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Abstract
The novel quenching and partitioning processes concerned with the stabilization of carbon enriched austenite and provision of
higher strength with higher toughness. The microstructural and mechanical properties of one-step quenched and partitioned
65Mn steel were investigated under various partitioning times, ranging from 30 to 600 s. The optical microscopy revealed
that microstructure transformed from ferrite and pearlite to supersaturated lath martensite and retained austenite phases after
one-step quenching and 30 s of partitioning. The unstable epsilon carbides were nucleated with the increase in partitioning
time to 60 s and 180 s, whereas a further increase in partitioning time to 300 s transformed these unstable epsilon carbides into
a stable cementite phase. Prolonged partitioning for 600 s produced carbon depleted martensite phase and nucleated ferrite
phase. A maximum improvement of 88% in hardness and tensile strength and maximum reduction of 64% in elongation and
44% in impact toughness were achieved after 30 s of partitioning, compared to the as-received steel sample. On the other
hand, partitioning for 600 s offered almost identical mechanical properties to the as-received steel. Partitioning for 180 s
offered an optimum combination of mechanical properties of one-step quenched and partitioned 65Mn steel.

Keywords One-step quenching and partitioning · 65Mn steel · Carbon enriched austenite · Carbon depleted martensite ·
Mechanical properties

1 Introduction

The applications of advanced high strength (AHS) steels are
increasing progressively in automotive andother applications
because of their excellent amalgamation of properties. These
properties include high strength, high ductility, reduced
weight, excellent crash resistance, great energy absorp-
tion capacity, fatigue resistance, formability, weldability,
efficient fuel consumption, reduced CO2 emission, better
environmental impact, and low costs [1–4]. Due to excel-
lent amalgamation of properties, AHS steels are used in
chassis, body-in-white (BIW) components, such asA-pillars,
B-pillars, front cross member, side sills, roof railing, longitu-
dinal beams, bumper reinforcements, door, hoods, and trunks
in the automotive industry [5, 6].Avariety ofAHSsteels have
been developed in the last decade and are classified into three
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generations based on theirmechanical properties [7, 8]. First-
generation AHS steels, having ferrite-based microstructure,
500–1600 MPa tensile strength, and 5–30% elongation
[9], include transformation induced plasticity (TRIP) steels,
complex-phase steels, martensitic (MART) steels, and dual-
phase (DP) steels [10–12]. Similarly, the second-generation
AHS steels, having austenitic microstructure, comprise Al-
added lightweight induced plasticity (L-IP) steels, twinning
induced plasticity (TWIP) steels, and shear band strength-
ened (SIP) steels [13]. To further improve the mechanical
properties of AHS steels, the third-generation of AHS steels,
having an amalgamation of properties of first- and second-
generations, was developed [14]. Third-generation AHSS
steels comprise multiphase microstructure, including fer-
rite, retained austenite, bainite, and martensite similar to
the first-generation steels [15], and offer improved fractions
of retained austenite and improved UTS (500–1600 MPa)
and elongation (25–50%) similar to the second-generation
AHS steels at low cost [16]. Third-generation AHS steels
include medium Mn steels, lightweight steels, advanced
bainitic steels, quenched and partitioned (Q and P) steels,
and quenched–partitioned–tempered (QPT) steels [17].
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The Q and P are a novel heat treatment process, pro-
posed by J.G. Speer and co-workers in 2003 to develop a
new AHS steel for automotive applications [18]. The Q and
P heat treatment process is comprised of various stages, such
as austenitizing above critical temperature, partial quench-
ing between martensite start (MS) and martensite finish
(Mf) temperatures [19], and finally the partitioning treat-
ment [20]. Partitioning treatment can be performed either
at the same quenching temperature in a combined stage,
called one-step Q and P process [21, 22] or above MS

temperature in a separate stage, called two-step Q and P
process [23, 24]. Austenitizing completely transforms pre-
vious microstructure into the austenite phase, quenching
between MS and Mf partially transforms this austenite phase
into a supersaturatedmartensite phase. Partitioning treatment
causes carbon diffusion from the supersaturated martensite
to retained austenite and stabilizes it to room temperature
[25]. Finally, a duplex microstructure, having martensite and
retained austenite is achieved. Martensite provides superior
tensile strength, whereas retained austenite offers excellent
impact toughness. Due to combined quenching and partition-
ing stages, one-step Q and P heat treatment process is more
economical and easy to perform [21].

65Mn steel is a specified material widely used for rotary
blades, having comprehensive mechanical properties [26].
For large tilling depth rotary tillage, the requirements of
hard surface as well as tenacious core of the rotary blade
still cannot be fulfilled [27]. Therefore, the improvement of
mechanical properties of 65Mn steel is one of the urgent and
important key matters, which needs immediate further work
to fulfill the requirements of modern agricultural machinery
manufacturing industries [28].

The current work aims to investigate the microstructural
and mechanical properties of one-step Q and P heat-treated
65Mn steel. For this purpose, 65Mn steel was subjected
to one-step Q and P heat treatment for various partition-
ing times, ranging from 30 to 600 s. The light optical
microscope, micro Vickers hardness tester, tensile tester, and
Charpy V-notch impact testers were utilized to evaluate the
microstructure and mechanical properties of Q and P heat-
treated 65Mn steel.

2 Experimental Work

2.1 Material

65Mn steel of chemical composition given in Table 1,
selected for one-step Q and P heat treatment processes, was
obtained in the form of a sheet of a thickness of 10 mm.
Samples of required dimensionsweremachined by computer
numerical control wire cutmachine for subsequent heat treat-
ment processes and characterization.

Table 1 Chemical composition of 65Mn steel (wt %)

C Si Mn Cr Ni Cu S P Fe

0.64 0.33 1.13 0.19 0.22 0.24 0.03 0.04 Bal.

Fig. 1 Schematic of one-step Q and P heat-treatment processes, applied
to 65Mn steel

2.2 One-Step Quenching and Partitioning Process

The one-step Q and P heat-treatment processes were started
with austenitizing at 900 °C for 20 min, followed by con-
trolled quenching at 370 °C temperature slightly above the
martensite start temperature (MS) in a salt bath furnace. The
MS temperature, calculated by the Nehernberg Eq. (1), was
325 °C [29]. Partitioning was also performed by isothermal
holding at the same temperature of 370 °C for various parti-
tioning times, i.e., 30, 60, 180, 300, and 600 s, followed by
environment cooling too room temperature. The one-step Q
and P heat-treatment processes, applied to 65Mn steel, are
schematically presented in Fig. 1. The heat-treated samples
were then washed and dried for subsequent characterization.

(1)

Ms � 498.9 − 300C − 33.3Mn − 22.2Cr

− 16.7Ni − 11.1 (Si + Mo)

2.3 Metallography

To evaluate the microstructure of one-step Q and P heat-
treated 65Mn steel, samples of dimensions 10 mm3 were
metallographically prepared by manual grinding on SiC
papers of grades P100, P200, P400, P600, P800, and P1000
and polishing on velvet and nylon clothes with diamond
pastes of grades grade 6, 3, 1 and 0.25 µm, using auto-
matic grinder/polisher (Ecomet 250 Grinder Polisher, USA).
Ground and polished samples were then etched in a 3 vol %
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nital solution for 10 s. The microstructures of all samples
were analyzed on a light optical microscope (Leica Model
DM 15000 M, Germany) at 1000×magnification.

2.4 Hardness Testing

Micro Vickers hardness testing was performed on micro
Vickers hardness tester (Shimadzu Model HMV Japan)
equipped with diamond indenter under the load of 1000 g
for 10 s. Five readings were taken and averaged to get the
final value for each sample.

2.5 Tensile Testing

For tensile testing, sample dimensions and testing procedure,
mentioned in ASM E8/E8M standard, were adopted. Tensile
testing was carried out on samples of gauge length 200 mm,
width 40 mm, and radius of fillet 25 mm, using a tensile
testing machine (Kelson’s Brand, India), equipped with 400
KN load cell and extensometer at room temperature.

2.6 Impact Toughness Testing

Impact toughness values of all 65Mn steel samples were
determined by performing Charpy V-notch impact test on
samples of dimensions 10 mm×10 mm×55 mm with
2 mm V notch depth, using Charpy impact tester (Avery
Denison, USA), equipped with 300 J hammer. Three tests
were performed for each sample, and the final value was
obtained by averaging the three values.

3 Results and Discussion

3.1 Microstructure Evolution

The austenitizing process dissolves all the previous phases
into the austenite phase, partial quenching between MS and
Mf partially transforms this austenite into packets and blocks
of lath martensite with retained austenite. At this stage, the
stability and volume fractions of retained austenite are not
enough to provide sufficient toughness. So, the partitioning
process is performed at the same temperature to diffuse back
C and N from martensite into austenite [1, 30, 31] as previ-
ously reported byWang et al. [2] and Tariq et al. [32]. Optical
micrographs of as-received and one-stepQ and P heat-treated
65Mn steel are illustrated in Fig. 2. It was observed that the
microstructure of 65Mn steel in as-received form comprised
ferrite phase in two morphologies, including grain boundary
allotriomorphic ferrite and idiomorphic ferrite, with lamel-
lar pearlite (Fig. 2a). The microstructure of 65Mn steel was
observed to be highly sensitive to isothermal partitioning
times as evident by the formation of packets and blocks

of supersaturated lath martensite with minute fractions of
retained austenite after 30 s of partitioning (Fig. 2b) similar to
the work of Kong et al. [21]. The supersaturated lath marten-
site is considerably unstable not only due to the presence of
excess carbon, but also due to greater intra crystal disloca-
tion density and larger areas of bonding interfaces of the fine
martensite crystals [33]. Wang et al. [34] also reported that
austenitic partitioning behavior varied with volume fractions
of austenite and resulted in nonhomogeneous segregation of
carbon in austenite after the partitioning process.

Increasing of isothermal partitioning time leads to lat-
tice relaxation of lath martensite by carbon diffusion from
martensite into retained austenite and secondary phase car-
bides and enhanced the stability of both martensite and
austenite, similar to the work of Wang et al. [34]. There-
fore, a reduction in the volume fractions of martensite phase,
improvement in the volume fraction of retained austenite
phase, and nucleation of unstable transition carbides like
epsilon carbide (Fe2.4C) or eta carbide were observed in the
microstructure of 65Mn steel, partitioned for 60 and 180 s, as
illustrated in Fig. 2c and d. Further increasing of partitioning
time to 300 s, unstable transition carbides transformed into
stable carbide like cementite (Fe3C) as previously reported
by Speer et al. [35] presented in Fig. 2e. Prolonged isother-
mal partitioning for 600 s caused nucleation of ferrite with
minor fractions of martensite and retained austenite Fig. 2f.
The major phases present at this stage are retained austenite,
ferrite, and supersaturated lath martensite. The ferrite phase
is still referred to as carbon depleted martensite because it
was nucleated from martensite and still has some morpho-
logical features of martensite.

3.2 Tensile Properties

Variations in tensile properties, such as tensile strength (Rm),
yield strength (RP0.2), elongation ( 1T ), reduction in area
(RA), and yield ratio (YR), of as-received and one-step Q and
P heat-treated 65Mn steel with varying isothermal partition-
ing time, are tabulated in Table 2. Considerable variations in
tensile properties were observed with increasing partitioning
time form 30 to 600 s. In as-received form, 65Mn steel exhib-
ited the lowest values of Rm and RP0.2 and the highest values
of 1T and RA, which might be attributed to the presence of
softer ferrite and pearlite in the microstructure. Strengthen-
ing of steels is possible by variousmechanisms, such as grain
boundaries strengthening, solid solution strengthening, point
defect strengthening, martensitic strengthening, strain hard-
ening, grain size reduction strengthening, and precipitation
strengthening mechanisms [36–39]. The transformation of
prior austenite into supersaturated lath martensite by diffu-
sionless shear-type transformation mechanism is known as
martensitic strengthening [40, 41]. In current work, 65Mn
steel was strengthened by martensitic strengthening and pre-
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Fig. 2 Optical micrographs of
as-received and one-step Q and
P heat-treated 65Mn steel under
various partitioning times
(a) as-received, (b) 30 s,
(c) 60 s, (d) 180 s, (e) 300 s, and
(f) 600 s

Table 2 Tensile properties of
as-received and one-step Q and
P heat-treated 65Mn steel

Sample ID Rm (MPa) RP0.2 (MPa) 1T (%) RA (%) YR Rm × 1T (GPa. %)

AR 853 805 22 39 0.94 18.766

P–30 1597 1431 8 7.5 0.90 12.776

P–60 1478 1390 12 12 0.94 17.736

P–180 1409 1298 15 19 0.92 21.135

P–300 1234 1153 17 27 0.93 20.978

P–600 910 819 20 33 0.90 18.200

cipitation strengthening mechanisms after one-step Q and
P heat treatment processes. The martensitic strengthening
occurs due to two factors; first is higher dislocation density
of martensite and the other is the formation of clusters of
carbon with dislocations. Both factors hinder the motion of
dislocations and ultimately strengthen the steel [42, 43].

Therefore, one-step Q and P heat treatment process per-
formed for 30 s caused maximum 87% improvement in Rm,
78% improvement in RP0.2, and maximum 64% reduction in
1T and 81% reduction in RA, compared to as-received steel,

whichmight be attributed to themicrostructure comprised the
highest volume fractions of lathmartensite andminor volume
fractions of retained austenite. Similarly, the partitioning for
60 s caused a 73% improvement in Rm and RP0.2, and a 45%
reduction in 1T and a 69% reduction in RA, compared to as-
received steel. The partitioning for 60 s provided relatively
less improved Rm and RP0.2 and less reduced 1T and RA,
compared to 30 s of partitioning due to diffusion of carbon
from martensite into retained austenite during partitioning
and an increase in volume fractions of retained austenite.
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It has been reported that the austenite phase possesses a
particular face-centered cubic lattice with four close-packed
planes, each having three close-packed directions. Due to
a large number of close-packed planes and directions, dis-
locations move very easily within the face-centered cubic
austenite phase [44]. Further increase in partitioning time to
180 s and 300 s provided 65% and 45% improved Rm and
32% and 23% reduced 1T , compared to as-received 65Mn
steel, respectively. This is because of the phase transforma-
tion, including carbon diffusion from martensite to retained
austenite, nucleation of unstable transition carbides, the for-
mation of cementite, and minimization of supersaturation of
martensite. Prolonged partitioning for 600 s provided ten-
sile properties quite identical with as-received 65Mn steel
attributed to the ferrite nucleation, which fully relieved the
martensitic supersaturation.

3.3 Impact Toughness

Charpy V-notch impact test was performed at room tempera-
ture on as-received and one-step Q and P heat-treated 65Mn
steel. The variations in impact toughness values as a func-
tion of partitioning times are plotted in Fig. 3. In as-received
form 65Mn steel exhibited moderate impact toughness value
(18 J), attributed to the presence of large volume fractions of
pearlite and small fractions of ferrite in the microstructure.
Application of quenching and partitioning for 30 s resulted in
highly brittle steel exhibiting 44% reduced the lowest impact
toughness value (10 J), compared to as-received steel. This is
due to the formation of supersaturated lath martensite, which
significantly improved the strengths butmade the steel highly
brittle. Partitioning for 60, 180, and 300 s gradually elimi-
nated the brittleness and minimized the supersaturation of
martensite by carbon diffusion from martensite to retained
austenite and secondary phase transition carbides. Conse-
quently,much better impact toughness values (14 J, 18 J, 22 J,
respectively) were achieved compared with 30 s of partition-
ing. After prolonged partitioning for 600 s, steel became fully
ductile evenmore than as-received steel. Nucleation of ferrite
at this stage fully relieved the supersaturation of martensite
and thus caused the highest 78% improved impact toughness
value (32 J) compared to as-received steel.

3.4 Micro Vickers Hardness

In the one-step Q and P heat treatment process, partitioning
time was observed to have a considerable impact on micro
Vickers hardness of 65Mn steel. Variations in micro Vickers
hardness values of 65Mn steel as a function of partitioning
times are plotted inFig. 4. 65Mn steelwas observed to be very
soft in as-received form as evidenced by very low hardness
value of 233 VHN, attributed to the softer ferrite and pearlite
in the microstructure. But, after the application of quench-

Fig. 3 Variations in impact toughness of as-received and one-stepQ and
P heat-treated 65Mn steel as function of partitioning time

Fig. 4 Variations in micro Vickers hardness of as-received and one-step
Q and P heat-treated 65Mn steel as function of partitioning time

ing and partitioning for 30 s, a drastic increase in 88% was
observed in theVickers hardness of 65Mn steel, which can be
associatedwith the phase transformation fromferrite, pearlite
into martensite and retained austenite. With the increasing of
partitioning time to 60 s and 180 s, a reduction of 2% and
10% inVickers hardness was observed, compared to samples
partitioned for 30 s. This is because of the nucleation of the
unstable carbides, which extracted the carbon from marten-
site and reduced the hardness value. A reduction in carbon
concentration in martensite also caused a reduction in the
tetragonality of martensite and thus resulted in a reduction
in hardness similar to the work of Wendler et al. [5]. It has
been reported that the carbon diffusion mechanism during
partitioning for moderate time causes a reduction in micro
Vickers hardness followed by a slight improvement [45, 46].
Therefore, after partitioning for 300 s, a slight increase in
Vickers hardness (411 VHN) was observed, which can be
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related to the transition of unstable carbides into the Fe3C
phase. Minimum improvement of 66% was demonstrated by
the sample partitioned for 600 s, attributed to the nucleation
of ferrite.

4 Conclusion

The effect of partitioning times on microstructural and
mechanical properties of one-stepQ and P heat-treated 65Mn
steel was investigated. Following conclusions were extracted
from this work;

1. Partitioning for 30 s produced microstructure, compris-
ing packets and blocks of supersaturated lath martensite
with retained austenite. Due to shorter time duration,
minimum carbon diffusion occurred and thus resulted
in maximum improvement of 88% in hardness and Rm

and 78% in RP0.2 and maximum reduction of 64% in 1T ,
81% in RA, and 44% in impact toughness, compared to
as-received steel sample.

2. Partitioning for 60–300 s caused further carbon diffusion
from supersaturated martensite into retained austenite,
nucleation of unstable transition carbides and forma-
tion of Fe3C phase, resulted in 69–83% improvement in
Vickers hardness, 45–73% in Rm, 43–73% in RP0.2 with
sufficient values of 1T , RA, and impact toughness.

3. Partitioning for 600 s, nucleated ferrite by further reliev-
ing supersaturated martensite, offered lowest values of
hardness, strengths, and highest values of elongation and
impact absorption energy among Q and P heat-treated
samples. An optimum combination of Rm (1409 MPa),
1T (15%) impact toughness (18 J), and Vickers hardness

(394 HV) was achieved after partitioning for 180 °C.
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