
to construct each process map. Any other information
outside these values is a result of a linear inter/extra-
polation based on the experimental obtained values
made with OriginPro 2017 (Colour Fill tool).

Table 1. The chemical composition of steel 0.6CV. Contents are
in wt-%.

C Si Mn Cr Mo V Fe

0.6 1.6 1.25 1.75 0.15 0.12 bal.

Figure 1. Schematic illustration of the Q&P conditions evalu-
ated. PT and Pt refer to partitioning temperature and partition-
ing time, respectively.
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Microstructure characterisation

A polished surface for each sample was prepared by
conventional manual grinding and polishing step by
step up to Colloidal silica of 0.06 μm for the final stage,
to reveal the microstructure for optical microscopy,
SEM, EBSD, XRD and to evaluate the microhardness.

Microscopy
The optical microscopy (OM) analysis was carried out
usingNikonEclipseMA200. LePera colour etching [36]
was utilised to reveal and distinguish initial marten-
site (tinted in blue) from bainite (brown), while either
retained austenite or fresh martensite do not etch and
can be observed as white. Samples QT165 and QT190
were etched during 15–20 s, while 30 s was neces-
sary for specimens quenched until room temperature
based on the variation in the amount of initial marten-
site. JEOL JSM-IT300LV scanning electronmicroscopy
(SEM) and FE-SEMHeliosNanolab 600 (FEI company)
have been used for higher magnification microscopy
and EBSD, respectively. The ARPGE [37] software was
also used to post-process the EBSD results to construct
the parent austenite grains.

XRD analysis
X-ray diffraction test to determine the fraction of
phases and austenite carbon content has been per-
formed on the transversal cut samples by using Pan-
alytical Empyrean diffractometer, collecting data from
40° to 100° (�) with a step size of 0.013°, and a scan
speed of 0.026796° s–1, on the cross-section of the sam-
ple. HighScore Plus v. 4.7 software and PDF4 database
were utilised to perform Rietveld analysis [38] to find
the lattice parameters for calculation of the retained
austenite carbon contents.

Mechanical properties

Hardness
AMatsuzawaMXTmicrohardness tester with a load of
5 N (HV0.5) was utilised to study the Vickers hardness
(HV) variations of the samples. This load was selected
in order to obtain an indentation size with a diago-
nal larger than 25 μm, so that all microconstituents
present in the microstructure could be covered by the
indentation.

Impact toughness
Dimension of the samples is according to ASTM Stan-
dard E 23. The Charpy V-Notch Impact Tests were car-
ried out at room temperature and the energy absorbed
during the test is reported in joule (J).

Tensile test
The austenitisation was carried out at 890°C for
1 h based on NANOBAIN project results [17] using

Figure 2. Shape and layout of tensile test samples (a)
As-machined (b) After heat treatment (c) After grinding (d)
Layout of specimens.

a Nabertherm N11/H batch furnace. The quenching
stage was performed in either Therm Concept salt bath
(for QT190 and QT165) or oil (for QT25).

Samples quenched until 190 and 165°C were held
in the salt bath for 1 min, in order to stabilise the
quench temperature in the sample and directly after-
ward, they were heated to the respective partitioning
temperature by moving them to a second salt bath.
On the other hand, for samples quenched until room
temperature, the oil was removed from the sample sur-
faces before they were partitioned in the salt bath. All
the samples were cooled down in calm air after the
partitioning. Owing to austenitisation in an air atmo-
sphere, the decarburised surface layer of samples was
400 μm, revealed by hardness (HV0.1) as a function
of the distance from the surface measurements. So, as
shown in Figure 2, samples were ground to remove the
decarburised layer before the test.

Tensile tests were carried out at room temperature
using Gleeble 3800 and the strain rate applied was
0.005 s−1.

Results

Phase fractions

Based on the quenching temperature, which implies
the amount of initial martensite, the final content
of retained austenite at room temperature changes.
Figure 3 shows the ‘constrained carbon equilibrium’
(CCE) model [39] in order to illustrate the influence
of QT on the phase fraction of different micro con-
stituents of the final structure. Since the assumption in
this model, is that all the trapped carbon in the initial
martensite will diffuse out and dissolve evenly in the
retained austenite during the partitioning stage, it will
overestimate the amount of retained austenite. This will
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Figure 3. Theoretical evolution of the microstructure of the 0.6CV vs quenching temperature.

Figure 4. Example of the different microstructures according to the quenching temperature. (a) QT200-PT220-Pt600, (b) QT165-
PT500-Pt5; and (c) QT25-PT400-Pt60 (Magnification: 1000x-Samples tint etched with Lepera method, to be able to see the phase
colors please refer to digital version).

still be useful in order to find the optimum QT, which
has the highest potential to result in the highest retained
austenite content [40].

The importance of adequate characterisation tech-
nique for complex phase steels and their accuracy is
obvious, and the quantitative measurement of phase
fractions is not an easy task. The difference in the
results achieved by established techniques like light
microscopy, XRD and EBSD makes this more chal-
lenging. Comparisons between different techniques for
determination of the RA have been performed for TRIP
[41] and stainless steels [42]. No preferential technique
has been found by round robin tests performed in these
comparisons. Nevertheless light microscopy and EBSD
systematically over- and under-estimate the amount of
RA, respectively.

Light optical microscopy (LOM)
Figure 4 shows colour etched microstructures of differ-
ent Q&P treated samples at different conditions. This
method can well discriminate the phases based on their
colours which subsequently will be used by the image
processing software to quantify the fraction of phases.

Since both retained austenite and fresh martensite
appear as white, high magnification EBSD with a very

small step size of the beam could clarify the difference
between them and help to compare the image analysis
results of LOM with EBSD.

Electron backscatter diffraction (EBSD)
Figure 5 shows the EBSD results of the sample
shown in Figure 4(b). In this picture image qual-
ity (IQ) and phase map are superimposed on each
other. All body-centred cubic (BCC) structures are
coloured as red but higher tetragonality of BCT struc-
ture and dislocation density of martensite decreases
the quality of the Kikuchi patterns [43,44]. Conse-
quently, initialmartensite is brighter than freshmarten-
site/bainite. So, Figure 5, shows that most of the austen-
ite is located just around the tempered martensite
and the lathes which are darker are fresh marten-
site. In this regard, image analysis of the LOM results
should be performed at the highest magnification of
the optical microscope (1000x) and with high con-
sciousness not to overestimate the fraction of retained
austenite [41].

It is clear in this picture (Figure 5) that initial
martensite (bright red) is formed mostly as plate
martensite. Figure 6(a) shows the Image quality map
and Figure 6(b) the Kernel average misorientation
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Figure 5. Superimposed image quality map and colour-coded phase map of sample QT165-PT500-Pt5. Austenite appears green.
Regions of tempered or fresh martensite/bainite all appear red, but the brighter regions are likely temperedmartensite while darker
greyscale indicates regions are likelymartensite/bainite (For interpretation of the references to color in this figure legend, please refer
to the web version of this article).

Figure 6. (a) Imagequalitymapand (b) Kernel averagemapof sampleQT165-PT250-Pt600 from its EBSDanalysis. (c) Grain boundary
map and (d) IPF of reconstructed parent austenite grain by post processing the above EBSD data by ARPGE software.

(KAM) map located on one parent austenite grain,
which is reconstructed by ARPGE software. Figure 6(c)
shows the grain boundaries of parent austenite grains
and Figure 6(d) the inverse pole Figure of that austenite
grain. Comparison between them shows that brighter
parts of Figure 6(a) demonstrate lower stress level (blue

parts) in Figure 6(b) which represent smaller distor-
tion of tempered martensite [45]. In addition, although
there are a few lathes of initial martensite in the struc-
ture, most of them are plate martensite and oriented
along the grain boundaries of parent austenite grains
(compare Figure 6(b,c)).
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Table 2. Equations for determination of the austenite carbon content.

No. Equation Reference

1 a(nm) = 0.35467 + 0.00467%C [46,47]

2 a(nm) = 0.3556 + 0.00453%C + 0.000095%Mn [48]

3 %Cγ = (a(nm) − 0.3578)

0.0033
[49]

4 a(Ȧ) = 3.556 + 0.0453%C − 0.00095%Mn − 0.0056%Al [50]

5 a(nm) = 0.03578 + 0.0033%C + 0.000095Mn − 0.00002Ni + 0.00006%Cr + 0.00031%Mo + 0.00018%V [51]

6 a(nm) = 0.3556 + 0.00453%C + 0.000095%Mn + 0.00056%Al + 0.0006%Cr − 0.0002%Ni [5]

7 a = 0.3573 + 0.0033C + 0.000095Mn − 0.00002Ni + 0.00006Cr + 0.00031Mo + 0.00018V [52]

Table 3. Carbon content range of retained austenite in the
samples quenched at a specific temperature but partitioned
according to the 15 different routes mentioned in Figure 1.

Quenching temperature Carbon content (wt-%)

QT25 0.99–1.44
QT165 0.6–1.32
QT190 0.67–0.89

X-ray diffraction (XRD)
Considering the tetragonality of the iron BCC and
BCT, and by using PDF4 (2018) database, it is possible
to separate fresh martensite from tempered marten-
site/bainitic ferrite in an integrated XRD-peak.

In order to measure the retained austenite, patterns
were analysed via Rietveld simulation and austenite car-
bon content was calculated using different equations.
By comparing the results from different equations (see
Table 2) with the minimum amount of carbon to sta-
bilise austenite at room temperature, the first equation
is selected, because it was in accordancewith the results.

As shown in Table 3, the carbon content range
in austenite generally increases when the quenching
temperature is reduced, regardless of the partition-
ing conditions. This is due to a higher chance for
carbon enrichment of retained austenite when there
is a higher fraction of initial martensite and smaller
amount of austenite during the partitioning stage.
Besides, the wide carbon content range of QT165, this
shows the importance of partitioning condition to sta-
bilise the RA.

Figure 7 shows the austenite fraction measured by
XRD based on quenching temperature for different
partitioning times and temperatures.

Mechanical properties

Hardness
The influence of different partitioning conditions on
hardness is summarised in three different colour maps,
one for each quenching temperature (see Figure 8). It
is important to highlight that (i) even though samples
quenched until room temperature (QT25-Figure 8(c))
have the highest amount of initial martensite, the high-
est levels of hardness are achieved inQT165 andQT190

(Figure 8(a,b)). (ii) Owing to the high-carbon con-
tent distorting the body centered tetragonal (BCT) unit
cell of the martensite, plus the high dislocation den-
sity, the fresh martensite represents a hard phase in
the microstructure. Therefore, higher level of hard-
ness (approximately, 800 HV) confirms the presence
of fresh martensite as the hardest microconstituent, in
QT165 and QT190 samples. (iii)The location of the
lowest levels of hardness has a clear tendency. For the
threeQT, the lowest levels of hardness are reachedwhen
the highest partitioning temperatures are applied. This
behaviour can be seen in the lower-right corners of
Figure 8(a–c).

Impact test
Results of the energy absorbed in Charpy V-Notch tests
are presented in different colour maps according to the
quenching temperature as a function of the partition-
ing time and temperature (Figure 9). Maps illustrate
that the range of absorbed energy for QT25 is obviously
higher than for the 2 other quenching temperatures and
also the variation between the numbers is low forQT25.
For example, the absorbed energy of QT165 could be as
high as 10 J for high-temperature PTswhile in lower PTs
it is less than 3 J, while the changes ofQT25 are around 2
J for all the partitioning conditions with PT higher than
280°C.

Tensile test
The tensile strength and elongation to fracture for the
11 selected Q&P conditions and one normal Q&T sam-
ple (QT25-PT280-Pt2h: quenched to RT and tempered
at 280°C for 2 h) are shown in Figure 10. Samples
quenched to room temperature achieve not only the
highest tensile strength but also the largest elongation
to fracture. Since no necking is observed in these sam-
ples, the maximum engineering tensile stress is almost
the same as the fracture stress. The values of ultimate
tensile strength (UTS) rise from 1.1–1.8 GPa for QT165
and QT190 samples and for the QT25 samples values
up to 2.4–2.5 GPa are achieved. In addition, elongation
to fracture increases up to 4.8–5.7% for these samples.
This is mainly because there is no brittle fresh marten-
site, much finer structure of martensite lathes and a
very small fraction of bulky retained austenite in QT25
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Figure 7. Colour maps of the changes in the amount of retained austenite (%) after different partitioning times and temperatures
for each QT. Analysis via XRD.

Figure 8. Colour maps of the hardness vs partitioning conditions for each QT.

samples. In addition, these samples show better prop-
erties in comparison with the Q&T sample, caused by
the higher amount of retained austenite. The reason of
such low strength and brittleness of samples quenched

at higher temperatures (QT165 and 190) goes back to
the high notch-sensitivity of high-carbon freshmarten-
site, since all these samples had cleavage faceted fracture
surfaces in tensile testing.
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Figure 9. Colour maps of the impact toughness (J) for each QT. The change in energy absorbed is denoted by alterations in colours
as a function of the partitioning time (s) and partitioning temperature (°C).

Figure 10. Results of elongation at fracture vs tensile strength achieved for the different Q&P conditions.

Discussion

In order to find the most accurate data for phase frac-
tions in different samples, all results; image analysis
of optical microscopy pictures; Rietveld simulation of
XRD data and; EBSD have been compared.

The effect of partitioning duration on the final
amount of retained austenite is shown in Figure 11.
Results identified by using XRD method show that an
increase in the partitioning time at a ‘high partition-
ing temperature’ (500°C) gives a significant austenite
reduction by decomposition of austenite (Figure 11(a)).
In contrast, prolonging the time at ‘low partitioning
temperatures’ (≤280°C) leads to an increase in the
quantity of retained austenite (Figure 11(b)). There are
2 different possible explanation for this phenomenon.
Depending on the chemical composition, transitional

carbide precipitates can be formed instantly after
quenching in martensite before the partitioning stage.
Nevertheless, as the formation of cementite is supposed
to be inhibited, an increase in the partitioning timemay
lead to a resolution of these transitional carbides pro-
viding, a ‘new’ source of carbon to enrich the austen-
ite carbon content during partitioning [53]. Another
explanation about this behaviour is due to the differ-
ence between the carbon content of RA achieved after
a short partitioning time and the longer time. Retained
austenite after a short time partitioning at low tempera-
ture has low carbon content resulting in lower stability.
By prolonging the holding time at low temperature, the
carbon content of austenite increases so that less austen-
ite will transform to martensite during final quenching
to room temperature.
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Figure 11. Effect of partitioning time on the final amount of
retained austenite (a) At high partitioning temperatures (500°C)
(b) At low partitioning temperatures (< 280°C). Analysis via
XRD.

Figure 12. Diffusion distance of a carbon atom for the parti-
tioning conditions analysed.

However, the minimum amount of achieved RA at
high temperature (20%) is still higher than the high-
est amount of RA at low temperature. So, the rate of
carbon diffusion out of martensite and enrichment of
RA is calculated and correlated to partitioning time and
temperature in Figure 12.

Since the rate of carbon diffusion out of marten-
site is much higher than the diffusion of carbon inside
austenite, what will control the carbon diffusion rate
and subsequent stabilisation of RA is mainly the rate
of carbon diffusion in austenite [54]. An estimation of
the distance (r) that a carbon atom can diffuse at a cer-
tain temperature and a given time (t) can be evaluated
through Equation (1) [55]:

r = 2.4
√
D ∗ t (1)

whereD is the diffusion coefficient of carbon in austen-
ite (Equation 2) [53]:

D
(
cm2

s

)
= (0.04 + 0.08C)exp

(
−31350
Rc∗T

)
(2)

Rc and T are the ideal gas constant (1.987(cal/K.mol))
and the temperature in Kelvin, respectively.

Figure 12 describes the distance diffused by carbon
atoms (r) for the partitioning conditions considered in
this study. As can be seen in Equation (2), the diffusivity
of carbon has an exponential relation with temperature.
Subsequently, even though the time is a few seconds at
high partitioning temperature, the carbon diffusion is
at least two orders of magnitude higher.

Therefore, high partitioning temperatures lead to
faster carbon depletion in martensite and, not only a
larger amount of carbon is available to partition into
austenite but also there is a faster carbon enrichment
and carbon content homogenisation of the austenite.
Consequently, due to the lower quantity of carbon
atoms distorting the martensite unit cell and higher
stability of austenite, high partitioning temperatures
results in a lower hardness and higher amount of
retained austenite. So, it is a question of seconds to
control the partitioning time at higher temperatures to
control the finalmicrostructure and properties, because
after this critical time an increment in time just leads to
austenite consumption due to competing transforma-
tions (perlite/ferrite, upper bainite, and carbide precip-
itations).

Comparing the general effect of the partitioning
conditions on microstructure and properties of sam-
ples quenched at the same QT in Figures 7–9, it can
be observed that the partitioning conditions which lead
to the lowest levels of hardness are almost the same
as for highest levels of impact toughness and retained
austenite.

Furthermore, the reduction of austenite amount is
faster for higher quenching temperatures (Figure 11(a)),
because the amount of initial martensite after quench-
ing is not high enough to stabilise all available retained
austenite after the first quench. In other words, a lower
amount of carbon is available to stabilise austenite
during partitioning and larger pools of austenite will
remain for distribution of this carbon. The last two
factors decrease the stability of the austenite and are
the main reason for the faster reduction of austenite
amount at higher quenching temperatures. So, if the
carbon content of a RA pool is not high enough, it
will transform to fresh martensite during final cool-
ing, which is detrimental, and if carbon content is high
enough to stabilise this bulky austenite after quench,
it has a higher probability to transform to martensite
during deformation [8,26,56]. Chen et al. [57] showed
that it is possible to have 2 different carbon contents
in RA in the microstructure, high carbon and low car-
bon bulky RA. Similarly, the higher carbon diffusivity
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explains the increase in austenite fractionwhen the par-
titioning temperature is increased from 220°C up to
280°C.

On the other hand, poor impact toughness of high-
carbon steels is mainly caused by large pools of blocky
austenite and brittle martensite, since blocky austenite
may easily transform to martensite under deformation,
when its size is large and the tendency of the marten-
site to crack also increases with its size. Therefore, the
size of austenite blocks should be reduced below the size
of phases that can initiate a fracture, i.e. non-metallic
inclusions [58].

Conclusions

• Formation of different types of martensite after
the first quench in Q&P treatment has been com-
pared and the effect of partitioning parameters have
been described by analysing the results of hardness,
impact toughness, and XRD measurements. These
results are reported in several colour maps in order
to assist in designing of heat treatments based on
desired properties.

• The best heat treatment in order to achieve the high-
est hardness, tensile strength and elongation results
from the quenching to room temperature (which
implies over 80%of initialmartensite) and partition-
ing at high temperatures (500, 400 or 280°C for a few
seconds up to a few minutes).

• Although quenching to 25°C result in lower amount
of retained austenite, very small amount of bulky
austenite or coarse martensite (detrimental micro-
constituents) have been observed with this quench-
ing temperature in comparison with QT190 or
165°C.

• The tensile strength of 2.4 GPa and 5.7% elonga-
tion, with around 20% RA and hardness above 730
Vickers was obtained by quenching to 25°C and par-
titioning at 400°C for 30 s, while other heat treatment
conditions lead to a lower ductility but a higher
hardness of up to around 800 Vickers.

• The steels treated by this method costs around 1/50
of maraging steels with similar properties, and the
time used in this process is only 1/10th of the best
austempering/Q&T treatments resulting in similar
properties [13,27].
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