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A B S T R A C T   

Quenching and partitioning (Q&P) treatment has been proven effective in manufacturing advanced high strength 
steels with high content of retained austenite, showing the improved balance of high strength and sufficient 
ductility. This method has been very well elaborated for carbon steel processing over the last two decades. 
Though it can also be potentially applied for processing other steel families, this has been scarcely studied. This 
article focuses on the effect of chemistry and heat treatment parameters on the microstructure and properties of 
Q&P treated martensitic stainless steels. Three different martensitic stainless steels with different contents of 
alloying elements are subjected to Q&P processing with varying quenching temperature or partitioning tem-
perature and partitioning time. The tensile behavior of the Q&P treated steels is studied. The effect of chemistry 
and Q&P treatment parameters on the microstructure and tensile properties is analyzed. The effect of plastic 
deformation on the microstructure of the Q&P treated steels is also investigated. It is demonstrated that the Q&P 
treated martensitic stainless steels can show a good combination of enhanced strength and sufficient tensile 
ductility. Their uniform elongation increases with the increasing volume fraction of retained austenite due to the 
transformation induced plasticity (TRIP) effect. The ability of the martensitic matrix to accumulate plastic 
deformation also plays an important role. The Q&P process - microstructure - property relationship is discussed.   

1. Introduction 

The modern steel industry faces various challenges and risks. With a 
share of 17% in the energy consumption of the industrial sector, steel 
belongs to the engineering sector with the highest relevance concerning 
reduction measures for energy consumption. The world’s ambitions to 
mitigate global warming affect the steel industry, as it accounts for 
about 20% of the carbon emissions of manufacturing industries [1]. Two 
approaches can address these challenges: developing new materials and 
manufacturing processes or optimizing existing ones. Developing a new 
material and process is not always required, as the optimization of the 
existing materials can lead to the same successful outcome at a lower 
cost. By modifying manufacturing parameters and heat treatments, it is 
possible to increase the energy efficiency of the manufacturing process 
and enhance the mechanical performance of already-existing materials 

[2]. The latter can be utilized for manufacturing more energy-efficient 
and less contaminant components. For example, thinner elements of 
automotive body-in-white parts made of advanced high strength steel 
(AHSS) reduce their weight resulting in less gasoline use and lower 
carbon emissions [3]. 

The “quenching and partitioning” (Q&P) heat treatment was first 
proposed in 2003 as a novel tool for the microstructural design in carbon 
steels [4]. This process is based on quenching austenite to an interme-
diate temperature between the martensite start (Ms) and martensite 
finish (Mf) followed by a partitioning treatment at quenching tempera-
ture or above to enrich the remaining austenite with carbon, thereby 
stabilizing it to room temperature (Fig. 1). The presence of retained 
austenite in the final microstructure enables the transformation induced 
plasticity (TRIP) effect, which increases the strain hardening ability and 
ductility due to the austenite → martensite transformation during plastic 
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deformation [5]. Hence, a better balance of high strength and sufficient 
ductility is obtained compared with a typical quenching and tempering 
heat treatment [6–9]. 

The steels processed using this heat treatment have been referred to 
as “Q&P steels”. They belong to the third generation of AHSS. The 
chemical composition of the Q&P steels is designed to enable the sta-
bilization of austenite via carbon partitioning. Alloying elements that 
prevent carbide precipitation, such as silicon, are expressly introduced 
to facilitate the partitioning process. Thus, the alloying requirements for 
this heat treatment are quite lenient, making this heat treatment 
potentially applicable to a wide range of alloys. 

Carbon steels have been thoroughly investigated as Q&P steels, 
proven by the extensive bibliography [6–9]. The main outcomes of these 
studies can be roughly summarized as follows. The ultimate tensile 
strength of the Q&P treated carbon steels reported in the literature was 
from ~1000 MPa to ~2000 MPa, with total elongation ranging from ~5 
to ~25% [6]. Both strength and ductility were strongly dependent on 
the microstructure, which was determined by steel chemical composi-
tion and applied Q&P parameters. The Q&P processing can lead to mi-
crostructures of tempered martensite with a high volume fraction of 
retained austenite [6–9]. Its content, morphology and mechanical sta-
bility play a key role in determining the mechanical behaviour and 
properties of Q&P steels. Mechanical stability of retained austenite is 
determined by various factors including carbon content, size and its 
crystallographic orientation [10]. Gradual austenite-martensite phase 
transformation is required during plastic deformation to achieve the 
enhanced strain hardening ability, tensile ductility and ultimate tensile 
strength [5]. This can be done via intelligent microstructural design by 
inducing austenite grains with varying transformation potential. 

Meanwhile, few investigations have focused on using Q&P treatment 
for martensitic stainless steels. The Q&P process was successfully 
applied to the 410 [11,12] and 420 [13–16] martensitic stainless steels. 
It was shown that the volume fractions of retained austenite can reach 
up to 50%. The ductility of the Q&P treated AISI 410 grades was higher 
on average by 5% compared to their quenched and tempered counter-
parts [11,12]. These preliminary studies have clearly shown the po-
tential of the Q&P treatment for processing martensitic stainless steels 
with improved properties. However, the research on Q&P treated 
martensitic stainless steels is in its infancy, and comprehensive studies 
are needed to understand the microstructure evolution during Q&P 
treatment and the alloy-process-microstructure-property relationship in 
these materials. 

The main objective of this work was to study the effect of chemical 
composition and Q&P treatment parameters on the microstructure and 
tensile deformation behavior of three martensitic stainless steels. Special 

emphasis was laid on the microstructure of the deformed samples to 
study the role of retained austenite during plastic deformation. The 
obtained knowledge will enable the optimization of alloy chemistry and 
Q&P-process for microstructural design in martensitic stainless steels to 
improve their mechanical properties. 

2. Materials & experimental procedures 

2.1. Materials 

Three martensitic stainless steels with varying chemical composi-
tions were selected for this study. Table 1 presents the actual chemical 
compositions of these alloys. 

The first alloy has a chemical composition similar to that of an AISI 
410 grade (hereafter referred to as 410 alloy). The second alloy has 
increased carbon content for higher strength and austenite stabilization 
(hereafter referred to as 420). Slightly higher Cr contents are considered 
when the C content is increased to retain the steel’s high corrosion 
resistance [14]. The third alloy has a similar composition as the second, 
but with increased Mn content (up to 3 wt%) and the addition of Nb and 
Ti as microalloying elements (hereafter referred to as 420ma). This 
addition of Mn leads to a notable increase in the thermal stability of the 
austenite to a level in which significant fractions can already be present 
at room temperature after quenching. As shown in the following sec-
tions, this will allow a Q&P process in which the quenching step takes 
place at room temperature. The addition of Ti and Nb is expected to 
promote the refinement of the prior austenite grains, leading to a general 
grain refinement in the final microstructure [17]. Finer austenite grains 
lead to a more efficient carbon partitioning process from martensite to 
austenite and facilitates carbon homogenization in the interior of the 
austenite grains [18]. 

2.2. Design of heat treatments 

Two different strategies were considered in the design of heat 
treatments to be applied to these alloys: (i) the calculation of an opti-
mum quenching temperature (OQT) leading to a theoretical maximum 
of retained austenite in the absence of competing reactions and (ii) the 
possibility of applying the quenching step at room temperature. The 
OQT can be estimated under the assumption of full carbon partitioning 
from martensite to austenite during the partitioning step, in the absence 
of reactions competing for carbon, such as carbide precipitation. 
Applying a Q&P process, in which the quenching temperature is equal to 
OQT, the martensite start temperature of the carbon-enriched austenite 
after partitioning is equal to room temperature. The application of 
quenching temperatures lower than the OQT leads to the formation of 
too much martensite at the quenching step, while the application of 
quenching temperatures higher than the OQT leads to unstable austenite 
after the partitioning process that would transform into fresh martensite. 
The mentioned condition is considered in this work to estimate the OQT 
corresponding to the three designed alloys. 

To determine the Ms temperature, an empirical approach was used. 
The experimental data from literature studies on QP processing of 13 Cr 
martensitic stainless steels [11–16] were fitted to obtain a specific MS 
equation for this type of steel. The fitting process was carried out in two 
steps (Fig. 2). First, an equation was applied, considering only Si and C 
as fitting parameters. This is shown by Eq. (1) below  

MS = 382.5–530.8• (%C) − 9.7• (%Si),                                              (1) 

where the C and Si contents are considered in wt. %. 
Since Eq. (1) does not take into account Mn or Cr, it was decided to 

refit the data again using Eq. (1), considering coefficients for Cr and Mn 
from the Andrews equation validated by Kung and Rayment [19] for 
steels with up to 12 wt % Cr and 5 wt % Mn. The result of this fit with the 
independent constant in Eq. (1) as the only fitting parameter gave the 

Fig. 1. A schematic presentation of the Q&P heat treatment, where A3 indicates 
the temperature above which only austenite is present in the microstructure, MS 
martensite start temperature, QT quenching temperature and RT room 
temperature. 
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following equation (modified Andrews):  

MS = 553.7 − 530.8• (%C) − 9.7• (%Si) − 12.1• (%Cr) − 30.4• (%Mn).(2) 

By assuming MS equal to room temperature, this equation provides 
the minimum carbon content that must be present in the austenite to 
obtain its full stabilization at room temperature. Under the conditions of 
full carbon partitioning from martensite to austenite, and considering 
austenite having the calculated carbon concentration, the carbon bal-
ance in the material is such that [20]: 

f γ
OQT ⋅ (%C)

γ
=(%C)

alloy (3)  

where (%C)alloy is the carbon content of the alloy, and f γ
OQT the maximum 

volume fraction of austenite, that can be fully stabilised at room tem-
perature after full carbon partitioning, when the quenching temperature 
is equal to OQT. These theoretical maximum fractions of retained 
austenite are 0.30, 0.46 and 0.57 for alloys 410, 420 and 420ma, 
respectively. The quenching temperatures leading to these fractions of 
untransformed austenite are the OQT of the designed alloys. 

Dilatometry experiments used to measure the MS temperature on 
quenching were also considered to experimentally determine OQT based 

on the calculated maximum fractions of retained austenite. Fig. 3 shows 
the experimentally measured volume fraction of martensite as a function 
of undercooling below MS on quench. These graphs demonstrate that the 
quenching temperatures leading to the determined theoretical 
maximum fractions of retained austenite are 160 ◦C, 122 ◦C and 62 ◦C, 
respectively. Although these were appropriated first estimations, in the 
case of alloy 420, further experiments showed that the quenching tem-
perature of 122 ◦C was still leading to fresh martensite. Therefore, it was 
decided to reduce further the temperature considered as OQT to 99 ◦C. 

Regarding the possibility of performing Q&P treatments with QT 
equal to room temperature, Fig. 3 shows that alloys 420 and 420ma still 
display significant fractions of retained austenite at room temperature 
after quenching. Particularly, volume fractions equal 17% and 35%, 
respectively. Therefore, in these cases, the application of room tem-
perature quenching followed by partitioning was considered of interest. 
All these theoretical phase fractions will be further evaluated in exper-
iments, as it is shown in the following sections. 

In the present investigation, the partitioning condition of 450 ◦C for 
5 min was selected to maximize carbon partitioning while minimizing 
the precipitation of carbides. To check this choice, the kinetic calcula-
tions were performed under constrained carbon equilibrium (CCE) and 
fixed interface using the model proposed by Santofimia et al. [21]. This 
model considers the 1 dimensional diffusion of carbon from martensite 
to austenite, assuming an austenite martensite film morphology, which 
is appropriate for the Q&P microstructures. In this case, martensite with 
0.2 μm thickness was assumed to share an interface with austenite with 
0.05 μm thickness. This situation corresponds to a system formed by 
80% fraction martensite and 20% fraction austenite, according to 
Ref. [22]. Calculations were performed in half-thickness, assuming 
mirror conditions for different times at 450 ◦C. Fig. 4 shows the results of 
these calculations. It is seen that although the partitioning of martensite 
to austenite is finished in less than 1 s, the homogenization of carbon in 
the austenite film takes 1 s. Since the sizes of the retained austenite 
grains can vary in the microstructure, a partitioning time of 5 min was 
considered sufficient to ensure carbon homogenization in the austenite 
after the partitioning step. 

2.3. Q&P processing 

Steels were received in the form of cold-rolled sheets having a 
thickness of 1.5 mm. Samples having a length of 100 mm and a width of 
10 mm were machined along the rolling direction. Their surface was 

Table 1 
Chemical composition of the studied alloys (wt. %).  

Designation C Mn Si Cr Ni Al N Nb Ti 

410 0.2 0.7 0.35 12.5 0.20 0.01 0.03 – – 
420 0.3 0.7 0.35 13.0 0.20 0.01 0.03 – – 
420ma 0.3 3.0 0.35 13.0 0.20 0.01 0.03 0.05 0.05  

Fig. 2. Comparison of calculated values of MS with Eq. (1) (filled symbols) and 
Eq. (2) (open symbols), with experimentally determined values of MS for 13Cr 
steels from literature [11–16]. 

Fig. 3. Graphs showing the fraction of martensite formed during cooling as a function of temperature for alloys 410, 420 and 420ma.  
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ground, so the final thickness was 1.2 mm. These samples were Q&P 
treated in an argon atmosphere using a thermo-mechanical simulator 
GLEEBLE 3800. A K-type thermocouple was welded onto the midsection 
of each coupon to control temperature during Q&P treatment. The ac-
curacy of temperature control was ±1 ◦C. 

A schematic drawing of the Q&P treatment is presented in Fig. 1. The 
samples were fully austenitized at 1100 ◦C for 15 min and quenched to 
the given quenching temperature with a cooling rate >1 

◦

C/s and soaked 
at the quenching temperature for 20 s. It should be noted that only OQT 
of 160 ◦C was used for the alloy 410, whereas the remaining two alloys 
were quenched to OQT or room temperature (RTQ), which was in the 
range of 28–30 ◦C. The quenching step was followed by heating with the 
heating rate of 10 

◦

C/s to partitioning temperature (PT), partitioning for 
the given time (Pt), and quenching to room temperature with the cooling 
rate of >1 

◦

C/s. All three steels were partitioned at 450 ◦C for 5 min (see 
Section 2.2). Additionally, to study the effect of PT and Pt on the 
microstructure and properties, alloy 410 was partitioned at 400 ◦C for 5 
min or at 450 ◦C for 2 min. At least three coupons were Q&P treated for 
each condition. Hereafter, all Q&P processed samples will be designated 
as ‘alloy-QT-PT-Pt’. 

2.4. Microstructural characterization 

Quantitative microstructural characterization of the Q&P treated 
samples was performed through electron backscatter diffraction (EBSD) 
analysis. Specimens were ground and polished to a mirror-like surface 
applying standard metallographic techniques with final polishing using 
colloidal silica suspension (OPS). The EBSD studies were performed 
using an FEI Quanta™ Helios NanoLab 600i equipped with a Nordlys-
Nano detector controlled by the AZtec Oxford Instruments Nanoanalysis 
(version 2.4) software. The data were acquired at an accelerating 
voltage of 20 kV, a working distance of 8 mm, a tilt angle of 70◦, and a 

step size of 100 nm. The orientation data were post-processed using HKL 
Post-processing Oxford Instruments Nanotechnology (version 5.1©) 
software and TSL Data analysis version 7.3 software. Grain boundaries 
having a misorientation of ≥15◦ were defined as high-angle grain 
boundaries (HAGBs), whereas low-angle grain boundaries (LAGBs) had 
a misorientation of <15◦. The volume fractions of tempered martensite, 
fresh martensite and retained austenite present in each EBSD micro-
graph were determined by a two-step procedure [23]. In this procedure, 
retained austenite and martensite are separated in the first step (Fig. 5a). 
In the second step, fresh martensite (FM) and tempered martensite (TM) 
are separated using the grain average image quality (GAIQ) criterion 
(Fig. 5b). Grain size was calculated as an average grain diameter. The 
prior austenite grain size was measured by reconstructing the austenite 
grains using the MTEX package for Matlab, and specifically, a routine 
developed by T. Nyyssönen [24]. The microstructure was observed on 
the plane perpendicular to the sample transverse direction (the RD–ND 
plane). 

Additional XRD studies were performed to measure the volume 
fraction of retained austenite and carbon content therein. The XRD 
measurements were carried out on a diffractometer (Empyrean, PAN-
alytical) with Cu Kα radiation (λ = 0.1506 nm) at 45 kV and 40 mA. The 
scans were performed in the range of 40–105◦ with a step size of 0.05◦. 
The lattice parameter of the austenite was calculated using the peak 
positions of the four austenite peaks and the Nelson-Riley function; the 
latter was used to correct the sample displacement. Carbon content was 
calculated following the methodology described in Ref. [25]. 

To study nanoscale carbides formed in the 420ma alloy, transmission 
electron microscopy (TEM) studies were carried out using a FEG S/TEM 
(Talos F200X, FEI) operated at an accelerating voltage of 200 kV. Thin 
foils were prepared on a TenuPol 5 (Struers®) by twin-jet electro-
polishing with 10% perchloric acid in acetic acid at 15 ◦C at an operating 
voltage of 40 V. TEM imaging was carried out in bright-field (BF) and 

Fig. 4. Calculated carbon diffusion profiles in martensite and austenite during the partitioning step at 450 ◦C under CCE conditions: a) for 0.2 wt %C, b) for 0.3 wt 
%C. 
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high-angle annular dark field (HAADF) modes. Elemental mapping was 
carried out using energy dispersive spectroscopy (EDS) detector SuperX 
(4 detectors) from FEI & Bruker, integrated in the TEM. 

2.5. Tensile testing 

Sub-size tensile samples with a gauge length of 4 mm and a gauge 
width of 1 mm were machined from the midsection of the Q&P treated 
coupons. The tensile axis was parallel to the rolling direction. The sur-
face of the machined samples was carefully ground to remove the oxide 
layer, so the final thickness of the samples was ~0.9 mm. Tensile tests 
were carried out at room temperature and initial strain rate of 10− 3 s− 1 

using a Kammrath&Weiss testing module. The outcomes of tensile tests 
were analyzed, and basic mechanical properties (yield strength σ0.2, 
ultimate tensile strength σUTS, uniform elongation εu, and total elonga-
tion εt) were measured. In order to estimate the strain hardening 
exponent n, true stress – true strain curves were plotted and fitted by the 
simple power law σ = Kεn, where K is the strength coefficient. At least 
two tests were performed for each condition, and the results were found 
to be reproducible. 

3. Results 

3.1. Microstructure of the Q&P treated steels 

Fig. 6 illustrates typical EBSD band contrast maps overlaid by an 
inverse pole figure (IPF) map for retained austenite grains and corre-
sponding kernel average misorientation (KAM) maps. The alloys/con-
ditions showing the highest (Fig. 6c), average (Fig. 6a) and lowest 
(Fig. 6b) local volume fractions of retained austenite are presented. The 
retained austenite grains are homogeneously distributed over the 
microstructure of all studied samples. Two morphologies of retained 
austenite can be noted: blocky morphology (relatively large equiaxed 
grains having a size of ≥1 μm) and interlath morphology (finer elon-
gated grains). Retained austenite grains do not show any preferred 
crystallographic orientation (Fig. 6). The lath structure of the martens-
itic matrix is also clearly seen. The KAM maps (Fig. 6) demonstrate that 
the interior of martensite lath has nearly zero misorientation, whereas 
the martensite lath boundaries show higher misorientation of 1 ….1.5o. 
Some ultra-fine non-indexed areas on the maps (white pixels on the KAM 
maps, Fig. 6) may correspond to fresh martensite, which could not be 
indexed, as the high carbon content results in high lattice distortion [23, 
26]. They are usually adjacent to retained austenite grains. Also, the 
grain, packet, block and lath boundaries cannot be indexed due to 
overlapping patterns. 

The local volume fractions of the microstructural constituents and 

their size after different Q&P treatments applied to the studied alloys are 
listed in Table 2 and Table 3, respectively. The histograms of grain size 
distribution for retained austenite are compared in Fig. 7. It is seen that 
the increase of the partitioning temperature and time is beneficial for the 
410 alloy, as the local volume fraction of retained austenite increases 
from 6.7% to 9.6% (Table 2). There is no significant effect of the Q&P 
parameters on the retained austenite grain size. As is well known, lath 
martensite is characterized by a hierarchical sub-grain structures 
comprising packets, blocks and laths of particular crystallography [27]. 
These microstructural constituents of the martensitic matrix in all 
studied alloys vary widely in size and do not show a clear dependence on 
the applied Q&P treatment parameters (Table 3). 

There is a dramatic effect of quenching temperature on the micro-
structure of the 420 alloy. The local volume fraction of retained 
austenite measured by EBSD drops significantly from 9.7% to 0.4% with 
decreasing quenching temperature (Fig. 6b, Table 3), and the formation 
of retained austenite grains with a size above 1 μm is fully suppressed 
(Figs. 6b and 7b). The increase of Mn content and additional micro-
alloying by Nb and Ti (alloy 420ma, Table 1) benefits the volume 
fraction of retained austenite, which increases to 14.5–15.5% (Table 2). 
This is related to the additional stabilization of retained austenite by Mn 
[10]. Also, microalloying by Nb and Ti results in the formation of 
nanoscale NbC and TiC particles in the alloy 420ma (Fig. 8). They are 
typically formed during hot rolling of such steels and characterized by 
very high thermal stability [28,29]. They have a spherical shape with 
the average size of 81 ± 26 nm and 43 ± 16 nm, respectively (Fig. 8). 
The NbC precipitates tend to decorate TiC nanoprecipitates. According 
to the thermodynamic analysis carried out in the earlier works, the 
formation of such complex precipitates is the result of the precipitation 
sequence of particles, TiC followed by NbC, where a newly formed NbC 
particle precipitates on the habit plane of a pre-existing TiC particle 
[30]. The habit plane is the interface with the lowest misfit between the 
secondary NbC particle and the pre-existing TiC particle. The Q&P 
treatment parameters do not affect the morphology and size of NbC and 
TiC nanoparticles. 

It has been well known that both NbC and TiC nanocarbides effec-
tively pin grain boundaries thus refining the microstructure during 
thermo-mechanical processing [28,29]. Indeed, the prior austenite 
grains in the 420ma alloy are smaller (21.7 μm) compared to those in the 
410 and 420 alloys (37.7 μm and 36.2 μm, respectively) (Table 3). The 
finer prior austenite grain size in the 420ma alloy results in the finer 
martensite packet size (Table 3) [31]. It should be noted that the finer 
prior austenite grains could be an additional factor leading to the 
enhanced volume fraction of retained austenite in the Q&P treated 
420ma alloy. In Ref. [18], Celada-Casero et al. demonstrated that pro-
vided the sufficient volume fraction of primary martensite, and that the 

Fig. 5. A typical EBSD phase map of 420ma-OQT-450-5 sample with identified microstructural constituents: a) in the first step, retained austenite (RA) in the 
martensitic matrix is detected; b) in the second step, fresh martensite (FM) and tempered martensite (TM) are discriminated. FM is in blue, RA is in red, and TM is the 
matrix. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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partitioning conditions ensure the partitioning of all carbon to the sur-
rounding austenite, finer prior austenite grain sizes result in a faster and 
more efficient carbon partitioning process than coarser microstructures 
through the formation of smaller and more homogeneously distributed 
phases during the first quench. Similar effect of finer prior austenite 
grain size on the volume fraction of retained austenite was also recently 
reported in another work [26]. 

The XRD technique provided higher fractions of retained austenite 
for all studied alloys compared to the EBSD method (Table 4). There are 
two main reasons for this observation. First, the interlath retained 
austenite grains having thickness well below the step size used in the 
EBSD measurements (100 nm) [32] and film-type retained austenite 
having a thickness less than 50 nm [33] cannot be detected by EBSD 
analysis. Second, using the XRD technique we measure the volume 
fraction of retained austenite on a larger area of ~1 mm2, and it also 
includes the sub-surface volume. Meanwhile, EBSD measurements are 
limited to a surface area having a size of ~50 μm × 30 μm (Fig. 6). It 
should be noted that the fractions of finest interlath retained austenite 
and film-like retained austenite can vary in different alloys, thus 
resulting in varying difference between volume fractions of retained 

austenite measured by XRD and EBSD. Nevertheless, there is a good 
correlation between the outcomes of the EBSD and XRD analyses 
(Table 4). In the 410 alloy, the carbon content in retained austenite 
tends to increase from 0.85 wt % to 0.98 wt % with the increasing 
partitioning temperature and time due to the higher amount of carbon 
atoms diffused into retained austenite [18]. Also, a significant drop of 
austenite content in the 420 alloy with the decreasing quenching tem-
perature leads to a noticeable increase of carbon content therein. In the 
420-RTQ-450-5 sample, a very high fraction of primary martensite (i.e. a 
very low fraction of retained austenite) provides a significant amount of 
carbon to the austenite, thus resulting in the increased carbon content 
[18]. 

3.2. Tensile behaviour 

Fig. 9 presents engineering stress – engineering strain curves from 
tensile testing of the Q&P treated alloys. The basic tensile mechanical 
properties and strain hardening exponent n were determined from the 
curves and summarized in Table 5. The following observations can be 
noted. 

Fig. 6. Typical microstructures of the Q&P 
treated samples: a) 410-OQT-450-5 (with 
the average local volume fraction of retained 
austenite); b) 420-RTQ-450-5 (with the 
lowest local volume fraction of retained 
austenite); c) 420ma-OQT-450-5 (with the 
highest local volume fraction of retained 
austenite). Left: EBSD band contrast map 
overlaid by retained austenite IPF map; 
Right: KAM map of the corresponding area. 
(For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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All Q&P treated alloys show ultimate tensile strength (UTS) above 
1300 MPa and total elongation above 19%. In alloy 410, the yield 
strength (YS), uniform elongation and total elongation tend to increase 
with the increasing partitioning temperature and time, whereas ultimate 
tensile strength and strain hardening exponent show an opposite trend. 
The QP treated alloy 420 shows better mechanical strength compared to 
the 410 alloy. There is no significant effect of quenching temperature on 
the strength properties of the 420 alloy, whereas its total elongation and 
average n-values decrease, and uniform elongation dramatically drops 
with the decreasing quenching temperature. Despite significant strain 
hardening at the early stage of plastic deformation of the 420-RQT-450- 
5 (Fig. 9), the necking onsets at the plastic strain of 7.2%. The micro-
alloyed alloy 420ma shows intermediate UTS values (1524 MPa) 
compared to the other two alloys, combined with sufficient uniform 
elongation values (15.2–17.1%). There is not significant effect of 
quenching temperature on strength of the 420ma alloy, whereas its total 
elongation decreases with the increasing quenching temperature (RTQ 
vs. OQT). 

Data on mechanical properties of conventional quenched and 
tempered martensitic stainless steels have also been added in Table 5 for 
comparison. It is seen that the Q&P processed 410 alloy shows much 
better strength and ductility compared to the conventional quenched 
and tempered 410 alloy. Meanwhile, both Q&P treated 420 and 420ma 
alloys demonstrate similar level of strength as the conventional coun-
terpart quenched and tempered at low temperatures. 

4. Discussion 

The outcomes of the microstructural characterization (Section 3.1) 
and tensile testing (Section 3.2) clearly show a strong effect of the Q&P 
treated microstructure on the tensile mechanical properties. Mechanical 
behavior of martensitic stainless steels containing retained austenite is 
determined by the interplay of several factors which are considered 
below. 

4.1. The role of retained austenite 

It is well known, that the volume fraction, size and stability of 
retained austenite grains play the key role in the mechanical behavior of 
AHSS [5–8,10]. A positive effect of the enhanced volume fraction of 
retained austenite (Table 2) on the uniform elongation values (Table 5) 
can be noted for all studied Q&P treated alloys. For example, the uni-
form elongation of the alloy 420 increases from 7.2% to 18.1% with the 
increasing local volume fraction of retained austenite from 0.4% to 9.7% 
(Table 2, Table 5). Earlier in situ studies of strain partitioning between 
phases in carbon steels showed that blocky retained austenite accom-
modates much higher local plastic strains compared to the martensitic 
matrix before its transformation [35,36]. Transformation of plastically 
deformed metastable blocky and interlath retained austenite grains 
under applied loading provides additional ductility due to the TRIP ef-
fect [5,10]. 

EBSD analysis of the Q&P treated samples after tensile testing of the 
five selected conditions revealed dramatic reduction of the volume 
fraction of retained austenite in all Q&P treated steels (Fig. 10, Table 6). 
Histograms of blocky and interlath retained austenite size distribution 
before and after tensile deformation of the selected conditions are 
compared in Fig. 11. It is seen that the austenite grains remaining after 
plastic deformation are much finer compared to those present in the 
microstructure before testing. Most blocky and larger interlath retained 
austenite grains transformed into martensite (Table 6). This is related to 
the higher stability of the fine interlath retained austenite grains [10]. 
Carbon content in retained austenite grains plays another important 
role. The higher is the carbon content, the higher is the stability of 
retained austenite [10]. From Table 4, it is seen that the increasing 
partitioning temperature and partitioning time in the alloy 410 leads to 
the higher carbon content in retained austenite [37], which, in turn, 
promotes its stability during plastic deformation [10]. Gradual trans-
formation of retained austenite during tensile deformation maintains 
steady strain hardening, thus delaying the onset of necking [38,39]. 

It is known that metastable retained austenite grains with different 
crystallographic orientations have different stability during uniaxial 
tensile loading [10,40]. However, from the IPF maps, it is seen that the 
remaining retained austenite grains do not show any preferred crystal-
lographic orientation (Fig. 10c). It can be suggested that the stress 
partitioning between martensite and austenite along with the con-
straining effect of the martensitic lath minimizes this effect. Indeed, a 
number of articles reported that crystallographic orientation plays a 
secondary role in affecting the austenite stability compared to its grain 
size [41] and chemical composition [42]. 

Table 2 
Local volume fractions of the individual microstructural constituents measured 
by EBSD.  

Alloy Sample Local volume fractions of microstructural 
constituents [%] 

Non- 
indexed 
pixels [%] 

Retained 
austenite 

Tempered 
martensite 

Fresh 
martensite 

410 410- 
OQT- 
400-5 

6.7 74.7 2.6 16.0 

410- 
OQT- 
450-2 

6.7 77.3 5.3 10.7 

410- 
OQT- 
450-5 

9.6 74.8 3.3 12.3 

420 420- 
OQT- 
450-5 

9.7 75.6 2.3 12.4 

420-RTQ- 
450-5 

0.4 86.3 5.7 7.6 

420ma 420ma- 
OQT- 
450-5 

15.5 61.1 4.4 19 

420ma- 
RTQ-450- 
5 

14.5 67.3 3.6 14.6  

Table 3 
Size of the individual microstructural constituents measured by EBSD.  

Alloy Condition Microstructural parameters [μm] 

Retained austenite grain size Martensite packet size Martensite block size Martensite lath size Prior austenite grain size 

410 410-OQT-400-5 0.6 ± 0.2 17.5 ± 8.2 3.1 ± 1.3 0.9 ± 1.2 37.7 ± 9.7 
410-OQT-450-2 0.6 ± 0.2 12.3 ± 7.8 3.3 ± 1.9 0.6 ± 0.8 
410-OQT-450-5 0.7 ± 0.3 11.3 ± 4.8 2.9 ± 0.7 0.7 ± 1.0 

420 420-OQT-450-5 0.7 ± 0.4 13.2 ± 2.0 2.4 ± 0.4 0.5 ± 0.9 36.2 ± 16.7 
420-RTQ-450-5 0.5 ± 0.1 16.2 ± 5.3 2.8 ± 0.9 0.9 ± 1.0 

420ma 420ma-OQT-450-5 0.8 ± 0.5 9.9 ± 5.1 2.8 ± 0.7 0.7 ± 0.9 21.7 ± 4.1 
420ma-RTQ-450-5 0.8 ± 0.5 11.0 ± 3.4 2.5 ± 0.8 0.7 ± 1.1  
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Despite the 420ma alloy has the higher Mn content and is addi-
tionally microalloyed by Nb and Ti, its strength is surprisingly lower 
compared to the alloy 420 independently on the applied quenching 
temperature (Table 5). This observation can be rationalized based on the 
much higher volume fraction of blocky retained austenite in 420ma 
alloy compared to the 420 alloy (Table 6). The 420ma-RTQ-450-5 
sample contains 10.3% of blocky retained austenite, whereas the latter 
is absent in the 420-RTQ-450-5 sample (Table 6). Plastic deformation 
begins with localized plastic flow in the soft blocky retained austenite 
grains, spreading to martensitic matrix due to dislocation hardening 
and/or austenite-martensite phase transformation at the later stage of 
plastic deformation [35,36]. An increasing fraction of the blocky 
retained austenite in the microstructure of the 420ma alloy leads to 
softening of the material and to the lower YS- and UTS-values. Mean-
while, the NbC and TiC nanocarbides do not provide significant 
strengthening effect (see Section 4.3). 

4.2. The role of martensitic matrix 

There is a significant body of experimental research showing the 
relationship between microstructural parameters of the martensite and 
mechanical properties. The martensite packet size plays the key role in 
controlling yield strength and ductile-brittle transition temperature 
(DBTT) [43]. The finer it is, the higher the yield strength and the lower 
the DBTT are. This effect, however, cannot be analyzed in our steels due 
to the minor variation in martensite packet size with Q&P parameters in 
the given alloy (Table 3). 

Ability of the martensitic matrix to accumulate plastic deformation 
without its localization is an important factor determining ductility of 
the Q&P treated steels [26,44]. Qualitative analysis of the KAM maps 
before (Fig. 6) and after tensile deformation (Fig. 10) clearly shows 
increased misorientations in both the martensitic matrix and remaining 

retained austenite grains of the deformed material, which indicates high 
density of geometrically necessary dislocations (GNDs) accumulated in 
the microstructure [45]. Also, the higher fraction of fresh martensite in 
the deformed material further increases the fraction of the non-indexed 
pixels. Histograms of the local misorientation distribution in the Q&P 
treated steels before and after tensile deformation are compared in 
Fig. 12. It is clearly seen that plastic deformation shifts the histograms 
towards higher misorientation values. This shift is especially pro-
nounced in the 420ma alloy (Fig. 12d and e) showing the highest uni-
form elongation values (Table 5). On the contrary, the lowest increase in 
misorientation values is demonstrated by the 420-RTQ-450-5 alloy 
(Fig. 12c) which has the lowest uniform elongation (Table 5). 

4.3. About the role of the nanocarbides 

It is well known that the interaction of nanocarbides with the gliding 
dislocations results in additional strengthening [29]. There are two 
well-known mechanisms of dislocation-particle interaction at room 
temperature: Orowan mechanism (or dislocation looping at the particle) 
and the cutting mechanism [46]. Their activation during plastic defor-
mation strongly depends on the particle size. It was demonstrated that 
the critical particle diameter for the cutting mechanism is below 7–10 
nm for the NbC and TiC carbides, whereas the Orowan mechanism can 
activate above that size [47]. The size of both NbC and TiC in the 420ma 
alloy are well above the threshold value (Fig. 8), so the Orowan mech-
anism is active in our case. The strengthening effect due to the Orowan 
mechanism can be estimated using the equation [48]. 

Δσ = k
0.277Gb

̅̅̅
f

√

r
ln
( r

1.22b

)
(4)  

where G is the shear modulus of the matrix, b the magnitude of the 
Burgers vector, f the volume fraction of particles, and r the particle 

Fig. 7. Histograms of grain size distribution for retained austenite in the Q&P treated: a) alloy 410; b) alloy 420; c) alloy 420ma. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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radius. TEM analysis does not allow to precisely estimate the volume 
fraction of nanocarbides in the material, as it is a very local tool. The 
EDX analysis in TEM did not reveal any presence of Nb or Ti elements in 
the matrix. Therefore, it can be suggested that all Nb and Ti atoms were 
effectively used for the formation of carbides. So, we can estimate the 
volume fraction of NbC and TiC: 0.055% and 0.098%, respectively. 

Introducing all the data1 into Eq. (4), we obtain that the precipitation 
hardening from NbC and TiC does not exceed 19 MPa and 41 MPa, 
respectively. Provided that most of the TiC are decorated by NbC, their 
joint strengthening effect should be even lower. Therefore, it can be 

Fig. 8. BF and HAADF images with corresponding elemental maps of the sample 420ma-OQT-450-5.  

Table 4 
Volume fraction of retained austenite and carbon content measured by XRD and 
comparison with the EBSD data.  

Alloy Sample Volume 
fractions of 
retained 
austenite [%] 

Lattice 
parameter [Å] 

Carbon content 
[wt. %] 

EBSD XRD 

410 410-OQT- 
400-5 

6.7 15.6 3.595 0.85 

410-OQT- 
450-2 

6.7 14.6 3.598 0.91 

410-OQT- 
450-5 

9.6 17.1 3.601 0.98 

420 420-OQT- 
450-5 

9.7 11.3 3.601 0.98 

420-RTQ- 
450-5 

0.4 1.0 3.608 1.14 

420ma 420ma-OQT- 
450-5 

15.5 19.0 3.598 0.85 

420ma-RTQ- 
450-5 

14.5 19.5 3.596 0.83  

Fig. 9. Typical engineering stress – engineering strain curves for the Q&P 
treated alloys. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

1 G = 80.3 GPa, b = 0.248 nm, k = 1.21 [41]. 
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concluded that both nanocarbides do not provide any significant addi-
tional hardening, and their primary role is the microstructure 
refinement. 

4.4. About feasibility of the QP process in manufacturing martensitic 
stainless steels 

Typically, martensitic stainless steels are manufactured by austenitis-
ing, quenching and tempering for at least 1 h [49]. For stainless steel 

Table 5 
Basic tensile mechanical properties of the Q&P treated martensitic stainless steels and their conventional quenched and tempered counterparts.  

Alloy Condition YS [MPa] UTS [MPa] εu [%] εt [%] n Ref. 

410 410-OQT-400-5 880 1403 11 23.3 0.13 This work 
410-OQT-450-2 950 1388 12.5 25.6 0.11 
410-OQT-450-5 1007 1335 16.5 28.4 0.10 

420 420-OQT-450-5 1120 1655 18.1 24.2 0.15 
420-RTQ-450-5 1152 1605 7.2 19.4 0.12 

420ma 420ma-OQT-450-5 943 1524 17.1 19.3 0.18 
420ma-RTQ-450-5 1059 1524 15.2 26.5 0.12 

AISI 410 Quenched and tempered at relatively low temperature 620 830 – 12 – ASTM standard [34] 
AISI 410 Quenched and tempered at relatively high temperature 550 690 – 12 – 
AISI 420 Quenched and tempered at relatively low temperature 1360 1600 – 12 – 
AISI 420 Quenched and tempered at relatively high temperature 810 1035 – 18 –  

Fig. 10. Typical microstructure of the Q&P 
treated samples after tensile testing: a) 410- 
OQT-450-5 (with initial average local vol-
ume fraction of retained austenite); b) 420- 
RTQ-450-5 (with initial lowest local vol-
ume fraction of retained austenite); c) 
420ma-OQT-450-5 (with initial highest local 
volume fraction of retained austenite). Left: 
EBSD band contrast map overlaid by 
retained austenite IPF map; Right: KAM map 
of the corresponding area. (For interpreta-
tion of the references to colour in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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Table 6 
Volume fraction (f γ

total) and grain size (dγ
total) of retained austenite before and after tensile deformation of the selected conditions. Data on volume fraction and grain size 

of blocky retained austenite (f γ
blocky and dγ

blocky, respectively) and interlath retained austenite (f γ
il and dγ

il, respectively) are also provided.  

Sample Before testing After testing 

Volume fraction of retained 
austenite 

Grain size of retained austenite Volume fraction of retained 
austenite 

Grain size of retained austenite 

fγ
total [%] fγ

blocky [%] f γ
il [%] dγ

total [μm] dγ
blocky [μm] dγ

il [μm] f γ
total [%] fγ

blocky [%] fγ
il [%] dγ

total [μm] dγ
blocky [μm] dγ

il [μm] 

410-OQT-450-5 9.6 3.0 6.6 0.7 ± 0.3 1.3 ± 0.2 0.4 ± 0.2 0.8 0.5 0.3 0.4 ± 0.3 1.6 ± 0.7 0.3 ± 0.2 
420-OQT-450-5 9.7 2.5 7.2 0.7 ± 0.4 1.3 ± 0.1 0.4 ± 0.2 3.8 0.6 3.2 0.4 ± 0.2 1.3 ± 0.1 0.4 ± 0.2 
420-RTQ-450-5 0.4 0 0.4 0.5 ± 0.1 0 0.5 ± 0.1 0.2 0 0.2 0.3 ± 0.1 0 0.3 ± 0.1 
420ma-OQT-450-5 15.5 10.8 4.7 0.8 ± 0.5 1.5 ± 0.6 0.4 ± 0.2 2.9 0.6 2.3 0.4 ± 0.2 1.2 ± 0.2 0.3 ± 0.2 
420ma-RTQ-450-5 14.5 10.3 4.2 0.8 ± 0.5 1.6 ± 0.6 0.4 ± 0.2 1.5 0.1 1.4 0.4 ± 0.2 1.3 0.4 ± 0.2  

Fig. 11. (a–e) Histograms of the size distribution of blocky retained austenite (dashed lines) and interlath retained austenite (solid lines) before testing (BT) and after 
testing (AT) of: a) 410-OQT-450-5 alloy, b) 420-OQT-450-5 alloy, c) 420-RTQ-450-5 alloy, d) 420ma-OQT-450-5 alloy, e) 420ma-RTQ-450-5 alloy; f) a comparison of 
total volume fraction (fγ) and grain size of retained austenite before testing (BT) and after testing (AT) in all studied samples. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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industry, the benefits of the Q&P process are manyfold. First, its applica-
tion would reduce the heat treatment time and, therefore, the energy 
consumption related with the manufacturing process. Unlike carbon steels, 
stainless steels with appropriate chemistry can be subjected to Q&P pro-
cessing via quenching to room temperature (see Section 2.2). This provides 
additional advantages for the Q&P process from an industrial viewpoint, 
as there would be no need to control the quenching temperature on the 
industrial processing lines. The results presented in this work and earlier 
studies by other researchers [11,12] have demonstrated that a good 
combination of mechanical strength and ductility can be reached in 
martensitic stainless steels via Q&P processing. Improved fracture per-
formance can be expected in the developed materials, as retained austenite 
improves fracture initiation toughness and crack growth resistance due to 
the TRIP-effect delaying crack propagation [50]. Also, carbon partitioned 
from martensite into austenite is expected to reduce the risk of interphase 
galvanic corrosion [51]. A deep understanding of the 

chemistry-process-microstructure-property relationship in these materials 
will enable a further tailoring their mechanical and application related 
properties for the benefit of end-users. Last but not least, application of the 
Q&P process allows to reduce the alloying cost by reducing Ni content by 
an order of magnitude. Currently, the vast majority of stainless steels 
contain between 8 and 11% of Ni. It is a very expensive metal which is also 
fast becoming one of the world’s most critical elements [52]. 

5. Conclusions 

The effect of alloying and Q&P treatment parameters on the micro-
structure and properties of martensitic stainless steels was experimen-
tally studied. The following conclusions can be drawn based on the 
outcomes of this work. 

Alloy chemistry and Q&P parameters (quenching temperature, par-
titioning temperature and partitioning time) significantly affect the 

Fig. 12. Histograms of the local misorientation distribution before testing (BT) and after testing (AT) of: a) 410-OQT-450-5 alloy; b) 420-OQT-450-5 alloy; c) 420- 
RTQ-450-5 alloy; d) 420ma-OQT-450-5 alloy; e) 420ma-RTQ-450-5 alloy. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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microstructure of the Q&P treated martensitic stainless steels. The vol-
ume fraction of retained austenite tends to increase with increasing 
partitioning temperature (from 400 ◦C to 450 ◦C) and partitioning time 
(from 2 min to 5 min). The highest volume fraction of retained austenite 
(15.5%) is reached in the chemistry with enhanced Mn content (3 wt%) 
and microalloyed by Ti and Nb (0.05 wt%). The martensitic packet size 
and lath size are not dependent on the considered parameters. 

The Q&P treated martensitic stainless steels show a good combina-
tion of enhanced strength (UTS >1300 MPa) and sufficient tensile 
ductility (εt > 19%). Optimum Q&P parameters lead even to better 
combinations, such as UTS = 1655 MPa and εt = 24.2% (420-OQT-450-5 
sample). In all studied alloys, the uniform elongation increases with the 
increasing volume fraction of retained austenite due to the TRIP effect. 
Most coarser blocky retained austenite grains transform to martensite 
during plastic deformation, whereas fine interlath retained austenite 
grains tend to remain in the microstructure due to their higher stability. 
EBSD analysis did not reveal any important role of crystallographic 
orientation in transformation stability of retained austenite during 
uniaxial tensile loading. Significant increase of the local misorientation 
values in KAM maps of the deformed samples indicates high ability of 
tempered martensitic matrix to accumulate plastic deformation. 
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[42] R. Blondé, E. Jimenez-Melero, L. Zhao, J.P. Wright, E. Brück, S. van der Zwaag, N. 
H. van Dijk, High-energy X-ray diffraction study on the temperature-dependent 
mechanical stability of retained austenite in low-alloyed TRIP steels, Acta Mater. 
60 (2012) 565–577. 

[43] Y. Tomita, K. Okabayashi, Effect of microstructure on strength and toughness of 
heat-treated low alloy structural steels, Metall. Trans. A 17 (1986) 1203–1209. 

[44] I. de Diego-Calderon, D. De Knijf, M.A. Monclús, J.M. Molina-Aldareguia, 
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