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Materials and Mechanical Engineering, CASR, University of Oulu, Oulu, Finland   

A R T I C L E  I N F O   

Keywords: 
Quenching and partitioning 
Dilatometry 
Martensite 
Bainite 
Retained austenite 
Grain size 
Hardness 

A B S T R A C T   

The effect of austenite deformation on carbon partitioning and transformation to athermal and isothermal 
martensite, and bainite during quenching and partitioning (QP) is described for three steel compositions: Fe- 
0.3C-0.6Si-1.1Al, Fe-0.3C-1.0Si and Fe-0.3C-0.5Si-0.5Al. Microstructures were characterized using SEM-EBSD, 
TEM and XRD. Austenite decomposition kinetics was investigated using dilatometry. Deformation close to the 
no-recrystallization temperature refines the grain size, lowers the martensite start temperature and affects the 
stability of austenite during QP processing. The results in respect of dilatation measurements and retained 
austenite contents at room temperature corroborate the QP microstructures and their hardness and can help in 
designing optimal QP treatments for these novel steels.   

1. Introduction 

The quenching and partitioning process was originally proposed by 
Speer et al. [1–3] as a potential means of imparting high strength with 
improved balance of elongation to fracture as well as low temperature 
toughness for advanced high strength steels. Since then, several re-
searchers have exploited the merits of the process and demonstrated an 
all-round improvement in properties of specifically designed QP steels, 
alloyed with high Si and/or Al [4,5]. Presently, the QP steels are being 
considered as some of the most promising third-generation advanced 
high strength steels (AHSS), whose microstructures essentially consist of 
martensite with a small fraction (typically 10–20%) of stabilized 
retained austenite [6]. A martensitic matrix has the potential to impart 
the required strength to the steel, while a small fraction of retained 
austenite divided very finely between the martensitic laths is expected to 
provide improved work hardening, uniform elongation and impact 
toughness. 

QP treatment is performed by full austenitization or intercritical 
annealing followed by quenching to a temperature between the 
martensite start (Ms) and finish (Mf) temperatures, followed by holding 
at the quench stop temperature or slightly higher for a suitable time to 
facilitate the partitioning of carbon from supersaturated martensite to 
austenite, which can thereby be stabilized down at room temperature 
(RT) either fully or partly [1,7]. Unlike in the case of quenching and 
tempering, the decomposition of austenite and the precipitation of 

carbides are intentionally suppressed by suitably alloying with elements 
like Si, Al and/or P [2,4]. 

Recently, the development of QP steels for the structural parts of 
automotive has attracted enormous attention both in industrial as well 
as academic sectors. In our recent investigations, the potential use of the 
QP process has been explored to improve the work hardening capacity 
and uniform elongation of high-strength hot-rolled structural steel. The 
specific aim was to combine the direct quenching process with the 
partitioning process (DQP) to establish the methodology for the pro-
duction of tough, ductile ultrahigh-strength steels [8–11]. Besides, at-
tempts were made to understand the possible mechanisms operating 
during quenching and partitioning. Not only the volume fraction of 
retained austenite (RA), but also its stability in respect of size, shape, 
type (preferably, finely divided interlath film-like), distribution, carbon 
content etc. are important in the design of the QP process to achieve 
desired mechanical properties. There are many factors that affect the 
stability of RA, such as the austenitization temperature, deformation 
history, quenching rate, quench stop temperature, partitioning tem-
perature and time, austenite defect structure, size and type (block- or 
film-like) of austenite, crystallographic orientation, constraining effect 
of the neighboring phase and the casting morphology [6,12–14]. Pre-
vious studies have clearly revealed that during deformation, blocky 
austenite grains were less stable compared to the film-like morphology, 
even though the latter may have the lower carbon content [13,15]. 

During the partitioning process, carbon diffuses from supersaturated 
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martensite to austenite, but also there is a possibility of austenite 
decomposition into bainite even at temperatures as low as 200 ◦C, thus 
leading to the formation of small fractions of bainite [2]. Some in-
ferences of the partitioning model in regard to bainite transformation 
have been considered by Speer et al. including the possibility of dis-
placive bainite growth under carbon diffusion control [1,2,16]. Li et al. 
[17] first noticed the appearance of crooked interfaces between 
martensite and retained austenite indicating the isothermal growth of 
the existing martensite. Kim et al. [18,19] further confirmed the 
occurrence of isothermal martensite alongside carbon partitioning in a 
CMnSi steel, besides comparing the main differences between the 
isothermal and conventional athermal martensite. The isothermal 
growth of the existing martensite during partitioning results in wavy, 
irregular interfaces between martensite and austenite, which is linked to 
the relaxation in austenite as carbon partitioning progresses [17]. Being 
strong graphitizers, Si and Al can significantly delay the formation and/ 
or growth of carbides, though may not completely hinder their forma-
tion. A competition may exist between carbon partitioning and carbide 
precipitation, depending on the process temperature [20]. Through a 
careful interpretation of the dilatation behavior of 0.2C Q&P steels, 
supported by microstructural analysis, Somani et al. [8] clarified the 
formation of isothermal martensite and bainite during the partitioning 
hold. While isothermal martensite formation began almost immediately 
after quenching with the rate of expansion dropping all the time, the 
bainite formation seemingly followed the TTT diagram predictions, 
marked by an increased rate of expansion. At high temperatures and/or 
longer holding times, martensite tempering competed with partitioning, 
leading to a contraction in the steel. 

From structural point of view, a combination of high strength and 
reasonable ductility is possible to achieve with a high fraction of 
martensite along with a small fraction of finely divided retained 
austenite and possibly the formation of a small fraction of bainite during 
holding at the partitioning temperature [10]. On the other hand, partial 
austenitization during intercritical annealing leads to the retention of a 
significant fraction of polygonal ferrite in the microstructure, which 
does result in a higher elongation in the steel, but at a reduced tensile 
strength [21]. Improved toughness is associated with ausforming lead-
ing to a shortening and randomization of the martensitic lath achieved 
through prior straining in the austenite during thermomechanical pro-
cessing (TMCP) thus resulting in finer packet, block and lath sizes of 
martensite prior to the start of partitioning in QP process. Refinement 
means the microstructure contains relatively large interface areas and 
shorter carbon diffusion distances compared to that achievable in an 
unstrained matrix and hence, may enable facilitation of a higher amount 
of RA and/or higher stability through enhanced carbon partitioning 
[22]. 

Hence, the main objective of the present study is to provide an 
insight into the quenching and partitioning behaviors of three medi-
um‑carbon steels containing 0.3 wt% C and additions of aluminum and/ 
or silicon, particularly in respect of structural mechanisms such as 
austenite decomposition and carbide formation, operating during the 
carbon partitioning process. For this purpose, a Gleeble 3800 thermo-
mechanical simulator was employed to carry out various QP simulation 
treatments by significantly varying the quench stop and partitioning 
temperatures and times. Dilatometry measurements were made to 
discern and understand possible mechanisms operating during the QP 
process as a function of processing variables. In particular, the effect of 
prior straining in the matrix on the subsequent QP behavior and possible 

decomposition of austenite into isothermal martensite and/or bainite 
and carbide formation, if any, have been investigated systematically. 
The study is innovative in respect of understanding and clarifying the 
influence of chemical composition and prior austenite straining in the 
non-recrystallization temperature regime on the QP behavior of (high) 
silicon‑aluminum steels, particularly in respect of austenite decompo-
sition and other mechanisms operating during carbon partitioning or 
subsequent cooling to RT. The QP characteristics and kinetics of the 
prior strained samples were illustrated and compared with those of the 
corresponding unstrained samples to unravel the influence on subse-
quent dilatation behavior, microstructure development, RA stabilization 
and related carbon contents. 

2. Experimental materials and procedures 

2.1. Materials 

The chemical compositions of the three steels i.e., high‑aluminum 
(Steel A), high‑silicon (Steel B) and silicon‑aluminum (Steel C) steels, are 
listed in Table 1. These medium carbon steels with ~0.3 wt% C and ~ 2 
wt% Mn, were alloyed with high Si and/or Al in order to prevent car-
bides formation or to hinder their growth during the partitioning pro-
cess. While Steel B was alloyed with ~1 wt% Si, half of it was replaced 
with Al in Steel C (0.48 wt% Si + 0.49 wt% Al). Unlike steels B and C, 
Steel A with 0.56 wt% Si was alloyed with slightly higher Al (1.1 wt%) to 
understand its efficacy in preventing carbide precipitation during QP 
processing. In addition, Steel A was alloyed with a high fraction of Cr 
(2.2 wt%) in comparison to the other two steels (each containing ~1 wt 

Table 1 
Chemical compositions (wt%) and experimental martensite start (MS) temperatures (◦C) of experimental steels.  

Steel code C Si Mn Al Cr N S P MS 

Steel A 0.30 0.56 2.00 1.10 2.20 0.0010 0.0010 0.0010 340 
Steel B 0.30 0.99 1.86 0.01 1.01 0.0031 0.0009 0.0026 325 
Steel C 0.29 0.48 1.88 0.49 1.02 0.0030 0.0009 0.0017 350  

Fig. 1. Typical QP simulation schedule with strain a) and without strain b).  
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% Cr) in order to understand its influence on delaying austenite 
decomposition by enhancing the hardenability of Steel A in order to be 
able to employ the QP process for thicker steel plates. 

In order to ensure the low impurity levels, the steels were vacuum 
induction melted and cast as 100 kg ingots. Then, a sample piece of 
dimensions 120 × 80 × 60 mm was cut from each ingot and soaked at 
1200 ◦C for 2 h. The samples were subsequently hot rolled in a labora-
tory rolling mill in accord with a thermomechanically controlled process 
schedule, following by water quenching to RT. The final thickness of the 
rolled samples was 12 mm. The temperature of the samples during 
rolling and quenching was monitored by thermocouples placed in holes 
drilled in the edges of the samples to the mid-width at mid-length. A part 
of the rolled samples were used to prepare samples for subsequent QP 
simulations in a Gleeble simulator. 

2.2. Gleeble simulations 

After hot rolling, cylindrical specimens of dimensions Ø6 x 9 mm 
were machined from hot rolled plates of experimental steels with the 

length of the samples oriented perpendicular to the rolling direction for 
conducting the quenching and partitioning simulations and related 
dilatation experiments in a Gleeble 3800 thermomechanical simulator. 

Dilatation tests were conducted with and without prior strain i.e., in 
strained and unstrained conditions, as shown in Fig. 1(a) and (b), 
respectively. The strained samples were reheated at 10 ◦C/s to 1150 ◦C, 
soaked for 4 min, cooled to 800 ◦C, held 10 s, and then compressed with 
three passes each having a strain of ≈ 0.2 at a strain rate of 1 s− 1. The 
time between hits was 25 s. The specimens were then held for 25 s prior 
to cooling at 30 ◦C/s to a quenching temperature below Ms, Fig. 1(a). 
Two different quenching stop temperatures, i.e., TQ = 200 and 260 ◦C 
were chosen to give initial martensite fractions of 85–86 and 66–75%, 
respectively. This was followed by carbon partitioning treatments at 
various temperatures, such that TP was equal to or higher than TQ, and 
partitioning times (tP) varied in the range 10–1000 s. Finally, the sam-
ples were cooled to RT at about 20 ◦C/s. 

In order to understand the effect of straining on QP behavior, a 
parallel set of experiments was also carried out on samples in unstrained 
condition, i.e., without applying any strain in the matrix, Fig. 1(b). For 

Fig. 2. Laser scanning micrographs of QP specimens processed at TQ = TP = 260 ◦C, and tP = 10 s. Steel A: a) unstrained and b) strained conditions; Steel B: c) 
unstrained and d) strained conditions; Steel C: e) unstrained and f) strained conditions. 
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this purpose, specimens were reheated at 10 ◦C/s to 1150 ◦C in a manner 
similarly as the strained samples, followed by cooling at 2 ◦C/s to 
1000 ◦C and holding for 2 min. The samples were then quenched at 
30 ◦C/s to the quench stop temperature, i.e., TQ = 200 ◦C and 260 ◦C, 
following by similar partitioning treatment at different TP temperatures 
and tP times, as employed for the strained specimens. 

2.3. Microstructural characterization 

For microstructural characterization, cross-sections containing the 
transverse (T) and normal (N) directions were polished according to the 
standard metallographic procedure and etched with 2% nital solution. 
General microstructural features were studied by employing a Nikon 
Eclipse MA100 light optical microscope (LOM) and a Keyence VK-X200 
laser scanning confocal microscope (LSCM). In addition, high resolution 
metallographic investigations were conducted using a 200-kV Jeol JEM- 
2200FS energy-filtered scanning transmission electron microscope 
(EFTEM/STEM). Thin foils for TEM investigation were prepared by 
punching 3 mm disks from mechanically thinned specimens ( ≈ 100 μm 
thick) from the mid-thickness of the select QP samples using a Gatan disc 
punch system, followed by further grinding to approximately 0.08 mm. 
The discs were then subjected to twin-jet electro-polishing at 23.5 V 
using a chemical solution of 75 ml perchloric acid, 90 ml distilled water, 
100 ml butyl cellosolve and 730 ml ethanol, as the electrolyte was 
maintained at − 5 ◦C. 

A Zeiss Sigma field emission scanning electron microscope (FESEM) 
equipped with the electron back scatter diffraction (EBSD) detector was 
used for recording the EBSD phase orientation and pole figure maps 
using an accelerating voltage of 15 kV at a working distance of 15 mm, 
and the corresponding tilt angle and step size were 70o and 0.2 μm, 
respectively. As it was almost impossible to satisfactorily reveal the 
parent austenite grain structure using various etching reagents and 
techniques, especially for the deformed samples, prior austenite grain 
boundary reconstruction was applied to the EBSD inverse pole figures 
data. Austenite grain reconstruction was carried out on the basis of an 
assumed Kurdjumov-Sachs (K-S) orientation relationship between the 
austenite and resultant martensite and bainite. The Matlab software 
supplemented with MTEX texture and crystallography analysis toolbox 
[23] was employed for the grain reconstruction. More details on the 
reconstruction technique can be found elsewhere [23–25]. The clean-
ness measurements were performed using a Jeol JMS 7000F FESEM 
operated at 15 kV and 3.5 nA. The FESEM was equipped with an energy 
dispersive spectrometer (EDS) for collecting the elemental mapping data 
that were analyzed using the Oxford INCA software for the detection of 
the inclusions in the steels. 

In order to measure the austenite fraction of the QP samples, X-ray 
diffraction (XRD) measurements were performed using a Siemens D500 
X-ray diffractometer. The measurements were performed by using a Mo- 
Kα radiation source operated at 40 mA and 40 kV conditions with 2θ 
angle ranging from 18.5 to 42◦ (accuracy of XRD measurements is about 
2%). The average carbon contents in the RA were estimated based on the 
lattice parameter measurements using the following empirical equation 
[26,27]: 

aγ = 3.556+ 0.0453xC + 0.00095xMn + 0.0056xAl + 0.0006xCr (1)  

where aγ is the austenite lattice parameter (Å) and xC, xMn, xAl and xCr 
are the concentrations of carbon, manganese, aluminum and chromium, 
respectively, in wt%. 

Vickers hardness measurements were conducted on all the QP 
specimens in both the strained and unstrained conditions using a 5 kgf 
load. 

3. Results and discussion 

3.1. Microstructural characterization 

According to the LOM and LSCM metallography, the overall micro-
structures of the three studied steels in both strained and unstrained 
conditions comprise martensitic lath microstructures, as presented in 
Fig. 2. The structure is too fine to discern the presence of any other phase 
or carbides and necessitated further characterization using FESEM- 
EBSD. 

Examples of typical FESEM microstructures recorded on three QP 
samples of Steel A are shown in Fig. 3. Partitioning for 1000 s revealed 
features typical of tempered martensite (TM, obviously as a consequence 
of the recovery of dislocations) along with austenite (RA), lower bainite 
(B) and fresh untempered, high‑carbon martensite formed during the 
final cooling (FM), shown by arrows in Fig. 3. An example of such fea-
tures is shown in Fig. 3(a) which corresponds to tP = 1000 s for the 
unstrained QP sample quenched at TQ = 260 ◦C, followed by holding at 
TP = 300 ◦C. Straining in the matrix does show similar features, but with 
a finer grain structure along with refined and somewhat randomized 
(occurrence of martensite packets, blocks and laths in different 

Fig. 3. FESEM micrographs of Steel A illustrating various phase constituents of 
Q&P treated specimens: a) unstrained; TQ = 260 ◦C, TP = 300 ◦C and tP = 1000 
s, b) strained; TQ = 260 ◦C, TP = 300 ◦C and tP = 1000 s and c) Unstrained; TQ 
= TP = 200 ◦C and tP = 10 s. 
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directions) in the structure as shown in Fig. 3(b). On the other hand, for 
short time holding, such as tP = 10 s, the microstructure essentially 
consisted of somewhat higher fraction of fresh martensite (about 
8–10%), in addition to essentially tempered martensite that is often 
marked by the presence of carbides. An example is shown for unstrained 
Steel A specimen treated at TQ = TP = 200 ◦C and isothermally held for 
10 s prior to cooling to RT, Fig. 3(c). In addition, Steel A specimen (Fig. 3 
(c)) did contain a small fraction of RA (5%), as also verified by the XRD 

measurements and will be discussed later. Because the tempered 
martensite etches more than the fresh martensite due to its lower carbon 
content, it also expedites a visible difference in the appearance between 
the fresh and tempered martensite microstructures [13,22]. Needle-type 
carbides, presumably transition type, were observed in all specimens 
within the primary martensite block structures. Similar carbides were 
also observed in samples directly quenched (DQ) to RT following TMCP 
processing. This suggests that these precipitates formed as a result of 

Fig. 4. The EBSD inverse pole figure (IPF) images of the QP samples in unstrained condition (left-hand side images a, b, c) along with the corresponding plots of 
relative area fractions of equivalent circle diameters of the martensite blocks (right-hand side images a’, b’, c’): a,a’) Steel A; b,b’) Steel B; and c,c’) Steel C. Cross- 
sections containing the transverse and normal directions. 
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auto-tempering of martensite despite the presence of high silicon and/or 
aluminum contents in the steels [28]. 

EBSD results showed that the prior straining of the austenite before 
the QP treatment refined and randomized the martensitic constituents 
such as the packet, block and lath sizes. As an illustration, the inverse 
pole figure maps of the samples treated at TQ = TP = 260 ◦C and tP = 10 s 
along with the plots of martensite block size distributions for the un-
strained and strained conditions of the three steel samples are presented 

in Figs. 4 and 5, respectively. The block size distribution trend was 
almost same for all the three steel compositions in both the conditions. 
The maximum measured block size at strained condition was around 12 
μm, while it was nearly three times larger for unstrained samples, i.e., ~ 
35 μm. 

Fig. 6 presents the reconstructed prior austenite grain structure of the 
unstrained steel samples in QP condition. The structure observed for all 
three steels seems quite coarse such that there were only few grains 

Fig. 5. The EBSD inverse pole figure (IPF) images of the QP samples in strained condition (left-hand side images a, b, c) along with the corresponding plots of relative 
area fractions of equivalent circle diameters of the martensite blocks (right-hand side images a’, b’, c’): a,a’) Steel A; b,b’) Steel B; and c,c’) Steel C. Cross-sections 
containing the transverse and normal directions. 
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(several of them recorded only partly) in the micrographs, which were 
taken at 1000× magnification. It is difficult to ascertain the minor dif-
ferences in respect of grain structure and size in unstrained condition 
(Fig. 6). However, the reconstructed austenite grain structure of the 
strained samples showed seemingly partially recrystallized structure 
with the presence of both fine as well as coarse, randomly oriented 
grains and comprised a wide size distribution of the grains ranging from 
2 μm to 32 μm, as depicted in Fig. 7. The grain size has been estimated 
based on the equivalent circle diameters of the grains and corresponding 
histograms of the relative fractions are shown as bar charts in Fig. 7. 
Preliminary investigation using stress relaxation technique revealed that 
the 3 × 0.2 straining of samples at 800 ◦C followed by 25 s holding 
(Fig. 1a) resulted in about 30–35% partial recrystallization prior to 
continuous cooling to RT, thus clarifying the presence of fine grains 
observed in the microstructures (Fig. 7). However, the exact fraction of 
partially recrystallized grains cannot be easily estimated based on the 
limited EBSD data. On the other hand, 2 × 0.2 straining (first two stages 
of straining, Fig. 1a) did not result in any appreciable recrystallization 
during 25 s holding, prior to the execution of the third deformation of 
0.2 strain. 

To investigate further about the martensitic lath structure as well as 
the morphology of retained austenite and its size, distribution and 
location, TEM examinations were carried out including both the bright 
field (BF) and dark (DF) imaging. The indexing of relevant diffraction 
patterns for identifying/verifying various phases was carried out. For 
instance, examples of microstructures recorded on an unstrained Steel C 
specimen QP treated at TQ = 260 ◦C, TP = 300 ◦C and tP = 1000 s are 
shown in Fig. 8. TEM examinations of thinned discs revealed the pres-
ence of fine films of interlath austenite between highly dislocated 
martensitic laths, Fig. 8(a). The DF image more clearly revealed the 
morphology of interlath austenite films (Fig. 8 (b)). An example of the 
tiny pools of RA, besides the presence of film-like RA, observed in a 
strained Steel B specimen treated at TQ = 260 ◦C, Tp = 400 ◦C and tp =

1000 s, is shown in Fig. 9. RA pools are clearly identifiable in the DF 
image, Fig. 9(b). Fig. 10(a) displays the BF image of an unstrained Steel 
A specimen treated at TQ = 200 ◦C, TP = 300 ◦C and tP = 1000 s, 
depicting clearly the formation of lower bainite below the Ms temper-
ature (340 ◦C) of the steel during isothermal holding. It displays carbides 
aligned in a direction about 45◦ of the ferrite laths. Though not very 
clear, the specimen also shows the ledged growth of martensitic laths 
depicting the presence of wavy boundaries (shown by arrows in Fig. 10 
(b)), confirming the isothermal martensite formation [18,19]. The 
investigated QP specimens also displayed the formation of twinned 
martensite. Some examples of twinning in martensite, presumably 
formed from the carbon-enriched metastable austenite during the final 
cooling to RT are shown in Fig. 11(a) for the unstrained Steel B specimen 
QP treated at TQ = 260 ◦C, TP = 260 ◦C and tP = 10 s and in Fig. 11(b) for 

the strained Steel B QP treated at TQ = 260 ◦C, TP = 400 ◦C and tP =

1000 s [29,30]. 

3.2. Austenite fraction 

In order to design the quenching and partitioning (Q&P) parameters, 
there is an essential need to determine the start (Ms) and finish (Mf) 
temperatures of the martensite transformation for evaluation of final RA 
fractions after QP treating as well as having a good knowledge of 
martensite fractions at a given quench-stop temperature (TQ) in the Ms - 
Mf range upon quenching, especially when dealing with steels with 
widely varying compositions. Alloying elements can strongly affect the 
behavior of the material during heating and cooling. According to TTT 
diagram plotted using JMatPro8.0® software assuming a prior austenite 
grain size of 75 μm, increasing the Cr content from 1.0 to 2.2 wt% will 
shift bainite nose to the right and increase bainite 5% cooling time from 
about 20 to 100 s. Same time ferrite start temperature will decrease from 
872 to 854 ◦C. Fig. 12 depicts the predicted phase diagrams in the 
temperature range 600–1200 ◦C constructed using the ThermoCalc® 
software for the three experimental steels indicating how the equilib-
rium boundaries of the austenite region and the eutectoid point are 
changing as a function of variation in chemical species of the steels. 
Accordingly, Steel B with the largest austenite region is considered as 
the most stable for austenite amongst all the steels. 

Different methods have been considered in this work to determine 
the austenite fractions at different conditions. Dilatometry measure-
ments and the Koistinen-Marburger (K-M) equation have been used to 
determine the quench stop temperature (TQ) based on the estimated 
fraction of untransformed austenite following the austenitization and 
continuous cooling at a rate higher than the critical cooling rate. On the 
other hand, X-ray diffraction (XRD) was employed to determine the 
austenite fractions at RT and their carbon contents. 

It should be noted that according to the CCT measurements and 
JMatPro calculations with the strained matrix (Fig. 13), the critical 
linear cooling rate to avoid phase transformation prior to reaching the 
Ms temperature (in all alloys) is about 20 ◦C/s and according to JMat-
Pro8.0® calculations the selected quench stop (TQ) temperatures are in 
the range between 1% and 90% martensite. 

i) Dilatometry. 
The initial martensite fractions at different TQ’s were calculated from 

the dilatation data using linear analysis based on the lever rule for the 
direct quenched samples in the unstrained condition (dashed line in 
Fig. 1(b)). An example of the calculation for the Steel A is presented in 
Fig. 14. As mentioned earlier, the linear cooling rate of 30 ◦C/s was high 
enough to ensure transformation only to martensite during continuous 
cooling. MS temperatures experimentally determined for Steels A, B and 
C were approximately 340, 325 and 350 ◦C, respectively. A simple linear 

Fig. 6. The results of the reconstructed prior austenite grain (PAG) structure of the unstrained QP samples: a) Steel A, b) Steel B and c) Steel C. Cross-sections 
containing the transverse and normal directions. 
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Fig. 7. The results of the reconstructed prior austenite grain (PAG) structure of the strained QP samples: a) Steel A, b) Steel B and c) Steel C. The corresponding 
relative area fractions plotted as bar charts for different prior austenite equivalent circle diameters are also included as a’, b’ and c’, respectively, for the three steels. 
Cross-sections containing the transverse and normal directions. 
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analysis of the dilatation curves for Steel A showed that quenching to 
200 and 260 ◦C should leave an untransformed austenite fraction of 
about 15 and 31%, respectively. Corresponding values of untransformed 
austenite for Steel B would be about 15 and 34%, and for Steel C about 
14 and 25%, respectively. 

ii) Koistinen Marburger (K-M) equation. 

Although the calculation of phase fraction using lever rule is easy and 
convenient, its efficacy needs to be checked in the case of carbon steel, as 
the carbon redistribution is not appropriately considered in this method. 
Referring to Fig. 14, the Mf temperature is difficult to determine from the 
cooling curve, as it is an indistinct term. To have a reasonable predic-
tion, the Koistinen Marburger (K-M) equation has conventionally been 

Fig. 8. TEM micrograph recorded on unstrained Steel C specimen QP treated at TQ = 260 ◦C, TP = 300 ◦C and tP = 1000 s: a) BF image showing lath martensite with 
interlath austenite (dark) and b) corresponding DF image showing the interlath austenite (Inset: SAED pattern showing (200,110) spots for austenite with 〈012〉
zone axis). 

Fig. 9. TEM micrograph recorded on strained Steel B specimen QP treated at TQ = 260 ◦C, TP = 400 ◦C and tP = 1000 s: a) BF and b) DF images showing the pool of 
retained austenite (white) (Inset: SAED pattern showing (300) and (− 300) spots for austenite with 〈000〉 zone axis). 

Fig. 10. TEM micrograph recorded on unstrained Steel A specimen QP treated at TQ = 200 ◦C, TP = 300 ◦C and tP = 1000 s: a) showing lower bainite, and b) 
martensite with wavy lath boundaries. 

P.K. Kantanen et al.                                                                                                                                                                                                                            



Materials Characterization 171 (2021) 110793

10

used to estimate the volume fraction of martensite (VM) at a given 
quench temperature TQ [31]: 

VM = 1–exp.( − αm(TKM − TQ) ) (2)  

where αm is a composition-dependent rate parameter and TKM theoret-
ical martensite start temperature, (somewhat lower than Ms) [32]. The 
composition dependence of the rate parameter αm has been described by 
a simple linear equation, as given below [32]: 

αm = 0.0224–0.0107 xC–0.0007 xMn–0.00005 xNi–0.00012 xCr–0.0001 xMo

(3)  

where the concentration x for a given element (shown as subscript) is in 
wt%. The calculated values of VM according to eqs. (2,3) for studied 
steels are listed in Table 2 for different TQ temperatures. Volume frac-
tions of martensite measured from the dilatation curves (VMdilatation) are 
also included in Table 2. Calculated values of martensite are somewhat 
higher in comparison to the dilatometry results suggesting that the 
predicted αm using eq. (3) may not be reasonably accurate presumably 

due to high Si and/or Al in the experimental steels. Therefore, the 
dilatometer results were considered for the prediction of untransformed 
austenite fractions prior to designing the QP processing. MS tempera-
tures determined from the dilatation curves for unstrained steels were 
preferred over TKM in eq. (2), as a better fitting could be obtained with 
the measured martensite volume fractions. Strained samples, which 
showed partially recrystallized structures, exhibited marginally lower 
MS temperatures by approximately 10 ◦C compared to the unstrained 
samples. In comparison, Celada-Casero et al. observed that the MS is 
shifted to lower values, as the PAGS decreased from 67 to 6 μm [33]. 

iii) Untransformed and retained austenite fractions. 
Measured initial austenite fractions in QP samples cooled at 30 ◦C/s 

to 200 and 260 ◦C were approximately 15 and 31%, respectively for 
Steel A. Corresponding values for Steel B were about 15 and 34% and for 
Steel C about 14 and 25%, respectively. Subsequent partitioning at TQ or 
higher temperatures in the range 200 (or 260 ◦C) to 400 ◦C for various 
holding times resulted in a wide range of RA fractions at RT. Obviously, 
the austenite decomposition during partitioning and final cooling to RT 
will affect most of the variation in RA content. Seemingly, both the 
dilatation measurements and K-M equation can only predict approxi-
mate austenite fractions and depend largely on the shape of the dilata-
tion curves and/or cooling paths and the accuracy of TKM based on the 
chemical composition, respectively. Also, the scatter in experimental 
measurements and variation in chemical compositions including segre-
gation related issues can lead to variations in the measured Ms tem-
peratures and hence, untransformed austenite volume fractions. 

In contrast, XRD measurements give fairly accurate austenite con-
tents both using in situ and ex situ conditions. However, most mea-
surements using laboratory facilities are carried out for retained 
austenite fractions at RT. XRD measurements made on the QP samples of 
the three steels are shown in Fig. 15(a) - (f). Notwithstanding some 
scatter in data, there seems to be a systematic increase in RA content 
with partitioning time, both for the strained and unstrained conditions, 
irrespective of the steel type. Overall, an increase of TQ or TP tempera-
ture results in a higher fraction of austenite stabilized down to RT. At the 
higher TQ of 260 ◦C and highest TP of 400 ◦C, a maximum value of 
austenite is realized at tP = 100 s instead of 1000 s, obviously as a 
consequence of greater austenite decomposition or carbide formation in 
the steels. Fig. 15(e) and (f) show relatively high variation of measured 
RA contents of Steel C with different Tp temperatures, and also, Steel C 
did not retain austenite fractions as high as Steel A and B. Lower RA 
fractions of Steel C can be due to low amount of silicon alloying (0.48 wt 
%) and the formation of a large number of coarse inclusions such as AlN, 
AlO, AlMgO and AlN, which possibly deteriorate the ability of Al to 
hinder the carbide formation and hence, may not be reasonably effective 
in stabilizing the austenite during the partitioning process. These 

Fig. 11. TEM micrograph a) recorded on unstrained Steel B specimen QP treated at TQ = 260 ◦C, TP = 260 ◦C and tP = 10 s and b) strained Steel B specimen treated 
at TQ = 260 ◦C, TP = 400 ◦C and tP = 1000 s: showing twinned martensite. 

Fig. 12. The predicted phase diagram plotted using ThermoCalc® software for 
Steels A, B and C, showing the effect of steel composition on the austenite 
phase fields. 
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inclusions were detected in cleanness measurements which were carried 
out using the FESEM equipped with energy dispersive spectroscopy 
(EDS) facility for all the three investigated steels in hot rolled and water 

quenched condition. Inclusions were detected by using a method 
devised for distinguishing them by scanning the surface of the samples in 
thickness direction in the SEM, identifying the differences in gray scale 
and distinguishing the local composition difference using the EDS, 
further analyzed by Inca software program for the type and size of the 
inclusions. Irrespective of steel type, the steels in strained conditions 
reached higher RA fractions compared to the corresponding unstrained 
steel specimens. Deformation in effect refines block and lath sizes and 
also, the film-like interlath austenite as well as the pools. A finer division 
of austenite films / grains in the strained specimens impart relatively 
larger interface areas and hence, shorter carbon diffusion distances, 
therefore enriching the austenite with carbon atoms more effectively 
and resulting in better stability of the RA compared to that in unstrained 
specimens [22]. 

Tables 3 and 4 summarize the RA fractions of the three steels along 
with their carbon contents, measured for both the unstrained and 
strained conditions, respectively. It seems that the carbon contents of RA 
as calculated using the lattice parameter does not have any systematic 
dependence on the straining in the matrix or holding time at the parti-
tioning temperature. Table 4 shows that the fluctuation in RA fractions 
of the strained steels is somewhat less inconsistent compared to the 
unstrained samples, Table 3. The reason for this inconsistency may be 
related to the refinement and randomization of packets, blocks and laths 
of the strained samples, though a number of fine partially recrystallized 
grains are also present in the microstructure. A more homogeneously 
distributed structure seems to be less sensitive to the quenching tem-
perature in respect of the amount of untransformed austenite [33]. As 
also reported in literature, Al seems to be less effective than Si in 
retarding the formation of carbides and stabilizing the RA, which ex-
plains the lowest austenite fractions retained in Steel C [34]. Besides, 
transition carbide precipitation can be more prevalent in coarse laths 
[34]. 

3.3. Hardness 

The effect of Tp on Vickers hardness is shown in Fig. 16(a-f). 
Increasing TP as well as tP resulted in a consequent decrease in hardness, 
obviously as a result of enhanced RA fractions. Of course, tempering of 

Fig. 13. Superimposition of CCT diagrams of Steels A, B and C predicted using the JMatPro8.0®. The cooling rates of 1, 10 and 1000 ◦C/s are shown.  

Fig. 14. Dilatation curve for Steel A in unstrained condition showing 
martensite transformation during cooling at 30 ◦C/s. The calculated fractions of 
untransformed austenite (γ) are shown for two TQ temperatures of 200 
and 260 ◦C. 

Table 2 
The calculated martensite (VM) and austenite (VA) volume fractions for Steels A, 
B and C at TQ temperatures of 200 and 260 ◦C using K-M equation. Martensite 
volume fractions based on dilatation tests (VMdilatation) are also include in the 
table.  

Material Ms (◦C) TQ (◦C) VM (%) VA(%) VMdilataion (%) 

Steel A 340 200 93 7 85 
Steel B 325 200 93 7 85 
Steel C 350 200 95 5 86 
Steel A 340 260 80 20 69 
Steel B 325 260 80 20 66 
Steel C 350 260 85 15 75  
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Fig. 15. Retained austenite vs. partitioning temperature (TP) corresponding to the quench stop temperature TQ at 200 and 260 ◦C and partitioning times (tP) of 10, 
100 and 1000 s for the experimental steels A (a,b), B (c,d) and C (e,f), both in unstrained (a,c,e) and strained (b,d,f) conditions. 
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martensite at higher TP and longer tP certainly has a profound influence 
on softening of the QP samples, irrespective of the steel type. TQ in the 
range 200 to 260 ◦C seems to have only a marginal influence on the 
hardness. Even in the case of strained specimens, the hardness values are 
comparable with those of the unstrained specimens. Maximum error in 
hardness measurements has been of the order of 1–2% with maximum 
standard deviation for each set of measurements in the range 5–10 HV 
for different Q&P samples. 

3.4. Dilatation measurements of partitioning 

Dilatation measurements were conducted for both the unstrained as 
well as strained samples. Fig. 17(a-d) shows examples of the variation of 
specimen diameter with time up to 1000 s after quenching to TQ and 
following holding at TP. As can be noticed, the holding times are pre-
sented on logarithmic scales. The dilatation measurements showed that 
there is a gradual expansion during holding marked by an increase in 
diameter, which clearly delineates three different stages in accord with 
the work done by Somani et al. [8]. The dilatation curves clearly 
depicted that there was a gradual expansion during holding that was 
several times greater than the dilatation predicted by carbon partition-
ing alone, suggesting the occurrence of austenite decomposition during 
the holding. Referring to Fig. 1, after 1 s hold at TQ, heating to TP occurs 
at 30 ◦C/s causing rapid expansion. In addition to this, on a logarithmic 
scale, the diameter first increases slowly during holding at a given region 
(region I) and then more rapidly (region II), marked by a discernible 
deviation from the initial trace (i.e., slope of region I) shown by arrows. 
As discussed later, a number of mechanisms may operate simultaneously 
or in succession and their kinetics are influenced by the processing pa-
rameters, which in turn can influence the slopes of the initial traces. In 
the case of strained sample quenched at 260 ◦C, a third region (region 
III) can be identified at high TP temperatures (400 ◦C) where a clear 

contraction process can be seen. The starting of region III is marked in 
Fig. 17(d). Region III, marking the occurrence of tempering, for the 
maximum partitioning time (1000 s) used in the simulation experi-
ments, was not apparent in the unstrained samples, though there is a 
possibility of a balance between austenite decomposition (expansion) 
and tempering (contraction) resulting in nearly flat curves at high TP 
temperatures, see Fig. 17c. 

Carbon partitioning which starts immediately below Ms temperature 
explains just a small part of dilatation in Fig. 17. Santofimia et al. have 
presented that prior to annealing of the martensite/austenite micro-
structure the chemical composition of martensite and austenite should 
be the same because of the diffusionless nature of the martensite 
transformation [35]. When material is annealed to producing the carbon 
diffusion from α’ to γ, its specific volume V at a particular time step of 
carbon partitioning can be given by following equation: 

V = ƒα’⋅να’ + ƒγ⋅νγ (4)  

where ƒα’ and ƒγ are the atomic fractions of carbon in α’ and γ and να’ and 
νγ are the atomic volumes of α’ and γ. The equations given by Santofimia 
et al. for volume change associated with carbon partitioning have been 
used for the present steels in different QP conditions [35]. According to 
Santofimia et al. [35] the dilatation predicted for carbon partitioning 
alone will be about 0.01–0.03% for 0.15–0.41% carbon steels. Consid-
ering that all carbon is partitioning to austenite following QP treat-
ments, simple calculations using these equations give linear dilatation of 
0.069 to 0.075% for our experimetal 0.3C steels depending on the 
experimental QP parameters. In practice, however, only a part of carbon 
can partition to austenite suggesting even lower expansion due to carbon 
partitioning. Aoued et al. [36] has shown that carbon can be partially 
trapped at the martensite grain boundaries (laths, blocks and packets) as 
well as on dislocations, besides the formation of transition ε-carbides at 
low temperatures [37]. It means that carbon partitioning alone cannot 
explain all changes in dilatation measurements. Hence dilatation other 
than due to thermal expansion has been attributed to different micro-
structural mechanisms suggesting that the decomposition of austenite 
continues during the partitioning. 

Referring to Fig. 17, carbon partitioning starts immediately below Ms 
during cooling to TQ and continues thereafter explaining the small part 
of the dilatation vs. time traces seen in Fig. 17 marked as region I. The 
gradual expansion occurring during partitioning could be due to one or 
more processes occurring either simultaneously or in succession. One of 
these changes is probably due to the formation of isothermal martensite, 
thus producing the irregular laths with ledge-like protrusions and con-
stitutes together with carbon partitioning, the expansion observed in 
region I of Fig. 17 [8]. The main morphological difference between the 
athermal and isothermal transformation products is that the blocks in 
the isothermal product are coarser and more complex shapes than those 
in the athermal martensite [18]. The occurrence of isothermal 
martensite was not quite clear in our study. One such example of 
isothermally formed martensite is shown in Fig. 10(b) with ledges 
indicated by arrows. According to the dilatation curves, it seems that the 
prior straining in matrix before QP treatment has not shown any 
appreciable effect on the dilatation behavior in region I, see Fig. 17c and 
d. 

Retained austenite is not always stabilized as interlath films between 
the martensite laths. Besides interlath films, microstructures clearly 
revealed formation of fine austenite pools between the martensite 
packets and blocks, as shown in Fig. 9. Some austenite pools transform to 
lower bainite, i.e., ferrite laths containing carbides aligned in the same 
direction, marked as region II in Fig. 17. [8,10]. This can explain sudden 
increase in the rate of dilatation seen beyond region I in Fig. 17. The time 
required for its initiation decreases as TP is increased, suggesting that the 
chosen values of TP are largely below the lower bainite nose of the TTT 
diagrams. Straining of austenite in the no-recrystallisation temperature 
normally enhances the bainite formation in microalloyed DQ steel [38]. 

Table 3 
Retained austenite fractions along with their carbon contents for unstrained 
specimens.  

Unstrained Steel A Steel B Steel C 

TQ 

[◦C] 
Tp 
[◦C] 

tp [s] RA 
[vol 
%] 

RA [C 
%] 

RA 
[vol 
%] 

RA [C 
%] 

RA 
[vol 
%] 

RA [C 
%] 

200 260 1000 12 – 9 – 8 – 
200 300 1000 15 0.55 8 – 7 – 
200 350 100 13 0.80 16 0.64 7 – 
200 350 1000 13 0.65 11 0.95 7 – 
260 260 1000 10 – 9 – 6 – 
260 350 100 15 0.58 13 0.64 10 – 
260 400 10 15 – 12 0.53 11 0.90 
260 400 100 22 0.72 14 0.73 10 0.90 
260 400 1000 16 0.76 15 0.82 10 0.92  

Table 4 
Retained austenite fractions along with their carbon contents for strained 
specimens.  

Strained Steel A Steel B Steel C 

TQ 

[◦C] 
Tp 
[◦C] 

tp [s] RA 
[vol 
%] 

RA [C 
%] 

RA 
[vol 
%] 

RA [C 
%] 

RA 
[vol 
%] 

RA [C 
%] 

200 260 1000 12 0.48 11 – 12 0.52 
200 300 1000 13 0.60 13 0.74 11 0.87 
200 350 100 16 0.74 12 0.66 13 1.05 
200 350 1000 14 0.76 14 0.78 17 1.06 
260 260 1000 12 0.64 10 – 13 0.89 
260 350 100 16 0.64 11 0.71 12 0.64 
260 400 10 16 0.70 15 0.54 14 0.61 
260 400 100 22 0.55 21 0.74 12 0.75 
260 400 1000 21 0.69 14 0.75 11 0.67  
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Fig. 16. Vickers hardness (HV5) plotted as a function of partitioning temperature (TP) at various partitioning (tP) times of 10, 100 and 1000 s, following quenching 
(TQ) at 200 and 260 ◦C. 
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However, Fig. 17 has shown that deformation close to TNR does not 
accelerate bainite formation during partitioning in the case of strained 
samples compared to the unstrained specimens following QP processing. 
One reason could be due to partial recrystallization seen during 3 × 0.2 
straining of the samples leading to the formation of fine grains between 
the pancaked grains, see Fig. 18. The maximum amount of bainite is 
formed in specimens partitioned at TP = 300 ◦C, following quenching at 
TQ = 260 ◦C. In effect, there will be a range of “C-curves” for bainite that 
will vary with positions and time. During the final cooling at about 
20 ◦C/s following the partitioning step, some bainite formation is 
possible in the case of high TP, which appears as plateaus in Fig. 19(a) 
and (b). This can be due to the local variation of carbon and alloying 

concentrations which effect the nose of the bainite C curve in the cor-
responding TTT diagram [8]. 

According to the dilatation experiments, the deformation in the TNR 
temperature range prior to QP treatment can accelerate tempering of 
martensite during partitioning especially at the highest partitioning 
temperatures. This can also be due to the partial recrystallization seen in 
the strained samples leading to formation of some fine grains [33]. 
Contraction due to the occurrence of tempering can be seen in region III 
of the dilatation curve corresponding to TP = 400 ◦C, Fig. 17(d). TEM 
investigation has not revealed any evidence of carbide precipitation in 
martensite. It means that carbon in the martensite laths may be clus-
tering, but not yet precipitated in 1000 s as carbides irrespective of TP 
that can be detected in TEM study. On the other hand, in wider area and 
higher magnification of FESEM investigations a few very small carbides 
precipitations were distinguished in martensite matrix which can be also 
observed in Fig. 3. This can be related to macro scale segregation which 
will affect variation of steel alloys composition. 

3.5. Dilatation during cooling 

Fig. 19(a) and (b) show that cooling from TP to RT following QP 
treatment, there are deviations in the dilatation curves indicating 
decomposition of austenite at two points. The first point is as soon as the 
cooling starts after holding at Tp and the second point is in the vicinity of 
200 ◦C. At the first point, the plateaus which can be seen just after start 
of the final cooling from TP to RT at 20 ◦C/s suggesting the phase 
transformation to bainite which is depending on the local carbon and 
alloy concentration. In such cases, the nose of bainite C curve can be at a 
temperature below TP and the transformation to bainite can be accel-
erated as the temperature decreases during the final cooling. At the 
second point, during the final cooling to RT after QP holding, the 

Fig. 17. Variation of specimen diameter with partitioning time at different partitioning temperatures. Unstrained Steel A specimen quenched at 200 ◦C (a) and 
260 ◦C (b). Unstrained (c) and strained (d) Steel B specimen quenched at 260 ◦C. Arrows indicate the start of region II and III. 

Fig. 18. Laser scanning confocal micrograph recorded on strained Steel B 
specimen following 3 × 0.2 straining at 800 ◦C. 
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occurrences of inflexions in the dilatation curves at temperatures in the 
vicinity 200 ◦C (shown by arrows) suggest the formation of untempered, 
carbon-enriched martensite. The martensite transformation is more 
clearly evident in samples held for shortest partition times. With shorter 
tP’s there will be more austenite with low C content which will transform 
to fresh martensite during final cooling to RT. Martensite transformation 
is evident for both unstrained and strained samples, but with highest 
partitioning temperatures, the martesite transformation temperature 
will decrease in both the cases, irrespective of the steel type. 

4. Summary and conclusions 

This study presents the effect of prior deformation and grain 
refinement on the subsequent QP behavior of (high) silicon‑aluminum 
steels. Besides carbon partitioning, decomposition of austenite into 
bainite and/or isothermal martensite, and also high‑carbon, untem-
pered martensite during final cooling have been discerned and analyzed 
systematically based on dilatometry data supported by metallography 
and retained austenite and hardness measurements. The following 
conclusions can be drawn from the study:  

- Apart from carbon partitioning, regardless of the steel composition, 
during QP treatment isothermal holding resulted in austenite 
decomposition to bainite and isothermal martensite, followed by the 
formation of fresh untempered, high‑carbon martensite during the 
final cooling. In addition, a small fraction of carbon-enriched 
austenite was retained at RT. For a short holding time (10 s), the 

microstructure also contained a significant fraction of fresh 
martensite owing to relatively low stability of austenite arising from 
limited carbon partitioning.  

- There is a systematic increase in RA content with partitioning time, 
both for the strained and unstrained conditions for all the steel 
compositions. At the higher quenching temperature of 260 ◦C and 
highest partitioning temperature of 400 ◦C, a high fraction of 
retained austenite is realized at the partitioning time of at least 100 s. 
For a given QP condition, the steel specimens in the strained con-
dition sometimes showed marginally higher retained austenite 
fractions compared to their unstrained counterparts. 

- The hardness of the QP samples decreased with an increase in par-
titioning temperature and time, obviously as a consequence of loss of 
dislocation density, besides effective carbon partitioning corrobo-
rating enhanced retained austenite fractions. In the short TQ range of 
200 to 260 ◦C, the effect on hardness is not pronounced.  

- Prior straining close to the non-recrystallization temperature did not 
significantly accelerate bainite formation during partitioning, as 
compared to the unstrained specimens following QP processing, 
though the retained austenite fractions were marginally higher in 
strained samples.  

- Deformation in the non-recrystallization temperature range prior to 
QP treatment resulted in accelerated tempering of martensite during 
holding, especially at the highest partitioning temperatures.  

- Deformation close to the non-recrystallization temperature range, in 
effect resulted in a partially recrystallized fine grain size, besides 
refining the martensite block and lath sizes following quenching to 
TQ. Also, the film-like interlath retained austenite as well as the pools 
were finer following straining. A fine division of austenite imparts 
larger interface areas and hence shorter carbon diffusion distances, 
thereby increasing the stability of the retained austenite by enriching 
it with carbon at a faster rate. 

- According to the dilatometry measurements, the austenite decom-
position behavior during quenching and partitioning are somewhat 
similar for the three investigated steels. Steels A and B attained 
highest fractions of RA, besides highest hardness values. 
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