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AAbstrbstractact.. Q&P steels as a "Third Generation" of (AHSS) exhibit excellent tensile properties, which enable

producing lightweight sections for the automotive industry and at the same time keep safety requirements.

This research aims to predict the proper processing conditions for developing ultra-high-strength Q&P steel

with a novel chemical composition of 0.37 C-3.65 Mn- 0.65Si- 0.87 Al- 1.5 Ni- 0.05P, wt. %. To design and

optimize proper heat treatment conditions, the phase diagram, CCT curve, and critical temperatures of these

alloys were first implemented using THERMO-CALC and JMATE PRO software and Gleeble 3500 machine. The

heat treatment process included full austenitization, then quenching at 120°C followed by partitioning at 450°C

for different times. The tensile properties, microstructure, and retained austenite volume fraction of heat-

treated steel was studied at room temperature by tensile testing machine, optical microscope, and XRD. The

finding summarized that partitioning of this steel for 100 s during processing had developed Q&P steel with

ultra-high-strength of 1104 MPa with maximum total elongation and strength elongation balance 8.1 % and

8932 MPa %, respectively. The optical micrograph showed that heat-treated specimens at different partitioning

times have had a microstructure of tempered martensite, carbide free bainite, and retained austenite. Besides,

the retained austenite volume fraction has decreased with increasing partitioning time, which may be due to

carbide precipitation during partitioning.

KKeeywyworordsds. Automotive Steel, Advanced High Strength Steel, Quenching And Partitioning, Retained Austenite,

Ultra-high-strength Steel

1 Intr1 Introductionoduction

Researchers are working hard to find solutions for reducing vehicle sectors' emissions, contributing to a high

percentage of greenhouse gases (GHG) and possibilities for decreasing energy consumption. This can be achieved by

developing new advanced material with excellent mechanical properties that enable producing lightweight sections

and, at the same time, keep passengers safe. Advanced high strength steels (AHSS) are outstanding material that

fulfills requirements of environment and energy [1]. AHSSs have a unique microstructure that promotes enhancing

mechanical properties. These steels' microstructures consist of ultra-fine phases like martensite and bainite, with

retained austenite formed in non-equilibrium conditions [2]. AHSSs include three generations with different range

of strength and elongations, which are a promising lightweight material in the 21st century. The first generation

AHSSs grade such as dual-phase (DP) steel and transformation-induced plasticity (TRIP) steel has higher strength and

better elongation with low cost compared to conventional high strength steels [2][3]. The second-generation AHSS

has outstanding strength, strength-elongation balance, and formability compared to first generation. This generation's

problem is the high content of alloying elements, which increases their alloys' cost. Therefore, the third generation of

AHSSs have developed to overcome the high cost of the second generation and simultaneously fulfill high mechanical

properties compared to the first generation [2][3].

Recently, the scientific and industrial communities are paying attention to developing Q&P steels as a "Third

Generation" (AHSS) that was first processed by J. Speer et al. 2003 [4]. The tensile properties of Q&P steel can surpass
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or equal that of TRIP, conventional dual-phase, and martensitic steels [4]. Furthermore, it has a high work-hardening

rate and formability, which promote it to be used for structural and safety sections in automotive applications [4]. This

steel's high mechanical properties result from its multiphase microstructure, which mainly consists of a martensite

matrix and retained austenite films [5]. The presence of the martensite phase in steel microstructure enhances the

yield strength while the ductility and work hardening are improved due to the TRIP effect of retained austenite [6].

The main factors that affect the microstructure of Q&P steels are the proper choice of alloy composition and processing

conditions, which support carbon partitioning from martensite to austenite and retard the formation of other phases

such as bainite, ferrite, and carbides after quenching to room temperature in the final stage [7][8]. The alloy design

of Q&P steel was first based on commercial TRIP steels' chemical composition, where conventional TRIP steel

compositions are usually based on the original 0.12–0.55 wt.% C, 0.2–2.5 wt.% Mn, and 0.4–1.8 wt.% Si concept [9][10].

N. Maheswari et al. reported that the addition of (C, Mn, Si, Al) to the composition of Q&P steel alloy had reinforced

the formation of prevalent martensite lathes and inter-lathes austenite in the final microstructure, which has positively

affected the mechanical properties of these steels [11]. According to a previous study, increasing carbon content from

0.3 % to 0.4 % in alloyed steel with 1.5 % Mn has increased the retained austenite volume fraction. Consequently, the

ultimate tensile strength and elongations are enhanced from 1490 MPa to 1865 MPa and 12 % to 15 %, respectively

[12]. E. J. Seo. et al. (2015) applied the Q&P process to medium Mn steel alloy with a chemical composition of

Fe-0.21C-4.0Mn-1.6Si-1.0Cr (in wt. pct). The findings from this study demonstrated that a high volume fraction of

retained austenite with enriched carbon and a microstructure of retained austenite islands in low-C martensite matrix

was achieved. This medium Mn steel alloy also exhibited an outstanding strength-elongation balance of about 25,400

MPa % [13]. Besides, Nickel's presence in the Fe-Mn-Si-C Q&P steel composition enhances stabilization of retained

austenite against strain-induced martensitic transformation during deformation [14].

The Q&P heat treatment process involves various stages of initial partial or full austenitization at high temperature,

then quenching to a pre-determined temperature between Ms and Mf to acquire a proper percentage of primary

martensite and remaining austenite, followed by partitioning at a higher temperature [15][16]. During the quenching

stage, both martensite and untransformed retained austenite phases are firstly obtained. The subsequent partitioning

is commonly carried out at a temperature slightly higher than the quenching temperature to stabilize the retained

austenite at lower temperatures [17][18].

This research aims to determine and optimize convenient heat treatment processing conditions for developing Q&P

steel with a novel chemical composition of 0.37 C-3.65 Mn- 0.65Si- 0.87 Al- 1.5 Ni- 0.05P, wt. %. The phase diagram

and critical transformation temperature have been implemented first using the thermo-calc CALPHED method and the

Gleeble 3500 machine. The effect of some heat treatment conditions on the tensile properties and microstructure of

this Q&P steel alloy has been included.

2 Experimental w2 Experimental wororkk

It is well known that the composition and processing conditions promote developing Q&P steel alloy with excellent

mechanical properties. The chemical composition of the investigated steel alloy is shown in Table 1. This composition's

strategy is based on choosing the proper alloying elements that retard carbide precipitation and allow diffusion of

carbon from Martensite to untransformed austenite during partitioning. This steel alloy was produced in an induction

furnace by sand casting process; then, the as-cast alloy was machined into sections with 200 mm×60 mm×40 mm

and homogenized at 1250°C for 2 hrs. Before the hot deformation and heat treatment processes, the phase diagram

and CCT curve of the alloy were simulated using thermo-calc (CALPHAD Method) and J-Mate pro software (see figures

1 and 2). The critical transformation temperatures were also identified by dilatation test, which was done by using a

Gleeble 3500 machine. Figure 3 demonstrates the alloy's dilatation curve where AC1, AC3, and MS are 720°C, 810°C,

and 260°C, respectively. The homogenized sections were initially hot forged into plates with a thickness of 7 mm, then
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hot rolled into sheets with a thickness of 1.8 mm. The tensile specimens were machined from the hot-rolled sheet

based on the ASTM E8 standard.

TTable 1: The chemical composition of the studied alloable 1: The chemical composition of the studied alloyy..

C Mn Si Al Ni P S

0.37 3.65 0.65 0.87 1.5 0.05 0.015

Figure 4 demonstrates the heat treatment process of the specimens, which included full austenitization at 900°C for 10

mins followed by rapid quenching into an oil bath furnace at 120°C, which is below the martensite start temperature,

then rapidly transferred into another salt bath at 450°C (higher than Ms) for a different time before quenching to room

temperature. The quenching temperature was determined depending on the Koistinen-Marburger formula (Equation

1), where about 75 % of primary martensite was expected to form at this temperature during the quenching stage.

A tension test of heat-treated specimens was carried out at room temperature using LFM- L 20 KN machine. Before

microstructure investigation, the specimens were metallography prepared by abrasion of the specimens’ surface with

grit papers until scratches and damage were removed then polishing with alumina past. The developed Q&P specimens

were etched by using 10 % Sodium Meta Bi-Sulphate for 30 s then they were studied by optical microscope where

the retained austenite appears white, and martensite appears black. The volume fraction of retained austenite and its

carbon content was estimated using Cu target XRD at 45 kV and 40 mA.

Where fM, Ms, Tq are volume fraction of primary martensite, martensite start temperature, and quench temperature,

respectively.
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Fig. 1. SimulatFig. 1. Simulated Ired Iron-Caron-Carbon phase diagrbon phase diagram of the studied stam of the studied steel alloeel alloyy

Fig. 2. prFig. 2. predictedicted Ced CCT curvCT curve of the studied alloe of the studied alloyy
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3 R3 Results and Discussionesults and Discussion

3.1 Micr3.1 Microstructurostructure ine invvestigestigationation

Figure 5 demonstrates the optical micrographs of developed Q&P steel partitioned for different times of 20 s, 60

s, 100 s, 140 s, and 180 s. It is obvious that all investigated specimens' microstructure has composed of tempered

martensite (black area), retained austenite (γr) (white area), and a percent of carbide-free bainite (αb) (a gray area).

The optical micrographs also indicated that increasing partitioning time from the 20 s to 100 s displayed a small

change in the morphology and size of fine coexisted phases. In comparison, the long partitioning time of 140 s and

180 s resulted in increasing retained austenite size (see figure 5 e and f). The formation of carbide-free bainite phase

in this microstructure may be attributed to the slow decomposition of ε carbide existed in the martensite during the

partitioning stage, leading to incomplete carbon diffusion into untransformed austenite. As a result, a small fraction of

bainite or bainitic ferrite is created in the final microstructure with retained austenite and tempered martensite [19].

The optical micrographs of this investigated Q&P steel demonstrated a general overview of the microstructure, but

scanning electron microscopy will be performed for more identification of phases.

Fig.3. dilatation curvFig.3. dilatation curve of the ine of the invvestigestigatated sted steel alloeel alloyy
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Fig. 4. Heat trFig. 4. Heat treatment streatment stratategy fegy for studied stor studied steel alloeel alloy specimensy specimens

3.2 R3.2 Retained austetained austenitenite chare charactacteristicseristics

Figures 6 shows the peak intensity for austenite and other phases in developed Q&P steel partitioned at different

times (20 s up to 180 s). XRD patterns confirm that the FCC structure phase is present. Table 2 indicates the variation

of retained austenite volume fraction (Vγ) with partitioning time (Pt) of studied Q&P steel. It is noticed that the

increment of partitioning time resulted in a decline of retained austenite volume fraction from 7 % for 20 s to 3 %

for 180 s. The decrease of retained austenite fraction at long partitioning time may be attributed to the formation

of carbides. J. Speer et al. 2003 demonstrated that stabilization of retained austenite is accomplished by diffusion of

carbon during the partitioning step from the supersaturated martensite into untransformed austenite [4]. Some studies

referred that the partitioning of carbon is not completed due to segregation or clustering of carbon, or formation of

carbides. The precipitation of carbides results in the consumption of available carbon in the martensite, which diffuses

to untransformed austenite during partitioning [20-23]. The formation of bainite during partitioning also may play a

role in reducing the volume fraction of austenite for a long partitioning time [24]. A recent study used transmission

electron microscopy (TEM) and atom probe tomography (APT) to investigate the kinetics of transformation and

carbide formation at high partitioning temperatures of 360°C or 420 °C for 300 s during the processing of Q&P steel.

The results indicated that the austenite volume fraction has decreased from 14% to 7% during partition, resulting

from bainite formation. The martensite tempering has led to the formation of θ-carbide, and χ-carbide has existed in

austenite. The APT measurements revealed that carbide precipitation resulted from austenite decomposition [25]. The

effect of partitioning conditions during processing on the microstructure of 0.38 C-1.54 Mn-1.48 Si wt. % Q&P steel has
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been studied by using Mössbauer spectroscopy and transmission electron microscopy. This research concluded that

partitioning at 450°C for short partitioning times has decreased carbide formation and carbon contents in martensite

and has augmented the amount of retained austenite. On the other hand, longer partitioning times have promoted

austenite decomposition, which forms cementite in martensite [26]. S. Ebner et al. 2020 also investigated carbide

formation during the processing of Q&P steel with two different chemical compositions by in-situ high-energy X-ray

diffraction. The author pointed that partial decomposition of austenite and martensite tempering leads to carbide

precipitation [25].

TTable 2: vable 2: volume frolume fraction of raction of retained austetained austenitenite of this Q&P ste of this Q&P steel partitioned at diffeel partitioned at differerent timesent times

Pt (s) 20 40 60 100 140 180

Vγ , % 7 5 4 5 4 3

3.3 T3.3 Tensile prensile propertiesoperties

Figure 7 demonstrates the engineering stress-strain curves of heat-treated specimens. As shown in this figure, all the

specimens exhibited continuous yielding behavior. This behavior may be attributed to some nitride-forming elements

such as Al and Si, which decrease carbon and nitrogen interstitial atoms that impede dislocation movement [27].

Consequently, the mobile dislocation density is increased [28]. Table 3 summarizes the tensile properties of developed

Q&P steel. It is clear that the tensile strength does not depend on partitioning time until 60 s then it has decreased from

1157 MPa at 60 s to 1026.8 MPa at 180 s while the total elongation (TEL) and strength elongation balance (UTS*TEL)

have improved with increasing partitioning time to 100 s then they have decreased. The developed Q&P steel has

exhibited maximum elongation and strength elongation balance of about 8.1 % and 8932 MPa % with an ultimate

tensile strength value of 1104 MPa when partitioned for 100 s.

It has formerly been reported that the high strength of Q&P steel is due to the existence of a high amount of

tempered martensite. In contrast, a high amount of meta-stable retained austenite enhances the ductility by the related

transformation induced plasticity (TRIP) effect [24]. The decrease of tensile strength at long partitioning time is due to

softening the primary martensite phase formed during the first quenching [29]. The low elongation of this Q&P steel

partitioned at 20 s with the highest volume fraction of retained austenite may be due to the presence of a high amount

of un-tempered primary martensite. The decrease of retained austenite volume fraction, which has a larger grain size

(Figure 5 e), leads to a reduction of total elongation at long partitioning time.
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Fig. 5. optical micrFig. 5. optical microgrographs of inaphs of invvestigestigatated Q&P sted Q&P steel partitioned at 450°C feel partitioned at 450°C for (a)20 s, (b)40 s, (c)60 s, (d)100 s, (e)140or (a)20 s, (b)40 s, (c)60 s, (d)100 s, (e)140

s, and (f)180 ss, and (f)180 s

Design and Optimization of Processing Conditions for a Recent Quenched and Partitioned ...

4162/8

https://popups.uliege.be/esaform21/docannexe/image/4162/img-6.png


Fig. 6. XRD diffrFig. 6. XRD diffraction peakaction peaks of des of devveloped Q&P steloped Q&P steel partitioned at 450°C feel partitioned at 450°C for diffor differerent times (20 s up tent times (20 s up to 100 s).o 100 s).

Fig. 7. Engineering strFig. 7. Engineering stress stress strain curvain curves of dees of devveloped Q&P steloped Q&P steel partitioned at 450°C feel partitioned at 450°C for diffor differerent times (frent times (from 20 s up tom 20 s up too
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180 s)180 s)

TTable 3: Table 3: Tensile prensile properties of deoperties of devveloped Q&P steloped Q&P steel partitioned at 450°C feel partitioned at 450°C for diffor differerent times.ent times.

Pt (s) 20 40 60 100 140 180

UTS, MPa 1153.2 1155.5 1157.0 1104.2 1096.1 1026.8

TEl, % 2.7 5.6 7.0 8.1 5.7 4.8

UTS*El, MPa. % 3079.0 6436.1 8122.1 8932.7 6214.9 4959.3

4 Conclusion4 Conclusion

In this study, the phase diagram, CCT curve, and dilatation test of 0.37 C-3.65 Mn- 0.65Si- 0.87 Al- 1.5 Ni- 0.05P, Wt.

% steel alloy were performed in order to design heat treatment condition for developing a novel Q&P steel. The heat

treatment process comprised quenching at 120°C then partitioning at 450°C for different times (20 s up to 180 s). The

results showed that:

• The heat treatment process of studied Q&P steel partitioned at different times resulted in the formation of

tempered martensite retained austenite and carbide free bainite in the microstructure. At partitioning time

from 20 s to 100 s, a slight difference in the microstructure has observed while long partitioning time has

displayed an increase in austenite grain size.

• The volume fraction of retained austenite has decreased with increasing partitioning time, which may be due

to carbide precipitation during partitioning.

• The decrease in retained austenite fraction at long partitioning is accompanied by a decline in total

elongation and strength elongation balance. In contrast, the ultimate tensile strength is reduced due to the

tempering of primary martensite. The partitioning time of 100 s has resulted in a maximum elongation and

strength elongation balance of 8.1 % and 8932 MPa % with an ultimate tensile strength of 1104 MPa.
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