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A B S T R A C T

Effect of partitioning on structure and mechanical properties of a Fe-0.44%C-1.8%Si-1.3%Mn-0.82%Cr-0.28%Mo 
steel processed by quenching-partitioning (Q&P) was considered. This Q&P steel exhibited a superior combi-
nation of the yield stress (YS) of ~1150 MPa, ultimate tensile strength (UTS) of ~1650 MPa and elongation-to- 
failure (δ) of ~21 %. The product of strength and elongation (PSE – UTS × δ) was >30 GPa × % after parti-
tioning, with a duration ranging from 60 to 500 s. During partitioning, three main processes occurred: the carbon 
partitioning between retained austenite (RA) and martensite/bainitic ferrite (BF), the transformation of blocky 
RA into bainite, and the precipitation of transition η–Fe2C carbides in the martensitic matrix. The enrichment of 
RA by carbon changed the mechanism of bainitic transformation and then suppressed the formation of BF and 
induced the reverse growth of RA upon 500 s partitioning. The rate of carbon partitioning depends on the 
diffusion path that produces a wide distribution of carbon concentration in areas of RA. The formation of sec-
ondary martensite and bainite takes place in areas of untransformed austenite with relatively low carbon content. 
The effect of RA volume fraction on ductility and the PSE is insignificant. Carbon enrichment of RA ceased its 
transformation into strain-induced martensite and induced twinning during tension.

1. Introduction

Advanced high-strength steels (AHSS) are widely used by the auto-
motive industry due to the attractive combination of high ultimate 
tensile strength (UTS) and ductility, δ, characterized by the product of 
strength and elongation (PSE = UTS × δ) (MPa × %) [1]. The third 
generation AHSS has to be both strong and ductile and exhibit a superior 
combination of high yield stress (YS) ≥1000 MPa with PSE≥3⋅104 MPa 
× % [1]. Quenching-partitioning (Q&P) processing may provide these 
properties of low-alloy steels due to the formation of a multiphase 
structure [1]. The Q&P process consists of four steps (Fig. 1) [1–13]. 
Austenitization (i) followed by quenching in a hardening agent heated 
up to a temperature, Tq, lying below the martensite-start (MS) and above 
martensite-finish (MF) temperatures (Fig. 1) (ii) [1–4]. The quenching 
step prescribes the ratio between martensite and retained austenite (RA) 
[1–5]. The partitioning step (iii) is carried out at a temperature, Tp, for 
tp. Partitioning temperature, Tp, is usually higher than Ms. This step 
provides the carbon partitioning from the martensite to RA. The final 

cooling (iv) produces untempered/fresh martensite termed secondary 
martensite, M2, that may reduce the ductility of Q&P steels [9].

It was postulated [2,9,10] that the partitioning has to produce only 
two constituents: carbon-depleted martensite termed as primary 
martensite, M1, and carbon-enriched RA. Combination of high volume 
fraction of M1 constituent and low volume fraction of the RA can pro-
vide a high strength and considerable ductility/formability [1,3,5,7,9]. 
It was presumed [2,9,10] that no other accompanying processes occur 
and the martensite volume fraction remains essentially unchanged 
during this step of the Q&P process. The martensite/austenite interfaces 
were considered to be completely immobile after the stop of martensite 
growth [2,10]. However, structural characterization of low-alloy steels 
processed by Q&P [4–12] showed that this theoretical assumption was 
oversimplified. The carbon enrichment of RA that is the essential 
mechanism of the partitioning step overlaps with the transformation of 
RA into bainitic ferrite (BF) and the precipitation of transition η–Fe2C 
carbides in the martensitic matrix [4–11]. In addition, an experimental 
evidence for the migration of the martensite/austenite interface was 

* Corresponding author. Laboratory of Advanced Steels for Agricultural Machinery, Russian State Agrarian University–Moscow Timiryazev Agricultural Academy, 
127550 Moscow, Russia.

E-mail address: mishnev@bsu.edu.ru (R. Mishnev). 

Contents lists available at ScienceDirect

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

https://doi.org/10.1016/j.msea.2024.147184
Received 11 April 2024; Received in revised form 30 July 2024; Accepted 29 August 2024  

Materials Science & Engineering A 915 (2024) 147184 

Available online 30 August 2024 
0921-5093/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:mishnev@bsu.edu.ru
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2024.147184
https://doi.org/10.1016/j.msea.2024.147184
http://crossmark.crossref.org/dialog/?doi=10.1016/j.msea.2024.147184&domain=pdf


obtained [9]. These processes affect strongly the kinetics of carbon 
partitioning and mechanical properties of Q&P steels. As a result, the 
experimentally calculated carbon content in RA is always smaller than 
that predicted by theoretical models by a factor of >2 [2,9] and an 
unusual effect of carbon content on the mechanical properties of these 
steels is observed [12–14].

There exist two types of Q&P steels with different carbon content. 
Q&P steels belonging to the first type with ≤0.3 wt%C exhibit the PSE 
value of ≤2.7⋅104 MPa × % and YS ranging from 1050 to 1238 MPa [1,3,
11,13]. The second type of Q&P steels with carbon content ranging from 
0.4 to 0.56 % exhibits the PSE ≥3⋅104 MPa × % and YS > 1000 MPa. 
Two types of Q&P steels are distinguished by morphology, volume 
fraction and dimension of RA, distribution of RA within the multiphase 
structure, and the PSE [5,7–9,11–15]. Two morphologies of RA are 
observed in Q&P steels [1,7–9,11–16]. Film-like RA with a thickness 
ranging from ~20 to ~120 nm and a length ranging from ~200 nm to 
~1 μm locates at the lath and block boundaries of lath martensite 
structure [5,7–9,11–13]. Portion of film-like RA is significantly higher 
than that of blocky RA in the first type of Q&P steels. Film-like RA is 
highly dislocated and stable against martensitic transformation during 
tension [8,9,11,14,16–20]. Blocky-type RA exhibits a nearly round 
shape with dimensions >1 μm and locates at triple junctions or along 
boundaries of packets and prior austenite grains (PAG). Volume fraction 
of blocky RA ranges from 12 to 30 pct. and is higher than the volume 
fraction of film-like RA by a factor >3 in these Q&P steels [4,8,12,14,
15].

At present, the relationship between blocky RA and mechanical 
properties is discussed. Blocky RA transforms easily to martensite under 
a small strain in tension and could not contribute to ductility in 
transformation-induced-plasticity (TRIP) [19,20]. In addition, blocky 
RA can transform into a hard and brittle M2 martensite constituent 
during final cooling that also deteriorates ductility [9]. However, high 
values of the PSE are attributed to the transformation of blocky RA 
enriched by carbon to strain-induced martensite under tension in Q&P 
steels [8,14–17,21]. There is a contradiction concerning the role of 
blocky RA in ductility that could be attributed to phase transformations 
during partitioning and their effect on structure and mechanical prop-
erties. It is known [19,20,22] that bainitic transformation leads to 
subdivision of austenite by sheaves of bainitic ferrite to lamellas, and 
this structure is optimal for achieving a good combination of strength 
and ductility. It seems that carbon content in RA with different 
morphology plays a crucial role in the mechanical behavior of Q&P 
steels. The effects of blocky RA on the PSE of TRIP steels, in which the 
carbon contents of RA and the bulk are nearly the same [16,19,20], and 
Q&P steels with carbon-enriched RA [4,8,9,12,14] are distinctly 
different.

The effect of partitioning on multiphase microstructure and me-
chanical properties was reported for the first type of Q&P steels [6,7,13]. 
In contrast, the same studies dealing with the second type of Q&P steels 
are limited [8,12] despite the fact that there is a strong correlation be-
tween phase transformation during partitioning and mechanical prop-
erties [4,8,12,23,24]. The main purpose of the present work is to 
consider the microstructural evolution and its relation with the me-
chanical properties of low-alloyed steel with 0.44 wt%C during parti-
tioning. The second objective of this work is to reveal features of bainitic 
transformation occurring in blocky RA in order to understand the role of 
this phase in achieving superior values of the PSE in the second type of 
Q&P steels [8,14].

2. Experimental procedure

A Fe-0.44%C-1.81%Si-1.33%Mn-0.82%Cr-0.28%Mo (in wt.%) steel 
was produced by air induction melting followed by electro-slag 
remelting. The steel was subjected to solution treatment at 1150 ◦C 
for 4 h followed by forging at temperatures decreasing from 1150 to 
950 ◦C [8]. Samples with a 3 mm thickness were cut from the forged 
billet and austenitized at 900 ◦C for 5 min, followed by quenching in a 
salt bath at Tq = 200 ◦C for 15 s (Fig. 1). Next, samples were carried from 
this bath to the other one heated up to Tp = 400 ◦C. Partitioning was 
performed with the holding times tp = 20, 60, 300, 500 and 1000 s 
followed by air cooling (Fig. 1). The critical points of the present steel 
(MS = 270 ◦C and MF = 51 ◦C) were reported in previous work [8] and, 
therefore, MF < Tq<MS, and Tp>MS. The quenching temperature was 
chosen based on data from previous work [8], which showed that the 
highest PSE was attained in this steel at Tq = 200 ◦C.

The flat specimens with a gauge length of 35 mm and cross-section of 
7 × 3 mm2 were cut from samples processed by the Q&P route with 
different partitioning times (Fig. 1) and then tensioned using the «Ins-
tron 5882» testing machine at room temperature in accordance with 
ASTM E08M − 04 standard. Hardness was measured using a Wolpert 
Wilson 600 MRD tester in accordance with the ASTM E18 standard.

The microstructure was examined using a Quanta 600 FEG scanning 
electron microscope (SEM) equipped with an electron backscatter 
diffraction (EBSD) pattern analyzer incorporating an orientation imag-
ing microscopy (OIM) system and a JEOL JEM-2100 transmission elec-
tron microscope (TEM) equipped with an INCA energy dispersive X-ray 
spectrometer (EDS). SEM and TEM observations were carried out using 
samples polished with 10 % HClO4 and 90 % CH3COOH solution. 
Average dimensions of particles were calculated from measurements of 
at least 50 particles on selected TEM images. The particle density of 
carbides was measured by counting the number of the particles from the 
bright-field TEM images. Identification of carbides was carried out using 
both analyses of selected area electron diffraction patterns at thin foils 
and chemical composition by EDS technique using the extraction carbon 
replicas obtained by techniques described in work [25]. The volume 
fractions of the carbide particles were estimated by measuring their 
projected area fraction on SEM images. The statistical error did not 
exceed 15 %.

The OIM images were subjected to a clean-up procedure, setting the 
minimal confidence index to 0.1. These misorientation maps were 
analyzed by TSL OIM Analysis 6 and MTEX 5.8 parent grain recon-
struction algorithm assuming Kurdjumov–Sachs (K–S) orientation rela-
tionship between parent austenite and formed martensite [14,26] that 
allows calculating dimensions of PAGs, packets by linear intersection 
method. Block widths were measured using the reconstructed EBSD 
maps by calculating the projection of all boundary points to the normal 
of the habit plane trace of the {111}γ‖(011)α in the PAGs [14,26]. Only 
blocky-type RA was detected by the EBSD technique due to the fact that 
the dimensions of film-like RA are smaller than the accuracy of this 
technique. TEM micrographs were used for measurement of the trans-
verse lath sizes and thickness of film-like RA by the linear intercept 
method.

Fig. 1. Schematic graph of Q&P processing.
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Densities of lattice dislocations were calculated from EBSD data 
using Kernel average misorientation (KAM) as [11]: 

ρ
KAM=

2θKAM
b•h

(1) 

where b is the Burgers vector, the distance h corresponds to the step size 
of the scanning. The ρKAM value characterizes the elastic bending of the 
crystal lattice and, therefore, the internal elastic stress field originated 
from lattice dislocations [27]. The density of the lattice dislocation was 
estimated by counting the individual dislocations crossing the thin foil 
surfaces on TEM micrographs: 

ρTEM =
N
A

(2) 

where N is the number of dislocations, and A is the selected area. At least 
ten arbitrary selected bright-field images taken under multiple-beam 
conditions were studied to ensure statistical reliability of the data.

The volume fraction of RA was determined by means of magnetic 
saturation measurements using a Fischer Feritscope FMP30 and X-ray 
analysis using a Rigaku Ultima IV diffractometer (40 kV, 40 mA). 
Spectra were taken in the range of 2θ Bragg angle from 30 to 135◦, with 
a step size of 0.02 deg. A X’pert High Score Plus software was used to 
calculate the volume fraction of RA according to the peaks intensities for 
the fcc lattice: (200)γ, (220)γ, (311)γ and the bcc lattice: (200)α′, (211)α′, 

(220)α′ [8,11,23,25,28–30]. The average concentration of carbon in RA 
was calculated using the following relationship [8,27,28]: 

αγ

(
A
•)

=3.578+ 0.033CRA +0.00095MnRA + 0.0031MoRA (3) 

where CRA, MnRA, and MoRA are the concentrations of C, Mn, and Mo in 
RA in wt.%, respectively.

A high-precision Bahr DIL 805 A/D dilatometer was used to obtain 
dilatations curves using cylindrical samples with a 10 mm length and a 
3 mm diameter. The dilatation samples were heated from room tem-
perature to 900 ◦C with a heating rate of +10 ◦C/s and held at this 
temperature for 10 min. Next, the samples were cooled in helium from 
900 to 250 ◦C with a cooling rate of − 50 ◦C/s followed by cooling to 
200 ◦C with a cooling rate of − 14 ◦C/s. The samples were held at 200 ◦C 
for 15 s and then heated up to 400 ◦C with a heating rate of +50 ◦C/s. 
Samples were held at 400 ◦C for 60, 500, and 1000 s. Final cooling to 
ambient temperature was carried out with a cooling rate of − 5 ◦C/s. 
Other details of experimental procedures were reported in previous 
works [8,11,14]. Volume fractions of the M1 and M2 constituents, 
bainite were calculated by applying the lever rule and using the linear 
expansion coefficient of the fcc and bcc lattices reported in works [11,
14,31] taking into account the volume fraction of RA calculated from 
X-ray diffraction data.

The Thermo-Calc software (Ver. 5) with the TCFE7 database was 

Fig. 2. Dilatation curves of the steel austenitized at 900 ◦C and quenched to 200 ◦C followed by partitioning at 400 ◦C for 60 s (a), 500 s (b), and 1000 s (c) with final 
air cooling to room temperature; relative change in length versus temperature obtained during Q&P processing for these samples (a’, b’, с’), relative length change vs 
time (a”, b”, с”).
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used for calculation of Gibbs energies and thermodynamically equilib-
rium compositions of different phases.

3. Results and discussion

3.1. Phase analysis

3.1.1. Dilatometry
A dilatation curves are shown in Fig. 2. Phase transformations 

occurring during Q&P processing and affecting contraction or expansion 
are represented schematically in Fig. 3. The volume fractions of the M1 
and M2 constituents and bainite are presented in Table 1. Three dila-
tation regions associated with three aforementioned steps of Q&P pro-
cessing (Fig. 1) are distinguished (Fig. 2) [7,31]. Region I involves the 
austenitization at 900 ◦C followed by quenching. This region is similar 
for all dilatation curves. A strong volume expansion due to the formation 
of athermal martensite takes place during cooling in the temperature 
range MS-Tq (Fig. 3). Significant scattering in the volume fraction of 
athermal martensite calculated from dilatation data is observed 
(Fig. 2a’-c’, 3, Table 1). A modified Koistinen-Marburger (K-M) equation 
was suggested to calculate the volume fraction of untransformed 
austenite at a certain Tq [32]: 

faʹ =1 − exp
(
− α

(
Ms − Tq

))
(4) 

α=
(
27.2 − (0.14Mn+ 0.21Si+0.11Cr+0.05Mo) − 19.8(1

− exp(− 1.56C))
/

103 (5) 

where the concentrations of carbon, manganese, chromium, molybde-
num, and silicon are in wt.%. The modified K-M equation provides a M1 
volume of 69 %, and we will use this theoretical value as an averaged 
experimental one as the volume fraction of athermal martensite 
(Table 1).

Volume expansion occurs during isothermal holding at Tq that is 
indicative for the formation of an additional volume fraction of the bcc 
phase (Fig. 2). It is known [14,24,33–38] that volume expansion can be 
attributed to the superposition of several different processes, including 
carbon enrichment of RA, bainitic transformation, and isothermal 
martensitic transformation. The feasibility of carbon partitioning could 
be evaluated by calculating diffusion distances in bcc and fcc phases 
using the following equation [34]: 

t=
X2

6D
(6) 

where X is the average diffusion distance, D = D0exp (-Q/RT) is the 
diffusion coefficient of carbon in α/γ− Fe (Dα

0 = 0.62⋅10− 6 m2/s, Dγ
0 =

0.109⋅10− 4 m2/s [39]), Q is the activation energy for carbon diffusion in 
α/γ− Fe (Qα = 80.4 kJ/mol, Qγ = 135.7 kJ/mol [39]), R is the gas con-
stant, and T is the absolute temperature. The X values for ferrite and RA 
was evaluated as 284 nm and 1 Ȧ, respectively, at Tq = 200 ◦C and 
duration of quenching step (15 s). Therefore, isothermal holding at 
200 ◦C for 15 s is not sufficient for the carbon partitioning from 
martensite to RA (Fig. 3) and the carbon enrichment of RA has no sense 
to the volume expansion. At T = 300 ◦C and a holding time of 1 s the X 
value for austenite was calculated as 2 nm and, therefore, carbon 
enrichment of a thin layer near the α‘/γ interface may occur during 
heating from Tq to Tp. The effect of partitioning time on Xα and Xγ values 
is summarized in Table 2. The diffusion rate of carbon in austenite was 
calculated at 280 and 400 ◦C to evaluate the rate of carbon enrichment 
of the thin layer in untransformed austenite adjacent to the α‘/γ 
interface.

Volume expansion during isothermal holding at Tq could be attrib-
uted to the isothermal transformations [34–38]. The nature of the 
isothermal transformation at Tq < MS is still poorly known, and several 
mechanisms were suggested to explain the formation of the isothermally 
transformed phase with bcc lattice [36–38,40]. It is worth noting that 
isothermal martensite transformation was found in hypereutectic steels 
or medium-carbon steels with a high Ni content, initially [38,41]. The 
occurrence of this type of displacive transformation was reported in a 
limited number of works for low-alloyed hypoeutectoid steels, and the 
conditions at which it takes place are now under debate [34–37,41,42]. 
M.J. Santofimia et al. [36] suggested that the volume expansion could be 
attributed to the continued growth of the pre-existing athermal 
martensite or the isothermal nucleation and growth of martensite during 
partitioning. The growth of pre-existing martensite by migration of the 
α‘/γ interface occurs if the austenite carbon content is depleted relative 
to the equilibrium value [42,43] that takes place at Tq. S. Samanta et al. 
[35] noticed that the occurrence of isothermal martensite trans-
formation through nucleation of the martensite embryos followed by 
their fast growth is not possible in a low-alloyed steel with 0.32 wt%C at 
a temperature of 210 ◦C that is below MS. It is worth noting that bainitic 
transformation occurring at T < MS may also provide the volume 
expansion [35]. However, S. Kim et al. [40] proposed that no trans-
formation of RA to bainite may occur if the partitioning temperatures 
≤250 ◦C. It is well known [22] that the formation of bainite leads to 
carbon enrichment of RA that could not occur, as it is resulted from the 
analysis of Eq. (6). Therefore, the occurrence of bainitic transformation 
at 200 ◦C is impossible. The continued growth of athermal martensite is 
a single mechanism of isothermal transformation that may occur at this 

Fig. 3. Phase transformations and their effect on dilatation during 
Q&P processing.
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low temperature (Fig. 3) [36,42,43].
It was shown in previous work [44] that isothermal holding at 200 ◦C 

for 15 s is extremely short for precipitation of transition carbides, and, 
therefore, no difference between the carbon content in athermal 
martensite and isothermal martensite could be expected. It is known 
[22] that transition carbides grow by a displacive mechanism, and, 
therefore, the strain energy associated with the growth of martensite 
crystals has to affect a dispersion of these carbides precipitated during 
partitioning in athermal martensite and isothermal martensite if these 
structural components are distinguished by long-range distortions over 
the whole laths. However, the difference in the two microstructures is 
inessential [41], and, therefore, at any partitioning conditions, the 
precipitation processes occurring in these two structural components are 
expected to be essentially the same. As it will be shown below no 
remarkable difference in the dispersion of transition carbides between 
martensite structural elements was found after partitioning. Thus we 
presume that the effect of these two different components on mechanical 
properties will be essentially the same, and the martensitic phases 
evolved during cooling from Ms to Tq, and isothermal holding at Tq 
implies the M1 constituent. Therefore, the total volume fraction of pri-
mary martensite after quenching pass is a sum of the volume fraction of 
athermal martensite and continuously grown martensite evolved during 
isothermal holding (Fig. 3, Table 1).

Region II involves heating from 200 to 400 ◦C and partitioning at 
400 ◦C with durations of 60, 500, and 1000 s (Figs. 2 and 3) [7,31]. A 
distinctive feature of the present steel is a significant net volume 
contraction during heating from ~210 to ~310 ◦C (Fig. 2a’-c’). It is 
known that the volume contraction could be attributed to precipitation 
of transition carbides, carbon depletion from martensite and reverse 
transformation of RA into martensite [14,18,24,31,33,36,45]. It was 
shown in previous works [25,44,46] that at T ≤ 280 ◦C, the precipitation 
of transition carbides occurs slowly, and, therefore, heating from 210 up 
to 310 ◦C during for 2 s is insufficient for this phase transformation. 
Inspection of Eq. (6) showed that no depletion of carbon from martensite 
could occur since the thickness of the carbon enriched layer in un-
transformed austenite near the α‘/γ interface is ~2 nm. However, it is 
known [9,42,43,47,48] that the formation of this thin layer provides 
reverse migration of the α‘/γ interface from the untransformed austenite 
to the martensite. This reverse migration could contribute to the volume 
contraction (Fig. 3). Martensite/austenite interfaces are feasible for 
bi-directional migration martensite ↔ untransformed austenite. Direct 
migration takes place if the carbon concentration in this layer is smaller 
relative to equilibrium, and reverse migration occurs if the actual carbon 

concentration approaches equilibrium in the layer [9,10,42,43,48]. 
Interface migration occurs at a higher rate (~10− 4 ms− 1 [41]) than 
carbon enrichment of the layer in untransformed austenite (~2⋅10− 9 

ms− 1) that causes bi-directional migration of the α‘/γ interfaces [9,48]. 
Migration of the α‘/γ interfaces to untransformed austenite or martensite 
contributes to the volume expansion and contraction, respectively [9,10,
42,43]. The volume expansion and contraction occur consequently, that 
leads to oscillations on dilation curves (Fig. 2a’-c’). These oscillations 
are observed during heating up to Tp but the volume contraction net 
ends at 310 ◦C (Fig. 2a’-c’).

Thus the direct migration of the coherent martensite/austenite in-
terfaces provides isothermal transformation of austenite to martensite 
during isothermal holding at Tq and the reverse migration leads to a 
small decrease in the volume fraction of the M1 constituent during 
heating from 210 to 310 ◦C (Fig. 2a’-c’, Table 1) revealed as the net 
volume contraction. This fact is in contrast with the data reported in 
work [35]. The highest temperature, at which the oscillation was 
detected, is ΔT~130K higher than MS. It is worth noting [49] that 
isothermal martensite may evolve at temperatures higher than the MS.

During the partitioning step, significant volume expansion was 
observed (Fig. 2). The dependence of dilatation on partitioning time 
(Fig. 2a”-c”) is highly specific. Volume expansion takes place at small 
partitioning times ≤100 s (Fig. 2a”-c”). The increment in sample length 
tends to decrease with time approaching a plateau at tp ~100 s. This 
dependence of volume expansion on partitioning time is typical for low- 
alloy steels with C ≤ 0.34 wt% [4,7,11,14,31,34–38,40]. At tp > 100 s, 
the net volume contraction is observed up to 1000 s (Fig. 2a”-c”). Os-
cillations on the dilatation curves indicate the sequential occurrence of 
volume expansion and contraction during partitioning (Fig. 2a’-c’). The 
same type of dilatation curves was reported for a 0.49 wt%C steel [24] 
and low-carbon Q&P steels partitioned at T ≥ 400 ◦C [31,40].

At Tp > MS, the carbon enrichment of RA and bainitic transformation 
could contribute to the overall volume expansion only [4,7–12,14,24,
33–36,40,42,45]. The contribution of the first process to the net 
expansion is negligible, and, therefore, the volume expansion during 
isothermal holding can be directly related to bainitic transformation 
(Fig. 3) [11,12,18,37,40,45]. It is worth noting that our calculations 
using the equations reported in works [34,50] (not presented here) 
confirmed that the contribution of carbon enrichment to the overall 
volume expansion is less than 1 %. No sudden increase in the rate of 
volume expansion [40] was found (Fig. 2a’- c’) and, therefore, the onset 
of bainitic transformation takes place without an incubation period. It is 
known [9,31,35,38,51] that pre-existing martensite strongly accelerates 

Table 1 
Phase volume fractions of the Fe-0.44C steel after different partitioning times. Volume fractions of athermal martensite, isothermal martensite, overall M1 constituent 
and M1bp structural component were averaged as 69, 5, 74 and 70 %, respectively.

Partitioning time, 
s

Phase Volume Fractions, %

Athermal 
M1

Isothermal 
M1

Overall 
M1

M1bp before 
partitioning

RA before 
partitioning

RA (X- 
Ray)

RA (magnetic 
saturation)

M2 Bainite

60 63 7 70 68 32 17.9 17.9 5 9
500 74 5 79 72 28 7.5 7.5 5 15
1000 73 4 77 70 30 9.8 10.2 7 13

Table 2 
Effect of partitioning time on average size of RA, calculated by EBSD technique, thickness of RA, and primary martensite/bainite, determined from Fig. 5, and the 
average diffusion distances in BCC, Xα, and FCC, Xγ , lattices (Eq. (6)), carbon concentration in RA (X-ray) and M1 constituent (Eq. (12)).

Partitioning time, s Size of RA, μm Thickness of RA/M2 areas, nm Thickness of M1/bainite areas Xα, μm Xγ , nm wt. %C in

RA M1

20 1.89 249 ± 17 1.00 ± 0.13 6.5 186 1.37 –
60 2.65 446 ± 27 0.99 ± 0.15 11.2 325 1.38 0.2
300 3.16 415 ± 57 1.00 ± 0.11 25.2 726 1.38 –
500 1.03 238 ± 16 1.07 ± 0.12 32.5 938 1.43 0.39
1000 1.63 419 ± 31 1.15 ± 0.13 46,0 1323 1.63 0.3
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bainitic transformation, providing its high rate during partitioning. The 
α‘/γ interfaces act as preferential nucleation sites for the formation of 
bainitic subunits, and no incubation period for bainitic transformation is 
observed in Q&P steels if the volume fraction of martensite is high 
enough [7,9,37,38,51–54]. We could postulate that only bainitic 
transformation contributes to the volume expansion up to 100 s parti-
tioning. The volume fraction of BF calculated from dilatation curves is 
presented in Table 1.

Bainitic transformation occurs due to carbon partitioning from BF to 
the RA [22,41]. Therefore, at Tp, carbon partitioning from both 
martensite and BF to untransformed austenite occurs concurrently. 
Carbon enrichment of RA stabilizes untransformed austenite and the 
bainitic transformation stops [7,9,22,40,41,51,54]. The carbon con-
centration in austenite, at which the bainitic transformation eventually 
comes to a halt, could be evaluated from the equality condition of the 
bainite-start temperature, BS, and Tp. It was suggested [32] that the 
bainite-start temperature, BS, can be calculated by the empirical 
formula: 

Bs(◦C) = 839 − 86%Mn − 67% Cr –75%Mo - 23% Si-270⋅(1 − exp 
(− 1.33% C))                                                                                  (7)

where the concentrations of substitutional and interstitial elements are 
in wt.%. Eq. (7) provides superior correlation between calculated and 
experimental bainite-start temperatures for steels with C < 1 wt% and Si 
additions [32]. No partitioning of substitutional solutes was taken into 
account for calculation of the bainite-start temperature since these ele-
ments are unable to redistribution at 400 ◦C for ≤7200 s [51] and bai-
nitic transformation occurs in paraequilibrium condition [22,41]. Bs =

570 ◦C was calculated for carbon bulk composition (0.44 wt%) and 
bainitic transformation could occur with a high rate at Tp if carbon 
content in austenite and carbon bulk composition are nearly the same. 
B1

S = 408 ◦C was calculated for 1 wt %C and, therefore, carbon enrich-
ment of RA up to this value suppresses the bainitic transformation [7,14,
52]. RA with a carbon content >1 wt %C is thermodynamically stable 
during partitioning at 400 ◦C. Shan Chen et al. [51] also reported that 1 
wt%C ceases the transformation of RA to bainite. It is known [7,10,22] 
that partitioning produces a wide distribution of carbon concentrations 
over crystals of RA, and bainitic transformation could occur in blocks or 
films of RA with a carbon content ≤1 wt%C, only. Therefore, at tp ~100 
s, the stop of bainitic transformation occurring with a high rate at low 
partitioning times (Fig. 2a”-c”) is attributed to the enrichment of the RA 
areas adjacent to the martensite/austenite interfaces up to >1 wt%C.

Tempering of the M1 constituent occurs during partitioning that 
leads to the volume contraction [5–9,11,12,24,31,34,54,55]. At tp >

100 s, the net dilatation during partitioning is a superposition of bainitic 
transformation providing the volume expansion [9,31,37,51,53,54] and 
precipitation of transition carbides providing the volume contraction 
[24,34,49,54] (Fig. 2a”-c”, 3). At tp > 60 s, the volume fraction of bainite 
calculated from dilatometry is apparent due to the fact that bainitic 
transformation overlaps with precipitation of transition carbides. So 
dependencies of the M1 constituent on partitioning time are imaginary 
since the quenching regime is the same. In the partitioning time interval 
100–500 s the bainitic transformation slows down (Fig. 2b”,c”) that 
could be attributed to the transition from fast growth of subunits 
through a diffusionless mechanism to diffusion-controlled growth of 
sub-unit aggregates called sheaves [9,22,41]. Growth of sheaves occurs 
slowly [22,41]. The volume fraction of bainite calculated under the 
assumption that the whole increment in specimen length is attributed to 
the formation of bainite provides a superior balance of structural con-
stituents (Table 1) [56]: 

f M1 + fB + f M2 + fRA = 1                                                              (8)

where fM1, fB, fM2, fRA are the volume fractions of primary martensite, 
bainite, secondary martensite, and RA, respectively. This balance of 
structural components could be attained if the volume contraction 

attributed to the precipitation of transition carbides accompanied by 
carbon depletion of the martensitic matrix [34] is compensated by the 
volume expansion attributed to carbon enrichment of RA [50].

Bainitic transformation providing the volume expansion ends at tp 
~500 s (Fig. 2b–b”, c-c”, 3). Further partitioning leads to an increase in 
the volume fraction of RA. At 400 ◦C, the Gibbs energies for two phases 
(fcc and bcc) were calculated for austenite with a carbon content of 1.6 
wt% (Table 2) and ferrite with a carbon content of 0.0004wt.%, that is 
thermodynamically equilibrium value at Tp are − 23 948.0 J/mol and 
− 28 123.9 J/mol, respectively. As a result, the growth of the austenite 
phase controlled by carbon diffusion could occur in a paraequilibrium 
manner without redistribution of substitutional solutes through a dis-
placive mechanism due to migration of semi-coherent or coherent bcc/ 
fcc interfaces (Fig. 3) [2,7,9,22,41–43]. A decrease in the volume frac-
tion of bainite (Table 1) and oscillations on dilatation curves attributed 
to bi-directional migration of the interfaces support this conclusion.

In Region III, the formation of secondary martensite is observed 
(Fig. 2a’-c’, 3). The martensite start temperature for the М2 was 
calculated as ~200 ◦C from the dilatation curves. Therefore, the MS for 
the М2 constituent is ΔT = 70 K lower than the MS for the bulk. The 
volume fractions of the M2 constituent after 60 and 500 s partitioning 
are essentially the same (Table 2). Increasing the duration of partition-
ing from 500 to 1000 s leads to an increase in the volume fraction of 
secondary martensite (Fig. 2b’,c’). The carbon concentration in the M2 
constituent could be evaluated from the MS for secondary martensite. 
Several empirical relationships were developed to estimate the effect of 
steel chemical composition on the MS [32,57–60]. Three equations 
suggested by S.M.C van Bohemen [32], K. W. Andrews [59], and C. 
Capdevila et al. [60] were used for the prediction of MB

S , MA
S , MC

S tem-
peratures, respectively: 

MB
S ( ˆ(o) C)=565 − 31Mn − 10Cr − 12Mo − 13Si − 600 exp(1

− exp( − 0.96C))
(9) 

MA
S
( oC

)
=539 − 423C − 30.4Mn − 12.1Cr − 7.5Mo − 7.5Si (10) 

MC
S (K)=764.2 − 302.6C − 30.6Mn − 8.9Cr − 14.5Si + 2.4Mo

(11) 

where the concentrations of carbon, manganese, chromium, molybde-
num, and silicon are in wt.%. MB

S (◦C) = 287 ◦C, MA
S (◦C) = 282 ◦C and 

MC
S (K) = 561 K (288 ◦C) were calculated for the bulk carbon content. 

Equations (10) and (11) provide superior mutual correlation but over-
estimate the Ms experimental value at ΔT~18 K. Equation (9) over-
estimates the experimental martensite start temperature at ΔT~12 K. 
These equations predict the martensite-start temperature for secondary 
martensite MM2

S ~25 ◦C if the enrichment of RA attains 1.4 wt%C. 
Therefore, no formation of the M2 constituent can occur if RA is 
enriched by carbon up to 1.4 wt%C.

We will use three empirical formulas (Eqs. 9–11) to calculate the 
carbon enrichment of the M2 constituent, taking into account MM2

S =

200 ◦C obtained from dilatation curves. We use MM2
S = 218 ◦C for 

calculation of the carbon concentration in the M2 constituent taking into 
account the overestimation by Eqs. (10) and (11). Carbon concentration 
in the M2 constituent was calculated by Eq. (9) using MM2

S = 212 ◦C. Eqs. 
(9)–(11) predict the carbon contents of 0.64, 0.60, and 0.67 wt%, 
respectively. These data confirm the heterogeneous carbon distribution 
in RA after partitioning [7,10]. Partitioning produces a wide distribution 
of carbon concentrations over the crystallites of blocky RA [10], and 
areas of RA with carbon content ranging from ~0.64 to ~1.4 wt% could 
transform into the M2 constituent under final cooling. We averaged 
these values to 0.9 wt%C for calculation of carbon concentration in 
primary martensite, CM1 (Table 2), by the mass balance of carbon [14,
53]: 
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C = fRACRA + f M2CM2 + fBCB + f M1CM1                                        (12)

where CM1, CM2, CB, and CRA are the carbon concentration in primary 
martensite, including transition carbides located in the matrix of this 
constituent, secondary martensite, BF, and RA (Table 2), respectively, C 
= 0.44 wt% is the carbon content in bulk steel. The CB value was taken as 
0.03 wt%C [53]. A volume fraction of RA calculated by X-ray techniques 
was taken. Inspection of Table 2 shows that carbon concentration in the 
M1 constituent increases with increasing partitioning time from 60 to 
500 s and then decreases. Values of Xγ (Table 2) are indicative that full 
carbon partitioning from martensite/BF to untransformed austenite 
could occur during partitioning at tp ≥ 60 s. Therefore, almost the whole 
carbon concentration in the M1 constituent (Table 2) is consumed for 
the formation of transition carbides upon 500 s partitioning (Fig. 3). 
Further partitioning leads to partial dissolution of the transition 
carbides.

3.1.2. X-ray analysis and magnetic saturation measurements
The effect of partitioning time on the volume fraction of RA and the 

carbon concentration in this phase are presented in Fig. 4 and Tables 1 
and 2 The X-ray technique and magnetic saturation measurements 
showed a good mutual correlation in the determination of the RA vol-
ume fractions after 60, 500, and 1000 s (Fig. 4a and Table 1), while after 
20 and 300 s the volume fractions of RA determined by X-ray analysis 
are significantly smaller than those obtained from magnetic saturation 
data. The reason for this difference in the volume fractions of RA 
determined by these techniques was considered in recent work [25] in 
detail. It is seen that the effect of partitioning time on the volume 
fraction of RA in the 0.44 wt%C steel is unique. The volume fraction of 
RA tends to decrease or remains virtually unchanged with increasing 
partitioning time in Q&P steels with ≤0.3 wt%C [6,7,13]. In contrast, in 
the present steel the volume fraction of RA continuously increases up to 
60 s partitioning and then decreases in the time interval 60–500 s 
(Fig. 4a). Next, the volume fraction of RA increases in the time interval 
500-1000 s (Fig. 4a). It is worth noting that nearly the same effect of 
partitioning time on RA volume fraction was reported in work [36], but 
changes in the RA volume fraction presented in this work were within 
the range of measurement errors.

The carbon concentration of RA remains essentially unchanged up to 
tp~300 s and increases from 1.38 to 1.63 with increasing partitioning 
time from 300 to 1000 s (Table 2). The volume fraction of RA before 
partitioning could be evaluated from the balance of structural compo-
nents (Eq. (8)) as fRA = 100-f overall

M1 bp ~32 % (Table 1). Upon tp~20 s a 
minor portion of RA transformed to bainite (6 % from Fig. 2a”). Upon 
tp~60 s the portion of RA transformed into bainite during partitioning 
becomes higher than that transformed into the M2 constituent during 
final cooling (Table 1). A major portion (~56 %) of untransformed 
austenite presented in structure before partitioning retains after final 
cooling due to carbon enrichment (Table 2). No substantial discrepancy 

between the volume fraction of the M2 constituent and bainite deter-
mined by dilatometry and from the balance of structural components 
(Eq. (8)) was found (Table 1).

Increasing partitioning time up to 100 s decreases this portion to 48 
% due to the transformation of austenite to bainite (Fig. 2b”,3). It is seen 
(Table 1) that the volume fraction of secondary martensite is nearly 
independent on partitioning time, and, therefore, bainitic trans-
formation is the main mechanism providing a strong decrease in the 
volume fraction of RA with increasing partitioning time from 60 to 500 
s. The carbon concentration in RA tends to increase with increasing 
volume fraction of martensite/bainite (Tables 1 and 2) [2,61]. There-
fore, bainitic transformation promotes carbon enrichment of RA in 
structure with a high volume fraction of pre-existing martensite in the 
same manner as in steels with fully austenite initial structure [22,41] 
due to the increasing volume fraction of BF with increasing tp. At tp >

500, the growth of austenite occurs at the expense of martensite with an 
average carbon content of ~0.32 wt%C (Table 2). An increase in carbon 
content of RA (Table 2) could take place due to carbon flux from the 
transition carbides located in the M1 constituent to austenite only. The 
growth of untransformed austenite and progressive carbon enrichment 
of this phase lead to partial dissolution of η-Fe2C carbides and/or carbon 
depletion from these carbides to austenite through martensitic matrix.

3.2. Effect of partitioning on microstructure

Primary martensite and BF are distinctly distinguished from areas of 
secondary martensite/RA at SEM micrographs as heavily and slightly 
etched constituents associated with carbon-depleted and carbon- 
enriched phases, respectively (Fig. 5) [14,22,28,51,62]. The M2 
component is poorly distinguished from RA by SEM observations 
(Fig. 5). The M2/RA islands may exhibit irregular or rectangular shapes 
in dependence on partitioning time and usually locate at packet 
boundaries or block boundaries if a coarse packet contains one block 
[44]. The M1 constituent is distinguished from BF by the presence of 
carbides. Carbides exhibiting a plate-like shape are observed in the M1 
constituent. The difference in a dispersion of carbides between these two 
phases is useful for identification of bainite at SEM microstructure. As it 
was shown above, the displacive mechanism of carbide formation is 
dependent on the elastic energy of a bcc phase [22]. A strong difference 
in lattice distortions between martensite and BF was detected by Kernel 
misorientation maps (not shown here) in the present study. As a result, 
the driving force for precipitation of transition carbide in martensite 
during tempering is significantly higher than that in BF [22]. 
Carbide-free BF evolves in Si-rich low-alloyed steels [1,3,9,22,55]. 
Islands of secondary martensite and RA containing no carbides [28,51,
62] could be recognized by SEM observations as units (Fig. 5).

The difference in etched relief between the M1 constituent and the 
M2/RA islands on SEM micrographs is dependent on partitioning time 
(Fig. 5). After 20 s partitioning the M2/RA islands are poorly recognized 
(Fig. 5a) and, therefore, no significant carbon partitioning took place 

Fig. 4. Effect of partitioning time on volume fraction of RA (a), portion of RA after tension (b).
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between the M1 constituent and these islands. Only separate thin M2/ 
RA islands are well-distinguished. These islands exhibit a plate-like or 
irregular shape with a small thickness. The volume fraction of these 
islands is low. In addition, the film-like RA could be distinguished at the 
packet boundaries. The average diffusion distances, Xα and Xγ calculated 
for martensite and RA using Eq. (6), are significantly higher and lower 
than dimensions of martensite and RA, respectively (Table 2). The Xγ 

value is enough to provide homogeneous carbon distribution in the film- 
like RA (Fig. 6a and b, Table 2) [8,11,14,62] and no transformation of 
this type of RA to secondary martensite is expected. The film-like RA 
located at block boundaries exhibits more bright contrast than blocky 
RA due to carbon enrichment and homogeneous distribution of this 
interstitial solute within this type of RA (Fig. 5a). Only ~200 nm layers 
adjacent to the martensite/austenite interfaces could be enriched by C ≥
1.4 wt% (Table 2). As a result, the periphery of the RA blocks retains 
untransformed after cooling [45] and the core regions of the RA islands 
transform into secondary martensite upon cooling. The M2/RA islands 
consist of the M2 core surrounded by the RA shell. The bright contrast of 
the boundaries of M2/RA islands with the M1 and BF constituents 
supports this statement (Fig. 5a). Inhomogeneous carbon distribution in 
the blocky-type RA induces the difference in contrast between the shell 
and core regions (Fig. 5a).

The areas of untransformed austenite with C < 1 wt% and C < 1.4 wt 
% may be replaced by BF and the M2 constituents during partitioning 
and cooling, respectively. Carbon in martensite could diffuse to RA 
within 1 s of isothermal holding [7], but the whole volume of blocky RA 
could not consume equilibrium carbon mass during 20 s partitioning 

(Table 2). Thin inclusions of BF with irregular shape within coarse 
M2/RA islands are observed (Fig. 5a). These plates of BF may play a role 
as a diffusion path for carbon enrichment of RA during further 
partitioning.

The distribution of carbides in the M1 constituent is inhomogeneous. 
A major portion of primary martensite areas contains low densities of 
carbides, and dense carbide precipitations were observed in some areas 
only (Fig. 5a). Density of carbides is strongly dependent on martensite 
orientation. BF appeared as a carbide-free structural constituent with an 
irregular shape. Therefore, processes of carbon partitioning between 
primary martensite and untransformed austenite, bainite trans-
formation, and precipitation of carbides occur concurrently.

At tp~60 s, the contrast between primary martensite and the M2/RA 
islands becomes distinctly distinguished, that is indicates for strong 
carbon partitioning between these constituents (Fig. 5b). The Xγ value 
makes feasible the carbon enrichment of the core regions of the M2/RA 
with a highest dimension ≤700 nm (Fig. 5b, Table 2). Carbide-free BF 
subunits exhibiting a plate-like shape [22] are observed within the 
majority of coarse M2/RA islands located at PAG boundaries (Fig. 5b). 
These bainitic subunits have a thickness of <200 nm. A minor portion of 
the M2/RA islands is subdivided by coarse carbide-free BF into thin 
lamellas with an average thickness of <200 nm (Fig. 5b). In addition, 
sheaves of BF with an average thickness of ~500 nm alternate with the 
M2/RA islands exhibiting a plate-like shape and nearly the same 
thickness (Fig. 5b). The number density and volume fraction of carbides 
in the M1 constituent increase, and the interparticle spacing decreases 
with increasing partitioning time from 20 to 60 s (Figs. 5 and 6c, 

Fig. 5. SEM micrographs of the Fe-0.44C steel after partitioning time of 20 s (a), 60 s (b), 300 s (c), 500 s (d), and 1000 s (e).
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Table 2). Identification of carbides by TEM technique revealed only 
transition η-Fe2C carbides (Fig. 6c and d, EDS analysis of carbon replicas 
was not presented here). Therefore, it is obvious that all carbides 
observed at SEM micrographs (Fig. 5) are transition η-Fe2C ones. Tran-
sition carbides exhibit a plate-like shape and locate in lath along two 
mutually perpendicular planes of ferrite producing a 2D array (Fig. 6c 
and d). At tp > 60 s, the volume fraction of carbides remains nearly 
unchanged (Fig. 6c and d, Table 2). Therefore, a major portion of 
transition carbides with a plate-like shape precipitated upon partition-
ing with tp~60 s. Mass balance analysis (Eq. (12), Table 2) showed that 
the average carbon concentration in transition carbides is 16 at.%. It is 
worth noting that η-Fe2C carbides could precipitate with the lowest 
non-stoichiometric carbon concentration of 13 at.% [25,62,63]. Further 
partitioning leads to the gradual transformation of non-stoichiometric 
transition carbides to stoichiometric ones due to carbon enrichment 
up to 33 at.%C that is the stoichiometric carbon concentration of η-Fe2C 
carbides [41,63]. At tp~500 s, mass balance analysis (Eq. (12), Table 2) 
showed that the carbon atomic concentration in transition carbides at-
tains 31 at.%. Therefore, the precipitation of non-stoichiometric car-
bides could not compensate the volume expansion attributed to the 
formation of bainitic subunits (Figs. 2 and 3). The transition from the 
non-stoichiometric chemical composition of η-Fe2C carbides to the 
stoichiometric one is accompanied by the transformation of austenite to 
bainite with increasing tp (Table 3, Fig. 3). The highest number density 
of transition carbides is achieved after tp~1000 s (Table 3). A weak 

coarsening of the transition carbides occurs that leads to a decrease in its 
aspect ratio from 15.0 after tp~60 s to 11.5 after tp~1000 s (Table 3).

The subdivision of blocky RA by bainitic lamellas is the main process 
of microstructural evolution taking place with increasing tp from 60 to 
500 s (Fig. 5c). At tp~300 s, the majority of the M2/RA islands exhibits 
an irregular shape. These islands locate at the block and packet 
boundaries (Fig. 5c). The formation of BF occurs within the M2/RA 
islands and at M1/RA interfaces. In the first case, the bainitic plates are 
surrounded by the M2/RA shell, and the whole M2/RA islands are 
subdivided by BF plates into chains of small islands with an irregular 
shape (Fig. 5c). These small islands may be connected by a film-like RA 
(Fig. 5c). In the second case, the composite M2/RA/bainite areas with a 
lenticular shape appear. Increasing partitioning time from 60 to 300 and 
500 s decreases the thickness and volume fraction of the M2/RA islands 
(Fig. 5b–d, Table 2). Upon tp~500 s the majority of the M2/RA islands 
become thin, and the thickness of RA lamellas is ≤ 200 nm (Fig. 5d). 
Thickness of the M2/RA islands decreases with increasing tp from 60 to 
500 s. This fact is attributed to carbon enrichment of blocky RA due to 
the shortening diffusion path (Table 2). At tp~500 s, volume fractions of 
film-like and blocky RA are nearly the same (Fig. 5d). The main feature 
of this partitioned structure is a high volume fraction of carbide-free BF 
(Fig. 5d).

Increasing the partitioning time from 500 to 1000 s leads to an in-
crease in the thickness of the M2/RA islands and a decrease in the 
thickness of bainitic plates located within these islands ≤200 nm 

Fig. 6. Bright field (a) and dark field (b) TEM image showing film-like RA and transition carbides after partitioning for 60 s (c) and 1000 s (d).

Table 3 
Effect of partitioning time on volume fraction of RA calculated by the EBSD technique, particle density and dimensions of transition carbides calculated by the TEM 
technique, volume fraction of η-carbides obtained from SEM observations, the ρKAM values of martensite (BCC) and RA (FCC).

Partitioning 
time, s

Volume fraction 
of RA, %

length/width of 
η-carbide, nm

Distance between 
η-carbides, nm

Particle density 
(η-carbides), × 1012 m− 2

Volume fraction of 
η-carbides, %

BCC ρKAM, ×
1015 m− 2 ◦

FCC ρKAM, ×
1015 m− 2 ◦

20 14 72/6 96.0 9.08 3.5 0.94 0.77
60 36 74/5 58.6 19.3 4.6 0.8 0.82
300 34 – – – 4.8 0.87 0.84
500 4 85/7 58.1 19.7 4.8 0.94 0.7
1000 9.4 92/8 47.2 22.8 4.9 0.99 0.83
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(Fig. 5e, Table 2). In addition, relatively coarse bainitic areas with 
irregular shapes are observed within the M2/RA islands (Fig. 5e). The 
carbide-free BF locates within these islands or between them and the 
areas of primary martensite (Fig. 5e). The film-like RA is rarely 
observed. The growth of untransformed austenite crystallites with 
nearly round shapes took place. At tp ≥ 500, the diffusion distance is 
sufficient for complete homogenization of austenite core regions during 
partitioning (Table 2). However, secondary martensite appears due to 
the displacive transformation occurring in carbon depleted areas of 
untransformed austenite.

TEM observations (Fig. 6a and b) showed that the thickness of film- 
like RA is 160 ± 31 nm and no significant effect of partitioning time on 
this parameter was found. The feature of the present Q&P steel is the 
small spacing between high-angle boundaries in lath martensite struc-
ture, dHAB (Table 4). It is worth noting that the dHAB value and the lath 
thickness, dl, of this steel processed by Q&P and water quenching fol-
lowed by tempering at 400 ◦C [44] are nearly the same. The effect of 
partitioning on the dHAB and dl values is insignificant (Table 4), despite 
the appearance of coarse martensite/BF plates after 60, 300, and 1000 s 
partitioning (Fig. 7). There is no correlation between the portions of the 
M1 and M2 constituents, BF (Table 1) and dHAB/dl values (Table 4). The 
high dislocation densities were revealed by TEM observations (ρTEM) 
(Fig. 6) and the KAM analysis (ρKAM) [8]. The densities of lattice dislo-
cations ρTEM~2 × 1015 m− 2 in RA and secondary martensite were 
essentially the same [8]. The ρTEM value is higher than ρKAM one by a 
factor of ~2 (Table 3), that is indicative for a high number of lattice 
dislocations introduced to accommodate shape deformation of the 
martensitic transformation [18,22,41].

In the present study, the EBSD technique strongly overestimates the 
volume fraction of RA at partitioning times ranging from 20 to 300 s 
(Fig. 4a, Table 3). It is known [64] that EBSD techniques usually un-
derestimates the volume fraction of RA due to the fact that the detection 
limit of this technique does not allow detecting film-like/plates of RA or 
platelets of martensite/BF with thickness ≤200 nm correctly. These 
films can be erased during the EBSD data by clean-up procedure [64]. 
Therefore, only the blocky RA as a unit is usually taken into account for 
the calculation of the RA volume fraction. In contrast, X-ray and mag-
netic induction techniques provide the calculation of whole RA volume 
and these data are independent on RA morphology [64]. At tp ≥ 500 s, 
EBSD, X-ray, and magnetic induction techniques provide essentially the 
same values of RA volume fraction (Fig. 4a, Table 3).

At tp~20 s, the blocky RA locates at the packet and PAG boundaries 
and exhibits an essentially round shape (Fig. 7a). Upon tp~60 s, the 
dimension of RA blocks (Table 2) and volume fraction of this phase 
increase (Table 3). The blocky RA exhibits irregular shape and locates at 
the packet and block boundaries comprising semi-continuous chains 
(Fig. 7b). At tp~300 s, RA shows the highest dimension (Table 2). 
Continuous chains of RA blocks with rectangular and/or irregular 
shapes are observed at the block boundaries (Fig. 7c). Upon 500 s the RA 
dimensions (Table 2) and volume fraction (Table 3) decrease sharply. 
Fine RA blocks with round shapes are observed at the boundaries of 
PAGs and packets (Fig. 7d). At tp~1000 s, the size and volume fraction of 
RA increase (Tables 2 and 3). Semi-continuous chains of RA appear on 
the PAG boundaries (Fig. 7e).

3.3. Mechanical properties

Engineering stress-strain curves, the effect of strain on strain hard-
ening rate, dσ/dε, are shown in Fig. 8 after different partitioning re-
gimes, and the effect of partitioning on the YS, UTS, elongation-to- 
failure, and the PSE is summarized in Table 5. All σ-ε curves exhibit 
continuous yielding [57,65] followed by the work-hardening stage up to 
the onset of necking. Upon 60 s the stress-strain curves exhibit jerky flow 
associated with the Portevin-Le Chatelier (PLC) effect [57,65]. Parti-
tioning increases the YS slightly and decreases UTS (Table 5). However, 
high PSE>24.5 GPa£% is observed after all partitioning times. The 
elongation-to-failure, uniform elongation, and the PSE increase with 
increasing the partitioning time from 20 up to 300 s and the PSE attains a 
very high value of 35.3 GPa£% (Table 5). Highest PSE and ductility 
attain if the highest portion of RA transforms to strain-induced 
martensite (Fig. 4b) and blocky RA is subdivided by plates of BF. The 
effect of morphology and carbon concentration of RA on the PSE in the 
present steel is considered in the companion article [66] in detail. At tp 
≤ 300 s, high elongation-to-failure and superior PSE values are attrib-
uted to the transformation of the major portion of RA to strain-induced 
martensite during tension [66]. It was assumed [16] that the trans-
formation of RA to strain-induced martensite during tension inhibits 
necking that increases elongation-to-failure.

At tp ≥ 500 s, the susceptibility of the steel to necking is low, and the 
Q&P steel exhibits decreased values of the elongation-to-failure and the 
PSE. Upon 1000 s the fracture occurs without necking. The values of 
elongation-to-failure and uniform elongation become essentially the 
same (Table 5). The elongation-to-failure and the PSE decrease due to 
premature fracture without necking. It is worth noting that present re-
sults show that necking correlates with the occurrence of the RA→strain- 
induced martensite transformation during tension [66]. If RA becomes 
less feasible for transformation to strain-induced martensite, the onset of 
premature fracture occurs before necking [66]. However, the steel ex-
hibits superior values of ductility and the PSE>2.5 × 104 MPa × % after 
tp ≥ 500 s despite limited formation of strain-induced martensite during 
tension (Fig. 4). This phenomenon could be associated with intense 
twinning within RA [66]. Intense strain hardening and ductility are 
provided by twinning induced plasticity (TWIP) [67]. Thus, at tp > 300 
s, the enrichment of RA by carbon during partitioning hinders the 
transformation of RA to strain-induced martensite and promotes twining 
[66,67].

At tp ranging from 20 to 300 s, the onset of the Considère condition 
[57,65]: 

dσ
dε = σ (13) 

correlates with the transition from stable plastic flow to unstable one 
(Fig. 8b-the strain-strain hardening curve for tp~300 s is not shown 
here). Increasing the partitioning time from 20 to 60 s shifts the onset of 
the Considère condition and necking to higher strains. The strain for the 
onset of the Considère condition remains nearly unchanged for the 
partitioning time ranging from 60 to 500 s (Fig. 8b). At tp ≥ 500 s, the 
onset of fracture occurs at the stage of stable plastic flow and is revealed 
as a sudden drop. Therefore, the effect of partitioning time on necking is 
attributed to the transition from transformation of RA into strain- 
induced martensite to intense twinning in this phase during tension 
due to progressive carbon enrichment of RA [66].

3.4. Phase transformations during partitioning

Inspection of experimental results shows that the 0.44 wt%C steel 
exhibits unique phase transformations during partitioning due to the 
large volume fraction of untransformed blocky austenite. Several pro-
cesses occur concurrently and/or sequentially in blocky-type austenite 
(Figs. 3, 9 and 10).

Table 4 
Effect of partitioning time on average spacing between high-angle boundaries, 
dHAB, lath thickness, dl.

Partitioning time, s dHAB, μm dl, nm

20 0.77 ± 0.15 277 ± 40
60 0.72 ± 0.12 293 ± 45
300 0.78 ± 0.15 –
500 0.88 ± 0.2 245 ± 42
1000 0.73 ± 0.15 261 ± 40

R. Mishnev et al.                                                                                                                                                                                                                                Materials Science & Engineering A 915 (2024) 147184 

10 



Fig. 7. EBSD analysis of the Fe-0.44C steel after partitioning during 20 s (a), 60 s (b), 300 s (c), 500 s (d), and 1000 s (e), RA is emphasized by the red color. The low- 
and high-angle boundaries with misorientations of 2◦≤θ < 15◦ and ≥15◦ depicted by white and black lines, respectively. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Typical engineering stress–strain curves (a) and strain hardening vs. strain curves with circles showing the onset of the Considère condition (Eq. (13)) (b).

Table 5 
Mechanical properties of the Fe-0.44%C steel after partitioning at different times.

Partitioning time, s Hardness, HRC YS, MPa UTS, MPa Elongation-to- failure, % Uniform elongation, % PSE, MPa⋅%

20 49 ± 2 1110 1790 13.7 10.2 24 523
60 48 ± 2 1120 1680 18.9 17.3 31 752
300 48 ± 2 1150 1650 21.4 17.5 35 310
500 50 ± 2 1170 1660 19.1 17.1 31 706
1000 49 ± 2 1210 1650 15.6 14.7 25 740
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(i) Carbon partitioning from martensite to RA;
(ii) Bainitic transformation: (iia) diffusionless fast growth of sub-

units/frontal growth and (iib) slow growth of sheaves controlled 
by carbon diffusion/edgewise growth;

(iii) Precipitation of transition η–Fe2C carbides in the martensitic 
matrix and its carbon enrichment up to stoichiometric 
composition;

(iv) Paraequilibrium transformation of the M1/BF constituents to 
austenite controlled by carbon diffusion.

The carbon partitioning from martensite to film-like RA occurs at a 
high rate due to the small thickness of this phase. No remarkable effect 
of partitioning time on a dispersion of this phase was found. As a result, 
we will pay attention to phase transformations occurring in blocky type 
of RA.

The kinetic of bainitic transformation could be described by the 
Kolmogorov–Johnson–Mehl–Avrami (KJMA) equation at small parti-
tioning times [14,53]: 

fBF =1 − exp (− (kt)n), (14) 

where n is the Avrami exponent and k is the transformation rate con-
stant. The obtained n and k values are shown in Fig. 2a”-c”. Eq. (14) with 
k = 0.09364 and n = 0.74933 describes the dilatation curve with high 
and satisfactory accuracy up to 100 s and in the tp interval 100–250 s, 
respectively (Fig. 2a”-c”). Analysis of experimental data showed that Eq. 
(14) describes kinetics of the diffusionless growth of bainitic subunits 
occurring at a high rate and could be used for interpretation of the 
dilatation curve at the initial stage of bainitic transformation when the 
growing BF inherits the composition of untransformed austenite [22,41] 
(Fig. 3). It is known [9,22,35,41,53,55] that at initial stages, the dif-
fusionless bainitic transformation occurs through the growth of subunits 
without significant carbon redistribution from BF to untransformed 
austenite taking into account that the rate of BF/γ interface migration is 
lower than the rate of carbon enrichment of the layer in untransformed 
austenite by a factor of ~220. The subunits adopt the morphology of a 
plate [22]. Carbon enrichment of RA slows down this phase trans-
formation. At higher partitioning times, several processes contribute to 
net dilatation, and Eq. (14) could not provide an appropriate description 
of experimental data.

At tp~100 s, the growth of subunits ends (Figs. 3 and 10). Further 
partitioning provides additional carbon enrichment of RA up to 1.4 wt% 
C and bainitic transformation may occur through sheaf growth 
controlled by carbon redistribution [9,22,35,41,55]. This trans-
formation occurs with a low rate [22.41]. The sheaves of BF are carbon 
depleted and their formation produces insignificant net dilatation. The 
main feature of bainitic transformation in this Si-rich steel is lacking or 
insignificant precipitation of transition carbides in BF [1,3,22,55]. At tp 
≤ 500 s, the chains of bainitic subunits play a role of diffusion path for 
carbon redistribution from martensite to untransformed austenite [12], 
in addition to one from BF to the austenite directly (Fig. 10).

Bainitic transformation in blocky untransformed austenite occurs in 
four sequential steps [9,22,41]. Nucleation of BF taking place at mar-
tensite/austenite interfaces is followed by fast growth of bainitic plates 
in longitudinal direction at right angle to the interface during the par-
titioning step (Fig. 10) [9,22,44,53,55]. The growing plates are fine and 
exhibit a lenticular shape. Their thickness is usually ≤300 nm [22,41]. 
At tp ≤ 60s, these plates subdivide whole areas of blocky RA into plates 
with irregular shapes (Fig. 5a–c). These lenticular subunits of BF could 
not be resolved within blocky RA by the EBSD technique used in the 
present study. As a result, the bainite/RA islands are interpreted as 
whole RA islands after a clean-up procedure that leads to the over-
estimation of RA volume fraction by the EBSD technique upon tp ranging 
from 60 to 300 s (Fig. 4, Table 3). Next, individual platelets of BF 
compose sheaves [9,22,41]. Their growth occurs in a parallel direction 
to the martensite/austenite interfaces, that leads to the irregular shape 

Fig. 9. Schematic illustration of the microstructural evolution during Q&P.

Fig. 10. Effect of partitioning time on the microstructure.
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of the bainite/M2/RA islands (Fig. 10).
The diffusion controlled edgewise growth rate of bainite could be 

calculated by the well-known Zener-Hillert equation [9,36] as: 

Vmax =
(Xγ − X0)

2

(X0 − Xα)

DRT
8σVm

(15) 

where Vmax is the highest growth rate, Xγ and Xα are the equilibrium 
mole fractions of C in austenite and ferrite, respectively, calculated from 
Thermo-Calc at the ferrite/austenite interface, X0 = 0.019738 is the 
overall mole fraction of carbon in the steel, σ = 0.2 J/m2 is the inter-
facial energy per unit area, and Vm=

(
1+3.6•10− 5(T − 298)

)
7.09•10− 6 

m3/mol is the molar volume of ferrite. The highest edgewise growth rate 
was calculated to be 0.103 μm/s. It is obvious that the average growth 
rate is small [35]. However, this growth rate could provide the forma-
tion of thick plates of bainitic ferrite within untransformed austenite and 
the occurrence of bainitic transformation through the 
diffusion-controlled mechanism at tp > 100 s. Edgewise growth of 
sheaves leads to the fact that untransformed austenite retains between 
the platelets and sheaves in the form of thin films [9,41]. These films 
could not be resolved by the EBSD technique, and the bainite/RA islands 
are interpreted as whole ferrite islands that leads to the underestimation 
of the RA volume fraction by the EBSD technique at tp~500 s (Fig. 4,
Table 3). Thus, the unusual discrepancy between the volume fraction of 
RA calculated by the EBSD technique and X-ray/magnetic saturation 
measurements in the present study is attributed to the transition from 
the displacive mechanism of bainitic transformation at tp ≤ 100 s to the 
diffusion-controlled mechanism at tp ≥ 300 s.

Heterogeneous nucleation of the transition carbides on dislocations 
[25,46] occurs at a high rate during partitioning. However, the transi-
tion from a non-stoichiometric composition of ~13 at.%C to a stoi-
chiometric composition of 33 at.%C requires a long-range diffusion flux 
of carbon and occurs up to tp~1000 s [25,63]. This process results in 
carbon depletion from the matrix of primary martensite down to the 
thermodynamically equilibrium value in ferrite [24,33,41] that pro-
motes the paraequilibrium transformation of M1, BF, to RA controlled 
by carbon diffusion due to the appearance of a large difference in Gibbs 
energies between the constituents with bcc and fcc lattices at tp > 500 s 
(Figs. 3 and 10). Thus, the carbon enrichment of transition η-Fe2C car-
bides promotes the growth of untransformed austenite through the 
paraequilibrium transformation mechanism at tp > 500 s. Newly formed 
areas of austenite are characterized by a relatively low C content and 
susceptible to transformation to the M2 constituent during final cooling. 
Therefore, the inhomogeneous distribution of carbon concentrations 
over the blocks of austenite associated with a low diffusion rate causes 
the formation of secondary martensite at all partitioning times.

4. Conclusions

The Fe-0.44%C-1.8%Si-1.3%Mn-0.82%Cr-0.28%Mo steel was pro-
cessed by Q&P, including quenching at 200 ◦C for 15 s followed by 
partitioning at 400 ◦C with a time range of 20 to 1000 s. The main 
conclusions are following.

1) The steel exhibits the YS ≥ 1100 MPa and the PSE≥24.5 GPa⋅% after 
all partitioning times, with a superior combination of the YS = 1150 
MPa and the PSE≥35.3 GPa⋅% after tp~300 s. The high PSE values 
are associated with the transformation of RA into strain-induced 
martensite during tension. The carbon enrichment of RA hinders 
this transformation. However, the PSE remains high enough due to 
the occurrence of extensive twinning in RA during tension.

2) The volume fraction of RA increases from ~12 to ~18 % with 
increasing the partitioning time from 20 to 60 s and decreases to 
~7.5 % at tp~500 s. Further partitioning up to 1000 s increases the 
volume fraction of RA to ~10 %. The carbon content in RA is ~1.4 wt 
% in the partitioning time interval 20–500 s and increases up to 1.6 

wt% at tp~1000 s. The unusual effect of partitioning time on 
microstructure and phase composition is attributed to features of 
phase transformations in blocky type austenite. At tp ≤ 100 s, the 
carbon partitioning from martensite to untransformed austenite and 
bainitic transformation occur concurrently. The carbon enrichment 
of austenite up to 1 wt%C ceases diffusionless bainitic trans-
formation. In the partitioning time interval 100–500 s the bainitic 
transformation occurs through the edgewise sheaf growth controlled 
by carbon partitioning. At tp > 500 s, the paraequilibrium trans-
formation of the M1, BF to austenite controlled by carbon diffusion 
leads to the growth of RA blocks. Film-like RA is enriched by carbon 
after tp ~20 s and remains virtually unchanged up to tp ~1000 s.

3) Precipitation of the transition η-Fe2C carbides takes place after 20 s 
partitioning. At tp ~60 s, the volume fraction of these carbides at-
tains 4.6 % and insignificantly increases upon further partitioning. 
The number density and interparticle spacing of carbides increase 
and decrease continuously with increasing the partitioning time, 
respectively. Analysis of carbon mass balance showed that the car-
bon enrichment of the transition carbides occurs at tp > 60 s that 
leads to the transformation of non-stoichiometric η-Fe2C carbides 
into stoichiometric ones during partitioning. This process strongly 
affects the relationship between the volume fraction of martensite 
and untransformed austenite and the carbon content in RA.

4) The effect of partitioning time on the volume fraction of secondary 
martensite is insignificant due to the heterogeneous carbon distri-
bution in blocky-type RA.
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