

  symmetry-17-00053




symmetry-17-00053







Symmetry 2025, 17(1), 53; doi:10.3390/sym17010053




Article



Numerical Modeling of Charpy Impact Toughness Behavior and Stress Distribution of Quenching and Partitioning Steel



Tamiru Hailu Kori, Firew Tullu Kassaye, Aleksandra Kozłowska and Adam Grajcar *





Department of Engineering Materials and Biomaterials, Faculty of Mechanical Engineering, Silesian University of Technology, 18A Konarskiego Street, 44-100 Gliwice, Poland









*



Correspondence: adam.grajcar@polsl.pl







Citation: Kori, T.H.; Kassaye, F.T.; Kozłowska, A.; Grajcar, A. Numerical Modeling of Charpy Impact Toughness Behavior and Stress Distribution of Quenching and Partitioning Steel. Symmetry 2025, 17, 53. https://doi.org/10.3390/sym17010053



Academic Editors: Vasilis K. Oikonomou and Luigi Nicolais



Received: 28 November 2024 / Revised: 20 December 2024 / Accepted: 27 December 2024 / Published: 31 December 2024



Abstract


The toughness of steel is a critical material property that represents the ability to absorb energy at fracture, particularly in ultra-high-strength steels. The optimal balance between high strength and ductility depends on the complexity of the microstructure formed during heat treatment, which influences the toughness of the steel. In this study, a numerical modeling approach was used to investigate the Charpy impact behavior of medium manganese Q&P (quenching and partitioning) steel with a focus on toughness and stress distribution. ANSYS Explicit Dynamics was used for numerical modeling to simulate stress distribution and energy absorption in Charpy specimens. The Johnson–Cook model approach was used to describe the material behavior for such dynamic conditions. The results showed that ductility and toughness decreased with increasing partitioning time from 300 s to 900 s. The simulation results also showed that the stress distribution was more pronounced near the notch radius. The absorbed energy of the samples increased slightly as the notch radius increased from 0.1 mm to 0.25 mm, and it significantly increased as the plate thickness increased from 7 mm to 12 mm.
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1. Introduction


Chemical composition and processing variables influence a multiphase microstructure of advanced high-strength steels (AHSSs) [1,2]. The first-generation AHSS includes dual-phase (DP), complex-phase (CP), martensitic low-carbon, and low-alloyed transformation-induced plasticity (TRIP) steels [3]. DP steels exhibit a complex interplay between microstructure and impact toughness. Increasing the volume fraction of martensite improves tensile strength and hardness; however, it adversely affects ductility and toughness [4]. The morphology of martensite plays a crucial role, with lath martensite showing superior low-temperature impact toughness compared with twinned martensite. The fracture mechanisms in DP steels shift from dimple plus quasi-cleavage fracture to brittle cleavage fracture as temperatures drop [5].



The quenching and partitioning (Q&P) technique, first proposed in 2003, involves quenching to produce martensite and partitioning to stabilize the remaining austenite [6]. The Q&P heat treatment involves an initial quenching step carried out between Ms and Mf temperatures to obtain a microstructure composed of martensite and some fraction (15–20%) of retained austenite (RA). The next step includes a partitioning step typically conducted at 400–450 °C during which carbon atoms redistribute between martensite and RA [7,8]. This step stabilizes RA, enriching it with carbon and preventing it from transforming into brittle secondary martensite during final cooling to room temperature [9,10]. The Q&P heat treatment allows for obtaining a lath-type microstructure composed of low-C martensite and RA, showing a beneficial combination of high strength, toughness, and formability [11]. Consequently, Q&P steels are well suited for automotive parts capable of withstanding significant stress and high loads while maintaining structural integrity. Important Q&P factors that have a major influence on the microstructure and properties are the quenching and partitioning temperatures and times. Notably, it has been demonstrated that the optimal results are obtained at a partitioning temperature of 230 °C [12]. Q&P steels have proven to be promising ultra-high-strength materials for automotive applications, offering an exceptional combination of strength, ductility, and toughness [13,14]. The advancement continues to improve, further pushing the limits in strength, toughness, and ductility by introducing medium-manganese quenching and partitioning (Q&P) steels. With tensile strengths exceeding 1500 MPa and a total elongation of about 18%, medium-manganese steels treated by Q&P show a powerful combination of high strength and good ductility [15]. Ayenampudi [16] investigated the microstructural evolution of medium-manganese steels during quenching and high-temperature partitioning, focusing on the partitioning of carbon and manganese to improve austenite stability.



The microstructure, grain size, and morphology of high-strength steel have a considerable influence on its toughness. The RA film acts as crack passivation, guiding the crack to follow the easiest extension path instead of propagating through the RA structure. This causes the RA film to reduce the stress concentration at the crack tip, which is associated with the toughness of the steel [17]. According to the Hall–Petch relationship, decreasing grain size improves the toughness of steels. Larger blocky martensite–austenite (MA) islands can drastically reduce toughness at low temperatures, but smaller granular MA constituents have a less detrimental effect [18]. The impact toughness of DP steels was investigated by Wang et al. [5] through a systematic study of martensite morphology and volume fraction. The medium-C martensite exhibited a large number of small-sized C clusters formed at the twin grain boundaries within the lath, which can reduce the impact toughness and increase the nanohardness. The study showed that the refinement of the austenite grain prior to martensitic transformation significantly changes the properties of the microstructural constituents (block and packet sizes and inter-variant boundary network), which in turn improves the mechanical properties (toughness and hardness) of the martensite [19]. The high proportion of RA in the microstructure and the absence of secondary martensite (SM) favor ductile fracture in Q&P steel [20]. Frómeta et al. [21] highlighted that the connectivity of the secondary phases and the distribution of martensite islands play an important role in fracture toughness, with a higher ferrite volume and a homogeneous martensite distribution improving resistance to crack propagation. Crack initiation and propagation during internal fracture can be influenced by non-metallic inclusions as they act as stress risers inside the matrix [22]. They are mainly caused by the deoxidation of steel. The most common inclusions are manganese sulfides (MnS), alumina (Al3O2), calcium sulfides (CaS), carbides, and nitrides.



Temperature, strain rate, and corrosion and radiation (when steels are exposed for long periods) are the external factors that can affect the energy absorption of steel in impact tests. Lower temperatures can lead to lower fracture toughness as cracks are likely to propagate in a brittle manner [23]. This is due to the fact that the fracture mechanism of steel changes from ductile to brittle at the ductile to brittle transition temperature (DBTT). On the other hand, the fracture toughness of DP and Q&P steels increases with the strain rate. With a higher strain rate, the yield strength, ultimate tensile strength, and tensile toughness increase, which makes AHSS a good candidate for an energy absorber in the automotive industry [24,25]. This is due to the microstructural changes and deformation mechanisms that occur at high strain rates, which are related to energy dissipation leading to ductile behavior.



The geometric factors, like notch depth and notch radius, are the most prominent during the investigation of impact toughness. Madhusudhan et al. [26] investigated the effects of notch depth in detail and found that the increased depth reduces the energy absorbed. Most advanced high-strength steels, including DP steel, are notch sensitive compared with conventional steels. Wang et al. [27] also reported that the impact energy is directly proportional to the width of the notch cross-section, and the rules regarding the second-time nonlinearity of the thickness have been confirmed through a series of impact defects.



The results of investigations concerning the microstructure and mechanical properties of medium-Mn sheets produced using the Q&P process are available in the literature [28,29,30]. However, medium-Mn Q&P steels intended for products of increased thickness have not been analyzed in detail yet. The impact strength of Q&P plates is an important issue affecting their final application. The thermal gradient between the surface and core of a plate during heating and cooling is much higher compared with sheet products, and therefore, it may substantially affect the mechanical properties of plates. The impact behavior of Q&P steels is different from that in conventional steels due to the presence of RA, which transforms into martensite under loading conditions and due to the microsegregation of Mn widely observed in medium-Mn steels [31]. Hence, the goal of this study was to simulate the influence of notch radius on the stress distribution and toughness of the multiphase Q&P plates with different thicknesses using the finite element method.



The Charpy impact test is often used to investigate steel fracture parameters, and the finite element method (FEM) can provide useful insights into material behavior [26]. Numerical modeling can be employed to investigate the stress–strain analysis, structural failure analysis, and fatigue analysis. There are two approaches to FEM analysis, namely, the Lagrangian and the Eulerian. The Lagrangian technique is often used in areas where the motion and deformation of material bodies must be tracked, especially in solid mechanics and problems with large deformations [32,33]. The Eulerian technique is frequently utilized in fluid mechanics and other applications where the material under investigation moves within a defined spatial domain [34]. Material models such as Cowper–Symonds and Johnson–Cook can accurately predict the deformation behavior of high-strength steels at different strain rates [35]. The Johnson–Cook model is often used for simulations to account for the triaxiality of stress, strain rate, and temperature effects [36]. This model is commonly applied to simulate and describe situations involving plastic deformation, such as in the study of high strain rates. For ultra-high-strength Q&P steels, Abaqus simulations with user-defined subroutines have been developed to examine damage during shear processes with the aim of predicting and reducing the risk of edge cracking [37]. FEM simulation for AHSS is a crucial tool for studying the mechanical properties, performance, and optimization of these steels across many applications. Kim et al. [38] and Xia et al. [39] extensively performed numerical modeling to simulate the stress–strain relationships for AHSS. The Charpy impact test was analyzed for TWIP940, TRIP590, and 340R steel sheets, including a novel damage model to assess the fracture behavior and absorbed impact energy [40]. Significant progress has been made in understanding the microstructure and mechanical properties of Q&P steels; there is still a need for further investigation into their toughness and the implementation of numerical methods to predict their behavior under various loading conditions [14,41]. Sheet thicknesses for autobody applications (1 to 3 mm) are often investigated, but there is a lack of data on higher thicknesses commonly used in industrial plate applications [42,43], ensuring the relevance of the study for practical implementation. In such applications, the impact toughness is of primary importance. Hence, the present study fills this research gap.



This work examined the microstructural influence of partitioning time and plate thickness on the impact toughness and stress distribution of newly developed 0.17C-5.0Mn-0.76Al-0.88Si-0.06Nb Q&P steel. This study primarily employed FEM to analyze the characteristics of Charpy impact behavior. The simulation provides detailed information on the stress distribution and energy absorption of specimens over specific time intervals. There are limited comprehensive studies on medium-manganese Q&P steels using FEM to address these phenomena.




2. Materials and Methods


2.1. Materials


In this study, a Q&P steel with a medium manganese content and a chemical composition of 0.17C-5.0Mn-0.76Al-0.88Si-0.063Nb was used (Table 1).The Q&P is a heat treatment process that results in a microstructure consisting of a martensitic matrix and a considerable amount of RA, where partial quenching controls the martensite–austenite (MA) ratio and partitioning, stabilizing the austenite at room temperature.



The investigated steel was cast using a vacuum induction furnace. After casting, the steel was heated to 1200 °C for 2 h, and then it was initially hot-rolled in a temperature range of 1200–900 °C to a thickness of 22 mm. The time–temperature parameters of hot rolling and Q&P heat treatment are presented in Figure 1. After initial hot rolling, steel was reheated to 1150 °C for 30 min. Subsequently, it was hot-rolled in three to five passes to a final thickness of 12 mm and 7 mm. The final pass was performed in a temperature range of 970–870 °C. After the final pass, plates were air-cooled to the quenching temperature of 240 °C and then immediately placed in an electric furnace heated to 450 °C and held in this temperature for 300 s or 900 s. The quenching temperature of 240 °C was selected to obtain the microstructure composed of martensite and about 15–20 vol.% of austenite. The partitioning step was carried out at 450 °C to ensure the most beneficial conditions for stabilizing RA in the final microstructure. The preliminary results showed that the microstructure of the investigated steel after partitioning at 450 °C was composed of 15 vol.% lath-type RA with a minimal fraction of undesired secondary martensite. The time–temperature parameters of Q&P heat treatment were selected based on thermodynamic calculations presented in work [44]. The hot-rolling process was carried out using a LPS/B semi-industrial line located at the Łukasiewicz Research Network, Upper Silesian Institute of Technology, in Gliwice (Poland).



The microstructures of the investigated steel after quenching at 240 °C and partitioning at 450 °C for 300 s and 900 s are presented in Figure 2. It can be seen that the microstructures of plates with a thickness of 12 mm (Figure 2a,b) and 7 mm (Figure 2c,d) were composed of primary martensite (PM) formed as a result of initial quenching at 240 °C, RA in the form of thin laths, and some fraction of secondary martensite (SM) formed as a result of martensitic transformation of low-stable RA during final quenching to room temperature. The carbon content in PM was relatively low because carbon from PM laths diffused into RA during the partitioning step, and therefore, the impact strength of PM should be at a good level. The presence of SM in the microstructure was undesirable because it acted as a crack initiation area due to local stress concentration caused by increased hardness due to high carbon content [31,45]. RA in the form of thin laths was a microstructural constituent showing high ductility and impact strength; thus, its presence in the microstructure was beneficial. The microstructures of all investigated processing variants were similar; however, a slightly higher fraction of SM could be observed for samples partitioned for 900 s. Two different plate thicknesses were used in the current study: 7 mm and 12 mm Q&P steel. Tensile tests were performed using a ZWICK universal testing machine in accordance with PN-EN ISO 6892-1: 2020-05. The standard [46] utilized flat and round specimens for plate thicknesses of 7 mm and 12 mm, respectively, at a strain rate of 0.001 s−1 at room temperature.




2.2. Finite Element Simulation


In this work, two types of samples were used for numerical analysis. The specimens geometry were modeled using SolidWorks 2024 software for both full-size (10 mm × 10 mm × 55 mm) and sub-size (5 mm × 10 mm × 55 mm) dimensions, prepared according to the ISO 148-1 standard for Charpy impact testing [47]. The finite element method (FEM) analysis of the Charpy impact was carried out using ANSYS software version 2022R. The modeled specimens were imported into the ANSYS explicit dynamics module for analysis. The Johnson–Cook material model was assigned to each variant to predict the impact behavior. The full factorial combination of 2 factors (0.1 mm and 0.25 mm notch radius) and 4 levels (sample variants), which gives the maximum possible combination of 8, was used for the simulation as shown in Table 2. These radii represented sharp and moderately sharp notches, respectively, which were critical for simulating stress concentration effects according to works [48,49]. The rapidly occurring conditions, such as free fall, high speed impact, and high loads, were taken into account in the explicit dynamics. Figure 3 shows the dimensions of the Charpy specimen and the modeling setup used in the ANSYS software.



After performing the mesh sensitivity analysis, the 0.25 mm mesh size was set in the middle area of the sample and to the striker tip, while a mesh size of 0.5 mm was used for the remaining areas, as illustrated in Figure 4.



When examining situations involving large strains, such as forming processes, crashes, and high speed simulations, the Lagrangian technique provided an accurate description of the deformation. This technique monitored each material point in a body over time. The coordinates of these points were defined in relation to their initial positions in the reference configuration in the material representation.



The effects of high strain rates on the flow stress must be considered in the constitutive models in order to correctly predict the response of a material [50]. The Johnson–Cook model is a prominent material model for impacts or similar problems in metals, which describes the material properties under high temperatures, high strains, and high strain rates [51], shown in Equation (1) [52]. Since it fulfilled these conditions, the impact test could be simulated in an explicit dynamics environment. The specimen was placed on two fixed anvils. In a model plane, symmetric constraints were imposed in one model plane. There was a contact boundary condition between the specimen and the striker to allow the slip. The striker was modeled as a rigid body and moved at 5 m/s [51]. The striker possessed 450 J of kinetic energy before striking the stationary specimen. It interacted with the specimen for less than 0.02 s and transferred kinetic energy to it, which was absorbed as internal energy.


  σ = ( A + B   ε   p   n   ) ( 1 + C l n     ε  ˙    *   ) ( 1 −   T   * m   )  



(1)




where A, B, n, C, and m are the model parameters; σ is the equivalent flow stress; A is the initial yield strength at the reference strain rate;     ε   p     is plastic strain; and B and n are the strain hardening modulus and hardening exponent of materials, respectively. C is the strain rate hardening parameter, and m is the temperature softening coefficient. When the material operated at or near room temperature, the temperature rise caused by plastic deformation was minimal [53]. Under such conditions, the effect of thermal softening was small, and the homologous temperature T* was close to zero, so that the term (1 − T*) was close to unity; thus, Equation (1) was reduced to Equation (2) [54]. These parameters were obtained through fitting the experimental data (stress–strain curve) to a model equation. This involved determining the model’s parameters to ensure the flow stress predicted by the model matched the actual measurements of stress. Thus, the Johnson–Cook model parameters were refined by fitting experimental data, ensuring that the simulated impact toughness and stress distribution closely matched the actual material behavior under dynamic conditions (Table 3). The failure point was inferred using a critical strain value taken from experimental tensile testing data. To ensure the consistency of the parameters, the regression model was performed. The R-squared (R2) was used to evaluate the goodness-of-fit of a model.
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3. Results and Discussion


The comparison of the experimental results indicated that the true stress–strain data for the 12 mm and 7 mm thick plates with a 300 s partition time showed higher tensile strength above 1500 MPa, with total elongation of about 14% and 10%, respectively, as shown in Figure 5. Ren et al. [55] studied that as the partitioning time increased, the tensile strength initially increased and then decreased due to the parallel ordering morphology of the martensite lath in the microstructure. The partitioning time did not significantly influence the tensile strength of the steel. However, an increase in the partitioning time led to some decrease in the ductility of 12 mm plates but not affecting their toughness. The ductility of plates with a thickness of 7 mm was at a similar level for samples partitioned within 300 s and 900 s. A slight decrease in the toughness of 7 mm plates was noted with prolonging partitioning time to 900 s. The differences in ductility and toughness were related to the stability of RA.



3.1. Stress Distribution


Stress was induced at the point of contact where the striker impacted the specimen. The stress distribution was concentrated around the notch. Stress waves propagated through the specimen, reflecting off the edges and interacting with the notch. This produced complicated stress patterns that included tensile, compressive, and shear stresses. Ductile crack initiation and propagation in Charpy specimens altered stress distribution before the notch root, resulting in a significant increase in stress levels ahead of the notch root [56]. The distribution of stress was significantly affected by the specimen–impactor interaction time and notch geometry, which consequently influenced the crack initiation and propagation [57]. The sharper notch geometry facilitated this process, resulting in a brittle fracture behavior. The specimen with a 0.1 mm notch radius showed a higher stress rising during the initial stage of the impact simulation than the 0.25 mm notch radius specimen at 0.001 s (Figure 6a,b). A sharp rise in stress indicated the effect of notch radius size on the stress distribution and results in an early crack initiation in a 0.1 mm notch radius. The initial stage of a specimen with a 0.25 mm notch radius simulation exhibited a delay in cracking due to a lower stress at the notch tip. The result in Figure 6c showed a wider crack opening at 0.002 s compared with the result in Figure 6d during the same time period. The specimen with a notch radius of 0.1 mm showed a significant crack opening at 0.007 s compared with the specimen with a notch radius of 0.25 mm (see Figure 6e,f). Impact loading caused high stress due to the rapid application of force, which prevented stress redistribution through plastic deformation and may not allow the material enough time to undergo plastic deformation. Instead, the material experienced a concentrated stress rise, often localized and potentially leading to fracture. The increasing notch radius resulted in stress relaxation, causing a transition from brittle to non-linear fracture processes, confirming the enhanced load-bearing capacity and apparent fracture toughness found in specimens with higher notch radii [58].



In the Charpy impact simulation, the stress distribution changed dynamically, exhibiting increased stress intensity during the impact phase due to transient stress waves and strain rate effects. The stress was initially more concentrated near the notch tip, spreading throughout the specimen as the material absorbs energy. In contrast, after the end of the simulation, the stress became localized, particularly around the fracture areas, indicating residual stress states after the completion of energy absorption. Studies showed that stress became concentrated around fracture areas after simulation, indicating residual stress states [59,60]. The lower notch radius resulted in increased stress concentration both dynamically and residually, while the higher notch radius facilitated a more uniform stress distribution, thereby reducing maximum stresses [61]. These differences indicated the material’s dynamic toughness at impact and its residual strength after the loading event. At the end of the simulation, the specimen had absorbed the impact energy, and the stress distribution represented the residual stress condition. The numerical results depicted that a specimen with a 0.1 mm notch radius resulted in a higher equivalent (von Mises) stress of 1753 MPa compared with 1605 MPa with a 0.25 mm notch radius, as shown in (Figure 7a,b).




3.2. Energy Absorbed


The Charpy impact test is a standard method for assessing a material’s ability to absorb energy when subjected to impact loads. During an impact test, the kinetic energy of the impactor is transferred to a specimen and absorbed as internal energy, as shown in Figure 8. The absorbed energy depends on many factors discussed in Section 1. According to the simulation results, the energy absorbed increased with the plate thickness. The increase in the plate thickness allowed the material to endure more strain before fracturing, resulting in greater energy absorption. Thus, increasing the plate thickness from 7 to 12 mm resulted in approximately a 12–14% increase in energy absorption for the samples. Mitchell et al. [62] studied X70 pipeline steel and found that the 22 mm plate had higher toughness than the 13.5 mm plate. However, sometimes the transition from ductile to brittle was more pronounced in thick plates due to increased constraint effects, producing a tendency for brittle fracture.



In general, lamellar microstructures exhibit better fracture toughness and work-hardening rates compared with equiaxed structures [63]. The characteristics of martensite and RA play crucial roles in determining strength, ductility, and toughness. High-angle grain boundaries in martensite laths and film-like RA improve mechanical properties [64]. A multivariate function relating microstructure to toughness has been established, considering the effective grain size and MA constituent size distribution [65]. Factors such as martensite fraction, granular bainite content, and MA constituent morphology affect strength and toughness across the thickness of ultra-heavy steel plates. In this study, the steel plates had a thickness of 12 mm and 7 mm and consisted of primary martensite (PM), RA, and a fraction of secondary martensite (SM). The presence of RA in the form of thin lath-like microstructural constituents contributed to enhanced ductility and impact strength.



Figure 8 and Figure 9 show that energy absorption reached a maximum just before the fracture point in the plastic deformation region, and no further increment occurred. Seo et al. [66] have noted that during a Charpy impact test, a significant portion of this energy is associated with plastic deformation of the specimen.



The materials were susceptible to stress concentration around geometric discontinuities like notches, voids, and cracks. The energy of the Charpy fracture increased linearly with an increase in the notch tip radius [67]. The simulation results indicated that the energy absorbed by the specimens for all sample variants was not significantly affected by the size of the notch radius. However, a slight increase in the absorbed energy with increasing notch radius could be observed, as illustrated in Figure 9. The results are summarized in Table 4. The experimental results from a real impact test might be significantly lower than the simulation results, which was the case in works [68,69] for Hadfield and X80 pipeline steels. The applied methodology did not take into account microstructural details, which usually affect the results significantly [70,71,72]. The numerical simulation assumed the internal geometry of the specimen was homogeneous. Conversely, the real specimens contained non-metallic inclusions [73]; microsegregation [74], especially in steels of increased Mn content; and other structural notches, which were related to the difference between soft and hard microstructural constituents [75]. These aspects will be considered in further studies. This work was limited to plates between 7 and 12 mm thick; plates and sheets with a thickness below 7 mm should show a higher yield strength, but this requires further investigation. The numerical simulation approach used in this study provides a framework that can be adapted for other advanced high-strength steels.





4. Conclusions


The Charpy impact behavior of Q&P steel with a medium manganese content (5 wt.% Mn) was analyzed in terms of energy absorption and stress distribution under dynamic loading conditions with different notch radii and plate thicknesses using the finite element method (FEM). Based on the simulation results, the following conclusions were drawn:




	
The microstructure of the investigated steel for both 12 mm and 7 mm sample thickness consisted of primary martensite formed upon initial quenching at 240 °C, thin laths of RA, and some fraction of secondary martensite formed during final quenching.



	
The Johnson–Cook material model, employed in the explicit dynamics module, effectively predicted the Charpy impact response of the analyzed multiphase steel under conditions of high strain and strain rates.



	
The stress concentration occurred in the vicinity of the notch due to the localized intensity of the stress caused by the notch’s geometry. Consequently, the specimens with a 0.1 mm notch radius demonstrated an early wider crack opening and a higher stress than those with a 0.25 mm notch radius.



	
The energy absorbed during fracture demonstrated similar values. The specimen with a 0.1 mm notch radius absorbed 340 J, while the specimen with a 0.25 mm notch radius absorbed 345 J for a 900 s partitioning time.



	
The findings showed that the partitioning time had little effect on the tensile strength of steel, but increasing it slightly reduced the ductility of 12 mm plates and toughness of 7 mm plates, with these changes related to the stability of RA. It is especially critical for 7 mm plates and was not the case for 12 mm plates. Furthermore, the energy absorption of the samples increased by about 12–14% with increasing the thickness of the plate from 7 to 12 mm.



	
The study provided valuable insights into the impact behavior of the investigated multiphase steel under various conditions, highlighting the influence of notch geometry, partitioning time, and plate thickness on the fracture behavior and energy absorption of advanced Q&P steel.
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Figure 1. Processing schedule of investigated steel. 
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Figure 2. SEM multiphase microstructures after quenching at 240 °C and partitioning at 450 °C: (a) 300 s (plate 12 mm), (b) 900 s (plate 12 mm), (c) 300 s (plate 7 mm), and (d) 900 s (plate 7 mm). PM—primary martensite; SM—secondary martensite; RA—retained austenite. 
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Figure 3. Charpy impact specimen: (a) ISO 148-1 dimension and (b) modeling setup in the ANSYS software. 
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Figure 4. Geometry partitioning and mesh refinement in critical areas of the specimen and the striker. 
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Figure 5. Comparison of true stress–strain curves for different plate thicknesses and partitioning times. 
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Figure 6. Stress distribution and cracking over time: (a) 0.1 mm notch radius specimen at 0.001 s, (b) 0.25 mm notch radius specimen at 0.001 s, (c) 0.1 mm notch radius specimen at 0.002 s, (d) 0.25 mm notch radius specimen at 0.002 s, (e) 0.1 mm notch radius specimen at 0.007 s, and (f) 0.25 mm notch radius specimen at 0.007 s. 
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Figure 7. Stress distribution after the impact: (a) 0.1 mm notch radius and (b) 0.25 mm notch radius. 
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Figure 8. Transformation of kinetic energy to internal energy during impact simulation. 
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Figure 9. Energy absorbed versus time for 7 mm plate steel: (a) Q240P450(300 s) and (b) Q240P450(900 s). 
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Table 1. Chemical composition of steel.
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	Element
	C
	Mn
	Al
	Si
	Nb
	Fe



	Weight %
	0.17
	5.0
	0.76
	0.88
	0.063
	Bal.










 





Table 2. Full factorial combination of the levels of the factors and sample variants.
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	Combination
	Notch Radius (mm)
	Sample Variant
	Standard





	1
	0.1
	Q240P450(300 s)
	Full-size



	2
	0.1
	Q240P450(900 s)
	Full-size



	3
	0.1
	Q240P450(300 s)
	Sub-size



	4
	0.1
	Q240P450(900 s)
	Sub-size



	5
	0.25
	Q240P450(300 s)
	Full-size



	6
	0.25
	Q240P450(900 s)
	Full-size



	7
	0.25
	Q240P450(300 s)
	Sub-size



	8
	0.25
	Q240P450(900 s)
	Sub-size










 





Table 3. Johnson–Cook model parameters.
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	Sample Variant
	Plate Thickness (mm)
	A

(MPa)
	Ultimate Tensile Strength (UTS)

(MPa)
	B

(MPa)
	n
	C





	Q240P450(300 s)
	12
	683
	1400
	6836
	0.855
	0.0264



	Q240P450(900 s)
	12
	649
	1388
	6367
	0.768
	0.0268



	Q240P450(300 s)
	7
	808
	1387
	3391
	0.670
	0.034



	Q240P450(900 s)
	7
	746
	1367
	6974
	0.830
	0.030










 





Table 4. The results of energy absorbed for each sample variant and plate thickness.
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Sample Variant

	
Plate Thickness (mm)

	
Energy Absorbed (J)




	
0.1 mm Notch Radius

	
0.25 mm Notch Radius






	
Q240P450(300 s)

	
12

	
432

	
439




	
Q240P450(900 s)

	
12

	
430

	
436




	
Q240P450(300 s)

	
7

	
370

	
375




	
Q240P450(900 s)

	
7

	
340

	
345

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
Mag=500kx

Mag=500kx

EHT = 20,00 kV  Signal A =SE2
EHT =20.00 kV  Signal A = SE2

| WD=164mm
WD =154 mm

10}
—_

Signal A = SE2

Mag= 500k x

Signal A = SE2
Mag =600k x

\ WY
< i
" . ~;-.—/
) %JL:..,./ \
VTS
| _.KE_W
: !

-
77

\

-
=
\?

&

N

4
.
VA

e

!

. EHT =20.00 kV
WD =13.7 mm

EHT = 200.00 kV
WD = 16.2 mm

___
/

N,

2

3

1

10 pm

“\,\
_ M

—_
a ..

(35
- »






nav.xhtml


  symmetry-17-00053


  
    		
      symmetry-17-00053
    


  




  





media/file18.png
Absorbed Energy (J)

400

W
Ul
-

300

N
o)
-

e (),25 mm notch radius

ws (), ] mm notch radius

0.005 0.01 0.015 0.02
Time (5s)

(a)

0.025

Absorbed Energy (J)

400

W
U1
-

300

N
U1
-

e ().25 mm notch radius

e (), ] mm notch radius

0.005

0.01 0.015 0.02 0.025

Time (s)

(b)





media/file16.png
500

Internal energy

Kinetic energy

0.005 0.01 0.015 0.02
Time (S)

0.025





media/file2.png
Temperature (°C)

1150 °C/1800 s

£2-Rolling
— PT-300 s
— PT-900 s






media/file5.jpg
Ros

1000

ss00

(a) (b)





media/file3.jpg





media/file1.jpg
Temperature (°C)

1150 °C/1800 s

Time (s)






media/file7.jpg





media/file10.png
True stress (MPa)

1600

p—
N
-]
-]

800

W
-
-]

— ()240P450(300s) - 12 mm plate

e ()240P450(900s) - 12 mm plate
(Q240P450(300s) - 7 mm plate

— ()240P450(900s) - 7 mm plate

0.05

True strain 0.1 0.15





media/file12.png
A: Fxplicit 1) A: Txplicit Dynamics
A: Fxplicit Dynamics - e
F alent Stre E n

(von-Mises) Stress

[ Time: 0001 s
015 [T — m—— Cycle Number: 105016 —
Cycle Number: 19501 / — y — - e
18112024 14:52 15

26348 Max

3.4022 Min

23012 Min

A: Faplicit Dynamics

quivalent Stres

A: Explicil Dynamics
E Stress
Type

- \ Time: 0.002s
Cycle Nun

360469

- 18.11.2024

28818 Max

25618

121.85

m 1.8579 Min
I 20326 Min

(d)

A: Explicit Dynamics
X X Lquivalent Stre
A: Explicit Dynamics

Fquivalent Stress

n-Mises) Stress

Type: Lquivalent (von-Mises) Stress
Unit: MPa

TIime: 0.007 s

Iype: Equivalent (v

Cycle Number: 109355
18.11.2024 15

319.48

11.418 Min






media/file9.jpg
)

True stress (MP:

1600

g

400

——Q240P450(300s) - 12 mm plate

——Q40P450(900s) - 12 mm plate
———Q240P450(300s) - 7 mm plate

——Q240P450(900s) - 7 mm plate

0.05

True strain -1 0.15





media/file19.png





media/file14.png
A: Explicit Dynamics
Equivalent Stress

A: Explicit Dynamics
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Time: 0025 Unit- MPa
Cycle Number: 2502045 ‘
18.11.2024 09:56

Time: 0.02s
Cycle Number: 4379078
18.11.2024 10:10
1753.9 Max 10:1
1559.7
5

1605.1 Max
1426.7

6.1166 Min

a b





media/file8.png





media/file11.jpg
£ B SE





media/file6.png
R0.25

N R2.00
\ 10?00
l

55.00

(a) (b)





media/file15.jpg
——Internal energy

Kineic energy

0 0.005 0.01 