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a b s t r a c t

In the current research, a complex microstructure and crystallographic data were devel-

oped through quenching and partitioning (Q&P) process to improve tensile properties of

commercial pearlitic carbon-silicon steel. Two-stage Q&P process, including full austeni-

tization, quenching at 220 �C, followed by two different partitioning temperatures, was

applied to the as-received specimen to generate a complex microstructure composed of

tempered martensite, bainite, ultrafine carbides/martensite-austenite/retained austenite

particles. Microstructure and crystallographic data were investigated by scanning electron

microscopy, electron backscattered diffraction (EBSD), and X-ray diffraction techniques.

Then, hardness and tensile properties were evaluated to confirm the improvement of

mechanical properties. Dilatation-temperature curves exhibited the kinetics of martensitic

and bainitic transformation during quenching and isothermal partitioning stages. The
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presence of nano-carbide particles inside athermal martensite was confirmed by electron

microscopy due to the pre-formed martensite carbon depletion during the partitioning

stage coupled with bainitic transformation. The formation of preferential atomic-compact

<111> direction in BCC (martensite/bainite) plates characterized by EBSD, could enhance

ductility by providing adequate slip systems. Point-to-point misorientation analyses

demonstrated a slight dominance of low angle boundaries proportion in bainitic domi-

nance structure in Q&P-220-375 specimen, which could be used in phase characterization.

Results revealed that the development of nanoscale carbide dispersed in refined bainite/

martensite matrix boosted the yield and ultimate tensile strength by over 100% and 110%

compared to the initial pearlitic microstructure. However, ductility reduced to half value in

Q&P-220-325 and Q&P-220-375 specimens.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The demand for steels with high strength, low weight and

improved ductility has been recently increased in the last

several decades. The processing of steel with special heat

treatments helps industry to reach these goals. Quenching

and partitioning (Q&P) is used as one the novel heat treat-

ments in order to produce martensite, bainite, and high frac-

tion of retained austenite in themicrostructure of steels [1]. In

this regard, Speer et al. [2] used a special heat treatment,

named as “quenching and partitioning” to increase the

strength of steel without reducing the ductility by producing

the steel with the microstructure of martensite coupled with

high fraction of retained austenite. It is worth-mentioning

that the retained austenite is expected to improve the me-

chanical properties of steel by increasing the ductility and

toughness of the material due to the transformation induced

plasticity (TRIP) effect [3]. In order to do quenching and par-

titioning, the steel specimen is heated to an austenitizing

temperature above the Ac3 or between the Ac1 and Ac3 to do

complete or partial austenitization, respectively. After the

austenitization, the specimen is quenched to a temperature

between the martensite start temperature (Ms) and finish

transformation temperature (Mf ) in order to form carbon

saturated martensite. After quenching, a partitioning is car-

ried out by maintaining the temperature at the quenching

temperature for a longer time or by increasing the tempera-

ture to partitioning temperature which close to the Ms. At the

end, the steel material is quenched to room temperature [3].

The partitioning step is carried out in order to increase the

carbon atoms migration from the carbon-saturated

martensite to the surrounded untransformed austenite. It is

notable that the stability of the untransformed austenite is

increased during the partitioning process at room tempera-

ture since the transformation of the austenite to fresh

martensite during the final quenching step is minimized or

suppressed [4,5].

In this research, commercial carbon-silicon CeSi steel with

original pearlitic structure was selected to study the effect of

complex microstructures and crystallographic data evolution

on mechanical properties. Because they are very important in

the industry due to their high strength and good ductility and

are widely used in various industries. These high mechanical
properties depend mainly on the cementite alignment, the

cementite interlamellar spacing, and desirable crystallog

raphic texture of the ferritic matrix [6,7]. Two important pa-

rameters play a key role in microstructural parameters

including the pearlite interlamellar spacing and thickness of

cementite lamellae. These parameters are controlled by ther-

momechanical processing and microalloying [8]. Many obsta-

cles for dislocation glide prevent strain localization at ferrite-

cementite interfaces which provides good ductility in pearl-

itic steels. Addition of microalloying elements and control of

cooling rate are considered as important methods to produce

the fine ferrite-cementite lamellar structure. It is worth-

mentioning that cementite particles with spheroidal shape

improve the work hardening ability of hypereutectoid steels

[9e14].

The mechanical properties and hardness of a steel

strongly depends strongly on its microstructure and crys-

tallographic orientation, and boundary conditions. Due to

this importance, numerous studies in the literature have

focused on the microstructure and texture evolution in

different types of steels [15e20]. Masoumi et al. [15] reported

the improvement of wear resistance and mechanical per-

formance of hypereutectoid pearlitic steel under an inter-

rupted quenching from full austenitization temperature and

subsequent partitioning step in the range of 350e650 �C.
This process was carried out to set multicomponent struc-

ture consisting of tempered martensite, bainite, retained

austenite, and pearlite colonies. Dong et al. [16] developed

nano-bainite structures accompanied by film-like retained

austenite through conventional one- and two-stage Q&P

processes to improve work hardening. Guo et al. [17]

investigated the influence of the quenching step on subse-

quent bainitic transformation kinetic on two-stage Q&P,

reporting a 23% improvement for ultimate tensile strength

compared with traditional bainitic isothermal trans-

formation. Hosseini et al. [18] reported the carbon enrich-

ment of austenite at 280e400 �C coupled with carbon

depletion from martensite in a medium carbon steel (0.6C-

1.6Si-1.25Mn-1.75Cr wt%). Singh et al. [20] modeled the ef-

fect of high silicon content on the kinetics of bainite plates,

where silicon suppresses the carbide precipitation, resulting

in refined bainite plates. Although a large amount of efforts

has been conducted on specially designed chemical com-

positions of steel to set nanostructured carbide-free bainite
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Table 1 e Chemical composition of commercial CeSi steel
(wt.%).

C Si Mn Cr

0.55 1.56 1.52 0.02
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to maximize their mechanical properties, a few researches

[21e24] have been carried out on commercially available

steel grades such as commercially-available CeSi steel.

CruzJunior et al. [21] investigated the effect of isothermal

treatment temperature and tempering of a spring steel. The

complex microstructure containing tempered martensite,

ferritic-bainite, retained austenite films, and carbides was

developed under isothermally treated at 200 �C followed by

tempering at 400 �C for 1 h. Although the similar mechanical

properties were obtained independent from isothermal

treatment times, yield and ultimate tensile strength

decreased with increasing isothermal treatment tempera-

ture, due to a lower volume fraction of martensite formed in

the initial cooling. Then, the values of energy absorbed

drastically decreased by tempering at higher temperatures

due to the decomposition of retained austenite blocks into

bainite rich in carbides. They also documented that ferritic-

bainite laths can be produced by transformation at low

temperatures, resulting in enhanced mechanical properties

of martensitic steels and increased resistance to tempering

[22]. Bainite was the predominant phase in the microstruc-

ture in the specimens tempered at 400 �C due to the

decomposition of the retained austenite blocks. Moreover,

the bainite transformation without carbide precipitation

partitions the carbon to the austenite, which later de-

composes during tempering observed just above the

martensite start temperature. Santos et al. [23] also studied

the influence of austempering on the mechanical behavior

of a spring steel 0.56C-1.43Si-0.58Mn-0.47Cr (wt. %), with

TRIP effect. The excellent combination of strength and

ductility was achieved by treating at 220 �C, since a mixture

of martensite and very fine ferritic-bainite with interlath

film of retained austenite was formed. Serbino et al. [24]

compared the fatigue behavior of quenched/tempered con-

sisted of tempered martensite and austempered predomi-

nantly lower bainite of a Fe-0.55C-1.34Si-0.72Mn-0.71Cr (wt

%) high strength steels. Lower bainite with some retained

austenite, but without precipitated carbides at grain

boundaries performed better at the highest stress amplitude

(500 MPa), resulting in higher total fatigue life.

In this study, the effect of the two-stage Q&P process on

microstructure and crystallographic data was studied on

commercial carbon-silicon steel in order to improve me-

chanical properties by a set of desirable complex microstruc-

tures. Dilatation-temperature curves were tracked to

understand phase transformation kinetics during quenching

and isothermal partitioning stages. Then, the resulting com-

plexmicrostructures (including temperedmartensite, ferritic-

bainite laths, retained austenite, and martensite/austenite

particles) were characterized by scanning electron micro-

scopy (SEM). Then, crystallographic data evolution such as

crystal orientation, boundary conditions, and activated slip

systems was investigated by electron backscattered diffrac-

tion technique. Variations of critical nucleus size, defect

density, and c/a ratio were then calculated from the corre-

sponding XRD pattern of the investigated samples. Finally,

nanoindentation and tensile tests were carried out to evaluate

the influence of the designed Q&P multicomponent structure

on themechanical properties of commercial steel with 1.56 wt

% silicon content.
2. Experimental procedure

All experiments were carried out on a commercial pearlitic

carbon-silicon steel with the chemical composition as shown

in Table 1. The steel was subjected to Q&P treatments using

high precision Bahr DIL 805 A dilatometer with fused silica rod

as a reference and pure Ar gas for quenching medium. Fig. 1

shows the schematic illustration of the experiment process.

Cylindrical as-received CeSi steel specimens (4 mm diameter

with 10 mm length) were heated with the rate of 20
�
C/S until

the temperature reaches 850 �C. Then, the specimens were

austenitized at 850 �C for 180 s. When the austenitization is

completed, specimens were cooled with the rate of 80
�
C/S

until the temperature of 220 �C below martensite start tem-

perature. At this temperature, specimens were heated again

with the rate of 20
�
C/S until the temperatures of 325 �C and

375 �C are achieved for two specimens, called partitioning. It is

worth-mentioning that the partitioning period for specimens

differs in investigated specimens due to the kinetics of bainitic

transformation. When the partitioning temperature is

increased, the carbide particles may nucleate and grow,

making the steel fragile. Therefore, in order to avoid brittle-

ness in Q&P-220-375 specimenwhich is partitioned at a higher

temperature, the partitioning time is reduced to the half of the

partitioning time of the first specimen (Q&P-220-325). At the

end, both specimens were cooled with the rate of 80
�
C/S until

ambient temperature.

The detailed microstructural investigation was carried out

using scanning electron microscopy (SEM, FEI-Inspect F50).

Metallographic specimens were prepared by mechanical

grinding using SiC paper up to 1200, followed by polishing

with diamond paste (6, 3, and 1 mm), and etching in 3% Nital

for approximately 30 s. Microstructural constituents were

observed with secondary electron images of SEM with an

accelerating voltage of 20 kV and aworking distance of 10mm.

The microhardness was then measured using a Shimadzu

(HMV-2TADW) microhardness tester with 9.807 N of load for

15 s (HV1). The reportedmicrohardness values are the average

from 10 indentations. Nanoindentation test was conducted to

investigate the mechanical performance of resulting multi-

phase treated samples. Nanoindentation was carried out by

applying a force of 3 mN using a Berkovich type indenter on

Triboindenter TI 950 (Hysitron Inc.). The loadedisplacement

data then collected. EBSD measurements were done on an

FEI-Inspect F50 SEM equipped with a field emission gun (FEG)

and EBSD detector. Before the EBSD measurements, the

specimens were prepared according to the standard prepa-

ration and polished with 50 nm colloidal silica slurry for 3 h.

All analyses were carried out with an accelerating voltage of

20 kV, a spot size of 75 nm, a working distance of about

12 ± 2 mm, and a step size of 25 nm with hexagonal scan grid

mode. The EBSD and crystallographic data were analyzed
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Fig. 1 e Schematic illustration of the experiment process

including austenization at 850 �C, quenching at 220 �C,
following partitioning at 325 �C and 375 �C, and final

quenching.

Fig. 2 e SEM micrograph of the microstructure of the

original as-received pearlitic steel.
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using TSL OIM data analysis 7 and ATEX [25]. X-ray diffraction

was carried out on un-etched specimens, after polishing to

6 mm, using an X-pert PRO diffractometer with filtered Cu_Ka

radiation. A continuous scanning mode was made over the

angular width 2q ¼ 30e120�, with 0.02� angle step and col-

lecting time of 2 s at each step. The XRD patterns then

analyzed by Multiple Whole Profile (MWP) mathematical

methods, proposed by Dragomir et al. [26]. Finally, room

temperature uniaxial tensile tests were performed using an

Instron model 3369 testing machine on subsized dilatometry

specimens (gauge length of 4.0 mm, overall length of 10.0 mm

and thickness of 1.5 mm). Engineering stressestrain data was

reported from the average of three tensile specimens at a

strain rate of 2 � 10�3 s�1.
3. Results and discussion

Fig. 2 shows the SEM image of the microstructure of the as-

received hot-rolled pearlitic steel. As seen in this image, the

microstructure of as-received steel is fully composed of fine

pearlite microstructure. In this image, the ferrite and

cementite phases are shown by dark and bright colors

respectively. Pearlite microstructure with interlamellar

spacing and pearlite colony sizes of 80 ± 30 nm and 15 ± 5 mm

was observed. Nanometric interlamellar spacing coupledwith

a thinning of the lamellar cementite causes relatively ho-

mogenous ductility with a low shear-cracking tendency [27]. It

is worth-mentioning that in this steel, the work hardening

behavior and hardness are improved by refined pearlite

microstructure with fine interlamellar spacing which

restricted the dislocation movement [28]. Pearlite steels are

widely used in industries where high wear resistance is

required. This high resistance against wear is due to the fine

interlamellar spacing observed in the microstructure of as-

received steel. The softening mechanisms, including dy-

namic recrystallization/recovery, shear bands, and cementite
fragmentation during hot rolling (thermomechanical pro-

duction processing) led to a reduction of mechanical strength

due to the overall dislocation density reduction [29].

Fig. 3a and b shows the change in length vs temperature in

Q&P treated specimens called as Q&P-220-325 and Q&P-220-

375. These figures were provided in order two justify why such

special temperatures were chosen for Q&P process. With the

increase of temperature up to Ac1 ¼ 780 �C, the length is

increased; however, in a point, a contraction occurred. This

contraction shows that a transformation from the BCC ferrite

to FCC austenite is occurred. When both specimens are

cooled, the total phases consist of martensite and bainite. The

above-mentioned phenomena were also shown in Fig. 3a and

b. As shown in both diagrams, first, the length of specimens

was increased with the increase of temperature. In some

special regions, the length of specimens does not change with

time. It is shown that the martensite start temperature (MS)

for both specimens are 267 �C. Both steels are cooled fast in

order to form martensite, however, the objective is not to get

100% martensite. In other words, it is designed to generate

approximately 50% martensite, while the rest remains as

untransformed austenite. The austenite phase with FCC

structure has four atoms in its crystal lattice and when it is

transformed to the body-centered tetragonal (BCT)martensite

with two atoms in its crystal lattice, an expansionwould occur

during such displacive transformation. After such expansion,

the both specimens are subjected to the partitioning process

at 325 �C and 375 �C to enhance bainitic transformation on

remaining austenite as well as carbon partitioning from

saturated martensite into surrounded austenite. The kinetics

of isothermal bainitic transformation was designed at two

different temperatures to investigate the possible develop-

ment of different bainite formation. It is expected that a

relatively higher supper-cooling (lower bainite trans-

formation) is more favorable to reined bainitic sheaves and

less carbon partitioning distance in medium carbon-silicon

steel [30]. The thickness of bainite sheaves is determined by

https://doi.org/10.1016/j.jmrt.2023.01.066
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Fig. 3 e Change in length vs temperature in (a) Q&P-220-325 and (b) Q&P-220-375 investigated specimens.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 3 : 8 4 5e8 5 8 849
the free energy change accompanying by transformation,

governed by isothermal bainite transformation. A larger

amount of dislocation and crystallographic defects under

quenching lower than M_s, subsequently at lower bainitic

transformation, promoted finer bainitic sheaves nucleation

and contributed to the refinement of the resulting micro-

structure and higher strength as well. Here, a transformation

occurs with tempered martensite and bainite, while carbide

particles and/or retained austenite (RA) particles could be

developed according to the austenite stability. In other words,

50% of austenite transformed to bainite at the partitioning

stage.

Predominant high dislocation structure as lath-like

martensite microstructure developed after quenching below

Ms temperature. However, autotempering-induced carbon

redistribution from clustering to carbide precipitation is

already initiated during quenching temperature at 220 �C,
between Ms and Mf temperatures. During auto-tempering at

the quenching step, carbon atoms could diffuse out of the

interstitial martensite lath, generating carbon-vacancy de-

fects due to the local extension into carbon clusters [31].

Morsdorf et al. [31] reported that plate-like martensite lattice

formed parallel to (100) martensite lath with the least atomic

density in the as-quenched state due to the maximum carbon

compositions. Thereby, simultaneous poor and carbon-rich

dislocation cores developed in microstructure, causing a

lateral expansion in martensite plate sizes. By increasing the

temperature to 246 �C, a small amount of lower stable

austenite transformed into martensite, called newly formed

martensite, probably due to the poor local carbon and man-

ganese chemical composition variation, as reported by Grajcar

et al. [32].

Fig. 4 shows the SEMmicrographs of resulting Q&P-220-325

and Q&P-220-375 investigated specimens. As shown in these

images, the microstructure of both specimens consists of a

dispersion of ultrafine carbide through tempered martensite

and bainitic sheaves. The carbon partitioning from saturated

martensite to develop nanoscale carbide particles reduced the

tetragonality of martensite, resulting in ductile BCC tempered

martensite. Ultrafine carbide particles also generate enor-

mous BCCmatrixecarbide interfaces that act as effective sites

against dislocation movement and grain sliding, enhancing
mechanical strengthening. Moreover, mainly lower bainite

sheaves as carbide particles through the bainitic lath could

exhibit a good combination of strength and ductility. A refined

martensite/bainitemicrostructure was developed in Q&P-220-

325 in comparison with Q&P-220-375 specimens, due to the

lower partitioning temperature. It is also very difficult to

distinguish the bainite microstructure from the tempered

martensite since their SEM images are very similar. However,

the hardness value of bainite is less than the tempered

martensite and higher than the pearlite microstructure.

Hardnessmeasurements showed 565 ± 20 HV and 525 ± 20 HV

of Q&P-220-325 and Q&P-220-375 specimens, respectively. The

higher hardness of Q&P-220-325 specimen could be associated

with the finer bainite sheaves and finer carbide dispersion

through the martensite/bainite lath. Athermal saturated

martensite formed under the quenching step gradually re-

duces its tetragonality due to carbon atoms diffusion out to

surrounded austenite. The stable enriched carbon untrans-

formed austenite generated enhances bainitic transformation

at the partitioning stage at higher temperatures than the

bainite starts temperature. Bainite sheaves are composed of

ferritic-bainite sheaves, and carbide particles originated from

the remaining untransformed austenite at the quenching

step, then transformed into bainitic sheaves at the isothermal

partitioning stage. The martensite/austenite blocks are

composed of the newly formedmartensite and stable retained

austenite also distrusted through resulting tempered

martensite and bainitic structure, due to considerable amount

of silicon (1.56 wt.%) by carbide-suppressing effect.

Fig. 5 shows the obtained XRD pattern for the original and

quenched & partitioned specimens. It is shown the presence

of 5 ± 2% of retained austenite of Q&P-220-325. In contrast,

their peaks disappeared in Q&P-220-375 specimen due to the

retained austenite decomposition. Moreover, a noticeable

peak broadening for Q&P specimens could be associated with

martensite tetragonality (c/a ration), critical nucleus size, and

crystal defect densities. Comparison between the peak posi-

tions and peak broadening reveals the martensite carbon

depletion, reducing the peak broadening and shifting to

higher angles to the original position of BCC ferrite peaks.

Fig. 5b shows the variation of critical nucleus size (crystalline

size), c/a ratio, and crystal defect density in all investigated

https://doi.org/10.1016/j.jmrt.2023.01.066
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Fig. 4 e SEM micrographs of (a) Q&P-220-325 and (b) Q&P-220-375 specimen.
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specimens. It is notably that critical nucleus size is associated

with the nucleation of new particles from an untransformed

solid solution, and strongly depends on super-cooling [18].

The lattice parameters of BCC lattice (martensite and bainite
Fig. 5 e (a) XRD patterns and (b) variation of critical nucleus size

XRD pattern of the investigated specimen.
phases) are affected by carbon atoms, then carbon atoms

migrate to the out of remaining austenite during the parti-

tioning stage, especially at 375 �C. Saturated martensite

developed in Q&P-220-325 specimens with a higher
, defect density, and c/a ratio obtained from corresponding

https://doi.org/10.1016/j.jmrt.2023.01.066
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Fig. 6 e Load-displacement curves for (a) Q&P-220-325 and (b) Q&P-220-375 specimens.
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tetragonality (c/a ¼ 1.0185) is calculated in the specimen,

causing a higher lattice distortion. Then, increasing the par-

titioning temperature and enhancing the carbon diffusion

rate, the tetragonality reduced to (c/a ¼ 1.0115), reducing the

crystal defect. The partitioning rate of carbon results in rapid

martensite carbon depletion and enhances the ferritic bainite

phase transformation of the untransformed austenite.

Nanoindentation tests were performed to analyze the

mechanical response of designed ultrafine multicomponent

phases, corresponding to the loadedisplacement curves,

presented in Fig. 6 in both treated specimens. The average

nanohardness values of the Q&P-220-325 sample was

6.97 ± 0.30 GPa, while Q&P-220-375 samples exhibited less

nanohardness, approximately 6.36 ± 0.25 GPa. It could be

explained by the higher partitioning temperature, which led

to partial nano carbide dissolution and higher carbon parti-

tioning, which caused lower hardness compared to Q&P-220-

325 sample.

Fig. 7a is a high-resolution SEM image of the Q&P-220-325

sample. The nanometer carbide particles are located within

the bainitic sheaves (lower bainite). The micron-size film-like

retained austenite is located at lathelath interfaces. It is ex-

pected that dense dislocation tangles formed during parti-

tioning by decomposition of retained austenite into

nanoscaled carbide and bainite sheaves [21]. Although needle-

like nanoscaled carbides are usually accompanied by dislo-

cation tangles, increasing the partitioning temperature to
Fig. 7 e High-resolution SEM image of the (a) Q&
375 �C, some needle-like nanoscaled carbides dissolved and

carbide coarsened at the lathelath interface occurs, as shown

in Fig. 7b for the Q&P-220-375 sample. It should be pointed out

that EBSD can characterize the crystallographic characteristic

ofmultiphasemicrostructure and determine the proportion of

low and high angle boundaries to find the correlation between

partitioning temperature of carbides dissolution and carbide

coarsening on BCC matrix.

Fig. 8aed shows the normal direction orientation imaging

microscopy (OIM) map, orientation distribution function

(ODF) and inverse pole figure (IPF), Kernel Average Misorien-

tation (KAM) map and Taylor factor map for Q&P-220-325

specimen. According to Fig. 8a, the OIM map shows that most

BCC matrix grains are aligned to {111}//ND orientations. Dis-

placive phase transformation occurs at the operating slip

system for each prior austenite grain. Martensite lath and

ferritic-bainite sheaves directionally aligned along 111g plane

as primary slip planes [17]. However, the diffusion mode bai-

nitic transformation prompts the growth of the bainite

sheaves along with other directions. It could be noted that

<111> direction in BCC lattice as the most atomic compact

direction can provide required slip planes to act as the pref-

erential sites of bainite sheaves. Fig. 8b also shows the ODF

map and IPF which was provided from the specimen, revealed

the predominance of (111)[121] texture orientation. The pres-

ence of this crystallographic texture would cause high impact

energy as it enhances fracture toughness due to the
P-220-325 and (b) Q&P-220-375 specimens.
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Fig. 8 e EBSD data for Q&P-220-325 specimen (a) OIM, (b) ODF and IPF map, (c) KAM and (d) Taylor factor map.
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nucleation of the martensite from the stacking faults, formed

by the partial dislocation ða6Þ½112� at low strain [16]. It is

worth-mentioning that in order to have a good statistic about

the texture, it was better to measure the macro-texture using

X-ray diffraction technique; however, it was the beyond the

main objective of the current research. Fig. 8c shows the KAM

map in the Q&P-220-325 specimen. KAM is utilized to show

the average misorientation between a point and its nearest

neighbors belonging to the same grain [33] to reveal the local

strain accumulation. KAM is associated with a misorientation

less than 5� and as a result, the Kernel map is able to evaluate

the local plastic strain in steel materials [34]. In the in-

terphases, the distortion is high and these regions are shown

with red color. At the middle of BCC lath-like bainite (misori-

entation less than 15�), the localized strain is lower and these

regions are shownwith bright colors in Kernelmap. According

to Fig. 8d, Taylor factor map, the Taylor data for this specimen

is almost low, indicating the high grain reorientation ten-

dency. A Taylor factor is often used in order to express a flow

stress measured in a polycrystal in terms of the critical

resolved shear stress. Moreover, Taylor factor analyzes the

level of plastic deformation of polycrystalline materials and

presents distribution of the grain orientation showing a rela-

tion between the texture and yield stress [35,36]. In metals,

soft grains are not initially oriented in a direction for slip

occurring on slip planes. In such grains, the critical resolved

shear stress is not easily achieved. In order to attain the
critical resolved shear stress, the (111) martensite/bainite-

laths should undergo some slight rotations to bring the slip

planes into a new position [37]. According to Fig. 8d, since the

Taylor factor data are low, further straining occurs in a diffi-

cult manner in this specimen. Thereby, since most grains

have aligned along with <111>//ND orientations, the spec-

imen can reorient and glide to accommodate mechanical

stress, improving the fracture toughness.

Fig. 9a and b shows geometrically necessary dislocation

(GND) density and Schmic factor maps for the Q&P-220-325

specimen. GND density shows gradients of plastic slip which

is induced during plastic deformation [38,39]. In Fig. 9a, the

regions with a high dislocation densities are shown with red

color, however, the regions with a low dislocation density are

shown with blue color. The GND value in the vicinity of

martensite/bainite laths interfaces is the highest due to

crystallographic defect densities and misfit between neigh-

boring pixels. Moreover, the GND pile up reflects the variant

selection at irrational oriented a/g interfaces during

martensitic phase transformation. It implies that plastic zone

accumulated at these sites could deteriorate mechanical

properties by forming pre-mature micro-cracks nucleation.

The tangled dislocation induced during quenching stage, and

further bainitic phase transformation, increased the disloca-

tion density at remaining austenite and a�/a� interfaces. The

average dislocation density is estimated approximately

5.67 � 1014 m�2. Grain boundaries and tangles of dislocations

https://doi.org/10.1016/j.jmrt.2023.01.066
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Fig. 9 e (a) GND density and (b) Schmid factor for Q&P-220-325specimen.
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formed by rapid cooling increase the lattice distortion and

internal energy. This phenomenon leads to an increase of

nucleation rate of the bainitic transformation and reduce the

incubation time to complete the bainitic transformation

[40,41]. According to Fig. 9a, the dislocation density is high in

the Q&P-220-325 specimen showing that there is a high

amount of stored energy of deformation in this specimen.

Moreover, during the applied Q&P heat treatment, the entire

dislocation annihilation was not achieved. In other words, a

higher amount of temperature or more time are required to

get strain-free specimen. Fig. 9b shows the Schmid factormap

for this specimen to reveal the dominant slip plane in each

martensite/bainite BCC laths. Schmid factor describes the

activated slip plane and the slip direction of a material which

is under stress. It also dictates the amount of shear stress on a

specific slip system due to the applied loading. It is obvious

that the main slip system is the system with the highest

Schmid factor. According to Fig. 9b, the Schmid factor map for

Q&P-220-325 specimen, the slip occurs along the (123)[111],

(112)[111] and (011)[111] planes and orientations. In

martensite phase transformation, dislocation slip takes place

in austenite phase during the transformation, and after the

dislocation slip or twin shearing, FCC becomes BCC. The

dominant (123)[111] slip system could be consequence of

subsequent phase transformation, resulting in martensite

and bainite originated from prior austenite grain.

Fig. 10aed shows OIM map, ODF and IPF map, KAM and

Taylor factor map for Q&P-220-375 specimen. Fig. 10a reveals

a considerable difference in crystallographic texture orienta-

tion in this specimen compared to Q&P-220-325 specimen. Set

of (112)[0 2 1], (001)[120], and (110)[1 1 1] crystal orientation of

observed in the microstructure developed at higher bainitic

transformation temperatures. Guo et al. [17] explained that

activated slip planes acting as preferential sites of Widman-

statten ferrite, would become into the habit plane by plate

coarsening. Thereby, the variant selection tendency becomes

more obvious, contrary to what is observed in the case of Q&P-
220-325 specimen. It is speculative to judge about the domi-

nant texture based on Fig. 10a, however, the OIM image and

IPFmap, as shown in Fig. 10b, shows a considerable amount of

cleavage {001} orientation in the Q&P-220-375 specimen.

Therefore, one can predict that the higher number of cleavage

<001> grain boundaries could deteriorate mechanical prop-

erties by providing an easy crack propagation path [42e45].

Bainite and temperedmartensite grains in packets and blocks

were developed in the specimen, usually originating from

their orientation relationship and grain boundary character-

istics with their prior austenite grain. Moreover, the diffu-

sional transformation on bainitic kinetics lead to an irrational

orientation relationship, which remains unclear yet [46].

Wang et al. [46] reported that the displacivemartensite matrix

from globular austenite grains at the packet boundary

perfectly obeys the KurdjumoveSachs (KeS) orientation

relationship. Whereas only (001) bainite pole figure matches

the KeS pattern, indicating the initial displacive nucleation,

while no oblivious matches were found in bainitic sheaves.

The overall KAM map indicates that Q&P-220-375 specimen

had a lower dislocation accumulation than the latest due to

the dynamic recovery, recrystallization, and dislocation

annihilation by partitioning at a higher temperature. Taylor

factor map exhibits a combination of low and high Taylor

factor grains, which means that hard grains are neighbor to

the soft grains and vice versa. It causes the generation of

stress concentration sites and facilitates heterogeneous

plastic deformation and consequently, nucleation of

microcracks.

Fig. 11a shows the GND distribution of martensite/bainite

laths. The GND value in the vicinity of the packet and lath in-

terfaces was higher than that inside the lath. It indicates that

interfacesandboundaries containedmore induceddislocation

and crystallographic defects than grain interior. This finding

could also show that the bainitic transformation with coupled

displacive-diffusion transformationmechanism exhibited the

irrational-oriented a/g interfaces rather than martensite laths

with strong KeS variant selection. On the one hand, the

https://doi.org/10.1016/j.jmrt.2023.01.066
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Fig. 10 e EBSD data for Q&P-220-375 specimen (a) OIM, (b) ODF and IPF map, (c) KAM and (d) Taylor factor map.
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partitioning temperature at 375 �C enhanced the retained

austenite decomposition into ultrafine carbide particles, and

martensite-austenite blocks resulted in more intense strain

accumulation sites. On the other hand, partial dynamic re-

covery, recrystallization, and dislocation annihilation reduced
Fig. 11 e (a) GND density and (b) Schmid
the amount of crystal defect densities. Therefore, the average

dislocation density is estimated to be approximately

4.68 � 1014 m�2 which is less than that in the case of Q&P-220-

325 specimen. Fig. 11b shows the presence of activated slip

systems on martensite and bainitic sheaves estimated by
factor for specimen 2 (Q&P-220-375).
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Fig. 12 e (a) Point-to-point misorientation and (b) grain boundary characteristics if investigated specimens.
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Schmid factor undergo the plastic deformation due to the

critical value of resolved shear stress during phase trans-

formation [47]. Fig. 11b shows the predominant (112)[11 1] slip

system in amartensitic packet (yellowdash line) originated for

the reconstructed prior austenite microstructure. This sug-

gests that local plastic deformation induced by martensitic

transformation locally activated the (112)[11 1] slip system

betweenprior austenite and productmartensite. However, the

change in activated slip systems between the other prior

austenite grains could be explained by growth mechanism

through diffusional-aid bainitic transformation [48].

Fig. 12a shows point-to-point misorientation in both

designed and investigated specimens. This diagram shows

that the volume fraction of lowmisorientations less than 5� is
much higher than the misorientations range of 5�e50�. The
volume fraction of misorientation higher than 50� increases

again in both specimens. Fig. 12b also shows the grain

boundary characteristics in both specimens, which are classi-

fied as low (LABs, q < 15�), medium (MABs, 15� < q < 50�), and
high (HABs, q > 50�) angle grain boundaries. Previous EBSD

studies revealed that packed-lath martensite grain separated

by high angular boundaries with high crystal defects due to
Fig. 13 e (a) Distribution of Kernel data and (b) Ke
lattice distortion, while coarse-lath bainite sheaves separated

by low and medium angular boundaries and possess high lat-

ticedefects aswell [3,49,50]. Fig. 12bpresents that theQ&P-220-

325 specimen with a relative dominance of HABs could be

associated with predominance martensite transformation,

while Q&P-220-375 specimen demonstrates a slight dominan-

ce of LABs due to the bainitic sheaves formation and higher

partitioning temperature. It is also noted that the volume

fraction of coincidence site lattice (CSL) boundaries is negli-

gible in the BCCmatrix structure.

Two strengthening mechanisms, including dislocation

and boundary strengthening, improve the mechanical

strength by increasing the dislocation density and newly

formed dislocation arrangement at ferrite boundaries and/or

carbide-ferrite interfaces forming piling up, consequently

acting as barriers against dislocation movement [29]. The

KAM data analyses could better visualize the difference be-

tween BCC products by means of the intragranular average

misorientation using a 5 � 5 Kernel reference accompanied

with ignoring misorientation greater than 5� to eliminate the

effect of subgrains [50]. Fig. 13a and b presents the distribu-

tion of Kernel data and grain's Kernel classification of
rnel classification of investigated specimens.
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Fig. 14 e Engineering strainestress curves, hardness and tensile properties of all investigated specimens.
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investigated specimens. It is shown that the martensite

dominance structure in Q&P-220-325 specimens had a more

volume fraction of high KAM grains (KAM>2�). In contrast,

the Q&P-220-375 specimen with a higher proportion of

ferritic-bainite dominance structure due to higher partition-

ing temperature showed a higher fraction of moderate KAM

grains (1� < KAM<2�). These findings agree with previous

works that coarse sheaf bainite is identified with moderate

KAM values. Moreover, lath-like displacive and diffusionless

martensite is known for high local lattice distortion with a

high defect density.

Fig. 14 shows the tensile test curves for the original as-

received pearlitic CeSi steel, Q&P-220-325, and Q&P-220-375

specimens. The hardness, yield stress, and tensile strength

were increased from the original as-received CeSi sample

with pearlite structure to Q&P specimens by developing the

complex microstructures. The quenching and partitioning

process considerably increased the hardness and mechanical

strength by a set of martensite and bainite structures coupled

with nanoscale carbide or retained austenite particles. Results

revealed that the development of nanoscale carbide dispersed

in refined bainite/martensite matrix boosted the yield and

ultimate tensile strength by over 100% and 110% compared to

the initial pearlitic microstructure. The Q&P technology is

quenching and carbon partitioning for high strengthened

steels, which is intended to maintain high strength and in-

crease plasticity by increasing the retained austenite during

carbon partitioning. However, ductility reduced to half value

in Q&P-220-325 and Q&P-220-375 specimens. A good ductility

was obtained in the Q&P-220-325 specimen due to the

dispersion of ultrafine retained austenite located at

martensite lath, which probably enhanced ductility by trans-

formation induced plasticity effect. It is known that displacive

phase transformation leads to higher strength and lower

ductility than diffusion phase transformation. Although our

findings agreedwith thementioned statement, it is concluded
that nanoscale retained austenite, martensite/austenite, and

carbide particles can result in a good combination of strength

and ductility gathering strengthening and ductility-enhancing

mechanisms with transformation-induced plasticity effect

and dislocation strengthening [19,51]. Moreover, the remain-

ing ultrafine retained austenite and carbides surrounded by

tempered martensite/bainite laths exhibited high mechanical

stability in designed specimens originating from commercial

pearlitic steel.
4. Conclusion

In this research, the possibility of mechanical properties

improvement of commercial pearlitic carbon-silicon steel

by setting complex microstructures and crystallographic

data (crystal orientation and boundary conditions) through

quenching and partitioning process was investigated by

different characterization techniques and tensile tests.

The following points were concluded based on the

experiments.

� Original pearlitic structure of commercial steel modified to

a complex microstructures composed of tempered

martensite, bainite, and nanoscale carbides/martensite-

austenite/retained austenite particles.

� Resulting BCC matrix (martensite and bainite) exhibited a

predominance <111> direction, which facilitates providing

slip systems under further plastic deformation.

� Q&P-220-375 specimen had less crystallographic defect

densities than Q&P-220-375 specimen, due to the partial

dynamic recovery, recrystallization, and dislocation

annihilation.

� Intense Taylor factor values variation in Q&P-220-375

specimen indicates the possibility of creation of the stress

concentration especially at BCC lath interfaces.
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� Point-to-point misorientation analyses demonstrated a

slight dominance of low angle boundaries proportion in

bainitic dominance structure in Q&P-220-375 specimen,

which could be used in phase characterization.

� The average nanohardness values of the Q&P-220-325

sample was 6.97 ± 0.30 GPa, while Q&P-220-375 samples

exhibited lessnanohardness, approximately 6.36± 0.25GPa

due to the higher carbon partitioning.

� Development of nanoscale carbide dispersed in refined

bainite/martensite matrix boosted the yield and ultimate

tensile strength by over 100% and 110% compared to the

initial pearlitic microstructure. However, ductility reduced

to half value in Q&P-220-325 and Q&P-220-375 specimens.
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