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Abstract

:

In this research, a new type of spring steel with ultra-high strength and toughness was designed, and its mechanical properties and microstructure under different heat treatment processes were studied. The results show that the optimal heat treatment process for the steel is oil quenching at 890 °C for 40 min, followed by tempering at 400 °C for 1 h. Its mechanical properties have an optimal combination of 1865MPa tensile strength, a yield strength of 1662 MPa, an elongation of 11.5%, a cross-sectional shrinkage of 51.5%, and a Charpy impact energy of 43.7 J at room temperature. With increasing austenitizing temperature, the austenite grain size increases, the martensite lath becomes thicker, and the strength decreases. With increasing tempering temperature, the lath boundary of martensite becomes blurred, the strength decreases, and the plasticity improves. In addition, it was found that during tempering at higher temperature (450 °C), large particle inclusions and secondary cracks appeared in the fractured surface, and a large number of carbides precipitated, leading to the brittleness of tempered martensite.
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1. Introduction


Developments in the automobile industry have caused serious problems in terms of energy consumption and environmental pollution, so the need for lightweight components is becoming more important. It has been reported [1] that using high-strength leaf springs is an effective way to achieve weight reductions in the automobile industry. At the same time, considering the harsh service environment and complex force situations of springs, it is necessary to pursue super-high strength materials that also have good mechanical properties and high impact toughness, so that vehicles can better absorb and disperse vibrations and impacts on the road during driving. Therefore, developing spring steel with ultra-high strength and toughness is an important research direction for automotive leaf springs.



It is well known that the main methods for developing spring steel with high strength and toughness include adjusting its alloy composition [2], microalloying [3,4,5], and optimizing heat treatment processes [6]. Over the years, the heat treatment process has evolved from traditional quenching and tempering (Q−T) to quenching and partitioning (Q−P); on this basis, various heat treatment methods based on Q−P technology have been developed to achieve better mechanical properties for spring steel [7]. Currently, medium- and high-carbon silicon spring steels such as 55SiCr [8], 54SiCrV [9], and 60Si2MnA [10] have been commercially used as suspension springs. Some typical studies, for example, Ma et al. [11], developed ultra-high strength spring steel (>2000 MPa) by adding microalloying elements such as Nb, V, and Ti to 55SiCr steel, and utilizing the precipitation behavior of carbonitrides. Chen et al. [12] obtained a new high strength spring steel with a tensile strength and elongation of 2021 MPa and 10.3%, respectively, by implementing a series of heat treatment processes on 55SiCrVNb. Several studies [2,12,13,14] have shown that the yield strength of spring steel mainly comes from dislocation strengthening and precipitation strengthening. However, the increase in strength causes some decrease in toughness. The ultra-high strength spring steel mentioned in Ref. [13] has a tensile strength of 2002 MPa, a yield strength of 1775 MPa, an elongation of 11.1%, a reduction in area of 47%, but an impact energy of only 38 J. In addition, studies such as Refs. [15,16] have shown that the tensile strength of 50CrMnSiVNb spring steel with an elongation of 10% is approximately 1700 MPa, but the highest impact energy does not exceed 40 J. It is worth noting that the second-phase particles in steel have a different hardness from the matrix, and when deformation occurs, they do not coordinate with the matrix deformation, leading to stress concentration around carbides and deterioration in impact behavior [17]. Study [18] has shown that adding rare earth elements to steel can change the quantity and size of inclusions and carbides, reduce the adverse effects of impurity elements in steel, refine grains, reduce interface energy, and improve impact toughness. Xia et al. [16] found that the segregation formed by Mn in the microstructure is more likely to lead to the formation of cleavage surfaces, resulting in a decrease in impact toughness. Some studies [17,19] revealed that adding a certain amount of Ni can effectively improve toughness. Film-like residual austenite can hinder crack propagation and improve toughness [20]. Atsushi Ito et al. [21] found that Mn reduces the rate of dislocation multiplication, thereby lowering the work hardening rate. A study by Zhang et al. [22] indicated that increasing the oil bath temperature during quenching can increase the amount of retained austenite, and also improve toughness. Research in Ref. [23] indicated that when the V content in steel is 0.1%, the proportion of high-angle grain boundaries is less affected by temperature. Considering the beneficial effect of large-angle grain boundaries on impact toughness, an appropriate amount of V is added in the composition design to make the experimental steel exhibit more stable impact toughness under the same conditions as much as possible. Jiang et al. [24] conducted a study on the influence of different Nb contents on the microstructure evolution and impact behavior of M/A, and found that an increase in Nb content leads to an increase in the proportion of M/A components, and a decrease in the crack initiation energy. Further analysis revealed that an increase in the proportion of M/A components has a certain adverse effect on impact toughness. This makes it necessary to consider both the contribution of Nb (C, N) formed by Nb to the strength of the steel, and its potential adverse effects on impact toughness when designing the alloy composition of the experimental steel. It was also found in Refs. [25,26] that cleavage cracks appear at large-angle grain boundaries such as original austenite grain boundaries, martensite lath boundaries, and martensite packet boundaries. Thus, it is believed that large-angle grain boundaries can effectively hinder the propagation of cleavage cracks. Li et al. [27] aimed to change the dissolution of carbides during the austenitization process by holding austenite below its critical transformation temperature, in order to obtain more uniform and fine second-phase particles, thereby improving impact toughness without sacrificing strength. Therefore, introducing large-angle grain boundaries by adjusting the heat treatment process and adding an appropriate amount of microalloying elements have also become important ways to improve the toughness of spring steel.



The heat treatment process of spring steel mainly involves quenching and medium-temperature tempering. It is well known that quenching and tempering temperatures directly affect the strength and ductility of spring steel. The austenitizing temperature can affect the grain size, number of carbides, and proportion of large-angle grain boundaries. During the tempering process, the martensite structure undergoes recovery, while the retained austenite decomposes, and the size, quantity, and distribution of carbides in steel change. In addition, even small changes in alloy composition can alter the processing parameters of the optimal heat treatment. Therefore, it is necessary to explore the heat treatment process of spring steel with different contents of microalloying elements, in order to guide industrial production.



Although significant progress has been made in the research of ultra-high strength steel, the improvements in toughness have not been significant. On the basis of 55SiCrVNb steel, in this research, we designed a new type of high-strength and high-toughness spring steel by lowering the C and Mn contents, and increasing the Ni content. The quenching and tempering heat treatment was studied, and the influence of different heat treatment conditions on the microstructure, mechanical properties of the steel taken were taken into account. The aim of this study is to clarify the optimal heat treatment process for this new type of spring steel under this chemical composition, so that it can possess both ultra-high strength and toughness for future applications.




2. Experimental


The chemical composition of the designed spring steel is listed in Table 1. The ingot was firstly smelted in a medium-frequency vacuum induction furnace (150 kg capacity), and then forged at 1200 °C to obtain a billet (150 mm × 150 mm in cross section). After that, the billet was heated to 1200 °C in a resistance furnace and soaked for 3 h. Finally, a two-roll reversible hot rolling mill (ϕ450 mm) was used for the subsequent two-stage controlled rolling. The first stage of rolling began at 1050 °C, with a final thickness of 20 mm after 9 passes of rolling, and then it was air cooled to 850 °C for the second stage of rolling. After 5 passes of rolling, a thickness of 12 mm plate was obtained and air cooled to room temperature. The final rolling temperature was 800 °C.



Based on the chemical composition of the experimental steel, combined with relevant empirical Formulas (1)–(3), preliminary predictions were made for the critical transformation temperatures of austenite Ac3 and Ac1, as well as the martensitic transformation temperature Ms [28].


Ac1 = 723 − 26Si + 20Cr + 55V − 18Ni − 12Mn



(1)






Ac3 = 910 − 320C − 14Ni − 10Mn + 5Cr + 5V + 18Si



(2)






Ms = 520 − 320C − 50Mn − 30Cr − 20Ni − 5Si



(3)







According to the above formula, the theoretical Ac1 of the experimental steel is 699 ° C, Ac3 is 809 ° C, and Ms is 322 °C. The samples were heated to 860 °C, 890 °C, 920 °C, and 950 °C for 40 min, and then oil quenched to room temperature. After tempering at 400 °C for 1 h, they were water cooled to room temperature. The optimal austenitizing temperature was determined on the basis of the results of the mechanical properties test. The samples were labeled as Q860-T, Q890-T, Q920-T, and Q950-T. Tempering was carried out at 300 °C, 350 °C, 400 °C, and 450 °C for 1 h and then water cooled to room temperature. The corresponding samples were marked as Q-T300, Q-T350, Q-T400, and Q-T450, respectively. The heat treatment process is shown in Figure 1.



Three tensile specimens and three U-notch impact specimens were taken from the heat-treated steel plates. According to China national standard GB/T 228.1-2021, the room temperature tensile and impact specimens were processed and subjected to tensile tests at a tensile rate of 3 mm/min on the SANS-CMT5105 testing machine, and room temperature impact tests were conducted on the SANS-ZBC2452 pendulum impact testing machine. The ZEISS-ULTRA55 field emission scanning electron microscope (SEM) and its equipped electron backscatter diffraction (EBSD) system were used to observe the microstructure and impact fracture morphology, with a step size of 0.1 μm. After grinding with 240# to 1500# sandpaper and polishing with DNW2.5 water-soluble diamond grinding paste, a 4% nitric acid alcohol solution was used for corrosion. After grinding and polishing, the EBSD samples were vibration polished for 4 h with a frequency of 60 Hz. The polishing solution was a mixture of silica (50 nm) suspension and water (1:1 in volume). The amount of retained austenite in the tempered samples was quantitatively analyzed using a Smart Lab (Cu target) X-ray diffractometer (XRD), and the procedure used for XRD sample preparation is similar to that of the EBSD sample.




3. Results and Discussion


3.1. Microstructure


3.1.1. Effect of Austenitizing Temperature on Microstructure


Figure 2 shows the matrix microstructure of the sample quenched at 860 °C~950 °C and tempered at 400 °C, which consists of lath martensite and a small martensite−austenite island (M/A) made of retained austenite (consistent with the organizational characteristics in reference [7]). When the austenitizing temperature is lower than 920 °C, there are undissolved carbides (red circle) between the martensite laths and the boundary of martensite laths becomes blurred, as can be seen in Figure 2a,b. When the austenitizing temperature is increased to 920 °C or above, the carbides between the laths become greatly reduced, and the lath boundaries gradually become clearer. The laths in the martensite blocks tend to be arranged in parallel, the original austenite grain size increases, and the martensite laths become coarser. As the austenitizing temperature increases, the degree of undercooling increases, and the phase transformation temperature decreases, resulting in an increase in retained austenite during quenching (black arrow).




3.1.2. Effect of Tempering Temperature on Microstructure


Figure 3 shows SEM microstructures of the experimental steel quenched at 890 °C and tempered at 300 °C~450 °C, characterized by tempered troostite. Due to the decomposition of martensite, the dissolvable carbon atoms are ordered, resulting in the precipitation of carbides from the supersaturated martensite. Increasing the tempering temperature can lead to an increase in the width of the martensite plate, and an increase in the precipitation of carbides [29]. From Figure 3a–d, it is clear that the lath M recovers, the lath boundaries gradually dissolve, and the lamellar spacing increases.



Figure 4a shows the XRD diffraction pattern of the experimental steel after tempering at different temperatures. The amount of retained austenite Vγ and the carbon content Cγ in the retained austenite in Figure 4b are obtained from the diffraction results and Equations (4)–(6). According to Equation (1), the volume fraction of retained austenite (Vγ) can be calculated using the (200)α, (211)α, (200)γ, (220)γ, and (311)γ diffraction peaks [30]:


Vγ = 1.4Iγ/(Iα + 1.4Iγ) × 100%



(4)







Iα and Iγ in Equation (1) are the diffraction-integrated intensities of martensite and austenite, respectively. According to Equation (2), the carbon concentration (Cγ) in retained austenite can be calculated as follows [31]:


Cγ = (αγ − 3.547)/0.046 × 100%



(5)







In Equation (2), αγ is the average lattice parameter of retained austenite. Using Equation (6), αγ is calculated through the diffraction angle and the corresponding [hkl] diffraction [30]. Λ is the diffraction wavelength.


Aγ = λ(h2 + k2 + l2)1/2/2sinθ



(6)







It can be seen from Figure 4 that when the tempering temperature increases from 300 °C to 350 °C, the amount of retained austenite Vγ increases from 9.08% to 13.22%; the corresponding carbon content in the retained austenite increases from 1.14% to 1.49%, with a relatively small increase. When the tempering temperature increases beyond 350 °C, the retained austenite content decreases and the carbon content also decreases.





3.2. Mechanical Properties


Figure 5 shows the engineering stress−strain curves of experimental steel under different heat treatment processes, and their mechanical performance data are listed in Table 2. From Table 2, it can be seen that as the austenitizing temperature increases, the tensile strength and yield strength both decrease. The elongation and cross-sectional shrinkage of the Q890-T specimen remain relatively high compared to the other specimens. When the austenitizing temperature exceeds 890 °C, the elongation gradually decreases. The performance requirements for the experimental steel used in this article are as follows: yield strength >1450 MPa, tensile strength >1650 MPa, elongation ≥ 12%, reduction in area ≥ 40%, and impact energy (KU2) ≥ 40 J at 20 °C. Therefore, although the strength indicators under all quenching conditions meet the requirements, considering the elongation, 890 °C is considered the optimal austenitizing temperature. Thus, tempering experiments were conducted at this temperature. As shown in Table 2, with the increase in tempering temperature, the yield strength and tensile strength decrease to 1635 MPa and 1861 MPa, respectively. The elongation first decreased and then increased, while the cross-sectional shrinkage first increased and then decreased. However, the overall trend was upward, increasing from 10.8% and 47.1% to 12.7% and 51.1%, respectively, and the proportion of improvement in elongation is 17.6%.




3.3. Impact Toughness


The room temperature Charpy impact energy at different tempering temperatures was plotted in Figure 6, which shows that as the tempering temperature increases, the impact energy has a wavy decreasing trend. The impact energies absorbed for the Q-T300 and Q-T400 specimens are 44.2 J and 43.7 J, respectively. The two values are very close. When the tempering temperature is 450 °C, the impact energy shows a significant decrease, dropping to 35.4 J. Based on this inference, it is possible that there may be structural defects in the steel that have an adverse effect on its toughness, such as large particle inclusions. Figure 7 shows the impact fracture morphology of experimental steel after tempering at different temperatures. In Figure 7a,c, there are numerous cleavage planes (black arrows) and a small number of smaller and shallower dimples, with a few micropores (yellow circles) and cleavage steps (white arrows). In Figure 7b, in addition to a small number of ductile dimples and a large number of cleavage planes, there are also secondary cracks (white circles) and holes formed by the drop of large particle inclusions (red circles), which lead to a decrease in the impact energy to 41.9 J; in Figure 7d, a large number of cleavage planes are distributed, with almost no dimples observed. At the same time, secondary cracks and large-sized pores appear, which further deteriorate the impact toughness. Figure 8 shows the GB graph of the experimental steel after tempering at different temperatures, and Figure 9 shows the statistical graph of the proportion of grain boundaries in different tempered samples. According to the scatter plot in Figure 9, the Q-T350 sample has the highest proportion of high-angle grain boundaries at 74.9%, while the proportion of high-angle grain boundaries in the other samples is around 71%, with little difference. Through comprehensive consideration of mechanical properties and impact toughness, it can be considered that 400 °C is the optimal tempering temperature.





4. Discussion


The microstructure after quenching treatment is mainly parallel-arranged lath martensite. As the austenitizing temperature increases, the lath arrangement gradually becomes parallel, the width increases, and the length increases. This is because as the temperature increases, the thermal activation energy in steel increases [4], making carbon atoms more active to diffuse faster from inside the grains to near the grain boundaries, prompting the growth of austenite grains. In addition, the driving force of the martensitic transformation comes from the free energy difference between the old and new phases [32]. Therefore, as the heating temperature increases, the degree of undercooling generated during quenching increases. The resulting nucleation driving force increases, causing the phase transformation to occur more rapidly; thus, the lath size increases and the strength decreases. In addition, M/A is a soft phase, and an increase in the M/A island content will also reduce the strength of the high-temperature quenched samples.



After tempering, the structure mainly undergoes martensite recovery, carbide precipitation, and decomposition of the retained austenite. As we all know, the high-density dislocations in martensite recover during the tempering process, and the dislocations are reduced. As the tempering temperature increases, the degree of dislocation recovery increases, thereby reducing the yield strength of the material. The specific dislocation density can be imported into Topas 7 software from the XRD diffraction results for fitting calculation. The dislocation densities of the Q-T300~Q-T450 were found to be 6.26 × 1015 m−2, 5.23 × 1015 m−2, 4.23 × 1015 m−2, and 3.29 × 1015 m−2, respectively, which can be obtained by substituting them into Equation (7) to obtain the contribution of dislocation strengthening σp [33]:


    σ   p   = α   M   d   Gb  ρ   



(7)







The calculated data are listed in Table 3, and the obtained data are consistent with the actual performance.



Liu et al. [34] found that the tempering process causes the precipitation and transformation of carbides in martensite. The silicon content has an important influence on the decomposition or transformation temperature of ε-carbide. Some studies, such as Refs. [35,36] indicated that silicon elements have a certain inhibitory effect on the decomposition of ε-carbide and cementite transformation. That is to say, the content of Si element is related to the transformation temperature of ε-carbide, and shows a synchronous change pattern. In low alloy steel (silicon content 1.6%) studied by Kozeschnik et al. [22], ε-carbide begins to transform into cementite at the tempering temperature of 260 °C. The Si content of the steel in this experiment is 1.46% (mass percentage), so in the Q-T300 sample, the precipitation and transformation of ε-carbide occur simultaneously. This process in steel causes the carbon concentration in the supersaturated martensite to decrease, and the cementite content to increase. The calculation formula (8) [13] of solid solution strengthening is as follows:


    σ   s s   = 4570   C % + 83 Si % + 37 Mn % − 30 Cr %  



(8)







According to the formula, a decrease in carbon concentration leads to a weakening of solid solution strengthening; the precipitation of cementite increases the contribution of precipitation strengthening, but it cannot make up for the loss of dislocation strengthening. Therefore, it can be considered that the weakening of dislocation strengthening due to martensite recovery is the main reason for the decrease in strength as the tempering temperature increases.



During tempering, the retained austenite and its carbon content also undergo dynamic changes. When the tempering temperature increases from 300 °C to 350 °C, the carbon atoms in the supersaturated martensite diffuse into the untransformed austenite, increasing its stability; thus, so the retained austenite content increases [37,38]. When the tempering temperature is higher than 350 °C, the microalloying elements diffuse, causing the precipitation of carbides to increase, the carbon content to decrease, the Ms point to increase, and the retained austenite to decompose. Research in Ref. [39] has shown that film-like retained austenite can hinder crack propagation and improve toughness. When the tempering temperature increases from 400 °C to 450 °C, the retained austenite content is the lowest, only 5.41%, and the number of carbide precipitations in the matrix is the largest. When subjected to impact deformation, the precipitation of carbides is inconsistent with the deformation of the matrix, which can easily cause cracks. Moreover, the residual austenite content and the number of high-angle grain boundaries are small, making it difficult to hinder the expansion of cracks. Figure 8d shows that there are holes formed by the falling of large particle inclusions, a large number of cleavage planes, and tearing edges on the impact fracture surface. The impact energy is greatly reduced to 35.4 J, and tempered martensitic brittleness appears at this time.




5. Conclusions


In this study, a new high-strength and high-toughness spring steel with a tensile strength of approximately 1800 MPa was developed and characterized using SEM, XRD, and EBSD, and the optimal heat treatment process of this steel grade was obtained based on an evaluation of its mechanical properties and microstructure. The following conclusions can be drawn:




	(1)

	
The optimal heat treatment process is oil quenching at 890 °C for 40 min, followed by tempering at 400 °C for 60 min, and then water cooling. Under such processing conditions, this spring steel has high strength and high plasticity. Its tensile strength reaches 1865 MPa, its yield strength is 1662 MPa, its elongation is 11.5%, its area shrinkage is 51.5%, and its impact toughness reaches 43.7 J.




	(2)

	
After quenching, the microstructure of this spring steel is mainly composed of lath martensite and a small amount of retained austenite. As the austenitizing temperature increases, the size of martensite laths increases, and the amount of martensite and M/A increase, which is the main reason for the decrease in strength. After tempering, this spring steel mainly undergoes martensite recovery, resulting in a reduction in dislocation density. This is the main reason for the decrease in strength caused by an increase in tempering temperature.




	(3)

	
In different tempering temperature ranges, the atomic diffusion capabilities in steel are different, causing the amount of retained austenite to first increase, and then decrease. At 450 °C, the steel exhibits tempered martensitic brittleness due to the massive decomposition of retained austenite and the precipitation of carbides.
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Figure 1. Schematic diagram of heat treatment process. 
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Figure 2. SEM micrographs of the experimental steel after quenching at different temperatures and tempering at 400 °C. (a) Q860-T; (b) Q890-T; (c) Q920-T; (d) Q950-T. 
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Figure 3. SEM micrographs of the experimental steel after quenching at 890 °C and tempering at different temperatures: (a) Q-T300 (b) Q-T350; (c) Q-T400; (d) Q-T450. 
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Figure 4. XRD results of the experimental steels after different treatments: (a) XRD patterns; (b) the volume percentage (Vγ) and average carbon concentration (Cγ) of the retained austenite. 
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Figure 5. The engineering stress−strain curves of the experimental steel for different austenitizing temperatures and tempering temperatures. (a) Austenitizing temperature and (b) tempering temperature. 
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Figure 6. The impact absorbed energy of the experimental steel tempered at different temperatures after austenitizing at 890 °C. 
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Figure 7. SEM micrographs of the impact fracture surfaces. (a) Q-T300; (b) Q-T350; (c) Q-T400; (d) Q-T450. 
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Figure 8. EBSD results of the experimental steels. (a) Q-T300; (b) Q-T350; (c) Q-T400; (d) Q-T450. 
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Figure 9. Statistical diagram of grain boundary proportions after tempering at 300 °C~450 °C. 
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Table 1. Chemical composition of the experimental steel (in wt pct).






Table 1. Chemical composition of the experimental steel (in wt pct).





	C
	Si
	Mn + Cr + Ni
	Ti + Nb + V
	Al
	S
	P
	Fe





	0.38
	1.47
	2.20
	0.16
	0.048
	0.0045
	0.0033
	Bal.










 





Table 2. Mechanical properties of the experimental steel under different heat treatments.
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	Sample
	YS (MPa)
	TS (MPa)
	TEL (%)
	RA (%)





	Q860-T
	1700
	1888
	10.1
	49.7



	Q890-T
	1662
	1865
	11.1
	51.5



	Q920-T
	1635
	1862
	10.4
	51.5



	Q950-T
	1633
	1858
	10.0
	51.1



	Q-T300
	1735
	2020
	10.8
	47.1



	Q-T350
	1713
	1953
	10.3
	48.2



	Q-T400
	1662
	1865
	11.5
	51.5



	Q-T450
	1635
	1861
	12.7
	51.1










 





Table 3. Dislocation density and dislocation strengthening values of different tempered samples.
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	Sample
	Q-T300
	Q-T350
	Q-T400
	Q-T450





	ρ (m−2)
	6.26 × 1015
	5.23 × 1015
	4.23 × 1015
	3.29 × 1015



	σp (MPa)
	1177.5
	1076.1
	967.8
	853.5
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