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Preface

The development of world metallurgical technology is focused on in-
creasing the mechanical properties of metallic products. Among the ur-
gent tasks is an improvement of mechanical properties of rolled structural 
steel which allows reducing the metal consumption in different structures 
(buildings, warehouses, aircraft hangars, metro stations, stadiums, bridges, 
etc.). The most challenging issues are connected with increasing the prop-
erties of low-alloyed steel pursuing the total cost reduction.

Heat treatment is a very effective technology to control the mechanical 
behaviour of rolled steel products. A new approach in this area is a heat 
treatment, based on the principle of “Quenching and Partitioning” (Q & P), 
proposed in the early 2000 s. It can significantly increase the strength of 
low-alloyed steels while maintaining satisfactory ductility and toughness 
by creating a multiphase structure formed at different stages of processing. 
Despite the impressive research activity in this area, the most published work 
refers Q & P technology regarding low-carbon steels (up to 0.20 wt.% C). 
The data devoted to studying Q&P regarding medium-carbon and high-
carbon steels are very limited, which narrows the possible applications of 
this technology. In this regard, the present effort aims to reveal the pros-
pects for using Q & P technology for steels with higher carbon content in a 
wide range of applications.

Chapter 1 presents a literature overview on the topic of research. Chap-
ter 2 describes the experimental methods and equipment used in the work. 
Also Chapter 2 outlines the results of studying the mechanism and kinetics 
of phase-structural transformations in medium-carbon Si-Mn-Cr-V steels. 
Chapter 3 is focused on the evolution of microstructure and mechanical 
properties in low-alloyed steels of 60Si2CrV grade and 55Si3Mn2CrVMoNb 
grade under the Q & P heat treatment. Chapter 4 is devoted to the devel-
opment of Q & P-based technology of heat-strengthening rolled steel balls, 
aimed at improving their performance.

The authors hope that the results of the research presented in this 
monograph may be of interest to researchers and engineers specializing 
in metallurgy and heat treatment of metals, and may be useful in the edu-
cational process of preparing undergraduates for the specialty “Materials 
Science and Engineering”.
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Chapter 1. State-of-the-art in the improvement of 
mechanical properties of low-alloyed steels

1.1 Current trends in heat treatment of high-strength steel

The increasing strength of structural steel is one of the main directions 
of saving energy, materials, and financial resources in the machine building 
and construction industry. In this regard, the technologies of heat treatment 
aimed at improving a “strength/ductility” combination in low-alloyed struc-
tural steels are well adopted in the metallurgical industry [1–3].

The term “High Strength Steel” is interpreted differently. According to 
Goldstein’s classification [4], high-strength steels include steels with an ul-
timate tensile strength (UTS) of at least 1500 MPa with a relative elongation 
of at least 15%. Such a set of mechanical properties is attributed to several 
classes of high-alloyed steels, namely: (a) martensite-aging steels (interme-
tallic phases precipitation from martensite during aging), (b) martensitic 
steels, alloyed by Cr, Mo, Ni, W, V, (c) dispersion-hardening steels alloyed 
by V and Mo (carbide precipitation at 550–650 oC), and (d) metastable 
austenitic steels susceptible for strain-induced martensitic transformation 
(SIMT) [4]. The chemical composition and mechanical properties of these 
steels are shown in Table 1.1. Despite their high mechanical properties, a 
significant disadvantage of these steels is the high cost associated with al-
loying by large amounts of costly alloying elements (Ni, Mo, V, W).

According to another classification, the term “High Strength Steel” 
is most often referred to low-carbon steel with a minimum yield ten-
sile strength (YTS) of 210–550 MPa [5, 6]. When YTS > 550 MPa, the 
steel is classified as particularly strong and called AHSS (Advanced High 
Strength Steel); sometimes these steels are referred to UHSS (Ultra High 
Strength Steel) [5, 7]. HSS and AHSS differ not only in strength but also 
in the microstructure. HSS have ferrite or ferrite-pearlite structure while 
AHSS’s microstructure contains two or more phase-structural constitu-
ents (bainite, martensite, ferrite, retained austenite (RA)). This is a natural 
composite combining strong (hard) and ductile phase components thus 
ensuring high strength with acceptable ductility and toughness. Due to 
the multiphase structure, AHSS exhibits a much higher set of mechanical 
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properties as compared with HSS steels. Consumers of AHSS are the auto-
motive industry, the military industry, construction, energetics, etc.

Figure 1.1 presents a diagram of “Tensile Strength-Elongation” corre-
lations for different classes of HSS, namely: (a) steels with low carbon con-
tent (Interstitial Free – IF); (b) steels that are strengthened during drying of 
applied paint (BH – Bake Hardening); (c) low carbon manganese (C–Mn) 
alloy steels; (d) ferrite-bainite steels (FB); (e) high-strength low-alloyed 
steels (HSLA) with micro-alloying by Ti, V or Nb (which allows satisfac-
tory ductility and cold-drawing capacity at strength up to 800 MPa). At 
present, HSS is increasingly replaced in the industry by AHSS due to the 
higher properties complex of the latter.

AHSS, in turn, are divided into three generations. The first generation 
is represented by dual-phase steels (DP), complex-phase steels (CP), TRIP-
assisted steels, martensitic steels (MART), and steels for hot deformation 
(PHS – Press Hardening Steel). Dual-phase steels, as a rule, have a ferrite-
martensitic structure [8, 10], in which the ferrite proportion significantly 
exceeds the martensite proportion, which allows for achieving a higher 
strength level while maintaining ductility at the HSLA level. In general, DP 
steels are characterized by UTS of 500–1200 MPa with a total elongation 
(TEL) of 10–30%. Some of the most common representatives of this class are 
DP800 and DP980 after heat treatment perform UTS not less than 800 MPa 
and 980 MPa with a minimum TEL of 17 and 9%, respectively [11].

Figure 1.1. Mechanical properties of HSSs and AHSSs
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Complex-phase steels (CP) have a tensile strength similar to dual-phase 
steels (800–1200 MPa) while their yield strength is higher due to the structure 
containing ferrite, martensite, and bainite. In addition, CP steels are custom-
ary microalloyed by V, Ti, and Nb for grain refinement to increase the me-
chanical properties [12]. Martensitic steels, by name, have a mostly martens-
itic structure, which allows them to achieve an increased strength level (UTS 
of 900–1800 MPa) but causes a rather low ductility. For example, MS1300 
grade steel has UTS ≤ 1300 MPa with an elongation of only 2–3% [13].

The TRIP-assisted steels contain 5–15 vol.% of RA along with ferrite 
and martensite, which is unusual for low carbon low-alloyed steels [14]. 
During deformation, retained austenite undergoes a strain-induced mar-
tensite transformation. This provides the steel with a unique set of me-
chanical properties (including abnormally high plasticity) that is desig-
nated as a TRIP (Transformation Induced Plasticity) effect.

The influence of stresses on martensitic transformation was first inves-
tigated by Sheil in 1932. The scientific basis for the use of SIMT to enhance 
steel properties was laid in the 1960s by Ural metallurgists’ pioneering re-
search under the guidance of Bogachev [15]. This trend was further devel-
oped by Zackey and Parker [16] and other researchers including Ukrai-
nian scientists L. Malinov, O. Chelyakh, V. Popov, M. Brykov, et al. [17–20]. 
Currently, the TRIP effect is one of the main directions of the development 
of high-strength steel. The strain-induced formation a’-martensite or e-
martensite provides an increasing the work hardening coefficient, redistri-
bution of the load under deformation, and external stress relaxation [22]. 
Due to SIMT, compressive stresses appear in front of the growing crack thus 
inhibiting its propagation [19]. Intense strengthening under SIMT prevents 
the localization of deformation; this delays the “necking” under the tension, 
causing the “running neck” effect, which leads to an abnormal increase in 
TEL [16, 18]. As a result, the steel containing metastable austenite may pos-
sess an improved combination of strength and ductility [18, 23–26]. Due to 
a SIMT, the TRIP-assisted steels (which have similar to CP and DP steels 
strength of 590–1180 MPa), as a rule, have a higher ductility. The represen-
tative of this class is a TRIP780 grade, which has UTS ≥ 780 MPa and a TEL 
of ≥ 24% [11].

TRIP-assisted steels are an example of using metastable austenite to im-
prove the mechanical properties of low-alloyed steels. There are various tech-
niques that allow to obtain retained austenite (in  low carbon steels) or to 
increase its volume fraction in the structure (in medium- and high carbon 
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steels). In this direction (SIMT, TRIP effect) one can highlight the contri-
bution of Malinov and Chelyakh (presenting Pryazovskyi State Technical 
University) to the field. They developed different original ways to obtain 
metastable austenite in the steels and cast irons of different alloying systems. 
In particular, they proposed to increase RA volume fraction by (a) using 
austempering for the steels 0.6CrSi, 0.6Si2, 0.45CrNi2MoV for automotive 
applications [27], (b) holding in the (α + γ) area for the redistribution of ele-
ments with enriching the austenite with carbon and austenite-forming ele-
ments (for the steels of 0.4CrNi, 0.4CrNi2Mo, 0.6Si2 grades, grey cast iron) 
[28, 29], (c) applying a chemical-thermal treatment with subsequent quench-
ing from high temperature (for steels of 0.1Mn2VNb, 0.5Mn grades) [30, 31]; 
(d) using thermo-cycling treatment (for steel of 0.2Mn grade [32]), etc.

The second generation of AHSS is represented by three grades of steel, 
namely: TWIP steels (Twinning-Induced Plasticity), L–IP steels (Light-
weight Steels with Induced Plasticity), and high-strength corrosion resis-
tance austenitic steels. In contrast to the first-generation steels the second-
generation ones fully austenitic structure. The most known steels of the 2nd 
generation are TWIP steels. The austenitic structure, in this case, is obtained 
due to alloying by 14–28 wt.% Mn. At present, the TWIP steel of 500/980 
grade has been used, which, has a UTS/YTS not lower than 980/500 MPa, 
respectively, with total elongation of 50–60% [33]. L–IP steels are carbon-
free TWIP steels containing aluminum to reduce (together with manganese) 
the weight of steel [34]. High-strength corrosion-resistant austenitic steels 
contain 14–18 wt.% Cr to stand with corrosion along with improved me-
chanical properties. As an example, CN1.07 steel has a YTS of 1075 MPa 
with a TEL of 74% [35].

The widespread use of second-generation steels is hampered by their 
high cost, and therefore the task is to develop third-generation high-
strength steels. The latter should outperform the first-generation steels 
by the set of mechanical properties complex and at the same time, they 
should have lower costs as compared with the second-generation steels.

1.2 The main directions in the development of 
the third generation high-strength steels

Currently, there are three main approaches to achieving the third-gener-
ation AHSS requirements. They are connected with the development of: (a) 
TWIP steels with medium manganese content [36–38], (b) steel with carbide-
free nanobainite [39–41], and (c) steels subjected to Q&P treatment [42–44].
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Medium-Mn TWIP steels are a modified version of second-generation 
TWIP high-Mn steels. Medium-Mn TWIP steels contain a medium (4– 
–10 wt.%) amount of manganese, which can significantly reduce the metal 
cost while maintaining a high strength/ductility combination. Thus, the steel 
containing 0.3 wt.% C, 6 wt.% Mn, 1.5 wt.% Si, and 3 wt.% Al possesses UTS 
of 1130 MPa and TEL of 58% [45]. Another advantage of these steels is the 
rather high hardenability, which allows the simple heat treatment with cool-
ing in the air.

Medium-Mn steels are heat treated in two stages. The first stage is the 
quenching from the austenitic region, after which the steel’s microstruc-
ture consists mainly of martensite and a minor fraction of retained austen-
ite. The second stage is annealing in the intercritical temperature, where 
martensite partially “reverses” into austenite, and partially transforms into 
recrystallized ferrite. Carbon and manganese partition between α-phase 
(martensite, ferrite) and austenite, resulting in austenite stabilization [46]. 
Upon further air-cooling, a ferrite-austenite structure is formed in the 
steel, in which austenite is capable of the TRIP effect during deformation.

When a high level of “Strength/Ductility” is required, it is recommend-
ed to use austempering to get the structure of carbide-free nanobainite, as 
well as Q & P treatment, which will be discussed below. An important ad-
vantage of carbide-free nanobainite steels is the possibility of achieving 
ultra-high strength while maintaining high ductility by obtaining a dis-
persed (nano-sized) heterophase structure [47]. It is known that the pro-
duction of classic nanostructured high-strength steels is associated with 
significant costs due to alloying with the deficient elements, as well as us-
ing the warm deformation or thermomechanical treatment for structure 
refinement [48]. As an attempt to solve this problem, in the early 2000 s, 
a technology for nanoscale bainite microstructure production (so-called 
nanobainite) was developed under the guidance of Bhadeshia [47]. This 
technology requires a specific chemical composition of steel and using a 
low-temperature ausforming. Nanobainite heat treatment consists of full 
or partial austenitization [49] and subsequent long (up  to 7 days) hold-
ing at a temperature slightly above the Ms point (but not above 250 oC) 
[50–57]. The nanobainite microstructure consists of laths of carbide-free 
bainite ferrite of thickness less than 100 nm. Between the ferrite laths, the 
interlayers of retained austenite are positioned. Such structure forms due 
to low holding temperature which shortens the paths for carbon partition-
ing and increases the thermodynamic stimulus of transformation [58, 59]. 
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Nanobainite steels contain 0.6–1.0 wt.% C, 0.7–2.0 wt.% Mn, 0.5–2.0 wt.% 
Cr, ≥ 1.5 wt.% Si. In the heat-treated state, these steels have a unique 
(for low-alloyed steels) combination of mechanical properties: UTS ≥ 
≥ 2000 MPa, the hardness is 600–700 HV, and the TEL is 5–30% [40, 49, 
60–63].

The thickness of the ferrite plate in the nanobainite is much lower than 
that of conventional bainite, providing an effect similar to grain boundary 
strengthening. Combined with the higher density of crystal lattice defects, 
this results in high strength of steel. At the temperatures of nanobainite 
austempering (200–250 oC), carbon atoms retain their diffusion mobility, 
so the diffusion-free growth of the bainite ferrite plate is accompanied by 
the partitioning of carbon from the α-phase to austenite [65, 66]. Since the 
cementite segregation during bainitic transformation is inhibited by the 
adding of 1.5–2.0 wt.% Si, this leads to austenite enrichment by carbon 
and its stabilization in the form of thin films. The increased plasticity of 
the nanobainite steels is closely associated with a presence of a significant 
volume fraction of austenite and its ability to SIMT (TRIP effect) [67].

An additional important factor of high nanobainite’s ductility is the 
absence of carbides in its structure. This is ensured by adding Si. Silicon 
greatly inhibits the precipitation of Fe3C from austenite, which is explained 
by its very low solubility in cementite [68, 69]. The silicon-induced inhi-
bition of cementite precipitation is described by Bhadeshia [47, 61], Ca-
ballero and Garcia-Mateo [47, 57, 61] et al. Earlier it was highlighted by 
Tkachenko [70] and Kurdyumov [71]. Aluminum has a similar effect on 
the cementite formation kinetics [72]. It is established that the addition 
of 1.2% Al to TRIP-assisted steel leads to the refinement of bainitic ferrite 
plate [72], acceleration of bainite formation [46], and increasing the resis-
tance to crack propagation [73].

When the carbon content exceeds 0.6 wt.%, the martensitic trans-
formation start temperature (Ms) is below 250 oC thus allowing bainite 
transformation at reduced temperatures (which is the main condition for 
obtaining nanobainite). As the holding temperature decreases, the bainitic 
ferrite plate thickness decreases, leading to an increase in the steel strength 
[74, 75]. However, when the holding temperature is less than 250 oC, the 
transformation slows down much that the holding required for com-
plete austenite transformation is prolonged to 7–10 days [56, 61, 76, 77]. 
Such a long heat treatment cycle limits the widespread industrial use of 
nanobainte steels [78]. This problem is partially solved by the addition of 
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aluminum and cobalt in the steel, which intensifies bainite transformation, 
however, cobalt significantly increases the steel cost [79].

Bainite transformation can be accelerated by compression stresses ex-
ceeding the austenite’s yield strength [80, 81], which is also true for nano-
bainitic carbide-free steels [82]. Hot deformation of the steel carried out 
before austempering at 230 oC, accelerates the nano-bainite formation 
by reducing the incubation period of transformation [83]. The prior hot 
strain deformation increases the bainitic transformation rate by increasing 
the surface area where bainitic nuclei may occur [84]. However, there is 
evidence that prior deformation at 300 oC inhibits bainitic transformation 
due to the mechanical stabilization of austenite [85–87].

1.3 Q&P steel: сhemical composition 
and heat treatment technology

Currently, the heat treatment, known as “Quenching and Partition-
ing” (abbreviated as Q & P) is being actively developed for the third-gen-
eration AHSS. This technology allows achieving an advanced complex of 
mechanical properties in relatively cheap low-alloyed steels. The technol-
ogy is based on the “Constrained Carbon Paraequilibrium” (CPE) concept 
proposed in 2003 by Speer [42, 43]. Later, this concept was developed in 
the works of Clarke, Matlock, Santofimia, Wu, and many other research-
ers [88–91]. According to CPE, when carbides precipitation is inhibited, 
then Fe-C alloys must have some metastable (paraequilibrium) state with 
minimal free energy at which the chemical potentials of carbon in austen-
ite and ferrite (martensite) are equalized. This is ensured by a consistent 
change in the volume fraction and chemical composition of the phases. 
Under slow diffusion of alloying elements (X), their ratio with iron (Fe/X) 
is almost unchanged, so the equality of chemical potentials is achieved due 
to the partition of carbon, which easily diffuses from αFe (martensite) to 
austenite [43]. The conditions for reaching the CPE state are (a) absence of 
carbides precipitation from austenite and (b) immobility of the interfacial 
martensite/austenite boundary. The diffusion of carbon from martensite 
into austenite in Si-containing steel under Q & P treatment has been ex-
perimentally proven using Atomic Probe Tomography [92, 93].

The Q & P treatment process consists of several steps: (a) austenitiza-
tion followed by quenching cooling, (b) partitioning, and (c) final cooling 
(Fig. 1.2). The quenching temperature (QT) should be in the temperature 
range between MS and Mf, in order to transform some of the austenite to 
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martensite. The next step involves heating to a partitioning temperature 
(PT) and holding at that temperature to redistribute carbon from C-rich 
martensite to austenite. The process is completed by final cooling (in water, 
oil, or air) to room temperature [94]. It is reported [95] that compared to 
quenching in water, cooling in the air increases the elongation of low car-
bon steel with some reduction of its strength.

As a result of carbon enrichment, the austenite partially stabilizes to 
martensitic transformation upon final cooling, which increases the re-
tained austenite amount in the steel structure. The degree of austenite en-
richment by carbon depends, among other things, on the volume frac-
tions ratio of martensite and austenite after quenching [96]. Thus, when 
developing Q & P processing parameters, it is important to know the kinet-
ics of athermic martensitic transformation in order to select the optimal 
quenching temperature.

Figure 1.2. Scheme of Q & P heat treatment process
In accordance with the concept, the microstructure of Q & P-treated 

steel should consist of tempered martensite (formed at the quenching 
stage), “fresh” martensite formed at the final stage of processing, and re-
tained austenite [97, 98]. This structure combines the areas of different 
strength and ductility providing improved properties due to the composite 
strengthening effect.

There are two classic modifications of the Q & P process: one-step par-
titioning and two-step partitioning [43]. The first modification involves 
partitioning at the quenching temperature (i. e. between МS and Мf), and 
the second one implies partitioning at a higher temperature. In fact, the 
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one-step partitioning scheme involves the known phenomenon of austen-
ite thermal stabilization, described by Sadovsky [99]. The thermal stabi-
lization of austenite to martensitic transformation is associated with the 
elastic stress relaxation in the austenitic matrix [100] and the formation of 
the segregation of C and N atoms at dislocations, which leads to an aus-
tenite microheterogeneity [101, 102]. However, as shown in recent works 
[23, 74, 102, 104], with one-step partitioning, the thermal stabilization of 
austenite is supported by its chemical stabilization (i. e., carbon saturation 
diffused from martensite), which provides a notable increase in the RA 
amount, despite on low holding temperature.

As seen in Fig. 1.1, Q & P-treated steels have a tensile strength similar to 
martensitic steels at much higher ductility, which gives them an advantage 
in severe exploitation conditions. After Q&P processing the steels contain-
ing 0.2 wt.% C, 1.5 wt.% Si, 1.33 wt.% Mn [98] and 0.22 wt.% C, 0.41 wt.% Si, 
1.85 wt.% Mn, 1.46 wt.% Al [105] obtained an increased mechanical proper-
ties complex (UTS/TEL) of 1072 MPa/23.7% and 882 MPa/24.4%, respec-
tively, which is a rather high properties level for this class steels [105].

An improvement of mechanical properties after Q & P processing is due 
to obtaining a multiphase structure containing retained austenite. When 
loaded, RA transforms into martensite contributing to strength and ductil-
ity both [106]. It should be noted that the published data on Q & P process-
ing mainly refer to the low-carbon steels (up to 0.20 wt.% C). The effect of 
Q & P processing on properties of medium-C and high-C steels is investi-
gated to a much lesser extent, therefore, it requires further detailed study 
in view of the wide using these steels for automotive and tool applications.

Depending on the Q & P processing mode and the carbon content in 
steel, the retained austenite amount in the structure may vary in a wide 
range: 5–20% and even above [107–110]. Q & P processing enables the 
TRIP effect in cheap low-alloyed steels, making it promising for wide in-
dustrial applications. An important parameter of austenite is its stability to 
SIMT, which influences the deformation hardening coefficient, strength, 
and ductility of steel [111, 112]. The sasceptibility of RA to SIMT depends 
on different factors, such as the local carbon and the content оf alloying el-
ements in the austenite [3, 113], the size and morphology of the austenitic 
areas [112–114], the effect of the surrounding phases [115].

After Q & P treatment, the carbon concentration in the austenite can 
reach high values up to the limit of carbon solubility in γ-phase. The car-
bon content in austenite determines the SIMT kinetics upon loading, which 
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significantly affects the strength/ductility ratio. If the carbon content in aus-
tenite is less than 0.5 wt.%, then the austenite transforms into martensite 
under the load too fast deteriorating the steel’s mechanical properties. If car-
bon content ≥1.8 wt.%, then austenite is very stable and it can withstand 
strain without SIMT [112]. Thus the moderate austenite propensity to SIMT 
is preferable which is associated with a carbon content of 1.0–1.8 wt.%. With 
regard to the RA morphology, studies have shown that the filmy austenite 
has higher stability to SIMT than blocky austenite areas [98].

Another factor that determines the austenite’s stability is its area size 
[116–118]. Large austenitic areas are less stable to SIMT [95]. The aus-
tenitic area of 0.01–1.0 μm is considered optimal [119]. The stability and 
strength of retained austenite also depend on the surrounding phases 
[120]. The stronger they are, the more stable to SIMT austenite is [120]: 
the strong surrounding phases interfere through the shear γ→α transfor-
mation, which is accompanied by an increase in the specific volume of 
steel. Another way of stabilizing austenite to martensitic transformation 
is thermal stabilization, during the interruption of quenching cooling at 
a temperature between MS and Mf and holding at this temperature [121].

It should be noted that the reported experimental data on the amount 
of retained austenite Q & P-treated steels are lower than the values calculat-
ed according to the CPE concept [116]. The discrepancy in experimental 
and calculated data may be due to the bainite formation at the partition-
ing stage [88, 122–125] and/or incomplete carbon redistribution. During 
Q & P treatment, it is difficult to prevent bainite transformation at the par-
titioning stage, even with the addition of an increased amount of alloying 
elements [123]. Most likely, this is due to the fact that the bainitic transfor-
mation kinetics is accelerated by martensite, which is formed at the stage of 
interrupted quenching cooling. Martensitic transformation upon cooling 
leads to straining austenite, thus creating thermodynamic conditions for 
the accelerated formation of the first nuclei of α-phase [126]. These condi-
tions are associated with a lower energy barrier of transformation in places 
of lattice defects accumulation. As reported in [126–129], the acceleration 
of bainitic transformation at temperatures close to MS was found. Previous 
studies of the effect of martensite on bainitic transformation kinetics were 
performed only for low carbon steels. Such study for research medium-
carbon and high-carbon steels is of particular scientific interest as well.

In order to address Q & P processing, the steel should belong to a cer-
tain alloying system (Si-Mn, Si-Al-Mn, Si-Mn-Cr), which is largely similar 
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to the nanobainite steel alloying system. The classic Q & P steel compo-
sition does not imply adding strong carbide-forming elements (Nb, V), 
since they bind carbon and reduce the carbon enrichment of austenite. At 
the same time, elements that prevent the precipitation of cementite from 
austenite, namely silicon and aluminum, are mandatory for introduction 
into Q & P steel [130, 131]. Based on this, most Q & P steels contain 0.15–
1.0 wt.% C, 0.3–3.5 wt.% Mn, 0.05–1.9 wt.% Al and/or 1.3–3.0 wt.% Si, and 
up to 2.0 wt.% Cr [105].

Manganese and carbon lower the MS point, thus increasing the RA 
volume fraction in the steel. In addition, carbon provides the increase in 
steel strength through the various strengthening mechanisms. However, 
increasing the carbon content makes the steel more brittle [110]. The ad-
dition of cheap manganese and more expensive chromium in Q & P steel 
aims at enhancing the hardenability of steel, which is necessary to cool 
the austenite to quenching temperature without its transformation in the 
pearlite and bainite areas [132]. In addition, chromium increases the resis-
tance of martensite to decomposition under partitioning tempering, which 
is important from the point of view of maintaining the strength of steel.

The adding of silicon in Q & P steel effectively inhibits the precipitation 
of cementite [110], providing maximum austenite enrichment by carbon. 
The reasons for this are the very low solubility of silicon in cementite [133, 
134], and the fact that Si sharply increases the activity of carbon in austenite. 
As shown by Tkachenko [70], in the case of the cementite nuclei formation 
silicon should be rejected into the matrix, enriching the austenite next to the 
interphase boundary. This should lead to a sharp increase in carbon activity 
in the Si-rich austenite zone, with a corresponding increase in the system’s 
free energy, which thermodynamically disables the cementite precipitation.

However, silicon almost does not inhibit the transitional ε-carbides 
formation during martensite tempering. Moreover, Si stabilizes ε-carbides, 
which precipitate from martensite at relatively low temperatures and can 
continue to exist at long holdings and at higher temperatures [95]. The 
transitional carbides formation is a competing process that reduces the 
austenite saturation with carbon. In addition, according to [95], at a con-
tent of more than 2 wt.% silicon can stimulate the formation of the carbide.

Aluminum is used as a silicon substitute because it prevents the re-
lease of cementite during the holding of steel at bainitic transformation 
temperature [135]. Aluminum also effectively controls the austenitic grain 
growth when steel is heating under Q & P treatment [135].
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Despite its obvious advantages, basic Q & P technology has some draw-
backs. Q & P is difficult to be applied for the parts of large sections. At large 
thicknesses, it is impossible to ensure the same structure formation at dif-
ferent depths, which leads to a gradient of microstructure and mechanical 
properties on the cross-section. Basic Q & P technology is constantly being 
modified, and various modifications are being developed to address the 
shortcomings or further enhance the steel properties. The following Q & P 
modifications are currently known as follows:

(a) Q-Q & P is double-quenching processing, which results in double 
phase recrystallization with obtaining a more dispersed structure. Q-Q & P 
uses the grain boundary strengthening to more extent as compared to clas-
sical Q & P processing. Also, Q-Q & P results in increasing RA fraction due 
to the fact that fine-grained austenite is more stable to martensitic trans-
formation during quenching [107];

(b) IA-Q & P (IA  is Intercritical Austenization) is a modification of 
Q & P with intercritical annealing. It allows obtaining in the structure a 
certain amount of polygonal ferrite, along with martensite and austenite, 
which increases the steel ductility. As a result of IA-Q & P treatment, after 
partitioning at 400 oC for 10 s steel of composition (0.2 wt.% C; 1.5 wt.% Si; 
1.9 wt.% Mn) possessed UTS of 990–1100 MPa and TEL of 29%, which is 
a good combination of mechanical properties [136];

(c) Q & P-T processing (T  is Tempering) is a Q & P modification, in 
which steel is additionally alloyed with strong carbide forming elements 
(Mo, Nb, V) [137–139]. This treatment is recommended for applications 
where a higher strength level of steel is required. The properties enhance-
ment is achieved by dispersion hardening during the precipitation of car-
bides and carbonitrides during the partitioning stage. Zhong et al. [109] 
showed that Q & P-T treatment with partitioning at 400 oC provides in 
steel containing 0.20 wt.% C, 1.18 wt.% Si, 1.44 wt.% Mn, 0.05 wt.% Nb a 
UTS value of 1200 MPa with an elongation of 18% and a Charpy impact 
toughness of 48 J/cm2. Q & P-T treatment can also be applied to steel with 
a simple alloying system without the addition of expensive carbide-form-
ing elements. As shown in [139], Q & P-T treatment with partitioning at  
400 oC provides higher mechanical properties of steel at 0.2 wt.% C–Mn-Si 
compared to conventional quenching and tempering;

(d) Q-DP (DP is Dynamic Partitioning) is a modification proposed by 
Li in 2016 [140]. The advantages of this technology include the possibility 
of achieving higher strength by gradually reducing the temperature at the 
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partitioning stage (Fig. 1.3, a). In steel containing 0.3 wt.% C, 1.4 wt.% Si, 
1.8 wt.% Mn, 1.3 wt.% Cr, 0.3 wt.% Mo, Q-DP led to UTS of 1519 MPa, 
YTS of 1336 MPa, TEL of 21.3%, and PSE (Product of Strength and Elon-
gation) of 32.4 GPa × % [140];

(e) B-Q & P (B  is Bainite). The essence of this technology is obtain-
ing carbide-free bainite before the quenching stage (Fig. 1.3, b) [141]. The 
carbide-free bainite formed during isothermal holding at the first stage 
of processing divides austenitic grains, refining the resultant microstruc-
ture. B-Q & P treatment was applied for steel containing 0.40 wt.% C, 
2.10 wt.% Mn, 1.70 wt.% Si, 0.40 wt.% Cr; the extraordinary properties 
were obtained: UTS=1495 MPa; TEL=31.8%; PSE=47.5 GPa × % [141]. 
Holding at temperatures above MS before quenching can positively result 
even in the absence of bainitic transformation. As shown by Malinov and 
Chelyakh [142], a step-quenching with holding in the area of high stability 
of austenite at 100–400 oC provides both a decrease in the quenching stress 
level and an increase in RA volume fraction in Cr-Mn austenitic steels. 
This allows further SIMT which promotes the increase of the mechanical 
properties complex;

Figure 1.3. The shemes of (a) Q-DP [140] and (b) B-Q & P [141].

(f) Q-T & P (TP is Tempering-associated Partitioning) is a modification 
in which the chemical composition of steel is tuned so that the quenching 
temperature coincides with the ambient temperature. This simplifies the 
application of technology in industrial conditions [135];

(g) Q-LP (L is Long) is a basic Q & P process with prolonged holding at 
the partitioning stage. This modification was proposed by Huang in 2015 
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[143] for Q & P processing of bulk products. Q-LP enables the formation of 
a multiphase microstructure consisting of martensite, bainite, and retained 
austenite in big cross-section parts.

Despite the technical difficulties, the first data on the use of Q & P tech-
nology in the industry has already emerged. Thus, Baoshan Iron & Steel 
Company (China) has mastered the Q & P-based manufacturing of high-
strength automotive steel AHSS980 with YTS ≥ 980 MPa [144–146].
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Chapter 2. Mechanisms and kinetics of phase-
structural transformations in medium-carbon 

Si-Mn-Cr-V steels

2.1 Materials and methods

The structural steels of 60Si2CrV, 75CrMn2Si, 55Si3Mn2CrVMoNb, 
and 75CrMn grades were used in the work as research material, the chemi-
cal composition of which is presented in Table 2.1. All steels contained 
increased amounts of silicon, which is a prerequisite for the steels intended 
for Q & P processing.

Table 2.1. Chemical composition of the investigated steels

Content of elements (wt.%)
C Si Mn Cr Mo V Nb Al S P

Grade 60Si2CrV
0.53 1.46 0.44 0.95 – 0.10 – – 0.016 0.013

Grade 55Si3Mn2CrVMoNb
0.56 2.50 1.70 0.50 0.21 0.12 0.05 – 0.011 0.015

Grade 75CrMn2Si
0.73 0.91 2.10 0.69 0.01 0.01 – 0.08 0.017 0.020

Grade 75CrMn
0.72 0.37 0.89 0.60 0.14 – 0.05 – 0.008

The standard steel of 60Si2CrV grade (GOST 14989–79, equivalent to 
DIN EN10089) was used as a commercial bar with a diameter of 16 mm; 
the bar was forged into a square cross-section of 12×12 (mm), from which 
the specimens after annealing (from 850 oC) were machined.

The steels of 75CrMn2Si and 55Si3Mn2CrVMoNb grades were 
smelted in an induction 60 kg furnace and poured into an 80 mm diame-
tre graphite crucible. The castings were subjected to forging and rolling 
into a strip 15 mm thick. After annealing from 850 oC the specimens were 
made for further investigation. The specimens of 75CrMn steel were fab-
ricated from rolled grinding balls produced by PJSC “AzovStal Iron and 
Steel Works”.
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Phase-structural transformations under isothermal conditions and un-
der continuous heating (cooling) were investigated by a dilatometric meth-
od using a differential optical dilatometer. Samples of 2 mm diameter and 
20 mm length were used. Variations in the sample length were recorded by 
deflection of the light beam. Samples were heated in a dilatometer furnace at 
a rate of ~5 K/min. The start temperature of the martensitic transformation 
was determined by bending the dilatometric cooling curves, which corre-
sponds to an increase in sample volume under the γFe → αFe transforma-
tion; the temperature was fixed using a welded to the sample chromel-alu-
mel thermocouple.

The TTT (Transformation-Time-Temperature) diagrams and the ki-
netics of martensitic transformation during cooling were plotted using a 
magnetometric method with a tensometric system of the magnetic phase 
gain fixation [147]. Samples of 2 × 10 × 12 (mm) in size were austenized in 
a laboratory furnace for 5 min, then they were transferred to a magnetom-
eter’s bath (molten alloy Sn‑38wt.% Pb). The temperature of bath varied 
from 250 oC to 700 oС. The signal from the bridge circuit was recorded on a 
personal computer using an “Advantech” analog-to-digital converter. The 
transformation’s onset was referred to as the appearance of the 2–3 vol.% 
aFe-phase. When determining the martensitic transformation kinetics, the 
sample was cooled in the air outside the bath; its temperature was fixed by 
a welded thermocouple.

The heat treatment of the samples was carried out in laboratory muffle 
furnaces and bath furnaces filled with molten Wood’s alloy, Sn‑38wt.% Pb 
alloy, a mixture of salts K2NO3 and NaNO2. During austenitization, wood 
coal was used to prevent oxidation and decarburization of the sample sur-
face. Bath furnaces were used to cool the austenitized specimens at the 
“Quenching” stage and holding at the “Partitioning” stage.

Tensile tests were performed according to GOST 1497–84 on samples 
with a gauge diameter of 5 mm. Charpy tests were performed according to 
GOST 9454–78 on samples of size 7 × 10 × 55 mm with a U-shaped notch. 
Hardness was measured according to the Rockwell method (scale C). Sam-
ples for microstructural analysis were prepared by the standard metallo-
graphic procedure of polishing with final etching by 4 vol.% “Nital” solution. 
The microstructure was examined using “Axiovert 40 MAT” (Carl Zeiss) 
and “Eclipse M 200” (Nikon) optical microscopes, as well as electron scan-
ning microscopes “Ultra 55” (Carl Zeiss) and “Nova 400 Nano” (SEM FEI). 
The fracture surface was investigated using SEM Ultra‑55 (Carl Zeiss).
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The phase chemical composition determination was performed using an 
“INCA” energy dispersion analyzer (Oxford Instruments). The qualitative 
and quantitative phase composition of the steels was determined by X-ray 
diffractometers DRON‑3 (in FeKα-radiation) and “Ultima IV-Pro” (Rigaku) 
(in CuКα-radiation). In the latter case, the diffraction pattern was recorded at 
a voltage of 30 kV at a speed of 2 deg/min using monochromator.

The volume fraction of retained austenite (ARA) was calculated using 
the equation [98]:
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where G – is the coefficient corresponding to specific combinations of 
γ – and α-peaks: 2.46 for Iα(200)/Iγ(200); 1.32 for Iα(200)/Iγ(220); 1.78 
for Iα(200)/Iγ(311); 1.21 for Iα(211)/Iγ(200); 0.65 for Iα(211)/Iγ(220); 0.87 
for Iα(211)/Iγ(311) [98]; Iα, Iγ αre the inteγrαl intensities of the αustenite 
diffrαction peαks (200), (220), (311) αnd α-phαse (200), (211). The aus-
tenite volume fraction was found as the average defined for different pairs 
of lines.

The carbon content of retained austenite was found from the equation 
[148]:

	 аγ = 0.3556 + 0.00453xC + 0.000095xMn,� (2.2)
where аγ is austenite lattice parameter, m; хС is carbon concentration in 
austenite, wt.%; хMn is manganese concentration in austenite, wt.%.

The austenite lattice parameter was determined by the equation [149]:
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where h, k, l are plane indexes; λ is X-ray wavelength; θ is Bregg's angle, 
found using the Gaussian approximation and averaging for the (200)γ and 
(220)γ peaks.

The fine microstructure was examined using a transmission electron mi-
croscope (TEM) “JEM‑100-C–XII” (JEOL) with an acceleration voltage of 
100 kV. The thin foils made from samples were used. The foil preparation 
method consisted of mechanical thinning to a thickness of 0.10–0.15 mm, af-
ter which discs with a diameter of 3 mm were cut from the foil by the electro-
spark method. The disks were electrolytic jet polished at the “TENUPOL‑2” 
installation in the electrolyte of composition: 40 ml of HCl, 400 ml of methyl 
alcohol, and 240 ml of butyl alcohol. The electrolyte temperature (not higher 
than minus 30 oC) was maintained with a thermostat during polishing.
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The impact resistance of steel grinding balls was evaluated by tests on 
the copra-type equipment where the ball was impacted by a hammer of 
125 kg weight which fell from a height of 5.5 m.

Abrasive wear tests were performed according to the “Three-Body 
Abrasion” scheme at the load on the sample of 10 N. The abrasive was SiO2 
and Al2O3. The test duration was 1 hour. The sample wear was evaluated by 
weight loss, which was determined by weighing on the electronic balance 
with measurement discretion of 0.0001 g.

2.2 The austenite transformation kinetics under isothermal 
conditions and morphology of transformation products

As noted above, Q & P treatment allows for achieving high strength 
in relatively cheap low-alloyed steels, which is of interest from a practical 
point of view. The application of Q & P treatment to medium- and high-
carbon steels remains poorly studied. In this regard, it was of interest to 
study the prospects of Q & P treatment in enhancing the combination of 
mechanical properties of structural medium carbon (0.5–0.6% C) steels, 
which are usually prone to brittle fracture at high strength [150]. In order 
to accumulate the carbon in γ-phase during the partitioning stage, the steel 
must contain more than 1.0 wt.% silicon, which effectively inhibits the car-
bides precipitation from austenite. High-Si spring steels (60Si2, 60Si2CrV, 
etc.) fully meet this requirement. In this chapter, the results of studies of 
the use of Q & P treatment to enhance the mechanical properties of com-
mercial steel 60Si2CrV and experimental steel 55Si3Mn2CrVMoNb are 
presented. The latter steel was designed to maximize the benefits of Q & P 
treatment: (a) increased silicon content (2.5 wt.%) was intended to inhibit 
cementite formation at the partitioning stage, (b) adding 1.70 wt.% Mn in 
combination with the minor amounts of Cr and Mo was aimed at increas-
ing the steel hardenability, (c) microalloying by V and Nb was focused to 
the grain refinement.

The rational selection of Q & P processing parameters implies the 
knowledge of phase-structural transformation features and the critical 
points position of particular steel. In this regard, the kinetics of austen-
ite transformation in steels 60Si2CrV and 55Si3Mn2CrVMoNb were in-
vestigated at the initial stage of this research. The critical points Аc1 and 
Аc3 of the steels were found (by  dilatometric analysis) as follows: Ac1= 
=800 oC, Ac3 = 840 oC (for 60Si2CrV steel) and Ac1 = 790 оС, Ac3 = 840 оС 
(for 55Si3Mn2CrVMoNb steel). Taking into these values, the optimal 
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austenitization temperatures were selected as 880 oC for 60Si2CrV steel 
and 900 oC for 55Si3Mn2CrVMoNb steel. The higher temperature in the 
latter case was taken due to the presence of Mo in steel, which may impede 
the carbides dissolution when heated in the austenitic area. The selected 
temperatures were used for austenitization of steels in the study of phase-
structural transformations, as well as for Q & P processing.

The kinetics of austenite transformation in steels under isothermal con-
ditions was investigated at temperatures in the range 250–700 oC with a step 
of 50 oC with the development of the TTT-diagram. According to Fig. 2.1, a 
TTT-diagram for 60Si2CrV steel featured the divorced pearlitic and bainitic 
areas, divided by a zone of austenite stability at 550 oC (which is character-
istic of steels alloyed with carbide-forming elements). The kinetic maxima 
of the transformation in the pearlite region were recorded at 650 oC; in this 
case, the incubation period was 5 s, and the full transformation time was 
35 s. At 550 oC, the incubation period increased sharply to 294 s, and the end 
of the transformation was fixed after 694 s holding. The kinetic maximum of 
bainitic transformation referred to 450 oC with an incubation period of 6 s 
and a total transformation time of 117 s.

Figure 2.1. TTT-diagram for 60Si2CrV steel

The microstructure of 60Si2CrV steel after isothermal holding is pre-
sented in Fig. 2.2. At 600–700 oC, the transformation resulted in lamellar 
pearlite without proeutectoid ferrite formation (Fig. 2.2, a, b). At 550 oC, 
the areas of a needle-like morphology (shown by the arrow in Fig. 2.2, 
b) were detected in the structure along with the pearlite, featuring an over-
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lapping of pearlitic and bainitic transformations. Holding at the tempera-
tures in the range “500 oС–MS” resulted in a structure consisting of bainite, 
whose appearance changed from differentiated “feathers”-like morpholo-
gy at 500 оС (Fig. 2.2, c) to a fine-needle morphology at 250 оС (Fig. 2.2, c).

 

 

 
Figure 2.2. Microstructure of 60Si2CrV steel after austempering at 

(a) 650 оС, (b) 550 оС, (c) 500 оС, (d) 450 oC, (e) 350 oC, (f ) 250 oC

Figure 2.3 presents the kinetic curves of austenite transformation for 
55Si3Mn2CrVMoNb steel. In this case, a significant slowdown of trans-
formation compared to 60Si2CrV steel was detected for each holding 
temperature. The TTT-diagram was fully divided into pearlite and bainite 
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domains with a temperature interval (500–400 oC) where austenite trans-
formation was not recorded during 3000 s holding (Fig. 2.4). The “nose” of 
the pearlite domain corresponded to 600 oC while the “nose” of bainite do-
main referred to 350 oC. At 600 oC the incubation period of transformation 
was 180 s, and the duration of transformation completion was 2400 s. At 
350 oC the incubation period of transformation was 60 s, and the transfor-
mation finished after 300 s. At 650 oС and 700 oC austenite transformation 
was not detected during the holding of 3600 s.

Figure 2.3. Dilatometric kinetic curves of austenite 
transformation in 55Si3Mn2CrVMoNb steel

According to the kinetic curves (Fig. 2.3), at 300 oC and 550 oC, the 
transformation proceeded much slower as compared with other holding 
temperatures. The low transformation rate at 550 oC was explained by 
the decrease in the diffusivity of alloying element atoms [71]. At 300 oC, 
the transformation arrest was caused by the carbon over-enrichment of 
austenite due to higher silicon content (2.5 wt.%) [71, 74, 151–155]: an 
increase in carbon content during transformation led to stabilization of 
austenite to bainitic transformation. As a result, at 300 oC the transfor-
mation stopped, not even reaching 50%. At 270–225 oC, the transforma-
tion proceeded to more extent. At these temperatures, austenite satura-
tion with carbon was much less due to the decreased diffusion mobility 
of carbon atoms.
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Figure 2.4. TTT-diagram for 55Si3Mn2CrVMoNb steel

The analysis of the transformation kinetics showed that 60Si2CrV and 
55Si3Mn2CrVMoNb steels featured fair stability in the pearlite and bainite 
regions. This allows the cooling of austenite directly to MS temperature 
without any transformation that fully meets the requirement of Q & P-
principle.

2.3 Determination of MS temperature and 
kinetics of athermal martensitic transformation 

in 60Si2CrV and 55Si3Mn2CrVMoNb steels

Martensitic transformation is extremely important for the improve-
ment of the mechanical properties of steel [156]. The temperature inter-
val of transformation determines the martensite morphology, the amount 
of retained austenite, and the quenching stress level, thereby affecting the 
properties and distortion of quenched steel. The data on the kinetics of 
athermic martensitic transformation allows for the correct selection of the 
regime of heat treatment, especially if this treatment involves the cooling 
abortion at the temperature lying within the MS – Mf interval. This ap-
proach is the essence of Q & P processing where the first stage involves the 
interruption of quenching at a certain temperature (QT), which lies within 
the interval of MS – Mf . The correct selection of QT temperature is im-
portant in terms of achieving the optimum “martensite/austenite” volume 
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ratio, which, on the one hand, determines the austenite carbon enrich-
ment, on the other hand, controls the level of steel strength. Experimen-
tal data on the kinetics of atermic martensitic transformation in steels are 
quite rare [157–159]; thus special studies for steels of particular chemical 
compositions are needed.

The MS point of the investigated steels was determined by a magne-
tometric method. The austenized sample was air-cooled being placed be-
tween the magnet’s poles. As the temperature decreased and the martensitic 
transformation progressed, the sample was drawn into the magnetometer’s 
magnetic field, generating a signal which is proportional to the volume 
fraction of α-phase (martensite). The sample’s temperature was fixed using 
a point-welded chromel-alumel thermocouple. The sample was cooled to 
50 oC at an average cooling rate of 13.3 K/s inside the magnetometer. After 
that, the sample was removed from the magnetometer and sequentially 
cooled to 4 oC, to minus 20 oC and to minus 196 oC (in liquid nitrogen). 
After cooling, the sample was positioned inside the magnetometer for the 
ferromagnetic phase increment measurement.

 
Figure 2.5. Magnetometric cooling curves for: 

(a) 55Si3Mn2CrVMoNb steel, (b) 60Si2CrV steel [157]

Figure 2.5 shows the magnetometric curves reflecting the increment 
of volume fraction of the ferromagnetic phase (martensite) under cooling. 
In steel 55Si3Mn2CrVMoNb martensite appeared when the sample was 
cooled to 240 oС, which was adopted as the MS point for this steel. The pe-
culiarity of 60Si2CrV steel (Fig. 2.5 b) is that during the sample cooling in 
the air the austenite transformation began in the bainite region by forming 
at 500–420 оС small amount of bainite. After that, the transformation was 
suspended until reaching a temperature of 257 oС. Starting at this tem-
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perature, the ferromagnetic phase amount began to rise sharply, indicating 
the martensitic transformation. The temperature of 257 oC was adopted 
as the MS point for 60Si2CrV steel. It was presumed that cooling in liquid 
nitrogen ensured the reaching of the Mf temperature for both steels. Based 
on this, the obtained magnetometric curves were converted into kinetic 
curves of martensitic transformation presented in Figure 2.6.

 

Figure 2.6. Kinetic curves of athermic martensitic transformation 
for (a) 55Si3Mn2CrVMoNb steel, (b) 60Si2CrV steel [157].

As follows from kinetic curves, the studied steels performed the mar-
tensitic transformation close to explosive kinetic, i. e., the most volume 
of martensite was formed in the temperature range of 120–150 oC. Thus, 
in 55Si3Mn2CrVMoNb steel, cooling to 200 oC led to the appearance of 
38 vol.% of martensite, and at 100 oC its amount increased to 80 vol.%. At 
lower temperatures, the velocity of martensitic transformation decreased 
sharply. At room temperature, about 4 vol.% austenite was retained in 
the 55Si3Mn2CrVMoNb steel structure. For 60Si2CrV steel, the highest 
increase in the martensite’s amount corresponded to the temperature in-
terval of Мs – 200 оС, when 50 vol.% of martensite was formed. At lower 
temperatures, the growth of martensite volume fraction decreased signif-
icantly. At 20 oC steel 60Si2CrV contained 2 vol.% of retained austenite.

Given the complexity in the experimental determination of the mar-
tensitic kinetics transformation and martensitic transformation start tem-
perature, mathematical models and empirical equations that allow calcu-
lating these parameters are widely used [160, 161]. However, they have 
limited usage, due to differences in carbon content and alloying systems 
of different steel classes. In this regard, it was of interest to analyze the 
known empirical equations for calculating MS in order to determine their 
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suitability for medium carbon steels with high Si content. The equation 
proposed in 1959 by Koistinen and Marburger (K-M) is most commonly 
used to describe the athermic martensitic transformation kinetic [160]:
	 f = 1–exp(–am×(Мs–T))� (2.4)
where МS is starting temperature of martensitic transformation, оС; f is 
the volume fraction of martensite formed at a temperature T (oC) below 
MS point; am is the fitting coefficient.

The results of calculating MS temperature values using known empiri-
cal equations [160, 161] are presented in Table 2.2. As seen, the equations 
(2.5)–(2.11) allow sufficient accuracy (±(4–8) оС) when calculating the MS 
temperature for 55Si3Mn2CrVMoNb steel. For 60Si2CrV steel, the lowest 
error in MS temperature calculation is ascribed to the equations (2.12) and 
(2.13), and the maximum error corresponds to equations (2.20)–(2.22).

Although K-M equation is developed for non-alloyed iron-carbon al-
loys, it contains a fitting coefficient am, which allows it to fairly accurately 
describe the transformation’s kinetics in alloyed steels of a specific class. 
Later, Hougardy, van Bohemen, Lee, and Van Tyne were offered modified 
versions of the “K-M” equation (Table 2.3). In the latter two cases, an at-
tempt to relate the fitting parameter to the steel’s chemical composition 
was made. The theoretical model of Hougardy (2.23), which is based on 
the “K-M” approach, is distinguished by the introduction of a power pa-
rameter q. In the Hougardy equation, both the q parameter and the fitting 
parameter itself (designated in this case as k) are calculated depending on 
the temperature MS. The equation (2.24) proposed by van Bohemen differs 
by the fitting parameter am calculated based on the contents of carbon and 
alloying elements in steel (this equation can be applied to a limited range 
of steels that are alloyed by Ni and Mo). The equation (2.25) developed by 
Lee and Van Tyne includes a fitting parameter KLV and a power param-
eter nLV, whose values are also calculated depending on the steel’s chemical 
composition.

To evaluate the appropriateness of the equations (2.4) and (2.23)– 
–(2.25) regarding 55Si3Mn2CrVMoNb and 60Si2CrV steels, the kinetics of 
martensitic transformation was calculated to compare it with experimental 
kinetic curves. This comparison is presented in Figure 2.7. As seen, the equa-
tion of Hougardy fairly described the kinetic, while standard deviations were 
2.48 and 2.20 for 55Si3Mn2CrVMoNb and 60Si2CrV steels, respectively. 
The lowest standard deviations (2.01 for 55Si3Mn2CrVMoNb steel and 1.63 
for 60Si2CrV steel) were noted for the “K-M” equation using am = 0.012.
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Table 2.2. Equations (2.5)-(2.22) [160, 161] for Ms calculation. In 
parentheses, the element contents (wt.%) are given. The steels 

designated as #1 (60Si2CrV) and #2 (55Si3Mn2CrVMoNb)

Authors Equation

Calculated 
MS tempera-
ture (оС) for

Steel# 
1

Steel# 
2

1 2 3 4
Popov A., 
Popova L.

Ms = 520–320[C] – 50[Mn] – 30[Cr] – 
–20[Ni+Mo] – 5[Cu+Si]� (2.5) 293 224

Capdevila Мs = 764.2–302.6[C] – 30.6[Mn] – 
–16.6[Ni] – 8.9[Cr] + 2.4[Mo] – 11.3[Cu] 
+8.58[Co] + +7.4[W] – 14.5[Si]� (2.6)

288 229

Krauss Ms = 561–474[C] – 33[Mn] – 17[Cr] – 
–17[Ni] – 21[Mo]� (2.7) 279 227

Zhichao Ms = 540 – 420[C] – 35[Mn] – 12[Cr] – – 
20[Ni] – 21[Mo] – 10.5[Si] – 10.5[W] + 
+ 20[Al] + 140[V]� (2.8)

289 225

Sverdlin 
and Ness

Ms = 561.1 – 473.9[C] – 33[Mn] – 
– 16.7[Cr+Ni] – 21.1[Mo]� (2.9) 293 224

Payson 
and Savage

Ms = 498.9 – 316.7[C] – 33.3[Mn] – 
–7.8[Cr] – 16.7[Ni] – 11.1[Si+Mo+W]� (2.10) 274 221

Van 
Bohemen

Ms = 565 – 31[Mn] – 13[Si] – 
– 10[Cr] – 18[Ni] – 12[Mo] – 
– 600(1-exp(– 0.96[C]))� (2.11)

284 223

Andrews Мs = 539–423[C] – 30.4[Mn] – 
– 17.7[Ni] – 12.1[Cr] – 11[Si] – 7[Mo] �(2.12) 258 199

Rowland, 
Lyle

Ms = 498.9–333.3[C] – 33.3[Mn] – 
– 27.8[Cr] – 16.7[Ni] – 11.1[Si+Mo+W]
� (2.13)

265 212

Liu Ms = 525 – 350([C]–0.05) – 45[Mn]–30[Cr] –  
– 20[Ni] – 16[Mo] – 5[Si] – 8[W] + 6[Co] + 
+ 15[Al] – 35[V+Nb+Zr+Ti]� (2.14)

298 233

Mahieu Ms = 539–423[C] – 30.4[Mn] – 
– 7.5[Si] + 30[Al]� (2.15) 290 232
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1 2 3 4
Nehren-
berg

Ms = 498.9 – 300[C] – 33.3[Mn] – 22.2[Cr] – 
– 16.7[Ni] – 11.1[Si+Mo]� (2.16) 288 233

Grange,
Stewart

Ms = 537 – 361.1[C] – 38[Mn+Cr] – 19[Ni] – 
– 27.[Mo]� (2.17) 292 244

Hougardy Ms = 0.95 Mп + 0.0095 Mп
2 + 40� (2.18) 301 243

Kunitake Ms = 560. – 407.[C] – 37.8[Mn] – 14.8[Cr] – 
– 19.5[Ni] – 4.5[Mo] – 7.3[Si] – 20.5[Cu]
� (2.19)

303 242

Tamura Ms = 520–361[C] – 39[Mn] – 20[Cr] – 
– 17[V] – 17[Ni] –10[Cu] – 
– 5[Mo+W] + 15[Co] + 30[Al]� (2.20)

321 268

Jaffe and
Hollomon

Ms = 550 – 350[C] – 40[Mn] – 35[V] – 
– 20[Cr] – 17[Ni] – 10[Cu] – 10[Mo] – 8[W] + 
+ 15[Co] + 30[Al]� (2.21)

324 270

Carapella Ms = 496 × (1–0.44[C]) × (1–0.051[Mn]) × 
(1–0.18[Si]) × (1–0.025[Ni]) × (1–0.39[Cr]) × 
× (1–0.016[Mo) (1–0.10[W]) × (1–0.067[Co])
� (2.22)

372 341

Table 2.3. Equations [160] to calculate the kinetic of athermic 
martensitic transformation and the standard deviation 
relatively the experimental data for 55Si3Mn2CrVMoNb 

and 60Si2CrV steels (in all cases, MS is given in oC)

Authors Expression

Standard de-
viation for

Steel# 
1

Steel# 
2

1 2 3 4
Koistinen, 
Mar-
burger

f  = 1–exp(–am × (Мs – T))� (2.4) 1.63 2.01

Hougardy f = 1 – exp(– k × (Мs – T)q). where k = 0.36 × 
× 10–3 + 10–5 × Мs – 0.34 × 10–6Мs

2 + 0.32 × 
× 10–8Мs

3 – 0.52 × 10–11 × Мs
4; q = 2.08 – 0.76 × 

× 10–2Мs + 0.16 × 10–2 × Мs
2 – 0.9 × 10–8 × Мs

3

� (2.23)

2.20 2.48
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1 2 3 4
Van Bo-
hemen

де am = 0.0224 – 0.01007[C] – 7 × 10–4[Mn] – 
– 5 × 10–5[Ni] – 12 × 10–5[Cr] – 104[Mo]�(2.24) 4.29 3.99

Lee,
VanTyne

f = 1 –exp(–KLV(Мs –Т) nLV. where KLV= 
0.0231–0.0105[C] – 0.0017[Ni] + 
0.0074[Cr] – 0.0193[Mo]; nLV = 1.4304–
1.1836[C] + 0.7527[C]2 + 0.0258[Ni] – 
0.0739[Cr] + 0.3108[Mo]� (2.25)

6.71 6.99

Figure 2.7. Comparison of experimental and calculated 
kinetics curves of martensitic transformation in (a) 

55Si3Mn2CrVMoNb steel and (b) 60Si2CrV steel [157]

2.4 Effect of athermic martensite on the 
bainitic transformation kinetics

Bainite transformation is a competitive process in the partitioning stage 
resulting in a decrease in the austenite volume fraction. The prediction of the 
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bainitic transformation during Q & P processing can be based on the analysis 
of TTT-diagram. But it should be considered, that before the partitioning stage 
start, a certain amount of martensite is present in the structure, which may affect 
the kinetics of bainitic transformation [162–163]. Therefore, TTT-diagram is 
not appropriate for predicting Q & P processing. In this connection, the effect of 
athermal martensite on the bainitic transformation kinetic in 55Si3Mn2CrV-
MoNb steel and 60Si2CrV steel was investigated [164]. The studies were carried 
out similarly to the TTT-diagram building but with pre-cooling to the interval 
of martensite transformation. The pre-cooling temperatures were 200 oC and 
160 oC. Further, the isothermal holding was conducted at different tempera-
tures within the interval of 270–350 oC for 60Si2CrV steel and of 225–300 oC 
for 55Si3Mn2CrVMoNb steel. Fig. 2.8 presents the kinetic curves of “austenite 
→ bainite” transformation in 60Si2CrV steel with pre-cooling (Q+IH scheme) 
and without pre-cooling (IH scheme) (Q means “quenching”, IH means “iso-
thermal holding”).

 

Figure 2.8. Kinetics of austenite transformation in 60Si2CrV 
steel with pre-quenching to 160 оС (200 оС) and without 

it at (a) 270 оС, (b) 300 оС, and (c) 350 оС [164]



36� Chapter 2. Mechanisms and kinetics of phase-structural transformations in medium-carbonSi-Mn-Cr-V steels 

The comparison of the curves (Fig. 2.8) showed that pre-cooling (a) 
accelerates the start of bainitic transformation and (b) decreased its ve-
locity at further stages (at any holding temperature). Pre-cooling sharply 
reduces the maximum amount of bainitic α-phase, and this effect is man-
ifested to a greater extent with a decreasing pre-cooling temperature. This 
is explained by the partial martensitic transformation before isothermal 
holding; this reduces the amount of austenite that can be transformed 
into bainite. As follows from Fig. 2.9, 55Si3Mn2CrVMoNb steel featured 
similar transformation behaviour to 60Si2CrV steel. The difference was 
a very small deflection of the beam at 300 oC (or  even the absence of 
deflection at holding at 225 oC and 250 oC for 60 min). This indicates a 
significant inhibition of bainitic transformation at 300 оС, which is also 
characteristic of the isothermal holding of 55Si3Mn2CrVMoNb steel 
without pre-cooling (Fig. 2.4).

 

 
Figure 2.9. Kinetics of austenite transformation in 

55Si3Mn2CrVMoNb steel with pre-cooling to 160 (200) оС and 
without it at: (a) 225оС, (b) 250 оС, (c) 270 оС, (d) 300 оС [164]
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Thus, for both steels, an acceleration of bainite transformation induced 
by pre-cooling was documented. However, pre-cooling to 160 oC resulted 
in a sharp inhibition of the transformation in 55Si3Mn2CrVMoNb steel at 
low holding temperatures (225 oC and 250 oC).

Figure 2.10 presents the comparison of the values for the incubation 
period of bainite transformation with and without pre-cooling. It is seen 
that for steel 60Si2CrV pre-cooling reduced the incubation period for each 
holding temperature. The highest accelerating effect corresponded to hold-
ing at 270 оC (7-fold reduction of the incubation period); by increasing the 
holding temperature to 300 оC, this effect is reduced by 2 times. For steel 
55Si3Mn2CrVMoNb, the character of the dependence was generally simi-
lar, although the accelerating effect was lower, being 3 times at 225–250 оC 
and 1.3 times at 270–300 оC.

 

 
Figure 2.10. Effect of pre-cooling to 160 oС (200 oС) on (a, b) 

incubation period and (c, d) total duration of bainitic transformation 
(a, c – 60Si2CrV steel, b, d – 55Si3Mn2CrVMoNb steel) [164]
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As for the effect of pre-cooling on the total duration of bainitic trans-
formation, an increase in the duration under the effect of athermic mar-
tensite was recorded for steel 60Si2CrV (Fig. 2.10, c). The opposite pat-
tern was observed for steel 55Si3Mn2CrVMoNb (Fig. 2.10, d): here the 
pre-cooling accelerated the completion of the transformation, and most 
sharply – at 225 оC.

The obtained results indicate that there is a significant effect of ather-
mal martensite on the bainitic transformation kinetics in the investigated 
steels, for which a significant acceleration of the transformation’s begin-
ning under the influence of pre-cooling is highlighted. The formation of 
martensitic crystals during pre-cooling causes strain in the surrounding 
austenite, creating the cites for α-phase nuclei’s emergence on the crystal 
defects [129]. An increase in martensite volume fraction results in a higher 
number of the sites of potential α-phase formation thus accelerating the 
bainite transformation.

After a quick start, bainite transformation gradually decelerated due 
to: (a) carbon diffusion from the bainitic α-phase to austenite; (b) carbon 
partitioning from athermal martensite to austenite [116]. These processes 
led to the saturation of austenite by carbon and its stabilization to trans-
formation. The C-enrichment was facilitated by the increased amount of 
silicon that inhibited the precipitation of cementite carbides from austen-
ite. The stabilization factors also included the mechanical stabilization by 
the compressive elastic stresses induced in austenitic regions by martensite 
crystals. In this regard, pre-cooling to 160 oC more effectively stabilized 
austenite due to the larger volume fraction of athermic martensite. More-
over, in steel 55Si3Mn2CrVMoNb complete inhibition of the transforma-
tion at 225–250 oC was characteristic due to imposition of the following 
factors such as (a) austenite enrichment by carbon, (b) increased austen-
ite resistance to shear transformation due to higher solution strengthen-
ing (because of higher Si, Cr, Mn, Mo contents), (c) martensite-induced 
stresses, (d) decreasing the carbon diffusion mobility by soluted alloying 
elements and lower holding temperature.

Despite the fact that with holding increase, the effect of factor “c” gradu-
ally decreased (due to the partitioning of carbon from martensite to austen-
ite, which reduces the α-phase lattice’s tetragonality and the stress in aus-
tenite), the total stabilization effect, obviously, manifested in inhibition the 
transformation, especially in its final stages. This conclusion, at first glance, 
is inconsistent with the data for 55Si3Mn2CrVMoNb steel (Fig. 2.16, a), 



2.4 Effect of athermic martensite on the bainitic transformation kinetics� 39

which shows the acceleration of transformation’s completion due to pre-
cooling. However, we suppose that this is a quasi “acceleration”; in fact, it is 
an early transformation arresting due to the extensive austenite stabilization. 
This was a result of increased contents of alloying elements, especially of sili-
con, the content of which in 55Si3Mn2CrVMoNb steel was 1.7 times higher 
than that in 60Si2CrV steel. During the holding at 225 oC after pre-cooling 
to 200 oC the transformation was suspended after 600 s of holding, which 
corresponds to a 33-fold “acceleration” of transformation’s completion. Ac-
tually, at low holding temperatures, in 55Si3Mn2CrVMoNb steel martensite 
retained its lattice tetragonality for a longer time, providing effective austen-
ite stabilization through residual compression stresses.

It can be assumed that due to austenite stabilization, the transforma-
tion continuation requires ever-increasing holdings for more pronounced 
carbon redistribution, needed to form another portion of bainitic ferrite. 
In such a scenario, the transformation has a “stepped” character that mani-
fests in alternating stabilization periods (“step”) and periods of α-phase 
amount growth. Such character is exactly shown in the Figure. 2.11 in the 
form of a “staircase” profile of kinetic transformation curves for 60Si2CrV 
steel. Thus, the effect of athermal martensite on the bainitic transforma-
tion kinetics in investigated steels has a complex character, which must be 
taken into account when selecting the Q & P treatment mode.

Figure 2.11. The “stepped” kinetics of bainite 
transformation in 60Si2CrV steel at 350 °C in the case 

of pre-cooling in the martensitic interval [164]
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2.5 The selection of quenching temperature 
for Q & P treatment based on the “Constrained 

ParaEquilibrium” concept

The methodology of selecting the optimal quenching temperature for 
Q & P treatment was proposed in [42–43, 116] with the aim of obtaining 
the maximum amount of retained austenite in the resultant structure. This 
methodology is based on the hypothesis of complete carbon partitioning 
from martensite to austenite under the condition of full suppression of all 
competing reactions such as bainitic transformation, cementite or transition 
carbide precipitation. This approach presumes (a) the immobility of the in-
terfacial α/γ boundary, (b) the interstitial diffusivity of carbon atoms, and (c) 
the absence of diffusion of iron and alloying atoms in a solid solution. Ac-
cording to the model, carbon redistribution (“partitioning”) finishes when 
martensite (ferrite) reaches the state of metastable equilibrium with austen-
ite. This means that at all points in the system the same chemical potential 
value of carbon is reached. This final state corresponds to a conditional (con-
strained) paraequilibrium. Given the above assumptions, the final chemical 
composition of austenite will be determined by the total carbon concentra-
tion in the steel and the α/γ phase ratio during partitioning.

Under immobility of the interfacial boundary, the final state of the sys-
tem can be described by the set of equations that refer to (a) the balance of 
iron (it is assumed that the number of iron atoms in α-phase and γ-phase 
during partitioning remains unchanged); (b) carbon balance; (c) the 
condition of carbon chemical potentials equality in austenite and ferrite 
(in the latter case the effect of alloying elements is not taken into account):

	 f X f XCPE C i CCPE i

� � � �( ) ( )1 1� � �  (balance for iron),� (2.26)
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� �� �1, � (2.29)

where Т is absolute temperature; XC
alloy  is total carbon content in steel; fi

γ  
is austenite fraction before “Partitioning”;  XCi

γ  is initial carbon content in 
austenite; fCPE

α  and fCPE
γ  are the fractions of α-phase and austenite, 
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respectively; XCCPE

α  and XCCPE

γ  are the carbon concentrations in α-phase 
and austenite, respectively, when equilibrium is reached.

The contents of iron and carbon in austenite are given as for binary alloy:

	 X XFe C
� �� �1 . � (2.30)

The selection of quenching temperature for Q & P treatment of 60Si2CrV 
steel and 55Si3Mn2CrVMoNb steel was carried out in four stages. In the first 
stage, assuming heating to the austenite domain, 100% of austenite was taken 
as an initial structure with a carbon concentration equal to the total carbon 
concentration in the steel. In the second stage, calculations of the martensite 
and austenite volume fractions were performed at a specific quenching tem-
perature using the Koistinen-Marburger equation (2.4) taken with a fitting 
parameter am of 0.012. In the third stage, the austenite chemical composition 
after the completion of partitioning was calculated using the equations (2.26)– 
–(2.30). In the fourth stage, the amount of C-rich austenite, which will trans-
form into fresh martensite in the final stage of Q & P treatment was determined. 
For this purpose, the Koistinen-Marburger equation was used again, and MS 
temperature was calculated according to Andrews’ equation (2.12) for 60Si-
2CrV steel and by Kunitake’ equation (2.19) for 55Si3Mn2CrVMoNb steel.

The results of the calculations are presented in Fig. 2.12. They show that 
the volume fraction of retained austenite after Q & P treatment should vary 
by a curve with a maximum corresponding to quenching temperature of 196 

oC for 60Si2CrV steel and 177 oC for 55Si3Mn2CrVMoNb steel. In this case, 
the RA volume fractions were calculated as 48.4 vol.% for 60Si2CrV steel and 
47.8 vol.% for in 55Si3Mn2CrVMoNb steel. After completion of carbon redis-
tribution, the carbon content in austenite should be 1.08 wt.% and 1.12 wt.% 
for 60Si2CrV steel and 55Si3Mn2CrVMoNb steel, respectively. At this carbon 
concentration, the MS point of the steels decreases to room temperature, and, 
accordingly, “fresh” martensite should not appear upon final cooling.

As the further quenching temperature decreases, the carbon concen-
tration in the retained austenite increases continuously (to 3.48 wt.% at 
100 oC in 60Si2CrV steel and to 2.84 wt.% in 55Si3Mn2CrVMoNb steel), 
however, RA volume fraction decreases because of continuous increase in 
quenching martensite volume fraction. Thus, regarding the Q & P treat-
ment mode for investigated steels, it is necessary to select the quenching 
temperature close to the listed above temperatures. Too high (above 220 

oC) and excessively low (below 150 oC) quenching temperatures will result 
in decreased volume fraction of retained austenite.
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Figure 2.12. Effect of quenching temperature on the phase 
composition and carbon content in austenite after Q & P treatment. 

(a - 60Si2CrV steel, b – 55Si3Mn2CrVMoNb steel) [165]

2.6 Dilatometric study of Q & P-treated steels

The application of Q & P heat treatment aims to a heterogeneous micro-
structure with a high volume fraction of retained austenite. The final struc-
ture is dependent on several parameters such as quenching temperature, 
partitioning temperature, and partitioning duration. Experimental selection 
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of optimum parameters is costly taking into account a large number of sam-
ples and tests needed. Therefore, in this work, the dilatometric method was 
used for a preliminary selection of the Q & P mode parameters [166]. Dila-
tometric samples of both steels were subjected to Q & P treatment according 
to the modes presented in Table 2.4. The target values of quenching tem-
perature were chosen as 160 oC and 200 oC, close to the calculated optimal 
temperatures for both steels. For comparison, the variants with a quenching 
temperature outside the optimum region (120 oC and 240 oC) were investi-
gated as well. The partitioning temperature (220–300 oС) was selected close 
to the МS temperature. After Q & P treatment, the specimens were heated in 
a dilatometer furnace to record the differential dilatometric curves (when 
the studied sample is heated along with the reference sample). The refer-
ence was the sample of the same steel previously subjected to quenching and 
tempering at 650 oC (with a holding time of 4 h). After such treatment, it was 
believed that the reference sample was stabilized to phase transformations at 
temperatures below the Ac1 temperature.

Table 2.4. Parameters of Q & P treatment of 
dilatometric samples (final air cooling)

Quenching 
temperature, оС

“Partitioning” stage
Holding tem-
perature, оС Holding duration, sec

60Si2CrV steel

120
220 30, 60, 300
260 30, 60, 300
300 30, 60, 300

160

220 10, 20, 30, 45, 60, 300, 600

260 10, 20, 30, 45, 60, 300, 600, 1800, 
36000

300 10, 20, 30, 45, 60, 300, 600, 1200

200
220 10, 20, 30, 45, 60, 300, 600, 1200
260 10, 20, 30, 45, 60, 300, 600, 1200
300 10, 20, 30, 45, 60, 300, 600, 1200

240 260 300, 600, 1200
300 300, 600, 1800

55Si3Mn2CrVMoNb steel
160 260 60, 120, 240, 540, 720, 2400, 6000

200 300 60, 120, 480, 1000, 2400, 5400, 
7200, 12000, 13200, 18000
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Figure 2.13 depicts the dilatometric curve of the Q & P-treated sam-
ple in comparison with the sample, quenched to room temperature (both 
samples are 60Si2CrV steel). On the dilatometric curve of the quenched 
specimen, several characteristic areas can be identified. In the “AB” interval 
(100–260 oC), the curve is upward, meaning the prevailed extension of the 
standard sample; in the “BC” interval (260–400 oC) the curve goes slightly 
down indicating a more significant extension of the quenched sample. In 
the “CD” interval (400–500 oC) the curve sharply goes up, changing than 
with a slower growing section “DE”. Comparing the curve’s profile with 
the classical dilatometric heating curve of quenched steel [167], one can 
conclude that these areas are associated with different transformations oc-
curring during tempering.

Figure 2.13. Differential dilatometric heating curves of 60Si2CrV 
steel in quenched state and after Q & P (QT is 160 оС, partitioning 

temperature is 300 оС, partitioning duration is 300 s) [166]

Thus, the increase in the “AB” interval was associated with the first 
transformation during tempering, which is the initial stage of martensite’s 
decomposition (precipitation of ε-carbide) accompanied by a decrease in 
the quenched sample’s volume. Within the “BC” interval, the quenched 
sample expanded more intensively than the standard sample. It resulted 
from the second transformation during tempering [167], which is a de-
composition of retained austenite (accompanied by increasing steel vol-
ume). Starting at ~400 oC, the main contribution to the change in the 
quenched sample’s length was attributed to the third transformation: it was 
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a complete decomposition of martensite with the cementite precipitation, 
which led to the most intensive reduction of the sample’s specific volume 
(decreasing the sample length). At temperatures above ~500 oC the curve 
slightly increased. It was associated with the recrystallization of ferrite, 
which was also accompanied by a decrease in the specific volume of the 
quenched sample.

Q & P treatment significantly changed the pattern of dilatometric 
heating curves which shifted downward relative to the quenched speci-
men. The volumetric effect’s magnitude on the “ВʹСʹ” interval (simi-
lar to the “ВС” interval for quenching) increased sharply. If adopt this 
effect as a result of γFe → αFe transformation (retained austenite de-
composition), one can conclude a sharp increase in the volume fraction 
of retained austenite in the Q & P-treated sample as compared to the 
quenched sample. This assumption was later confirmed by XRD analysis 
which showed that the volume fractions of retained austenite were 15 
vol.% and 5 vol.% for Q & P-treated and quenched samples, accordingly. 
Thus, the magnitude of the “BC” interval is proportional to the amount 
of retained austenite.

The presence of an increased RA amount in the Q & P-treated sample 
was confirmed not only by the “ВʹСʹ” effect's magnitude but also by the 
curve’s downward in the interval АʹВʹ which means a more active expan-
sion of the Q & P-sample at temperatures in the range of 100–270 oC. This 
resulted from (a) a higher amount of RA and (b) a higher value coefficient 
of thermal expansion for austenite (αT = 2.30 × 10 –5 K –1) as compared to 
ferrite (αT = 1.15 × 10 –5 K –1) [106]. Thus, the mixture of martensite and 
austenite in the Q & P-sample expanded during heating more intensively 
than the ferrite-cementite structure in the reference sample.

A “CD” (“СʹDʹ”) interval refers to the third transformation under tem-
pering. As seen, in Q & P-sample “СʹDʹ” interval begins at a higher tem-
perature (430 oC) than in the quenched sample (400 oC). This is explained 
by higher RA resistance to decomposition due to the enrichment of aus-
tenite by carbon during the partitioning stage.

As follows from Fig. 2.14–2.15, the character of dilatometric curves 
for most Q & P modes is similar to that shown in Fig. 2.13. Since Q & P 
treatment is aimed at increasing the RA volume fraction, the analysis of 
the magnitude of the “ВʹСʹ” effect depending on the mode parameters was 
of interest. Under QT=160–240 oС the magnitude of the “ВʹСʹ” effect in-
creases first along with the partitioning duration increase (Fig. 2.16, b-d).
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Figure 2.14. Differential dilatometric heating curves of 
Q & P-treated 60Si2CrV steel: (a) QT=120 oC, (b) 160 oC
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Figure 2.15. Differential dilatometric heating curves of 
Q & P-treated 60Si2CrV steel: (a) QT= 200 oC, (b) 240 oC
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After reaching a maximum, the effect’s magnitude decreases with hold-
ing prolongation. At the same time, the partitioning holding necessary for 
maximum effect is in inverse proportion to the partitioning temperature. 
Under QT=120 оС the picture has the opposite character: the “ВʹСʹ” effect 
value is maximal at initial holdings; as the holding time increases, the ef-
fect value decreases or remains unchanged (Fig. 2.16, a).

If assume that the magnitude of the “ВʹСʹ” effect is directly propor-
tional to the RA volume fraction, then it becomes apparent that the Q & P 
parameters significantly influence the amount of retained austenite in 
60Si2CrV steel. As follows from Fig. 2.17 at the partitioning temperature 
of 260 оС and 300 оС, the RA amount increases significantly as a “QT” in-
creases. At the same time, at a lower partitioning temperature (220 оС), the 
austenite’s amount is not affected by the quenching temperature.

 

 
Figure 2.16. The variation of dilatation effect “В’С” 
magnitude for 60Si2CrV steel, depending on the 

partitioning duration for different quenching temperatures: 
(a) 120 oC, (b) 160 oC, (c) 200 oC, (d) 240 oC [166]
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Figure 2.17. Maximum value of the “В’С’” effect 
depending on quenching temperature [166]

The obtained results can be explained by the action of two factors. First, 
with a “QT” increasing, the martensite amount decreases and, accordingly, 
the “basic” proportion of austenite increases, which can be stabilized by 
carbon partitioning. Second, the partitioning temperature, which deter-
mines the diffusivity of carbon atoms and the austenite saturation rate, 
is important. Obviously, at РT=260–300 oС, the redistribution of carbon 
proceeded more actively than at 220 oC. In the latter case, carbon diffusion 
inhibition was the key factor reducing RA amount in the structure. Thus, 
in order to obtain an increased amount of austenite in 60Si2CrV steel, the 
“QT” temperature and partitioning temperature should not be less than 
160 oC and 260 oC respectively.

When selecting Q & P parameters, it should be taken into account that 
as the “QT” temperature decreases, the optimum partitioning duration de-
creases as well. This is due to the increase in the martensite amount that 
results in an increase in the area of the “Austenite/Martensite” interphase 
surface through which carbon redistribution occurs. It should also be 
considered that excessive prolongation of the partitioning stage leads to a 
decrease in the austenite volume fraction, apparently due to its decomposi-
tion with carbide precipitation.

The same study was performed for 55Si3Mn2CrVMoNb steel. The 
corresponding dilatometric curves are shown in Fig. 2.18. Their profiles 
are similar (in general) to the profile of the curves for 60Si2CrV steel. A 
specific feature of 55Si3Mn2CrVMoNb steel was less pronounced upward 
curve in the “CʹDʹ” interval. This was probably due to increased austenite 
stability to decomposition during heating, which was caused by higher al-
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loying elements content in austenite. More stable austenite was not ful-
ly decomposed in the “ВʹСʹ” interval, so its further transformation was 
shifted to the higher temperature region (to  the “CʹDʹ” interval), where 
it was superimposed with the cementite precipitation from martensite. 
Since these processes have the opposite effect on the specific volume of the 
sample, the dilatometric effect on the “CʹDʹ” area was lower as compared 
with 60Si2CrV steel.

Figure 2.18. Differential dilatometric heating curves of Q & P-treated 
55Si3Mn2CrVMoNb steel: (a) QT=160 oC, (b) QT=200 oC
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Chapter 3. Effect of Q & P treatment on the 
microstructure and mechanical properties of 

60Si2CrV and 55Si3Mn2CrVMoNb steels

3.1 Microstructure and mechanical properties of 
60Si2CrV steel subjected to Q & P treatment

The standard steel of 60Si2CrV grade is intended for high-loaded 
springs used in different vehicles. According to GOST 14959–79, after 
quenching and tempering at 470 oC, this steel has the following mechani-
cal properties: YTS ≥ 1470 MPa, UTS ≥ 1670 MPa, TEL ≥ 6%.

The parameters of Q & P treatment for 60Si2CrV steel were selected 
based on the values of critical points Ac1, Ac3, and MS (presented in Fig. 
3.1). The austenitization of the samples was performed at 880 oC for 10 min. 
After that, the samples were pre-cooled in the air to 700 oC and quenched 
in a bath of Wood alloy to a quenching temperature (240 oC, 200 oC, 160 oC) 
with a short (60 s) holding at this temperature. Further, the samples were 
held in a bath of “Sn‑38wt.% Pb” melt at partitioning temperature (270 

oC, 300 oC) for 300–3600 s. After partitioning the samples were cooled in 
calm air. To be short, the regimes of Q & P-treatment were designated as, 
for example, “Q160˚C/Р300˚C (300 s)”, where Q and P are the temperatures 
of quenching and partitioning, respectively, and partitioning duration is 
given in the perentheses.

For comparison, the samples were subjected to conventional Q-T 
treatment: oil-quenching from 880 oC and tempering at 300–600 oC for 
1.5 hours. Mechanical properties of steel after Q-T treatment are giv-
en in Table. 3.1. After tempering at 300–400 oC steel had a fairly high 
strength (1844–1861 MPa) with very low ductility and impact tough-
ness. A noticeable increase in ductility occurred only after tempering at 
500 oC, when the tensile strength decreased by almost 500 MPa (up to 1349 
MPa). The product of strength and elongation (PSE) is used for the esti-
mation of a combination of strength and ductility [106]. PSE values for 
quenched and tempered 60Si2CrV steel varied from 1.8 GPa . % to 14.5 
GPa.%, where high strength corresponded to low PSE values.
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Figure 3.1. Scheme of Q & P treatment modes for 60Si2CrV steel [168]

As follows from Table 3.1 the application of Q & P treatment [168–170] 
allowed increasing the UTS values to 1980–2060 MPa, i. e. by 6–12% rela-
tive to the maximum of Q-T-treated samples. At this strength, the steel 
performed an increased ductility: total elongation increased to 6% and 
an area reduction (AR) – to 19%. The impact toughness (KCU+20˚C) was 
improved more significantly: from 14 J/cm2 (quenching and tempering at 
300 oC) to 38–67 J/cm2 (Q & P treatment).

Table 3.1. Mechanical properties, RA amount and carbon content 
in austenite (Сγ) in 60Si2CrV steel after heat treatment [168]

Quenching (hold-
ing) temperature, 

оС

YS,
MPa

UTS,
MPa

TEL,
%

(AR),
%

KCU20,
J/cm2

Hard-
ness,
HRC

RA, 
%

Сγ, 
%

PSE,
GPa.%

1 2 3 4 5 6 7 8 9 10
Quenching and tempering (Q-T)

300 1861 1861 1,5 0 14 57 6 - 2.8
400 1844 1844 1 0 16 53 0 - 1.8
500 1240 1349 7 26 44 47 0 - 9.4
600 1025 1113 13 48 47 45 0 - 14.5

Q & P treatment (QT=160 oC)
PT=270 oC(1200s) 1920 1988 2 4 38 53 19 0.95 4.0
PT=270 oC(3600s) 1818 1874 2 4 42 54 17 1.05 3.8
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1 2 3 4 5 6 7 8 9 10
PT=300 oC(300s) 1811 2022 5 19 72 53 17 1.00 10.1
PT=300 oC(1800s) 1899 2002 4 16 44 53 11 1.28 8.0

Q & P treatment (QT=200 oC)
PT=270 oC 
(1200s) 1855 2086 4 6 52 52 16 1.01 8.3

PT=270 oC 
(3600s) 1884 2021 3 6 55 53 15 1.16 6.1

PT=300 oC (300 s) 1777 2003 6 19 64 53 17 1.05 12.0
PT=300 oC 
(1800s) 1963 2048 4 15 67 52 12 1.32 8.2

Q & P treatment (QT=240 oC)
PT=270 oC 
(1200s) 1821 2060 3 6 60 52 16 0.79 6.2

РT=270 oC 
(3600s) 1822 2021 3 6 48 52 12 1.19 6.3

PT=300 oC (300s) 1786 1980 6 8 55 53 15 0.90 11.9
PT=300 oC 
(1800s) 1799 1990 3 11 56 53 6 1.29 6.0

The best combination of mechanical properties was attributed to Q & P 
treatment with the parameters Q160˚C/Р300˚C (300s) and Q200˚C/Р300˚C (300– 
–1800 s). These Q & P modes resulted in UTS of 2003–2048 MPa, hardness 
of 53 HRC, total elongation of 4–6%, area reduction of 13–19%, and impact 
toughness of 59–67 J/cm2. Accordingly, the PSE values were in the ranges of 
8.2–12.0 GPa.%. The same ductility (TEL of 6%) and PSE (1.9 GPa . %) were 
characteristic for the Q240˚C/Р300˚C (300 s) mode, but in this case, the tensile 
strength (1980 MPa) and the toughness (55 J/cm2) were somewhat lower.

The effect of the Q & P treatment mode on the mechanical properties 
of 60Si2CrV steel is seen in the data presented in Figure 3.2. The maximum 
strength (UTS of 2110 MPa) referred to Q160˚C/Р300˚C (300s) mode (Fig. 3.2, 
a). In the case of PT = 270 oС, the higher strength corresponded to the 
modes with QT = 200 – 240 oС. There was a general tendency to decrease 
the tensile strength with increasing the duration of partitioning. At the 
same time, for some modes, this trend was either absent (Q240˚C/Р300˚C) or 
reversed (Q200˚C/Р300˚C). In general, it can be stated that at a partitioning 
holding up to 2000 s, there was no clearly pronounced dependence of the 
tensile strength on the Q & P treatment modes, and the distribution of 
UTS values has a fluctuating character with a deviation within 130 MPa.
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The maximum TEL values (5–6%) referred to the partitioning at 
PT = 300 oC for 300 s (Fig. 3.2, b). As partitioning duration increased, the 
TEL values decreased to 3–4%. At PT=270 oC, the holding duration did 
not affect TEL, while the minimum ductility corresponded to QT = 160 oC. 
The samples treated at PT = 300 oC had a higher (by ~15%) impact tough-
ness as compared with PT = 270 oC (Fig. 3.3, a). The partitioning duration 
had almost no effect on the impact toughness (except Q160˚C/Р300˚C mode). 
After Q & P treatment by Q160˚C/Р300˚C (300 s) mode, the impact toughness 
exceeded 70 J/cm2.

Figure 3.2. Effect of partitioning duration on 
(a) UTS/YTS and (b) TEL of 60Si2CrV steel

The results obtained showed that due to Q & P treatment 60Si2CrV 
steel gained an improved “high-strength/ductility” complex which is 
characteristic of martensitic Ni-containing steels [171]. The proper-
ties improvement was associated with the increased volume fraction of 
retained austenite in the structure [3, 43, 172]. To confirm this, XRD 
studies of Q & P-treated samples were performed (Figs 3.4 and 3.5, 
Table 3.1).
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Figure 3.3. Effect of partitioning duration on (a) impact 
toughness and (b) PSE of 60Si2CrV steel

The XRD pattern of the sample, subjected to quenching and temper-
ing at 300 oC, presented only one weak peak (200)γ of austenite, indicating 
a low austenite amount in the structure (6 vol.%). In contrast, diffraction 
patterns of samples Q & P-treated at QT = 160 oC and 200 oC clearly showed 
a full set of austenite peaks lying in the range 2θ = 40 – 110 degrees: (111)γ, 
(200)γ, (220)γ, and (311)γ. This displayed an increased volume fraction 
of retained austenite which was 16–19 vol.% (Table 3.1) which is 3 times 
as compared with the Q-T regime. Increasing the QT temperature from 
160 oC to 240 oC led to a small decrease in RA amount (to 13–16 vol.%). 
As follows from Fig. 3.5, the maximum amount of retained austenite is 
referred to QT = 160 – 200 oC with short partitioning holding; with in-
creasing holding duration, the RA volume fraction decreased. An increase 
in RA volume fraction resulted from the enrichment of austenite with car-
bon at the partitioning stage. As the duration of partitioning increased, the 
carbon content in austenite increased as well. The highest carbon content 
(1.30–1.35 wt.%) corresponded to Q & P treatment with higher partition-
ing temperature (PT = 300 оС). In the case of QT = 240 оС (which is close to 
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MS point) the carbon content in RA reduced noticeably for any partition-
ing temperature.

Figure 3.4. XRD patterns of 60Si2CrV steel subjected to 
Q & P treatment: (a) PT = 270 oC, (b) PT = 300 oC [168]
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Figure 3.5. Effect of partitioning holding on (a) RA volume fraction 
and (b) carbon content in austenite in Q & P-treated 60Si2CrV steel

After quenching and tempering at 300 оС 60Si2CrV steel had a micro-
structure of tempered martensite (Fig. 3.5, а) with granular particles of va-
nadium carbide up to 1 μm in diameter (Fig. 3.5, b). The microstructure of 
Q & P treated samples consisted of martensite, occasional areas of bainite 
and retained austenite (shown by the arrows in Fig. 3.5, c). The structure 
also included granular VC precipitates (Fig. 3.5, g).

The fine structure of the samples was studied using TEM. In areas of 
bainite, parallel laths of bainite ferrite with a thickness of 100 to 470 nm 
were revealed; they alternate with austenite film-like interlayers with a 
thickness of 20 to 70 nm (Fig. 3.7a). The structure also contains martens-
ite, which has a higher dislocation density than bainite [173, 174] (Fig. 
3.8b). The presence of austenite was confirmed by dark-field images of the 
structure made in reflections of the γ-phase (Fig. 3.7 c) and the selected 
area electron diffraction (SAED) analysis (Fig. 3.7 d).
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Figure 3.6. Microstructure of 60Si2CrV steel after: (a, b) 
Q+T300, (c) Q160˚C / Р300˚C (300 s), (d) Q160˚C / Р270˚C (1200 s), 

(e) Q240˚C / Р300˚C (300 s), (f ) Q240˚C / Р270˚C (1200 s) [168]

A distinctive feature of the fine structure of Q & P samples was the 
absence of cementite carbides. At the same time, transitional carbides 
were found within the martensite laths (shown by arrows in Fig. 3.7, e), 
precipitated from martensite at the partitioning stage. The precipitation 
of intermediate (ε) carbides in steels with a high silicon content during 
Q & P treatment was repeatedly described in previous works [58, 60]. The 
results obtained confirm the data of Speer et al. [74] that silicon sup-
presses only cementite, exerting a weak inhibitory effect on the forma-
tion of ε-carbide.
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Figure 3.7. TEM images of the microstructure of 60Si2CrV steel after 
Q-n-P treatment according to the Q160˚C/Р300˚C 

(300 s) mode: (a) bainitic ferrite (BF) and austenite interlayers 
(A), (b) martensite (M) and austenite (bright-field), (c) dark-

field image of (b) in austenite reflection, (d) SAED from 
(b), (e) transitional carbides within ferrite lath [168]

The increase in the austenite amount (resulted from Q & P treatment) 
led to a change in the mechanism of sample fracture under the dynamic 
load (Fig. 3.8). The fractured surface of steel subjected to quenching and 
tempering at 300 oC was characterized by the large facets oriented along the 
cleavage planes (shown by the arrows in Fig. 3.8, a), which alternated with 
of the quasi-cleavage rupture and the dimple areas. In Q & P-treated speci-
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mens, the cleavage area was reduced (Fig. 3.8, b), while the fracture sur-
face was mostly formed by the quasi-cleavage areas with rough relief (Fig. 
3.8, c), as well as the ductile zones of the dimples tearing-off (Fig. 3.8, d). 
The dimples arose from the micropores’ coalescence initiated by dispersed 
inclusions of vanadium carbides (shown by arrows in Fig. 3.8, d). Thus, 
the fracture pattern indicated a more energy-consuming mechanism for 
the Q & P specimens’ rapture, consistent with a significant increase in the 
impact toughness as compared to Q+T heat treatment.

 

 
Figure 3.8. The fractured surface of Charpy samples after: (a) Q+ 

+ T(300 oC); (b-c) Q & P treatment (Q160˚C/P300˚C (300 s)), 
(d) Q & P treatment (Q160˚C/P300˚C (300 s)) [168]

The mechanism of microstructure formation at the “Partitioning” 
stage is a key to understanding the processes occurring under Q & P treat-
ment. In this sense, two scenarios are possible. According to one of them, 
carbon partitions from martensite to austenite, and in the second scenario, 
a bainitic transformation is imposed on this process, which reduces the 
austenite amount. Most authors favor the second scenario [116]. The car-
bon enrichment of retained austenite (and the increase in RA volume frac-
tion) during Q & P treatment might be the result of bainite transformation 
which is accompanied by the rejecting carbon from the bainitic α-phase to 
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remaining austenite [175]. This is especially true for steels with high silicon 
content, which prevents the cementite precipitation from austenite, con-
tributing to the carbide-free bainite formation with high retained austenite 
content [71]. Since carbide-free bainite has a high mechanical properties 
level [61, 176, 177], its presence in the Q & P-treated steel is preferable.

We suppose that in 60Si2CrV steel, the second scenario of structure 
formation under Q & P treatment occurred. As shown in Chapter 2, the 
martensite formation at the quenching stage dramatically accelerates 
bainitic transformation. As follows from Fig. 2.10, b, quenching (pre-cool-
ing) to 160 oC reduces the incubation period at 300 oC from 26 s to 3 s. In 
the case of quenching to 160 oC, bainite transformation was completed at 
300 oC and 270 oC within 300 s and 700 s, respectively, and in the case of 
quenching to 200 oC – within 820 s and 300 s, respectively. A comparison 
of these data with the Q & P treatment schedule (Fig. 3.1) showed that for 
all Q & P regimes, the duration of the partitioning stage exceeded the dura-
tion of bainitic transformation until its completion, thus the transforma-
tion contributed to the final structure of 60Si2CrV steel.

The volume fraction of formed bainite was obviously minor. This was 
due to: (a) the transformation of a major part of austenite into martensite 
at the quenching stage and (b) the inhibition of bainitic transformation be-
cause of austenite enrichment with carbon with partitioned to γ-phase from 
martensite. The analysis of kinetic of bainite transformation at 300 оС (Fig. 
2.10, b) showed that, in the athermic martensite presence, the increment of 
α-phase is very small as compared to the transformation without pre-cooling 
below the MS point. Thus, one can assume that bainite was minor present in 
the structure of Q & P-treated 60Si2CrV steel (it was difficult to distinguish it 
due to the similarity in morphologies of lower bainite and martensite).

Considering the complexity of the Q & P process, the carbon accu-
mulation in austenite in different parts of the structure probably occurred 
by different mechanisms (Fig. 3.9). Leaving the martensite lattice, carbon 
enriches the austenite layer adjacent to the martensitic crystal. This layer 
is very thin (within 5 nm [116]) due to the reduced (relative to α-phase) 
carbon diffusivity in austenite: carbon did not have enough time to move 
into austenite deeply thus accumulating at the interphase boundary. Car-
bon-rich austenite layer was extensively deformed by martensite, that is, 
it acquired an increased dislocation density on which the bainite α-phase 
embryos might appear. However, the saturation of this austenite with car-
bon prevents the rapid progress of bainitic transformation. The zone of 
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plastic deformation extended beyond the saturated austenitic layer. At 
some distance from the martensitic crystal, where the carbon content was 
decreased, bainite transformation began. It was accompanied by carbon 
redistribution with alternation of enriched and depleted austenite areas. 
The depleted areas transformed into α-phase laths, and the enriched ones 
remained as austenite film layers or austenite “islands”. The precipitation 
of carbides from bainitic austenite was prevented due to the high content 
of silicon in steel. As partitioning temperature decreased, the width of the 
enriched zone around martensite decreased as well. This resulted in a de-
crease in the thickness of austenitic layers in bainite because of limitations 
in carbon atoms’ diffusion mobility.

Figure 3.9. Scheme of formation of C-enriched austenite 
(RAc ) during the partitioning stage [168]

The Q & P modes with QT=160 oC and QT=200 oC provided a similar RA 
amounts. In contrast, raising the QT temperature to 240 oC led to a decrease 
in RA volume fraction. This was due to the difference in amount of martensite 
formed during the quenching stage. The calculation by the Koistinen-Mar-
burger equation showed that the martensite amount at QT = 240 oC, 200 oC 
and 160 oC was 18 vol.%, 50 vol.% and 69 vol.%, respectively. Thus, a relatively 
small martensite volume fraction occurred during cooling to 240 oC, which 
was apparently not sufficient to create a long interfacial martensite/austenite 
boundary through which carbon could redistribute at the partitioning stage. 
Therefore, when selecting the Q & P treatment mode, it is necessary to focus 
on obtaining 50–70 vol.% of martensite before partitioning stage. In this case, 
a triplex structure (tempered martensite, carbide-free bainite, and retained 
austenite) can be formed by Q & P treatment ensuring improved mechanical 
properties. An increase of martensite fraction by more than 70 vol.% leads to 
a sharp decrease in the bainite fraction in favor of martensite, with a corre-
sponding decrease in ductility and impact toughness of steel.
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As follows from Fig. 3.5, an increase in partitioning duration reduces 
RA volume fraction affecting in some cases the steel’s strength and duc-
tility. Since long partitioning holdings goes beyond the bainitic transfor-
mation completion (Fig. 2.1), the decrease in the retained austenite frac-
tion was caused by the processes occurring precisely in carbon-stabilized 
austenite areas. Carbon saturation increased the austenite’s free chemi-
cal energy, so presumably, this austenite was prone to decompose under 
prolonged holding. The most active decomposition took place at an el-
evated partitioning temperature (300 оС) due to an increased diffusivity 
of carbon atoms. The partitioning duration should be selected in such 
a way as to achieve complete or permanent suspension of the bainitic 
transformation at a given temperature. In the case of short holdings, part 
of the austenite can transform into “fresh” martensite at the final stage of 
treatment leading to an increase in steel brittleness. On the other hand, 
very long holdings can cause the decomposition of C-rich austenite with 
the cementite formation, which will also lead to a decrease in mechanical 
properties.

The presented results show that Q & P treatment effectively enhances 
the mechanical properties of medium carbon low-alloy steel, allowing a 
high strength state (UTS ≥ 2000 MPa, hardness ≥ 50 HRC) while main-
taining the ductility and impact toughness at a higher level. For 60Si-
2CrV steel, Q & P treatment should be done with quenching cooling to 
160–200 oC with subsequent holding at 300 oC for 300–1800 s (at  QT= 
=160 oC, the partitioning duration should not exceed 300 s). This provides 
the heterogeneous multiphase structure consisting of tempering martens-
ite, carbide-free lower bainite (or nanobainite), and retained austenite with 
an increased proportion of the latter (17–19 vol.%).

3.2 Effect of low tempering on the microstructure and 
mechanical properties of Q & P-treated 60Si2CrV steel

Quenching-Partitioning-Tempering (Q & P+T) is one of the modifica-
tions of Q & P treatment [137]. Its peculiarity is the additional tempering 
at 400 oC or prolonged holding at this temperature at the partitioning stage. 
Q & P-T treatment is recommended for steels microalloyed with strong 
carbide-forming elements (V, Ti, Nb), considering that it increases the 
steel’s strength due to the dispersion hardening mechanism [109]. At the 
same time, the effect of tempering lower temperatures (≤ 300 oC) on the 
properties of Q & P-treated steels remained mostly unexplored [178]. Such 
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tempering can be useful in terms of stress relaxation that appear during the 
final cooling stage of Q & P treatment due to the austenite partial transfor-
mation to “fresh” martensite. This is especially true for medium- and high-
carbon steels, since martensite in these steels has a tetragonal lattice, which 
causes significant volumetric changes leading to high residual quenching 
stresses. At the same time, low tempering can cause the decomposition of 
retained austenite, which may adversely affect the mechanical properties 
of Q & P-treated steel. In order to clarify these issues, the effect of 200– 
–300 oC tempering on the phase-structural state and mechanical prop-
erties of Q & P-treated 60Si2CrV steel was investigated. The samples of 
60Si2CrV steel were subjected to Q & P treatment by the regime: QT= 
= 160 oC, partitioning at 300 oC for 300 s. After Q & P treatment, the sam-
ples were tempered at 200 oC, 250 oC and 300 oC for 90 min; after the tem-
pering the samples were cooled in the calm air.

The SEM (Fig. 3.10) and TEM (Fig. 3.11) observations revealed no 
visible changes in the microstructure after tempering compared to Q & P 
treatment. The samples tempered at 200 oC and 250 oC structure con-
tained retained austenite of “film” and “island” morphology, with dis-
persed transitional carbides seen within the α-phase’s laths (Fig. 3.11, 
a-c). Cementite carbides were absent in the structure. In the samples 
tempered at 300 оС, cementite carbides were revealed within RA areas, 
which was confirmed by characteristic reflexes of Fe3C carbide on SAED 
pattern (Fig. 3.11, d).

XRD patterns of the samples presented the diffraction maxima of the 
α-phase and γ-phase; the maxima for carbide were not found. Accord-
ing to the intensity of lines (110) a, (200) a and (211) a, α-phase was major 
in the structure. At the same time, the XRD pattern of the Q & P-treated 
sample clearly showed austenite (111) γ , (200) γ , (220) γ , (222) γ indicating 
an increased RA volume fraction (17 vol.%) (Fig. 3.12). The same RA 
amount was present in the sample tempered at 200 oC (17 vol.%). Increas-
ing the tempering temperature caused the decrease of austenite amount to 
14 vol.% at 250 oC and to 10 vol.% at 300 oC. The decrease in RA volume 
fraction was accompanied by the gradual increase in carbon content in 
retained austenite: from 1.11 wt.% in after Q & P treatment to 1.32 wt.% 
after tempering at 250 oC and 1.42 wt.% after the tempering at 300 oC. As 
seen from the results, the carbon partitioning continued during temper-
ing, which led to an additional austenite C-enrichment as compared to to 
Q & P treatment.
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Figure 3.10. Microstructure of Q & P-treated 60Si2CrV steel (a) without 
tempering, (b) with tempering at 200 oC, (c) 250 oС, (d) 300 оС

 

 
Figure 3.11. TEM images of Q & P-samples after tempering 
at (a) 200 оС, (b, c) 250 оС. TEM images of Q & P+T(300 oC) 
sample: (d) SAED pattern from the cementite zone [101]
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Figure 3.12. Volume fraction of retained austenite and carbon content 
in RA in 60Si2CrV steel depending on heat treatment mode

As follows from Fig. 3.13, tempering at 200–250 oC after Q & P caused a 
slight increase in UTS (from 2022 to 2065 MPa) and a 1.5–2-fold increase 
in ductility (TEL up to 6–8%, area reduction (AR) up to 22%) and a maxi-
mum impact toughness (62–63 J/cm2). Tempering at a higher temperature 
(300 oC) further increased ductility (TEL is 9%, AR is 24%), but caused a 
30% decrease in impact toughness (48 J/cm2). With tempering tempera-
ture increase the PSE value gradually increased (to 18 GPa·%), reaching 
a 125% increment relative to Q+300 oC treatment. It should be also noted 
that in all the experimental modes (Q & P/Q & P+Т), which resulted in a 
sharp increase in ductility and impact toughness, the hardness remained 
at a fairly high level (~52 HRC), indicating that an improved complex of 
mechanical properties was obtained in steel.

Figure 3.14 illustrates the fracture pattern of Q & P-treated Charpy 
samples. It is seen that after tempering at 200–250 oC the fracture was 
predominantly ductile with the dimples pattern (Fig. 3.14, c). With the 
tempering temperature was 300 оС an increase in cleavage/quasi-cleavage 
areas was observed while dimples areas decreased. This observation com-
plies with the decrease in impact toughness after 300 оС tempering. Con-
cluding, tempering at 200–250 оC was beneficial for 60Si2CrV steel since it 
allowed to maintain the ductile fracture characteristic for Q & P treatment.

The results presented above indicated the positive effect of low-tem-
perature tempering on the mechanical properties of medium carbon 
steel subjected to Q & P treatment. The main factor was the tempering of 
“fresh” martensite formed during the final stage of Q & P treatment. The 
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tempering occurred both through the ε-carbides precipitation and carbon 
partitioning from “fresh” martensite to retained austenite. This reduced 
the lattice distortion of α-phase facilitating the microstrain process in front 
of the micro-crack tip thus inhibiting the crack growth.

 

Figure 3.13. The mechanical properties of 60Si2CrV steel depending on 
the heat treatment mode: (a) strength (YTS, UTS), 
 (b) ductility (TEL, AR), (c) impact toughness, PSE

The XRD analysis (Fig. 3.12) allowed suggesting that during tempering 
the following processes occurred in Q & P-treated 60Si2CrV steel: (a) relief 
of residual stress caused by the “fresh” martensite formation, (b) carbon 
partitioning from “fresh” martensite to retained austenite, (c) precipitation 
of ε-carbides within “fresh” martensite, (d) the transformation of retained 
austenite (occurred at 250–300 oC). Processes “b” and “c” led to austenite 
C-enrichment. As the tempering temperature increased the carbon con-
tent in austenite increased continuously reaching 1.42 wt.% after temper-
ing at 300 oC. The explanation is that during tempering, the decomposition 
occurred in the low-carbon austenite areas whereas the carbon-rich areas 
remained in the structure. Carbon enrichment ensured increased austen-
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ite stability for SIMT. This is indirectly confirmed by the increase in area 
reduction, i. e. by thin “neck” formation; this was ascribed to the absence of 
a “running neck” characteristic to the TRIP effect [179].

 

 

Fig. 3.14. The rupture surface of the Charpy specimens: 
(a, b) Q&T, (c, d) Q&T+270 oC, (e) Q&T+300 oC

Austenite’s transformation at 250 oC proceeded through carbide-free 
bainite formation, which is confirmed by TEM observation and higher 
impact toughness. In this case, the decrease in RA volume fraction was 
compensated by the formation of carbide-free bainite, which possessed 
improved impact toughness. Tempering at 300 oC caused a significant 
(by 30%) decrease in impact toughness caused by precipitation of cement-
ite carbides revealed by TEM studies. Silicon in the amount of ~1.5% was 
not able to prevent the cementite appearance due to sharply increased 
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carbon diffusivity at 300 oC, which changed the balance between the chem-
ical free energy and elastic free energy. As a result, carbon partially left 
the austenite lattice to form cementite which reduced the stresses in the 
austenite lattice associated with the carbon solution effect.

The results above allowed concluding that low-temperature tempering 
is a useful technological complement in Q & P treatment of medium car-
bon steels. Obtaining an improved “Strength/Ductility/Impact toughness” 
complex in the Q & P-treated 60Si2CrV steel can be ensured by tempering 
at 200–250 oC. Regarding the PSE parameter, it is more desirable to con-
duct tempering at 300 oC because of the increase in ductility while main-
taining high strength. The optimum tempering temperature for specific 
Q & P-treated steel grades should be determined additionally.

3.3 Effect of heat treatment modes on microstructure 
and mechanical properties of 55Si3Mn2CrVMoNb steel

3.3.1 (Q+T)-treatment and austempering

The effect of Q & P treatment on the mechanical properties of 55Si3Mn-
2CrVMoNb steel was evaluated in comparison with standard heat treat-
ments which are (a) quenching and tempering, and (b) austempering for 
lower bainite structure [180, 181]). The austenitization temperature was 
900 oC that corresponded to the single-phase (γ) domain. The austenitized 
samples were oil-quenched to room temperature. The tempering was car-
ried out at 200–600 oC with a holding duration of 1.5 hours. During aus-
tempering, the austenitized samples were held in the bath of Wood alloy 
at the constant temperature (300 oC, 270 oC, 250 oC) for 5 min with further 
transfer to a laboratory furnace heated to the same temperature for pro-
longed holding from 45 min to 600 min. The holding duration was selected 
by taking into account the transformation kinetics at a given temperature 
(Chapter 2). After holding, the samples were cooled in calm air. As fol-
lows from Table 3.2, the tensile strength of steel after (Q+T) treatment var-
ied from 2144 MPa (200 oC) to 1605 MPa (600 oC) while TEL and impact 
toughness remained low: after tempering at 600 oC they did not exceed 
6.5% and 45 J/cm2, respectively. PSE was also low, its values reached the 
maximum (10.2 GPa.%) after tempering at 600 oC.

Austempering has provided a significant increase in the mechanical 
properties complex compared to quenching with tempering. A combina-
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tion of high strength (UTS = 1397–1733 MPa) with competitive elonga-
tion (10–21%) and impact toughness (105–139 J/cm2) was achieved. Ac-
cordingly, the PSE increased sharply, reaching 15.1–28.8 GPa . %.

The highest complex of the properties for this steel was provided by 
austempering at 300 oC for 45–120 min. In this case, the steel had a ten-
sile strength of 1397–1522 MPa, hardness of 45–47 HRC, TEL of 18–21%, 
impact toughness of 105–116 J/cm2, while PSE reached maximum values 
of 27.5–28.8 GPa . %. The tensile curves of austempered specimens corre-
sponded to the ductile materials with a long interval of a plastic flow above 
the yield point (Fig. 3.15). As the austempering temperature decreased, the 
length of this interval decreased.

Table 3.2. Mechanical properties, RA amount and carbon 
content in austenite (Сγ) in 55Si3Mn2CrVMoNb steel after 

Q+T and austempering (H means Rockwell hardness)

Tempering 
(austempering) 
temperature, оC

YTS, 
MPa

UTS,
MPa

TEL
%

AR,
%

KCU,
J/cm2

H, 
HRC RA,% Сγ,%

PSE, 
GPa.%

Quenching and tempering
200 оС 2140 2144 1 2 – – – – 2.1
300 оС 2105 2116 3 2 29 54 – – 6.3
400 оС 1895 1895 3 33 38 53 – – 6.1
500 оС 1617 1617 3.5 14 32 47 – – 5.6
600 оС 1573 1605 6.5 31 45 44 – – 10.2

Austempering at 300 оС
300 оС (45 min) 1210 1522 18 35 105 47 33 0.94 27.5
300 оС (120 min) 1162 1397 21 34 116 45 – – 28.8
300 оС (240 min) 1171 1397 12 38 139 43 31 1.08 16.9

Austempering at 270 оС
270 оС (160 min) 1353 1585 10 30 126 50 19 1.04 15.1
270 оС (240 min) 1337 1542 12 39 133 49 – – 18.4
270 оС (300 min) 1447 1604 11 39 136 49 19 1.06 17.5

Austempering at 250 оС
250 оС (400 min) 1496 1697 12 32 107 52 17 0.94 20.9
250 оС (600 min) 1418 1733 10 30 114 48 – – 1700

Maximum strength (UTS=1733 MPa, YTS=1697 MPa) was reached 
after holding at 250 oC for 600 min. There was a clear tendency of strength 
to decrease as the holding temperature.
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Figure 3.15. Tensile curves of 55Si3Mn2CrVMoNb steel samples 

after austempering at (a) 300 оС, (b) 270 оС, (c) 250 оС.

Maximum ductility (18–21%) referred to austempering at 300 oC for 
120 min. Under austempering at 300 oC and 270 oC the TEL values var-
ied by a curve with a maximum. The increase in TEL at the initial hold-
ing stages was due to a decrease in “fresh” martensite (appeared after the 
austempering completion) as the bainitic transformation progressed. The 
decrease in TEL at the prolonged holding stages resulted from a decrease 
in RA volume fraction. As for austempering at 250 oC, the minimum hold-
ing time at this temperature (400 min) corresponded to the completion 
of bainite transformation at this temperature. Therefore, there was only 
a slight decrease in ductility when the holding time approached 600 min.

The PSE level reached its maximum (27.6–28.8 GPa . %) after holding 
at 300 oC for 45–160 min. The samples austempered at 270 oC and 250 oC 
performed a lower PSE level due to reduced ductility.

The maximum hardness value (52 HRC) was referred to holding at 
250 oC for 400 min. As the holding time increased to 600 min, the hard-
ness decreased to 48 HRC due to carbide precipitation from the bainitic 
α-phase with a corresponding decrease in the crystal lattice distortion. 
The tendency of hardness decreasing at holding time was characteristic of 
higher holding temperatures; here it was explained by the decrease in the 
“fresh” martensite fraction in favor of bainite. The minimum hardness level 
(43 HRC) corresponded to austempering at 300 oC for 240 min.

In contrast to hardness, impact toughness gradually increased with 
holding duration increase; this was the case for any holding temperature. 
This behavior was related to the increase in the bainite volume fraction. A 
rather high impact toughness (≥100 J/cm2) was characteristic for all per-
formed austempering modes. Holding at 270–300 oC gives a higher tough-
ness level compared to holding at 250 oC.
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The microstructure of austempered samples is presented in Figure 
3.16. Holding at 300 oC for 240 min led to the structure consisting of 
bainite packages with a parallel α-phase laths combined with a large num-
ber of RA areas evenly distributed throughout the structure (Fig. 3.16, a). 
By reducing the holding temperature to 250 oC, a decrease in the bainitic 
plates’ thickness was observed to be in agreement with [61] (Fig. 3.16, c).

 

Figure 3.16. Microstructure of 55Si3Mn2CrVMoNb 
steel after austempering at (a) 300 оС (240 min), 

(b) 270 оС (300 min), (c) 250 оС (400 min)

The fracture patterns of austempered Charpy specimens are shown in 
Fig. 3.17. After an initial holding at 300 oC (45 min), the quasi-cleavage ar-
eas (shown by arrows) surrounded by the ductile dimples zones (Fig. 3.17, 
a) were seen on the fracture surface. As the holding time increased (Fig. 
3.17, b), the ductile component in the fracture increased, which is gener-
ally consistent with an increase in impact toughness.

The XRD data on RA volume fraction and carbon content in austenite 
are presented in Fig. 3.18. The maximum austenite amount (33 vol.%) was 
detected after holding at 300 oC for 45 min, with carbon content in austen-
ite of 0.94 wt.%, which is almost 2 times to average carbon content in the 
steel. With increasing the holding duration to 240 min, the RA amount 
was slightly decreased to 31 vol.% with increasing carbon content to 
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1.08 wt.%. Thus, holding at 300 oC was accompanied by C-enrichment of 
austenite leading to its stabilization followed by full suspension of bainite 
transformation (Fig. 2.3).

 
Figure 3.17. The fracture patterns of Charpy 

samples of 55Si3Mn2CrVMoNb steel austempered 
at 300 оС for: (a) 45 min, (b) 240 min

After holding at 270 oC and 250 oC, lower RA volume fractions (18–19 
vol.%) were recorded with a carbon content of 1.04–1.06% and 0.94%, 
respectively. The increased carbon content in austenite was explained by 
the presence of 2.5% Si in the steel composition, which apparently inhib-
ited the cementite precipitation at holding in the range of 250–300 oC. The 
increase in carbon content in RA with increasing holding duration was 
attributed to carbon redistribution from α-phase to austenite. As the hold-
ing temperature increased, this process became more intensive due to the 
promotion of carbon diffusivity.

 
Figure 3.18. The effect of austempering duration on (a) 

RA volume fraction and (b) carbon content in RA
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3.3.2 Effect of Q & P treatment modes on the mechanical 
properties of 55Si3Mn2CrVMoNb steel

Q & P treatment of 55Si3Mn2CrVMoNb steel was performed accord-
ing to the following modes: QT = 160 oC (200 oC), partitioning temperature 
= 200 oC (225 oC, 250 oC, 270 oC, 300 oC) with holding from 10 to 300 min. 
The austenitization temperature was 900 oC (15 min holding). Before trans-
fer to bath with Wood alloy melt, the samples were pre-cooled in the air 
to ~700 oC. The samples were held in the bath for 60 s with a further quick 
transfer to the laboratory furnace for prolonged holding. After finishing 
the partitioning stage, the samples were cooled in air. Taking into account 
the positive effects of tempering (Chapter 3.2), the Q & P-treated speci-
mens were tempered at 200 oC for 1.5 hours. Q & P modes and mechanical 
properties of 55Si3Mn2CrVMoNb steel are given in Table 3.3.

The data presented in Table 3.3 allow to conclude that Q & P treat-
ment provided 55Si3Mn2CrVMoNb steel with a particularly high strength 
(UTS = 1535–2374 MPa) which was by 10–11% with respect to (Q+T) 
treatment. At the same time, there was a significant increase in ductility: 
the total elongation was up to 23% and area reduction was up to 36%. The 
impact toughness also increased from 29–45 J/cm2 (Q+T) to 48–117 J/cm2 
(Q & P).

The highest mechanical properties complex was recorded after Q & P 
treatment according to the regimes of Q160

 
˚C/Р270

 
˚C (50–120 min) and Q200

 
˚C  

/ Р300
 
˚C (100 min): YTS of 1275–1506 MPa, UTS of 1535–1830 MPa, TEL 

of 20–23%, impact toughness of 75–101 J/cm2. For these modes, the PSE 
reached an advanced level of 35.6–36.5 GPa . %. The regimes Q160

 
˚C / Р225

 o
C 

(90 min) and Q160˚C/Р250
 
˚C (90 min), which provided UTS of 1935–2077 MPa 

with TEL of 15–18%, also performed an improved PSE of 30.5–35.0 GPa . %.
The maximum strength (YTS of 1978 MPa, UTS of 2378 MPa, hard-

ness of 57 HRC) corresponded to the regime of Q160˚C/Р200˚C (90 min). It 
should be noted that such high strength was accompanied with an elonga-
tion of 9% and impact toughness of 61 J/cm2. A similar properties com-
plex is characteristic to steels with nanostructured carbide-free bainite 
after prolonged (a week or more) austempering [56]. In our case, it was 
obtained in a much shorter mode (less than 2 hours).

The effect of the Q & P treatment mode on the mechanical properties 
of 55Si3Mn2CrVMoNb steel can be followed by the data presented in Fig-
ure 3.19 and Figure 3.20. It is seen that with increasing temperature and 
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holding time at the partitioning stage, the strength decreased. It was in-
duced by more intensive tempering of martensite; furthermore, increasing 
the holding temperature led to the formation of bainite with lower strength 
which also contributed to the decrease in steel strength [182].

 

 

 
Figure 3.19. Effect of partitioning duration on mechanical 

properties of Q & P-treated 55Si3Mn2CrVMoNb (QT=160 oC)



78� Chapter 3. Effect of Q & P treatment on the microstructure and mechanical properties of 60Si2CrV and 55Si3Mn2CrVMoNb steels

 

 

 

Figure 3.20. Effect of partitioning duration on mechanical 
properties of Q & P-treated 55Si3Mn2CrVMoNb (QT=200 oC)

Increasing the partitioning duration reduced the steel strength due to 
the more complete martensite tempering and austenite transformation to 
bainite (Figs. 3.19, a, b and 3.20, a, b). The latter decreased the contribu-
tion of the TRIP effect to the steel strengthening. Increasing QT tempera-
ture from 160 oC to 200 oC resulted in a slight decreasing strength due to 
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the decrease in the martensite amount at the quenching stage. All these 
structural changes led to a minimum strength level (YTS = 1275 MPa, 
UTS = 1535 MPa) after the mode of Q200˚C / Р300˚C (100 min). This mode was 
characterized by a maximum TEL value of 23%, which provided a very 
high PSE value (35.6 GPa . %).

The effect of Q & P mode on ductility (Figs. 3.19, c and 3.20, c) was 
opposite to the strength trend. There was a tendency of decreasing elonga-
tion as the partitioning temperature decreased and of a slight increasing 
as the partitioning duration increased. These trends were explained by the 
tempering of martensite formed during the quenching stage, as well as by 
austenite saturation with carbon, which reduced its tendency to deforma-
tion martensite transformation. Thus, stabilized austenite remained in the 
structure at higher tensile stress, increasing the steel ductility.

In Figs. 3.19, e and 3.20, e the effect of Q & P treatment mode on the 
impact toughness is illustrated. From these figures, the tendency of impact 
toughness increasing with the temperature and duration of the partition-
ing stage can be clearly seen. In addition, after Q & P treatment with QT =  
= 160 oC, the steel acquired a higher impact toughness than that of QT =  
= 200 oC. The maximum impact toughness (117 J/cm2) is referred to  
Q160˚C / Р300˚C(40 min) and Q160˚C / Р250˚C (300 min) modes, and the minimum 
(48 J/cm2) – to Q200˚C / Р225˚C (40 min). The growth of impact toughness was 
due to an increase in volume fraction of ductile components (retained 
austenite and carbide-free bainite) with a corresponding decreasing the 
amount of brittle phase (martensite). Also, martensite tempering was an 
important factor contributing to advanced steel toughness.

Q & P treatment promoted a fairly high hardness (≥ 50 HRC) for all 
treatment modes. The maximum hardness (57 HRC) corresponded to 
Q160˚C / Р200˚C (90 min) mode. In general, modes with quenching to 160 oC 
with the initial stages of holding were characterized by decreased hardness 
as a result of martensite tempering. In the later partitioning stages, the 
hardness increased owing to austenite transformation into lower bainite. 
For modes with QT = 200 оС (Fig. 3.20, f), there was a significant increase 
in hardness as the partitioning holding increased. In this case, the struc-
ture contained less martensite, thus the carbon redistribution from mar-
tensite to austenite was not as fast as at QT = 160 oC. With increasing hold-
ing time, austenite was enriched with carbon and partially transformed to 
high-carbon martensite, which enhanced hardness. The character of the 
change in hardness during Q200˚C/Р250˚C mode was close to that for modes 
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with QT = 160 oC to be associated with a lesser RA amount in the steel 
structure.

The Q & P-treated samples of 55Si3Mn2CrVMoNb steel were charac-
terized by high impact toughness reaching 117 J/cm2. Noteworthy, the im-
proved impact toughness was obtained with fairly high hardness (≥50 HRC). 
As follows from Fig. 3.21, the fracture surface of the Q & P-treated specimens 
was predominantly ductile, as evidenced by transcrystalline quasi-cleavage 
and dimples areas. The formation of the dimples proceeded through merg-
ing micro-voids that originated on the lattice defects or on the dispersed 
inclusions of vanadium carbide (shown by the arrows in Fig. 3.21, a).

 

 
Figure 3.21. Rupture surface of Charpy samples of 55Si3Mn2CrVMoNb 

after Q & P treatment by modes: (a) Q160˚C / Р250˚C (90 min), 
(b) Q160˚C / Р250˚C (300 min), (c, d) Q200˚C / Р300˚C (100 min)

3.3.3 Microstructure and phase constituents of 
Q & P-treated 55Si3Mn2CrVMoNb steel

After Q+T(300 oC) treatment the microstructure of 55Si3Mn2CrV-
MoNb steel consisted of a mixture of tempered martensite (lath and plate 
morphologies) and a minor amount of retained austenite, evenly distrib-
uted in structure (Fig. 3.22). RA was of two morphological types: “islands” 
and thin elongated areas of lath shape.
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The microstructure of 55Si3Mn2CrVMoNb steel after Q & P treatment 
is presented in Figures 3.23, 3.24. After treatment by Q160˚C/Р300˚C (10 min) 
mode structure consisted of tempered martensite and copious areas of re-
tained austenite (Fig. 3.30, a, b). Increasing the holding duration led to a 
significant reduction in the size and number of austenitic areas; in their 
place, lower carbide-free bainite laths appeared. The latter divided the for-
mer austenitic grain into smaller areas leading to fine-needle martensite 
formation at the final cooling stage after partitioning (Fig. 3.30, c).

 
Figure 3.22. Microstructure of 55Si3Mn2CrVMoNb steel after 

quenching and tempering at 300 °C: (a) optical microscope, (b) SEM

As the partitioning temperature decreased, the number of austenite 
areas decreased also to be explained by low carbon diffusion mobility 
leading to lower C-enrichment of retained austenite (Fig. 3.31, a, c, e, 
Fig. 3.32 a, e, g). These features were typical for modes with QT = 160 oC 
and QT = 200 oC.

The local chemical composition of an austenitic area was determined 
by EDX analysis (spectra 2 and 3 in Fig. 3.25). As follows from Table 3.5, 
the austenitic area had higher Mn content (2.10–2.26 wt.%) as compared 
to bainite (1.63–1.73 wt.%, spectra 4, 5) and to martensite (0.97–1.80 wt.%, 
spectra 6, 7). The austenite area contained the least Si content (2.39–2.40 
wt.%) while martensite was depleted in Cr (0.54–0.55%). These data showed 
that austenitic areas were enriched in austenite-forming manganese and de-
pleted on ferrite-forming silicon (Fig. 3.26). Given the low diffusion mobility 
of these elements at partitioning temperatures, it can be assumed that these 
elements’ segregations resulted from ingot solidification. Accordingly, the 
retained austenite formation was facilitated in Mn-enriched segregational 
areas. The areas depleted with Mn and Cr during Q & P treatment trans-
formed into martensite due to the higher MS temperature.
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Figure 3.23. Microstructure of 55Si3Mn2CrVMoNb steel after 

Q & P treatment with QT=160 oC and partitioning at 300 oC 
for (a) 10 min and (b) 120 min; at 250 oC for (c) 90 min and 

(d) 300 min; at 225 oC for (e) 40 min and (f ) 250 min

Figs. 3.27–3.29 present the fine structure of Q & P-treated 55Si3Mn-
2CrVMoNb steel. In the sample treated by Q160˚C/Р300˚C (10 min) mode, par-
tially twinned martensite with high dislocation density, as well as the films 
and massive “islands” of RA were observed (Fig. 3.27, a, b). The presence 
of austenite is confirmed by SAED analysis (Fig. 3.27, c).
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Figure 3.24. Microstructure of 55Si3Mn2CrVMoNb steel 
after Q-n-P treatment with QT = 200 oC and partitioning 

at 300 oC for (a) 100 min; at 250 oC for (b) 20 min and (c, d) 
120 min; at 225 oC for (e) 40 min and (f) 200 min

Figure 3.25. Locations of point EDX analysis in the sample of 
55Si3Mn2CrVMoNb steel after Q200 ̊ C / Р300 ̊ C (100 min) mode
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Table 3.4. The results of EDS point analysis of 
Q & P-treated 55Si3Mn2CrVMNb steel

Spectrum num-
ber (Fig. 3.25)

Content, wt.%
C Si Cr Mn Fe

2 8.28 2.39 1.12 2.26 85.95
3 7.95 2.40 0.81 2.10 86.74
4 10.03 2.93 0.89 1.63 84.52
5 8.05 2.64 0.96 1.73 86.62
6 12.82 3.06 0.54 1.80 81.78
7 14.57 4.05 0.55 0.97 79.86

Figure 3.26. The profile of Si across the austenite area

 

 

Figure 3.27. Fine structure of 
Q & P-treated (Q160˚C / Р300˚C(10 min)) 

55Si3Mn2CrVMoNb steel: (a) 
light-field image of martensite 

and RA, (b) dark-field image of the 
same area in the austenite reflex 

)022( , (c) SAED pattern from the 
austenite zone [111]
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In martensite there were transitional carbides, which were released 
within the a-laths during the partitioning stage; carbides formed the fiber-
shaped clusters positioned at an angle of ~40–50о to the long axis of the 
laths. In some laths, twins were detected, indicating a high carbon con-
tent (this could be due to the austenite C-enrichment at the partitioning 
stage, with its subsequent transformation to high carbon martensite). The 
55Si3Mn2CrVMoNb steel contained an increased amount of retained aus-
tenite as seen in dark-field image in Fig. 3.28, b. where RA is well identified 
as light-contrast layers.

 
Figure 3.28. Martensite laths and RA (“islands” and films) in 

Q & P-treated (Q160 ̊ C / Р250 ̊ C (40 min)) 55Si3Mn2CrVMoNb steel

 

Figure 3.29. Martensite laths and RA (“islands” and films) in 
55Si3Mn2CrVMoNb steel after Q & P treatemnt (Q160 ̊  C / Р200 ̊  C (90 min))
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By lowering the partitioning temperature to 200 oC, the structure re-
tained its character specific for higher holding temperatures. The images 
showed α-phase lath packages with the transitional carbides inside the laths 
(Fig. 3.29, a). Retained austenite was of two morphological types: “filmy” 
and “blocky” (Fig. 3.29, b, c). The thickness of the α-phase laths varied in 
the range of 57–350 nm (Fig. 3.30), with almost half of them (45.7%) be-
ing nano-sized and having less than 100 nm thick. Taken that martensite 
in 55Si3Mn2CrVMoNb steel was both of needle and lath morphologies, 
it was difficult to identify martensitic and bainitic laths uniquely. It can be 
assumed that the wider (> 100 nm) α-phase laths referred to martensite 
formed at the quenching stage (as evidenced by the transitional carbides 
formed inside them during the partitioning stage). Then the finer laths 
referred to nanobainite that formed during the partitioning stage, or to 
“fresh” martensite formed upon final cooling. The latter assumption was 
based on the fact that austenitic grains, at the end of the partitioning stage, 
became fragmented by bainitic laths that further reduced the “fresh” mar-
tensite laths size.

Figure 3.30. Frequency distribution of martensitic 
laths thickness in sample of 55Si3Mn2CrVMoNb steel 

after Q & P treatment (Q160 ̊ C / Р200 ̊ C (90 min))

For different Q & P treatment modes, the RA amount varied from 11 
vol.% to 28 vol.%, increasing as the partitioning temperature increased (Fig. 
3.31, a). Under partitioning at 270–300 oC with increasing holding time, 
the RA volume fraction reached 28 vol.% at Q160 ̊ C / P300 ̊ C and 25 vol.% at 
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Q200 ̊ C/P270 ̊ C. At lower partitioning temperatures, the effect of holding time 
became less pronounced (or  even absent at 200 oC), although at QT = 
160 oC the austenite amount increased more intensively than at QT = 200 oC.

Figure 3.31. Effect of Q & P treatment mode on (a) RA volume 
fraction, (b) carbon content in austenite and (c) its relationship with 

RA volume fraction in Q & P-treated 55Si3Mn2CrVMoNb steel
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The carbon content in retained austenite increased as the partitioning 
duration increased (Fig. 3.31, b). At a partitioning temperature of 270– 
– 300 оС the carbon content increased to 1.17–1.21 wt.%; at 200–225 оC it 
reached 0.94–0.97 wt.%. As follows from Fig. 3.31, c there was a directly 
proportional relationship between the carbon content and the amount of 
retained austenite which is described by the regression equation:

	 RA (vol.%) =50.3 × [%C]2 – 70.2 × [%C] + 35.8 (R2 = 0.70).� (3.1)
Thus, microstructural and XRD studies have shown that, due to Q & P 

treatment, 55Si3Mn2CrVMoNb steel gained a heterogeneous microstruc-
ture comprising α-phase, retained austenite, and transitional carbides. As 
follows from the austenite transformation kinetics, bainite transformation 
occurred at the partitioning stage, therefore, the α-phase was represented 
by both tempered martensite and carbide-free bainite.

Exactly this structure provided an advanced combination of strength, 
ductility, and impact toughness of this steel.

3.4 Q & P-integrated steel heat treatment 
modes and their effect on the mechanical 

properties of 55Si3Mn2CrVMoNb steel

Since its appearance, the Q & P concept has been constantly evolving 
and modified to address its shortcomings and further enhance the me-
chanical properties of steel. In this regard, it was of interest to test several 
Q & P-integrated heat treatment modes concerning the 55Si3Mn2CrV-
MoNb steel. The following modes were proposed:

(a) LQ & P (Long Quenching) presented prolonged (60 min) hold-
ing at the quenching temperature (160 оС) and partitioning at 200 оС for 
90 min) (Fig. 3.32, а);

(b) IA-Q & P (Intercritical Annealing) included austenitization held in 
the intercritical interval. The austenitization temperature (810 оС) corre-
sponded to the intercritical interval of 55Si3Mn2CrVMoNb steel was de-
termined by dilatometric analysis to ensure about 20 vol.% of ferrite in the 
structure. After the intercritical annealing the quenching was performed 
to QT=120 oC, 140 oC and 160 oC, followed by holding at PT=250 oC for 
90 min (Fig. 3.32, b);

(c) В-Q & P included holding at 225 (80 min) and 250 оС (40 min) to 
form bainite before the quenching (Fig. 3.32, c);
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(d) TCT-Q & P was a thermocyclic Q & P treatment with a 3 cycle per-
formed as 160 оС ↔ 250 оС or 160 оС ↔ 225 оС (Fig. 3.32, d).

After all types of treatment, tempering was performed at 200 оC for 1.5 
hours. LQ & P treatment aimed to increase ductility at high strength (above 
2000 MPa) due to an increase in the RA volume fraction through thermal 
stabilization of γ-phase. For this case, the basic mode Q160 ̊  C / P200 ̊  C (90 min) 
was selected since it ensured the highest strength (UTS of 2373 MPa) at TEL 
of 9% (Table 3.3).

Figure 3.32. The schemes of Q & P-integrated modes: 
(a) LQ & P, (b) IA+Q & P, (c) В-Q & P, (d) TCT-Q & P

The IA+Q & P treatment mode pursued an additional increase in duc-
tility by obtaining proeutectoid ferrite. The В-Q & P mode aimed to obtain 
fine-needle martensite by pre-forming a certain lower bainite fraction, which 
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was supposed to fragment austenitic grains. The TCT-Q & P mode aimed to 
stimulate diffusion and phase-structural transformations by changing the 
stress-strain state as a result of heating/cooling cycles. The Q160 ̊  C/P250 ̊  C (90 
min) mode was selected as the base for the “b”–“d” modes, since it provided 
one of the best combinations of mechanical properties: UTS of 1935 MPa, 
TEL of 18%, AR of 30%, PSE of 35 GPa . %. The mechanical properties after 
Q & P-integrated modes are presented in Table. 3.5.

Table 3.5. Mechanical properties of 55Si3Mn2CrVMoNb 
steel after Q & P-integrated heat treatments

Temperature and 
duration of holding

UTS,
MPa

YTS, 
MPa

TEL,
%

AR,
%

KCU, 
J/cm2

Hardness, 
HRC

PSE, 
GPa . %

LQ & P (200 оС (90 min))
QT=160 oC (60 min) 2160 1692 9 16 – 56 18.9

IA-Q & P (250 оС (90 min))
QT=160 oC 1858 1262 9 13 55 45 17.4
QT=140 oC 1694 1145 5 8 58 47 8.9
QT=120 oC 1719 1176 6 9 47 49 10.1

В-Q & P(250 оС (90 min))
250 (40 min) 2001 1613 10 30 79 50 20.0
225 (80 min) 2116 1561 9 8 62 54 18.2

TCT-Q & P (250 оС (90 min))
160 оС ↔ 250 оС 1941 1405 16 25 74 50 31.5
160 оС ↔ 225 оС 2108 1509 10 10 – 54 21.1

As follows from Table 3.6, the thermal stabilization at 160 oC for 60 min 
resulted in a slight increase in the total elongation narrowing, but it signifi-
cantly (by 200 MPa) lowered the tensile strength relative to the base mode.

Heat treatment with intercritical annealing resulted in 15–20% structur-
ally free ferrite in the structure (Fig. 3.33), which, however, did not provide 
an expected increase in ductility. On the contrary, the ductility decreased 
almost twice compared to the basic Q & P mode, while impact toughness 
decreased by 25%. As the quenching temperature decreased to 140–120 oC, 
the ductility reduced even to a greater extent. Such change was accompa-
nied by a general decrease in strength: by ~100 MPa at QT=160 oC and by 
~200 MPa at QT=120–140 oC (the hardness also reduced by 3–7 HRC). The 
decline in the properties compared to the basic Q & P modes was probably 
due to the carbon redistribution between ferrite and austenite under inter-
critical holding which led to a significant increase in carbon content in the 
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austenite after the partitioning stage. This resulted in the formation of high-
carbon brittle martensite after final cooling, which decreased steel ductility. 
A decrease in quenching temperature reduced a martensite volume fraction 
causing an additional reduction in ductility and impact toughness. The pres-
ence of ferrite expectedly reduced the yield strength, while the reduction of 
tensile strength was caused by steel embrittlement. Thus, quenching from 
intercritical interval had an adverse effect on the properties of Q & P-treated 
55Si3Mn2CrVMoNb steel. These results contradict the conclusions of [183], 
where the positive effect of intercritical annealing on the mechanical proper-
ties of 60Si2 and 60Si2CrV steels was reported.

Figure 3.33. Microstructure of 55Si3Mn2CrVMoNb 
steel after IA + Q & P treatment (QT = 160 oC)

Better results were obtained after B-Q & P mode: UTS was 2001–2116 
MPa while ductility was similar to IA+Q & P mode (TEL = 9–10%, AR = 
= 8–30%) with some increase in impact toughness (up to 79 J/cm2). The yield 
strength increased significantly (compared to basic Q & P treatment), reach-
ing 1561–1613 MPa. Obviously, this was due to a decrease in the amount of 
retained austenite during the bainite transformation in the previous stage. 
The increase in pre-bainitization temperature caused the increase in UTS val-
ue accompanied by a decrease in total elongation and impact toughness. The 
B-Q & P mode can be used when it is necessary to increase the yield strength 
and impact toughness of steel, but the PSE remains low (18–20 GPa . %).

The TCT-Q & P mode with partitioning temperature 250 oС provided 
almost the same properties as the base treatment (PSE of 31.5 GPa . %). At 
a partitioning temperature of 225 oC strength slightly increased but ductil-
ity decreased by 1.5 times; as a result, the PSE reduced to 21.1 GPa . %. 
Thus, the TCT-Q & P mode can compete with the basic Q & P treatment 
mode, however, additional studies are needed to determine its optimal 
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parameters (number of cycles, temperature, holding time, etc.) to obtain 
an improved complex of steel properties.

3.5 Deformation stability of retained austenite 
in Q & P treated 55Si3Mn2CrVMoNb steel

As shown above, retained austenite plays a key role in mechani-
cal properties of Q & P treated steels, since its ductility allows to achieve 
high strength specific for martensite avoiding a sharp decrease in ductil-
ity and toughness of steel. Due to RA, the quenched steel is able to strain 
under load; moreover, austenite greatly contributes to the tensile strength 
through the strain hardening. The degree of strain hardening can be much 
advanced if austenite is prone to strain-induced martensite transforma-
tion. With regard to Q & P-treated and nanobainitic steels, there is a gen-
eral opinion [112] that the metastability of retained austenite should be 
limited since its rapid transformation into martensite at initial strain can 
lead to early steel embrittlement. It is considered that “blocky” retained 
austenite demonstrates a high tendency to SIMT and completely trans-
forms into martensite at the beginning of tensile testing, while “filmy” 
austenite remains stable to higher strain degrees. The latter behaviour is 
facilitated by both carbon enrichment of filmy austenite (chemical stabi-
lization) and the presence of neighboring strong phase (like martensite or 
bainitic ferrite), which resist the volume expansion caused by the shear 
γ →a' transformation.

The degree of RA stability to SIMT in Q & P-treated 55Si3Mn2CrVMoNb 
steel was evaluated under various schemes of deformation, such as (a) bulk 
deformation under uniaxial tensile (standard tensile tests) and (b) surface 
deformation under abrasion. The studies were performed on specimens 
treated according to three different Q & P treatment modes to provide differ-
ent strength levels: (a) maximum strength (UTS~2300–2400 MPa) (Q160 ̊  C / 
P200 ̊  C(90 min)), (b) average strength (~2000 MPa) (Q160 ̊  C/P250 ̊  C(90 min)), (c) 
low strength with high ductility (TEL = 23%) (Q200 ̊  C / P300 ̊  C)(100 min)). These 
modes were designated as # 1, # 2 and # 3, respectively. They differed not only 
in mechanical properties but also in RA volume fraction which was 13 vol.% 
for #1 and #2 and 25 vol.% for # 3. In addition, RA had a different carbon 
content (0.97 wt.% for #1 and 1.22–1.23 wt. for #2 and #3). Thus, the selected 
modes should differ in the stability of retained austenite to SIMT. As reference 
a quenched sample of the same steel was used (62 HRC).The austenite meta-
stability during tests was evaluated by parameter M calculated as:
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where RA is austenite volume fraction before the test, vol.%, ∆RA is an 
alteration in austenite volume fraction after the tests, vol.%.

Figure 3.34. XRD patterns of 55Si3Mn2CrVMoNb steel before and after 
tensile testing (СuKa-radiation) (a) Q160 ̊  C / P200 ̊  C(90 min), 

(b) Q160 ̊  C / P250 ̊  C(90 min), (с) Q200 ̊  C / P300 ̊  C(100 min)

After tensile testing, the RA volume fraction was XRD measured on 
the ruptured tip of the samples. After the wear test XRD measurement was 
performed on the worn surface. The corresponding XRD patterns before 
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and after the test are presented in Figure 3.34. It can be seen that, in all 
cases, the diffraction patterns of the fractured samples performed a sharp 
decrease in the austenite maxima intensity, especially of the peaks (200), 
(220), and (311), which were hardly identified on the diffraction patterns. 
The calculated amount of retained austenite was 2–3 vol.% for modes # 1 
and #2, and slightly higher (4 vol.%) – for mode # 3 (Table 3.6). Given the 
very weak austenite peaks, these differences in austenite content were con-
sidered experimental errors. Based on the parameter M, it was stated that, 
regardless of RA volume fraction and carbon content, retained austenite in 
a great extent (by 77–85%) transformed to martensite under tensile strain 
which precedes the tensile fracture.

Taking into account that the austenite in the studied samples had dif-
ferent morphology (“blocky” and “filmy”), it was concluded that even 
“filmy” RA which had high carbon content (1.23 wt.%) almost completely 
transformed to martensite during the sample fracture. Therefore one can 
speculate that the TRIP effect took place contributing to steel properties 
under tensile testing.

Table 3.6. Change in RA volume fraction in 55Si3Mn2CrVMoNb 
steel after tensile strain and abrasive wear

Mode 
#

The amount of retained
austenite, vol.% DRA, 

vol.%
RA metastability 

(parameter М)Before tests After tests
Tensile test (СuKa-radiation)

1 13 3 10 77.0
2 21 2 19 90.5
3 25 4 21 84.0

Wear by “mild” abrasive (SiO2) (FeKa-radiation)
1 13 11 2 13.3
2 28 26 2 7.1
3 24 23 1 4.2

Wear by “hard” abrasive (Al2O3) (FeK-radiation)
1 13 8 5 38.4
2 28 20 8 28.5
3 24 22 2 8.3

Quite an opposite tendency of austenite for SIMT was indicated re-
garding the abrasive wear tests. In this case, the steel surface was deformed 



3.5 Deformation stability of retained austenite in Q & P treated 55Si3Mn2CrVMoNb steel� 95

by the abrasive particles. Two abrasive types were used for tests differing 
in hardness: “hard” alumina (Al2O3) and “mild” silica (SiO2). Depending 
on the abrasive hardness the wear process proceeded through different 
mechanisms such as (a) ploughing (micro-cutting or plastic deformation) 
with deep scratches formation (in contact with a “hard” abrasive agent) and 
(b) multi-cycle low-stress contact fatigue (in contact with a “mild” abrasive 
agent) [184].

According to [185], the form of abrasive wear is determined by the ratio 
of the hardness of the metal surface (Нм) and the abrasive (На). If Нм : На < 
< 0.5 the wear form is mechanic (micro-cutting or plastic ploughing) accom-
panied by higher weight loss. If Нм : На≥ 0.5 the wear form is contact fatigue 
characterized by a sharp decrease in weight loss. Given the samples’ hardness 
(57 HRC (694HV) for regime #1, 52 HRC (583 HV) for regime #2 and 49 
HRC (534 HV) for regime #3, the Нм : На ratio values were as follows:

(a) the case of wear by SiO2 (1100 HV) abrasive: 0.63 for regime #1, 0.53 
for regime # 2, 0.48 for regime # 3;

(b) the case of wear by Al2O3 (2000 HV) abrasive: 0.35 for #1, 0.29 for # 
2, 0.27 for # 3.

For alumina tests, the Нм : На values are less than 0.5, therefore wear 
should pass through the mechanical form. For silica tests Нм : На values 
are ≥ 0.5, i. e. wear should pass through the contact fatigue mechanism 
with preferential oxide scales formation/detachment (which is a mechano-
chemical form of abrasive wear [185]).

The hard (Al2O3) abrasive test showed (Fig. 3.35) that Q & P treatment ac-
cording to modes # 1 and # 2 provided almost the same weight loss (~ 0.060 g) 
despite the difference in hardness (52 HRC and 57 HRC, respectively). Mode 
# 3 provided a slightly lower (by 2–3%) weight loss despite this mode being 
characterized by a lower hardness (49 HRC).

Analysis of the XRD patterns showed that during the wear test with 
Al2O3 abrasive, austenite performed a certain tendency for SIMT, although 
it was lower than under tensile strain (Table 3.7). The highest tendency 
for SIMT showed the sample treated by mode # 1 when 38% of initial RA 
transformed into martensite during wear. The highest stability to SIMT 
was ascribed to mode # 3 when transformation covered only 8.3% of ini-
tial austenite. In this case, there was no correlation between the austenite 
metastability and weight loss.

During the wear test using “mild” (SiO2) abrasive Q & P-treated steel 
performed higher stability to SIMT as compared with Al2O3– testing. 
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Mode # 1 performed the highest austenite metastability, although the M 
parameter was only 15% (Table 3.6).

Figure 3.35. Weight loss of Q & P-treated 55Si3Mn2CrVMoNb 
steel after abrasive testing wear

For other modes, the austenite metastability to SIMT was much lower 
(М  ~ 4–7%). In terms of SiO2 – wear, the Q & P treatment modes were 
ranked as follows: #1 (0.0283 g) → #3 (0.0223 g) → #2 (0.0265 g), i. e. the 
weight loss values were directly proportional to the austenite metastability 
to SIMT (meaning that SIMT caused a decrease in wear resistance). Mean-
while, the most wear-resistant mode #3 (49 HRC) has exceeded by 11% a 
much harder (62 HRC) quenched reference sample.

The results obtained showed that RA in Q & P-treated 55Si3Mn2CrV-
MoNb steel exhibits a different tendency for SIMT depending on the char-
acter of strain. Maximum metastability of austenite showed at uniaxial ten-
sile when the deformation strengthening reached the highest value before 
the bulk fracture. Under Al2O3 abrasive wear, SIMT also took place, but it 
didn’t progress as intensively as for tensile strain. It can be assumed that 
the corundum particles wore the surface not only by plastic deformation 
(with scratches formation), but also by micro-cutting with a brittle detach-
ment of metal microchips due to the high hardness and sharpness of Al2O3 
particles. That is, the wear was not always proceeded through intensive 
strain, therefore austenite largely remained untransformed.

Under SiO2 abrasive wear, the surface deformation probably didn’t reach 
the critical for SIMT value due to low quartz hardness preventing its deep 
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penetration to the surface. In this case, the wear occurred in a mechano-
chemical form, at lower contact stress within the elastic range. As a result, 
the surface was destroyed via a multi-cycle fatigue mechanism. This was con-
firmed by a lower (by an order of magnitude) value of weight loss as compared 
to corundum (~ 0.008 g/hour for quartz and ~ 0.06 g/hour for corundum). 
Under SiO2 conditions, retained austenite showed high stability to SIMT.

It should be noted that under the Al2O3 test, all three Q & P modes had 
approximately the same wear behaviour, despite the different SIMT kinet-
ics. This was associated with Al2O3 hardness, which was high enough to 
intensively destruct the various microstructures regardless of the degree 
of surface hardening due to SIMT. Under the SiO2 test, the difference in 
wear resistance between different Q & P modes was more noticeable. In 
this case, the microstructure features and SIMT affected wear resistance to 
a greater extent. In the used wear conditions, the highest wear resistance 
was attributed to the case of ~ 25 vol.% RA which was rather stable to 
SIMT (mode # 3).

Bearing in mind that SiO2 wear proceeded through the contact fatigue 
mechanism, it was presumed that metastable austenite (mode #1) acceler-
ated the nucleation of fatigue microcracks owing to micro-stress appeared 
under the volumetric changes caused by SIMT. With that, the growth of 
the microcracks was facilitated by hard deformation martensite which ap-
peared instead of ductile austenite in course of SIMT. In the case of mode 
# 3, stable austenite remained untransformed in the structure, ensuring 
the presence of ductile and tough austenite layers between the martens-
itic (bainitic) laths inhibiting the fatigue microcracks growth. Importantly, 
such a structure provided higher wear resistance relative to the quenched 
state. Summing up, Q & P treatment benefits not only high mechanical 
properties but also high tribological behaviour of steel.

3.6 Q & P-treated medium-carbon low alloyed 
steels as candidates in third generation AHSS

In Figure 3.36, a the correlation of tensile strength and ductility for 
Q & P-treated steels of 60Si2CrV and 55Si3Mn2CrVMoNb grades are 
presented. Each point refers to a specific Q & P mode. The upper limit of 
the scatter of experimental points performs the highest values of the PSE 
index for different strength levels (these values correspond to the maxi-
mum ductility values which can be obtained under Q & P treatment). As 
seen, with increasing UTS the maximum achievable elongation decreases 
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from 23% (at 1535 MPa) to 9% (at 2370 MPa). The top of the PSE values 
(35.6–36.5 GPa . %) correspond to UTS of 1400–1900 MPa. In the range of 
UTS=1900–2100 MPa, the maximum PSE value is 35.0 GPa . %, and in the 
range of UTS = 2100–2200 MPa, PSE does not exceed 22 GPa . %.

Figure 3.36. (a) “Strength/Ductility” correlation for 
Q & P-treated 60Si2CrV and 55Si3Mn2CrVMoNb steels, 

(b) comparison of 55Si3Mn2CrVMoNb steels mechanical 
properties (red points) with modern high-strength steels
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These values represent the high mechanical properties level assured by 
Q & P treatment, which puts the 55Si3Mn2CrVMoNb steel abreast with 
the more expensive Cr-Ni high-strength steels (30CrMnSiNi2, 40CrMn-
SiNi3W, High-Tough, etc.) or Mo-V steels (40Cr5Mo2SiV, HST120 etc.) 
[4]. The Q & P-treated 60Si2CrV steel performs a reduced (relative to 
55Si3Mn2CrVMoNb) complex of properties: the maximum PSE value 
does not exceed 18.2 GPa . %. However, Q & P-treated 60Si2CrV steel over-
performs the same steel subjected to conventional (Q+T) heat treatment. 
Therefore, one can conclude that Q & P treatment benefits the mechanical 
properties of the steels belonging to different alloying systems.

Experimental points for Q & P treated 55Si3Mn2CrVMoNb steel, cor-
responding to the best “Strength/Ductility” combinations, are shown in 
the diagram in (Fig. 3.36, b) in a pink colour. Apparently, the points dis-
tribution falls within the target diagram’s area which refers to third gen-
eration AHSS. Thus, the development of 55Si3Mn2CrVMoNb steel and 
its Q & P treatment modes can be considered as a solution to the relevant 
problem of developing high-strength, cost-saving alloyed steels meeting 
the requirements of third-generation AHSS.
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Chapter 4. Improvement of 0.7–0.8 wt.% C 
 steel performance characteristics 

using Q & P heat treatment
As shown in the previous chapters, Q & P heat treatment provides a 

multi-phase heterogeneous structure with high retained austenite content 
in steels, which improves the mechanical properties combination in the 
low-alloyed steels. However, in addition to mechanical properties, steel 
products must have higher performance characteristics regarding the con-
ditions of their use. Such characteristics include, in particular, wear resis-
tance and impact resistance, which is relevant, for example, for grinding 
balls and linings of drum mills [186]. This chapter is dedicated to investi-
gating the effect of Q & P treatment on some performance characteristics 
of steels having a carbon content of 0.7–0.8 wt.%.

4.1 Effect of Q & P treatment on abrasive wear 
resistance of 0.75 wt.% C low-alloyed steel

The effect of Q & P treatment on the wear resistance of steel remains 
(with a few exceptions [187–189]) poorly illuminated in the research lit-
erature, while Q & P technology is promising for wear resistance in a view 
of obtaining metastable austenite. As shown in [190–193] SIMT occurring 
under the wear significantly increases the wear resistance of steels and cast 
irons. In hypereutectoid steels, the required amount of metastable austen-
ite is quite easily achieved by conventional quenching which dissolves car-
bides thus decreasing MS point. In steels with a carbon content of less than 
0.8 wt.% the obtaining of a significant amount of RA requires additional 
costly alloying, and in this sense, the Q & P treatment looks perspective for 
being applied for these class of steels [194–196].

The steel 75CrMn2Si was fabricated in laboratory conditions using a 
high-frequency furnace (steel chemical composition was given in Table 
2.1). The 20 kg ingot was forged and then rolled into a strip 15 mm thick 
and annealed at 850 oC. The kinetics of austenite transformation was inves-
tigated by a magnetometric method while the MS point was determined by 
the dilatometric method. The samples of 25x10x10 (mm) size were made 
for the wear abrasive test. Before the test they were subjected to the Q & P 
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treatment according to the following schedule: (a) austenitization at 850 oС 
for 15 min, (b) quenching in boiling water (100 oC) for 10 s, (c) partition-
ing in a salt bath of a (K2NO3+NaNO2) mixture, (d) final cooling in water 
(20 oC). Wear tests were carried out according to the procedure described 
in Chapter 2.

The МS temperature of 75CrMn2Si steel was found as 175 oС. Figure 
4.1 presents its TTT-diagram which performs only the pearlite area; below 
500 oC, austenite transformation was not detected during the holding of 
40 min meaning a sharp inhibition of bainitic transformation [197]. The 
temperature of the quenching (100 oC) was selected significantly lower 
Ms in order to obtain a sufficient amount of martensite. According to the 
Koistenen-Marburger equation, the volume fraction of martensite was 
59.3 vol.%. The temperature and duration of holding at the partitioning 
stage was selected in order to obtain the various combinations of martensite, 
RA and lower bainite volume fractions. The partitioning was carried out at 
250 oС, 300 oС and 350 oС for 1 min, 5 min, 10 min, 20 min, and 30 min.

Figure 4.1. TTT-diagram for 75CrMn2Si steel

The effect of partitioning parameters on hardness of Q & P-treated 
samples was studied in comparison with fully quenched sample (Figure 
4.3). The quenched sample had hardness of 63 HRC, but after 1 min of 
holding at each temperature, its hardness decreases substantially with fur-
ther slow leveling after 10 min holding. In Q & P samples, after a rather 
sharp decrease in the first 10 min, the hardness gradually decreased dur-
ing entire holding (up to 30 min). For any temperature and holding du-
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ration, the quenched specimens performed higher hardness than Q & P 
specimens; a particularly large difference in hardness was noticed for 
350 oC. With holding temperature hardness decreased both for the 
quenched and for the Q & P-treated specimens.

 
Figure 4.2. Effect of holding duration on hardness of 75CrMn2Si 

steel: (a) quenched samples and (b) Q & P-treated samples

 

Figure 4.3. Effect of holding duration under partitioning 
on weight loss of Q & P-treated 75CrMn2Si steel
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The results of the abrasive wear test are presented in Figure 4.3. Steel 
75CrMn2Si fully quenched and tempered at 200 oC was used as a reference; 
its weight loss was 0.0765 g. A similar weight loss (0.075 g) was obtained 
after Q & P with partitioning at 250 oC for 1 min; with increasing the hold-
ing time to 5 min and 10 min, the weight loss gradually decreased to 0.071 g 
and 0.069 g, respectively, despite the progressive decrease in hardness (Fig. 
4.3, a). With duration increase to 20 min and 30 min, the weight loss sharply 
increased to 0.078 g and 0.083 g, respectively, exceeding the weight loss of 
the reference sample.

A similar wear behaviour with holding duration was also recorded for 
Q & P samples partitioned at 300 oC (in this case the minimum weight loss 
(0.072 g) referred to 5 min holding). With regard to the samples treated at 
350 oC, at a holding time of 5–30 min, their weight loss exceeded that of 
the reference sample. At maximum duration (30 min), all Q & P samples 
came to the same (maximal) weight loss (0.082–0.083 g) regardless of par-
titioning temperature. Thus, the best wear performance of Q & P-treated 
75CrMn2Si steel was attributed to partitioning at 250 oC for 10 min.

For most of the samples, the microstructure consisted of fine-needle 
martensite with needles 4–8 μm long (Fig. 4.4); some isolated areas of re-
tained austenite were evenly distributed between the martensitic needles. 
With the increase in partitioning duration, martensite was more inten-
sively etched because of its decomposition with the dispersed carbides 
release. Samples Q & P-treated at 250 oC retained a martensite-austenite 
structure regardless of the holding duration (Fig. 4.4, a). With increas-
ing temperature and duration of partitioning, the RA amount visually 
decreased, and the needle pattern of martensite became less pronounced 
(Fig. 4.4, b). At 350 oC, austenite was fairly well revealed in the struc-
ture only after 1 min of holding; at longer holding the structure lost its 
needle-like pattern (Fig. 4.4, c).

According to the data in Fig. 4.5, after 5 min holding at 250 oC, the RA 
volume fraction was 15 vol.%, and after holding of 10 min, its amount in-
creased by 2 times exceeding RA amount in the reference sample (11 vol.%). 
With further holding, the RA volume fraction decreased to 22 vol.% with the 
simultaneous appearance on the XRD pattern of the weak peaks (121) and 
(211) characteristic of cementite carbide. The latter indicated a partial re-
lease of carbon during the decomposition of austenite, which corresponded 
to a decrease in RA amount.
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Figure 4.4. Microstructure of 75CrMn2Si steel after Q & P treatment 
with 30 min partitioning at (a) 250 оС, (b) 300 оС, and (c) 350 оС

Figure 4.5. Variation in RA volume fraction 
depending on partitioning duration

Activation of carbon diffusion mobility by increasing partitioning tem-
perature resulted in a sharp acceleration of carbon partitioning. This was 
followed by an increase in RA amount up to 28 vol.% after 1 min holding 
at 300 oC. With further holding, the RA amount gradually decreased to 13 



4.1 Effect of Q & P treatment on abrasive wear resistance of 0.75 wt.% C low-alloyed steel� 105

vol.% (30 min). In this case, the cementite reflexes were present on XRD pat-
terns regardless of the holding duration; the early appearance of cementite 
carbide was associated with the carbides precipitation from both austenite 
(decomposition) and martensite (tempering). Thus, under Q & P treatment 
the following processes took place in 75CrMn2Si steel: (a) carbon partition-
ing from martensite to austenite with its C-enrichment, (b) martensite tem-
pering with cementite precipitation, (c) austenite decomposition via bainite 
mechanism (γFe → αFe + Fe3C), (d) the partial transformation of austen-
ite into “fresh” martensite upon final cooling. At higher temperature and 
prolonged partitioning, a complete austenite transformation is possible; in 
this case, the process “d” is absent. Thus, in Q & P-treated 75CrMn2Si steel, 
there may be a different combination of structural constituents, namely: 
(a) tempered martensite, RA, “fresh” martensite, b) tempered martensite, 
RA, bainite, “fresh” martensite; c) tempered martensite, bainite.

In the case of partitioning at 250 oC, the microstructure formation re-
fers to the variant “a”. According to Fig. 4.2 a, Q & P samples had lower 
hardness compared to the reference. With holding duration a difference 
in hardness between the Q & P sample and quenched sample gradually in-
creased from 1.0 HRC (1 min) to 2.5 HRC (30 min). This was due to low 
carbon diffusion from martensite to austenite at 250 oC, and the austenite 
gradually stabilized as the holding duration increased. Obviously, at this 
temperature austenite decomposition (bainite transformation) progressed 
slowly, which was confirmed by the microstructural study.

At 300 oC, carbon diffusion and austenite C-enrichment were acceler-
ated sharply. Already after 1 min holding, the RA volume fraction reached 
about 30 vol.%; however, the Q & P sample hardness slightly exceeded 
that of the quenched sample. In this case, the martensite of the quenched 
sample decomposed fast with the carbides release (which caused a sharp 
decrease in its tetragonality and a drop in hardness from 63.5 HRC to 
58.0 HRC). At the same time in the Q & P sample carbon partitioned 
from martensite to austenite without carbide precipitation thus prevent-
ing fast loosing of martensite lattice tetragonality. With holding duration 
increase, the hardness of the Q & P sample became lower than that of 
the quenched sample being caused by a gradual “austenite → bainite” 
transformation, followed by a decrease in the “fresh” martensite amount. 
Therefore, the microstructure formed at 300 oC referred to variant “b”. 
During holding at 350 oC, the mentioned above processes progressed so 
fast that after 30 min holding the austenite was fully transformed into 
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bainite which provided a hardness decrease. In this case, the microstruc-
ture referred to variant “c”.

The decrease in RA amount during holding at 300–350 oC pointed to 
the fact that the presence of martensite accelerates the bainitic transfor-
mation. According to TTT-diagram, bainite transformation in 75CrMn2Si 
steel at 300–450 oC was not detected during the holding for 40 min. How-
ever, with Q & P treatment, bainite transformation was almost completed 
after 30 min of holding at 350 oC. The reason for such a sharp acceleration 
of transformation was the presence in Q & P samples of 59.3% martens-
ite which (through the strain) facilitated the nucleation of the α-phase in 
austenite. According to Bhadeshia [198], the quenching-induced stresses 
(except the hydrostatic compressive ones), significantly accelerate bainitic 
transformation in steels. As shown in recent studies [162], another pos-
sible reason of the acceleration of bainitic transformation is an emerging of 
aFe nuclei on the “Martensite-Austenite” interphase boundary.

The alteration of microstructure under Q & P treatment influenced 
the abrasive wear resistance of 75CrMn2Si steel (Fig. 4.3). The decrease 
in weight loss relative to the reference was atributted to the initial stages 
of partitioning at 250–300 oC. The highest wear resistance referred to par-
titioning at 250 oC for 10 min. This behaviour is explained by formation 
of higher amount of retained austenite which transforms into martensite 
during the wear process. Despite the fact that under partitioning at 250 

оС the austenite retained in the structure irrespective the holding dura-
tion, the weight loss of steel altered along the curve with a minimum cor-
responding to 10 min holding. The going down of this curve was related 
to the increase in the metastable austenite amount, while going up was 
caused by austenite stabilization to SIMPT due to its carbon saturation 
[196]. The austenite transformation to bainite, which occurred at 300 oC 
and 350 oC, led to a sharp decrease in steel wear resistance.

The presented results showed that Q & P treatment at the optimum 
mode allowed to increase the abrasion resistance of 75CrMn2Si steel by 
8%. It was due to the formation of a multi-phase structure, consisting 
of different hardness phases. The combination of tempered martensite, 
“fresh” martensite, and ductile austenite enhanced the resistance to brittle 
fracture which is beneficial for steel mechanical properties and operational 
behavior.



4.2 Improving the exploitation performance of steel grinding balls through Q & P-based heat treatment� 107

4.2 Improving the exploitation performance of steel 
grinding balls through Q & P-based heat treatment

Grinding balls are widely applied in processing operations in mining, 
metallurgical, energy, cement, and building industries [199]. The grind-
ing balls are loaded into the drum mill to grind up the various mineral raw 
materials (ore, clinker, coal, crushed stone, etc.) to prepare them for fur-
ther processing. Since the minerals, as a rule, have increased hardness and 
abrasiveness, the balls undergo intensive wear during the operation. The 
largest volume of consumption is accounted for a large-diameter ball (100– 
– 120 mm), the specific consumption of which at the mining and process-
ing enterprises of Ukraine reaches 1.5 kg per ton of processed material [200, 
201]. The wear of the balls requires permanent loading of fresh balls into 
the mill which is very costly. Therefore, the balls are required to have much 
higher exploitation durability to reduce operational costs. This task is very 
relevant, especially for the mining and metallurgical industries enterprises.

It is known that there is a direct relationship between the balls’ hard-
ness and their operational durability, so the grinding balls’ quality is usual-
ly evaluated by their hardness level. Standard of Ukraine DSTU8538 : 2015 
regulates the production of rolled (forged) steel balls ranging them into 
five groups of quality. As the group number increases, the minimum values 
of surface and bulk hardness of the balls increase as well. To increase hard-
ness the balls are subjected to thermal hardening which means the heat 
treatment using rolling (forged) heat [202]. Just after the rolling (forging) 
the balls are quenched in the water while the quenching is interrupted to 
retain some heat inside the balls. Due to this heat, the balls undergo tem-
pering (self-tempering) being collected in the bunker [203]. Depending on 
the ball diameter, its chemical composition, and thermal hardening mode, 
the ball gain different surface hardness and different hardness gradient in 
its bulk. The balls of 100 mm and 120 mm in diameter should have a sur-
face hardness of at least of 52 HRC and 50 HRC, respectively, to comply 
with the requirements of the 3rd Group of DSTU8538:2015.

The aforementioned high wear rate of grinding balls at Ukrainian 
mining and processing enterprises is explained by their low bulk hardness, 
which is a consequence of the uneven hardness gradient in the ball’s cross-
section. When the balls of 100–120 mm diameter are produced of steel of 
chemical composition 0.68–0.80 wt.% C, 0.80–1.25 wt.% Mn, 0.17–0.50 
wt.% Si, then the depth of the hardened (quenched) layer does not exceed 
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10 mm while the bulk hardness is only 45–47 HRC [204, 205]. For such 
balls, the hardness gradient in cross-section is shown in Figure 4.6.

The bulk hardness of the balls can be increased by the complex alloying 
of steel by Mn, Cr, and Mo [206–208]. This increases the austenite stability 
in both the pearlite and bainite transformation areas thus ensuring the in-
crease in quenching depth in the balls. Cr and Mo are quite costly elements; 
therefore their content in steel should be minimal [209]. In view of the fore-
going, for the production of an experimental batch of 100 mm diameter 
balls with increased quenching depth, the experimental 75CrMn steel was 
proposed with the following chemical composition: 0.72–0.78 wt.% C, 0.25– 
– 0.35 wt.% Si, 0.85–0.95 wt.% Mn, 0.55–0.65 wt.% Cr, 0.05–0.10 wt.% Mo.

Figure 4.6. The hardness gradient in grinding steel balls 
made of C–Mn steel with different manganese content

The production of grinding balls with high bulk hardness is faced with 
the problem of the hardening cracks emerging in the balls. It is known that 
water quenching causes significant residual stresses in the steel products 
leading to cracks and distortion. In order to prevent the quenching cracks 
in the balls, water quenching is stopped when some heat remains in the 
bulk. After equalizing the temperature within the ball it acquires an aver-
aged (equalized) temperature (Teq) of 200–250 oC. With this temperature, 
the balls are kept in the storage bunker for self-tempering to release the 
stresses and prevent cracking [210]. The large diameter balls (with a di-
ameter of ≥ 60 mm) made of Mn-Cr steel are prone to quenching cracks 
because of the formation of martensite structure in the entire cross-section 
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including a center [211, 212]. The probability of crack formation increases 
with the ball’s diameter. In though-hardened balls of < 60 mm diameter, 
cracks do not appear. In larger diameter balls, in the case of the above-
mentioned thermal hardening mode, the surface cracks occur immedi-
ately upon completion of self-tempering. Cracked balls are not allowed 
to use in mills as they intensively spall and break thus reducing the mill’s 
operational performance.

The reason for the appearance of the cracks in the through-hardened 
balls is the unfavorable distribution of residual stresses, namely compres-
sive stresses in the ball’s center, and tensile stresses on the surface. This 
stress situation occurs due to the time lag between the austenite transfor-
mation in surface layers and in the bulk. When using the conventional 
mode of thermal strengthening (Teq = 220–240 oC), under the quenching 
stage the martensitic transformation proceeds only in the surface layers to 
a depth of 10–15 mm while austenite remains untransformed in the ball’s 
inner bulk. Under self-tempering, this austenite transforms to bainite or 
martensite increasing the volume in the central layers. This leads to de-
formation of the surface layers providing in there high tensile stress. The 
relaxation of these stresses is not possible since the ball temperature de-
creases significantly to this moment. These stresses cause the superficial 
cracks either after the ball’s extraction from the bunker or during its stor-
age in the warehouse (the incubation period of cracks formation may ex-
tend for several weeks [210]).

Based on the above, preventing cracks in the through-hardened balls is 
possible by lowering the amount of overcooled austenite in the balls before 
the onset of self-tempering. This approach requires longer quenching as 
compared with the standard mode thus the temperature in each ball’s lay-
ers must fall below the MS. The full elimination of austenite in the ball bulk 
can be achieved by cooling in water to room temperature, however, this can 
cause high quenching stresses with immediate cracking. Therefore a specific 
“austenite/martensite” volume ratio should be obtained in the balls’ internal 
to the moment of quenching interruption to equalize the stresses inside the 
ball. Taking the lower austenite’s specific volume compared to martensite, 
this will reduce the tensile stress level on the ball surface thus preventing the 
rapid appearance of the cracks. For stress relaxation and insurance of crack-
ing absence, the quenched balls should be tempered eventually.

The formulated considerations for the thermal hardening of the 
through-hardened balls are essentially in line with the Q & P principle since 
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the temperature in each ball’s layers must decrease below the MS leading 
to martensite transformation in the entire volume of the ball. Obtaining 
an austenite-martensitic structure at the quenching stage and subsequent 
partitioning may result in an increase in the retained austenite amount in 
the ball center, which will further reduce the residual tensile stresses level 
on the surface. The successful application of Q & P heat treatment for 80 
mm diameter high-Cr cast-iron balls is described in [213], but the use of 
the Q & P principle regarding the heat treatment of the steel grinding balls 
remained unexplored being of scientific and practical interest.

The above propositions were tested in manufacturing conditions dur-
ing the production of the through-hardened 100 mm diameter grinding 
balls made of 75CrMn steel (the chemical composition of steel melt was 
0.72 wt.% C, 0.37 wt.% Si, 0.89 wt.% Mn, 0.60 wt.% Cr, 0.14 wt.% Mo, 0.020 
wt.% S; 0.020 wt.% P [214, 215]). The round billet was heated to 950–1000 

oC and subjected to cross-helical rolling to form the ball shape. The rolled 
balls were cooled in the air for 160–190 s to 790–815 oС, afterwards, they 
were quenched in water (20–22 oС) in a drum-type device [216] according 
to various modes (Table 4.1).

Table 4.1. Effect of heat treatment mode on the surface hardness 
and tendency to crack (tempering duration of 10 hours)

Mode 
num-

ber

Quench-
ing dura-

tion, s

Equalizes 
temperature 

(Teq), oC

Cracks 
after air 
cooling

Tempering 
temperature 

(Ttemp) oC

Hardness/
cracks after 
tempering

1 250 20 yes – 61/yes

2 150 110–120 yes

170 58/yes
200 57/no
250 55/no
300 52.5/no

3 135 125–135 no
200 57.5/no
250 55.5/no

4 115 150–170 no
200 57.5/no
250 55/no

5 80 220–240 yes 250 55/yes

The modes differed in cooling duration in order to change the Teq 
temperature. Mode # 1 corresponded to the complete cooling of the balls 
in water, modes # 2, #3, and #4 ensured that Teq (110–170 oC) is below 
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MS (227 oC for 75CrMn steel), and mode # 5 ensured that Teq ~ MS. Thus, 
modes # 2–#4 met the Q & P principle, while mode # 5 corresponded to 
the standard thermal strengthening technology applied for the balls of 
the 3rd group. The Teq temperature (measured with an optical pyrometer) 
was taken to be the maximal surface temperature that the quenched ball 
acquires after the heat redistribution in its volume 1.5 min after its re-
moval from water. After quenching the balls were quickly (within 5–10 
min) transferred to an electric furnace to be tempered at 170–300 oC for 2– 
–10 hours. Some quenched balls were cooled in calm air without temper-
ing. After heat treatment, the balls were visually inspected for hardening 
cracks presence. The microstructure and cross-sectional hardness gradi-
ent were investigated on the sample cut through the ball center. The balls 
impact resistance was evaluated on the installation according to the meth-
od described in section 2. The bulk hardness was calculated according to 
equation (4.1) [217]:

HBulk = 0.289 . Hsurf + 0.436×H0.25R + 0.203 . 
	 . H0.5R + 0.063 . H0.75R + 0.009 . Hcentre,

� (4.1)

where Hsurf H0.25R, H0.5R, H0.75R, Hcentre are the hardness values measured on 
the surface and at a distance of 0.25R, 0.5R, 0.75R and in the centre of the 
ball (R is a ball’s radius).

It was found that in the balls, cooled in water to room temperature 
(Teq = 20 oC, mode # 1), cracks appeared within 2–5 min after quenching, 
i. e., on the way to a furnace for tempering (cracks are shown in Fig. 4.7, a). 
In the case of Teq = 110 – 120 oC, the air-cooled balls (no tempering) were 
cracked when their temperature reduced to 65–70 oC. Tempering at 170 oC 
decreased their stress level but did not prevent cracks: 2–4 hours-tempered 
balls cracked 1 day after tempering, and 10 hours-tempered balls cracked 
2 days hours tempering. Increasing the tempering temperature to 200– 
– 300 oC completely prevented cracking even with a minimum heating du-
ration; cracks did not appear on such balls even a month after tempering.

In the case of modes # 3 and #4, cracks did not appear in the balls 
either when cooled in the air (without tempering) or after tempering at 
200–250 oC. In the case of mode # 5 cracks appeared both after air cooling 
and after tempering at 250 oC (Fig. 4.7, b).

The surface hardness of the tempered balls varied in the range of 57.0– 
–57.5 HRC (200 oC), 54.5–55.5 HRC (250 oC), 52.5 HRC (300 oC). The 
balls treated according to modes #2–#4 and tempered at 200–300 oC, 
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withstood impact tests at 8 impacts without cracks or breakage; some of them 
were successfully tested at 16–24 impacts, that is, with a 2–3-fold excess of 
standard impact amounts (Fig. 4.8, а). The ball of mode # 2 (tempering at 
170 oC, 10 hours) with a surface crack was broken on the 7 th impact. The 
balls, which were processed according to modes # 1 and # 5 (having cracks 
on the surface), were broken on the 2th– 4th impact (Fig. 4.8, b).

 
Figure 4.7. Cracks on the balls’ surface processed according 

to the modes: (a) # 1, (b) # 5 (250 oC tempering)

Regardless of the heat treatment mode all inspected balls had even 
hardness distribution at the cross-section while the maximum gradient 
between the surface layers and the center was not higher 1.5 HRC after 
tempering at 200–250 oC and not higher 4 HRC after tempering at 300 оС 
(Table 4.2). Non-tempered balls had a hardness of 60–62 HRC through 
all cross-section. The balls’ bulk hardness decreased from 56.9 HRC to 
49.6 HRC as the tempering temperature increased from 170 oC to 300 oC.

 
Figure 4.8. Balls after impact tests: (a) processing the mode # 3 

(Ttemp=200 oC), (b) processing the mode # 5 (Ttemp=250 oC) 
(had a surface crack before the impact test)

The macrostructure of the balls was studied after deep hot etching 
with 50 vol.% aqueous HCl reagent. As follows from Fig. 4.9, the balls 
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had a dense structure with minor point liquation. Flakes and other de-
fects of metallurgical origin were not found in the balls. Grinding-etch-
ing cracks (Fig. 4.9, a-c) were present on the samples of the balls treated 
according to modes # 1, # 5, and # 3 (Ttemp=200 oC tempering), in the lat-
ter case the number of the cracks was minimal. Cracks were not detected 
on the samples of the balls treated according to mode # 4 (Ttemp=200 oC 
tempering).

Table 4.2. Cross-section hardness distribution and bulk 
hardness (HBulk) of balls (tempering for 10 hour) (HRC)

Teq, оС Ttemp., 
оС

Distance from the surface, mm
HBulk5 10 15 20 25 30 35 40 50

110–120

– 62 62 61 62 60 60 60 60 60 61.0

170 58 57 57 57 56 57 57 57 56 56.9

200 57 57 57 56 56 56 55 57 56 56.4

250 56 56 55 55 54 54 55 55 54 54.9

300 52 50 49 48 48 47 48 47 47 49.6

125–135

– 62 62 62 62 61 61 62 61 61 61.6

200 57 56 57 57 56 57 57 57 57 56.7

250 54 54 54 54 54 54 54 54 53 54.0

150–175

– 60 60 61 60 59 60 60 59 60 59.8

200 56 56 57 57 56 56 57 56 56 56.2

250 55 55 55 55 55 55 54 55 55 54.7

220–240 250 54 55 55 54 54 54 54 53 53 54.2

The metallography study showed (Figs. 4.11 and 4.12) that the balls 
heat-treated by modes #2, #3 and #4 had a heterogeneous structure with 
alternation of dark and light zones (this structure was found at the depth of 
more than 10 mm from the surface). The dark zones were formed by tem-
pered martensite, while light areas had a needle-like structure well identi-
fied on the austenite background.

The microhardness of the tempered martensite and the martensite-
austenite areas were 482–535 and 566–598 HV respectively (Table 4.3). 
The higher microhardness of the latter was due to the presence of “fresh” 
martensite formed after tempering completion.
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Figure 4.9. Macrostructure of 100 mm diameter balls after heat 
treatment by the modes (a) # 1, (b) # 5 (Ttemp=200 оС), 

(c) # 3 (Ttemp=200 оС), (d) # 4 (Ttemp=200 оС)

Table 4.3. Microhardness (HV50) of microstructural 
components in balls with different hardness levels

Cross-sectional hard-
ness of the ball, HRC

Microstructure
Tempered martensite Martensite + austenite

50–52 482.2 ± 20 566.0 ± 17
54–55 519.2 ± 13 598.4 ± 24
56–57 535.3 ± 22 596.2 ± 24

The presence of retained austenite in different layers of the ball, de-
tected visually in the microstructural study, was confirmed by X-ray dif-
fraction. XRD study revealed that in the ball processed by mode #3 (Ttemp = 
= 200 оС) the volume fraction of retained austenite was 8 vol.% at a depth 
of 5 mm, 25 vol.% at a depth of half of, 30 vol.% in the ball center.

The presented results showed that modes #2–#4 (except the temper-
ing at 170 oC) ensured high hardness in the balls’ cross-section without 
the cracks’ absence. The bulk hardness was 54.0–56.7 HRC (Ttemp = 200– 
– 250 oC), which is almost by 10 HRC higher compared to standard balls. 
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The experimental balls had a high impact resistance, which was beneficial 
for their operation in heavy-duty mills.

 

 

 
Figure 4.10. Microstructure of a ball treated according to the mode # 2 

(Ttemp=170 оС, 10 hour) at a depth of 
(a, b) 5 mm, (c, d) half of radius, (e, f ) in the center

The absence of the quenching cracks in the balls treated according to 
modes #2–#4 was due to the optimum microstructure distribution within 
the balls before the quenching interruption, which was predominantly 
martensite in the surface layers and austenite-martensite in the central lay-
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ers. To determine the austenite/martensite ratio on the ball’s cross-section 
during the quenching, computer simulation was applied [218, 219].

 

 

 
Figure 4.11. Microstructure of a ball heat-treated according to the 

mode # 3 (Ttemp = 200 oC, 10 hour) at a depth of 
(a, b) 5 mm, (c, d) half of radius, (e, f ) in the center

The quenching process simulation (Fig. 4.12) revealed that upon the 
heat-treatment according to the standard technology, the martensite trans-
formation takes place only to a depth of ≤15 mm while only to the depth 
of 5 mm the martensite amount was of 60–70 vol.%. Thus, in the case of 
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thermo-hardening according to standard technology, the balls had an aus-
tenitic structure in its bulk to the moment of quenching interruption.

 

Figure 4.12. The computer simulation of temperature 
distribution in the 100 mm ball (75CrMn steel) heat-
treated according to the modes (a) # 1, (b) # 4, (c) # 5

This state referred to compressive stress on the ball surface and a ten-
sile stress in its center (Fig. 4.13, a). During the tempering process, the 
austenite is partially transformed into bainite in the central layers; the 
remaining austenite is transformed into martensite during cooling after 
tempering followed by the specific volume growth in the central layers. 
This causes a change in the stress character which turns to tensile stresses 
on the ball surface.

In the case of mode #4, the martensite transformation extends to a 
depth of up to ~ 40 mm from the surface, i. e. it covers most of the ball bulk. 
This results in a balanced stress state, which is characterized either by the 
absence of tensile stresses on the surface or by their low level not causing 
cracks (Fig. 4.13, b). Therefore, under modes with Teq= 130–170 oC, the 
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balls were not cracked not only after tempering but also when cooled in 
air, i. e. without tempering.

Figure 4.13. Scheme of microstructural components 
and stresses distribution after quenching and 
tempering by the modes (a) # 5, (b) # 4, (c) #2
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Increasing the quenching duration (which causes a decrease in Teq to 
110–120 oC) leads to an increase in the martensite fraction in the central 
layers of the ball. Its content varies from 85 vol.% on the surface to 45 vol.% 
in the center of the ball. The appearance of a large amount of martensite in 
the center leads to high tensile stresses on the surface (Fig. 4.13, c), caus-
ing the ball cracking for cooling both in air and after tempering at 170 oC. 
That means that at Ttemp= 170 oC the stress relaxation is not sufficient to pre-
vent cracking. If the ball is cooled in water for 250 s, a mostly martensitic  
(≥ 85 vol.%) structure is formed throughout the ball’s section. As a result, the 
high tensile stresses occur on the surface exceeding the steel’s tensile strength 
followed by cracking just after the quenching completion (Fig. 4.13, c).

Thus, the heat treatment according to the parameters within modes 
#2–#4 guarantees the cracks’ absence in the tempered balls.

It can be assumed that at the tempering stage some part of austenite in 
the central layers transformed into lower bainite. In addition, there was a 
carbon redistribution from martensite to austenite with the enrichment 
of the latter. This assumption is supported by the XRD study results which 
showed that the carbon content of retained austenite in the ball center was 
1.12%, which is 1.55 times higher than the average carbon content in the 
steel. Carbon enrichment stabilized austenite to bainitic transformation, 
resulting in austenite partial transformation into martensite after tem-
pering, and partial retaining in the structure in a considerable amount 
(25–30 vol.%). This formed the “light” needle areas in the structure 
shown in Fig. 4.11–4.13. Since austenite has a much lower specific volume 
(compared to martensite), increasing the RA amount in the bulk reduced 
the tensile stresses on the surface, preventing cracks formation. In the 
surface layers up to a depth of 10 mm, the RA amount was much lower 
(5–10 vol.%), because under the quenching the temperature reached 
there a minimum level leading to the development of martensite trans-
formation.

The optimal parameters of heat treatment of 100 mm diameter balls 
made from 75CrMn steel were determined as follows: (a) post-rolling 
cooling in the air for 160–190 s to reach a temperature of 790–820 oC, 
(b) the water quenching for 125–135 s to achieve Teq = 140–170 oC, 
(c) tempering at 200–250 oC for at least 1 hour. This mode provided in the 
balls: (a) even hardness of 54–58 HRC within a cross-section with a mini-
mum hardness gradient of less than 2 HRC, (b) high impact resistance, 
and (c) the absence of cracks on the balls.
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Figure 4.14. The hardness of the 100 mm diameter balls 
(75CrMn steel) from a pilot batch: (a, b) hardness profiles 
in the balls of different controlled groups, (c) generalized 

distribution of bulk hardness values among the pilot batch
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Pilot-industrial testing of the above technology of 100 mm diam-
eter balls heat treatment with a cross-sectional hardening was carried out 
in the conditions of the rail rolling workshop of “Azovstal Iron and Steel 
Works” [220]. Since the workshop was not equipped with a furnace for 
tempering, it was proposed to use for this purpose a storage bunker par-
tially (by 30–50 vol.%) filled with the just-rolled conventional balls, the tem-
perature of which approximately corresponded to the tempering tempera-
ture (220–250 oC). The proposed technology envisaged the following steps: 
(a) preparation of the bunker for tempering of the experimental balls (filling 
it by 30–50 vol.% (50–60 t) with conventionally produced balls with a Teq of 
220–250 oС), (b) laying the dividing steel grid above the conventional balls, 
(c) filling the bunker by 75CrMn steel balls treated with a Teq of 140–170 oC 
(in the amount of ~50 t), (d) tempering the balls in the sealed bunker for 
48 hours. Upon finishing the heat treatment, the 75CrMn steel balls were 
reloaded into a separate bunker for quality control and testing. According to 
the adopted scheme, the tempering of 75CrMn steel balls was provided due 
to the heat irradiated by the hot “bed” of conventional balls.

The above technological scheme was used to manufacture 635 t of 
100 mm diameter balls made of 75CrMn steel. The equalized temperature of 
the balls varied in the range of 149–178 oC with an average value of 159.4 oC. 
After two days of tempering (after removing the lid) the temperature of the 
balls in the center of the bunker was 200–230 oС while the temperature of the 
balls lying along the bunker’s walls was only 160–170 oC. The temperature 
distribution resulted in some difference in the balls’ hardness: it was 53.5– 
–55.0 HRC in the bunker’s center and 56–59 HRC – next to the bunker’s walls.

The hardness profiles on the experimental balls’ cross-section are 
presented in Fig. 4.14. It is seen that the uniform hardness was recorded 
throughout the cross-section varying in the range of 53.5–58.0 HRC. Ac-
cordingly, the ball bulk hardness varied from 50.6 to 60.1 HRC with an 
average value of 55.2 ± 0.6 HRC. For the most part (48%) of the balls had 
a bulk hardness of 57 HRC (Fig. 4.14, c). At the same time the bulk hard-
ness of the conventional balls was only 45–47 HRC. All the controlled balls 
(30 pcs) have passed the impact test without breackage (Fig. 4.15).

The periodic inspection carried out during the month after heat treat-
ment showed that the experimental balls were free of cracks. The manu-
factured batch of 75CrMn steel balls was shipped to consumers (the min-
ing and processing enterprises of Ukraine). Thus, the performed study 
has shown that the use of the Q & P principle allowed to increase the balk 
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hardness by 10 HRC in the large diameter balls while preventing cracks 
and maintaining a high impact resistance.

Figure 4.15. The view of 100 mm diameter balls 
made of 75CrMn steel after the impact test
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