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Abstract

:

Different austenitizing temperatures were used to obtain medium-carbon low-alloy (MCLA) martensitic steels with different lath martensite microstructures. The hierarchical microstructures of lath martensite were investigated by optical microscopy (OM), electron backscattering diffraction (EBSD), and transmission electron microscopy (TEM). The results show that with increasing the austenitizing temperature, the prior austenite grain size and block size increased, while the lath width decreased. Further, the yield strength and tensile strength increased due to the enhancement of the grain boundary strengthening. The fitting results reveal that only the relationship between lath width and strength followed the Hall–Petch formula of. Hence, we propose that lath width acts as the effective grain size (EGS) of strength in MCLA steel. In addition, the carbon content had a significant effect on the EGS of martensitic strength. In steels with lower carbon content, block size acted as the EGS, while, in steels with higher carbon content, the EGS changed to lath width. The effect of the Cottrell atmosphere around boundaries may be responsible for this change.
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1. Introduction


Medium-carbon low-alloy (MCLA) steel has an excellent combination of strength, toughness and hardenability and is widely used in structural components with large sections, such as generator spindles and automotive crankshafts [1,2,3]. Lath martensite is a typical microstructure seen in MCLA steel after quenching. There are several elements in lath martensitic microstructures. Prior austenite grains (PAGs) are divided into several packets, which consist of parallel blocks. The blocks are composed of laths, arranged parallel to each other. Low-angle grain boundaries (LAGBs) exist among laths, while high-angle grain boundaries (HAGBs) exist among packets and blocks [4,5,6].



An early work [7] indicated that the PAG size was the effective grain size (EGS) of strength in the Hall–Petch formula. Subsequently, the Hall–Petch relationship between yield strength and packet size was discovered by Swarr et al. in Fe–0.2C alloy [8], by Roberts in Fe–Mn alloy [9], and by Wang et al. in 17CrNiMo6 steel [10]. With the development of characterization technology, Morito et al. [11] revealed that the block width in Fe–0.2C and the Fe–0.2C–2Mn alloys is the key structural parameter controlling the strength of lath martensite by utilizing electron backscattered diffraction (EBSD). Similar results were presented by Zhang et al. [12], Long et al. [13], and Li et al. [14]. However, the martensite lath was also considered to be an effective control unit of strength in the research of Smith et al. in 42CrMo steel [15] and Kim et al. in Fe-0.55C alloy [16]. So far, there are still controversies regarding the EGS of strength in lath martensite.



Previous studies focused mainly on low-carbon steels. However, reports are scarce on the relationship between lath martensite microstructures and strength in medium-carbon steels has been. In lath martensite, carbon atoms segregate around dislocations and grain boundaries, rather than interstitial solution in the lattice [17]. The different carbon contents in steel can change the amount of segregated carbon atoms around the grain boundaries, which therefore affects its strength. In fact, research on low-carbon steel [8,9,10,11,12,13,14] draws the conclusion that the block/packet size is the key structural parameter in controlling the strength of lath martensite, while research on medium-carbon steel [16,18] tends to suggest that the strength depends primarily on the lath width. However, little work has been done on medium-carbon steel. Therefore, it is necessary to study the relationship between the martensite multi-level microstructure and strength in medium-carbon steel in order to verify the above finding.



In this work, austenitizing temperatures of 850–940 °C were used to obtain different sizes of PAG, block, and lath in the experimental MCLA steel. Then, optical microscopy (OM), EBSD, and transmission electron microscopy (TEM) were utilized to quantify the multi-level structural parameters at different austenitizing temperatures. The classical Hall–Petch formula of strength was assessed with PAG size, block width, and lath width respectively in order to clarify the EGS that governs the strength in the experimental MCLA steel. In addition, the influence of carbon content on the effective grain size of strength is summarized and further elucidated based on the above results as well as data from published research.




2. Experimental Procedures


2.1. Materials and Heat Treatment


The MCLA martensite steel used in this investigation was melted in a vacuum furnace and cast into a 25 kg ingot. Then, the ingot was forged into a round rod. Specimens with a dimension of 60 mm × 60 mm × 60 mm were taken from the rods. The chemical composition of the experimental steel was determined by an inductively coupled plasma emission spectrometer (ICP-6300, Thermo Fisher Scientific Company, Waltham, USA), and the result is shown in Table 1. Figure 1 shows the dilatometric curve of test steel, indicating that the Ac1 (austenitization starting point) and Ac3 (austenitization ending point) were respectively 735 °C and 818 °C. Based on the dilatometric curve, the heat treatment processes were as follows. First, the specimens were annealed at 860 °C for 3 h, followed by furnace cooling. Then the specimens were austenitized at different temperatures of 850, 880, 910, and 940 °C for 3 h, and quenched by water cooling.




2.2. Microstructure Observation


The PAGs were observed via OM (AxioCam MRc5, ZEISS Company, Oberkochen, Germany). The OM specimens were etched with a supersaturated picric acid solution, which was configured with 25 g of water and 0.7 g of picric acid. The martensite packets and blocks were characterized with EBSD. As the lath width is generally 0.2–0.3 μm [5,12,13], the step size was chosen to be 0.2 μm. The block widths were measured with reference to EBSD maps, as processed with the Oxford Instruments Channel 5 HKL software. The martensite laths were observed via TEM (Tecnai G220, FEI Company, Hillsboro, AL, USA). At least 500 PAGs, 300 blocks, and 200 laths were measured in order to ascertain the average PAG size, block width, and lath width. The preparation methods used for the TEM samples and EBSD samples can be found in our previous research [3]. The dislocation densities of experimental steels were determined via X-ray diffraction (XRD) (D/Max-2500PC, Rigaku Company, Tokyo, Japan) with Cu Kα radiation (λ = 1.5406 Å). The scanning angle was 20–100°, and the scanning speed was 1°/min.




2.3. Mechanical Tests


The tensile tests were performed with a Z150 tensile machine (Zwick/Roell Company, Ulm, Germany). At least three standard tensile samples with a diameter of 5 mm were used for each heat treatment condition.





3. Results and Discussion


3.1. Microstructural Characterization


Figure 2 shows the typical morphologies of PAG in MCLA martensitic steel when austenitized at different temperatures. The average PAG sizes of samples austenitized at different temperatures are shown in Figure 3a. The PAGs were uniform after austenitizing at 850 °C, as shown in Figure 2a. As the austenitizing temperature rises to 880 °C some PAGs coarsened severely, leading to an increase in the average PAG size. When the austenitizing temperature was increased further, the dissolution of fine precipitates weakened the pinning effect on the grain boundary [13], resulting in the fast growth rate of PAG size, as shown in Figure 3a.



The EBSD orientation maps of MCLA steel austenitized at different temperatures are shown in Figure 4, and the measured block width (   d B   ) is shown in Figure 3b. It can be seen that the PAGs are composed of several martensite packets which consist of blocks with similar extension directions. The PAG boundaries are HAGBs with a misorientation less than 45° (black lines) [13]. The HAGBs with a misorientation higher than 45° (yellow lines) are the martensite packet and block boundaries, which are distributed inside the PAGs. As the austenitizing temperature increased, the martensite blocks were arranged in a more orderly fashion. This is due to the weakening of the resistance of the lath nucleation and growth at high austenitizing temperatures [13]. At the same time, the sizes of the packets and blocks increased significantly. As shown in Figure 3b, as the austenitizing temperature increased from 850 °C to 940 °C, the average    d B    increased from ~1.8 μm to ~2.5 μm.



The TEM observations of martensite laths in as-quenched MCLA steels are shown in Figure 5, and the measured lath width (   d L   ) is shown in Figure 3c. The laths arrange in a parallel manner in packets, and contain high-density dislocations. The    d L    gradually decreased with increasing austenitizing temperature. The size distribution of    d L    is shown in Figure 6. It can be seen that all distribution curves tend to show a normal distribution. The peak of the normal distribution curve moved to the left as the austenitizing temperature increased, revealing that higher austenitizing temperature resulted in a fine lath width. The high austenitizing temperature promotes the dissolution of residual carbides into austenite, which decreases the martensite starting temperature and increases the nucleation rate of martensite [19,20]. The low martensite starting temperature, coupled with the high nucleation rate, result in small    d L    [13,21].



Figure 7 shows the relationship between    d B   ,    d L   , and PAG size, respectively. The    d B    increased linearly and the    d L    decreased linearly with the PAG size at different austenitizing temperatures. For example, the    d B    changed from 2.28 μm to 2.47 μm as the PAG size increased from 18.3 μm to 29.5 μm, while the    d L    decreased from 281 nm to 224 nm. Similar results were reported by Long et al. [13].




3.2. Tensile Properties


Figure 8 shows the relationship between the tensile properties and the austenitizing temperature. When the quenching temperature was increased from 850 °C to 940 °C, the yield strength increased from 1510 MPa to 1591 MPa while the tensile strength increased from 2120 MPa to 2244 MPa. The elongation and section shrinkage were similar for all specimens, with the former being ~8% and the latter being ~35%. The high density of dislocations and boundaries restricted the movement of dislocations, resulting in the poor ductility of all of the samples.




3.3. Effect of Lath Martensite Microstructures on the Strength


Four strengthening contributions were considered in this work: solid-solution strengthening (  Δ  σ s   ), precipitation strengthening (  Δ  σ p   ), dislocation strengthening (  Δ  σ d   ), and grain boundary strengthening (  Δ  σ g   ). The yield strength can be expressed as Equation (1) [22,23]:


   σ  Y S   = Δ  σ 0  + Δ  σ s  + Δ  σ p  + Δ  σ d  + Δ  σ g   



(1)




where      σ  Y S     is the yield strength (MPa) and   Δ  σ 0    is the intrinsic strength of the matrix (MPa), which was estimated to be 85~88 MPa [24,25].



The precipitation strengthening can be expressed as Equation (2) in light of the Orowan relationship [26,27]:


  Δ  σ p  =   0.538 G b  f  0.5    D  l n  (   D  2 b    )   



(2)




where  f  is the volume fraction of the carbide,  D  is the mean particle size, and  b  is the Burgers vector of 0.248 nm. In this study, the carbides dissolved almost completely into the austenite and almost no precipitates remained in the microstructure. Therefore, the value of   Δ  σ p    can be regarded as 0 MPa while   Δ  σ s    was similar in all specimens.



  Δ  σ d    can be expressed as Equation (3) [27]:


  Δ  σ d  = α M G b  ρ  0.5    



(3)




where  M  is the Taylor factor,  α  is a constant of 0.435,  G  is the shear modulus, and  ρ  is the dislocation density.



Figure 9 shows the XRD patterns of specimens austenitized at different temperatures. No diffraction peak of retained austenite could be observed in the XRD pattern, meaning that the of retained austenite content was very small. The dislocation densities were calculated according to the XRD results. The calculation method is drawn from references [28,29]. The measured dislocation densities are shown in Figure 9b. It is shown that the dislocation density only changed slightly with the increase of austenitizing temperature, which is consistent with reference [30]. According to Equation (3), the   Δ  σ d    values were considered to be identical. Therefore, the change of grain boundary strengthening led to an increase of yield strength when the austenitizing temperature was increased. Under such circumstances, the yield strength is used as the value of grain boundary strengthening.



The grain boundary strengthening can be described by the classic Hall–Petch relationship:


   σ  Y s   =  σ 0  +  k y   d  − 0.5    



(4)




where    k y    is the Hall–Petch slope and  d  is the EGS. Evidently, the smaller the EGS, the more the boundaries can hinder dislocation motion, and the higher the strength. The relationship between the strength and lath martensite microstructure sizes is shown in Figure 10. The strength decreased linearly with    d R  − 0.5     and    d B  − 0.5    , while it increased linearly with    d L  − 0.5    . That is, only the relationship between strength and lath width followed the Hall–Petch formula. In other words, the lath width was finally determined as the EGS of strength in the experimental MCLA steel.



In lath martensite, the PAG boundaries, packet boundaries, and block boundaries are HAGBs, while the lath boundaries are LAGBs. Lath width acting as the EGS means that the LAGBs play a dominant role in hindering dislocation motion. Many previous studies have suggested that only HAGBs can hinder the dislocation motion effectively and cause strengthening [31,32,33]. However, recent research has come to the opposite conclusion. Du et al. [34] demonstrated that both high- and low-angle grain boundaries act as effective barriers to dislocation movement via uniaxial micro-tensile tests. Chen et al. [35] directly observed that a large number of dislocations accumulate in front of the lath boundaries via in situ TEM experiments, proving that the LAGB is capable of hindering dislocation motion and causing strengthening. These findings act as further proof of our results showing that lath width can act as the EGS in MCLA steel.




3.4. Effect of Carbon Content on the Effective Grain Size of Strength


Figure 11 summarizes the relationship between strength and lath martensite microstructure sizes in recent studies [13,14,16,18,30]. As shown in Figure 11a, with increasing of    d B  − 0.5    , the strength increased in steels with carbon content below 0.2 wt%, while it decreased linearly in steels with a carbon content above 0.4 wt%. Figure 11b shows the relationship between strength and lath width, revealing the opposite result to that shown in Figure 11a. The relationship between the lath width and strength only followed the Hall–Petch relationship in the medium-carbon steels. Thus, it can be concluded that the EGS of strength seems to be related to the carbon content. In steels with lower carbon content the block size acted as the EGS. While, in steels with higher carbon content, the EGS changed to lath width. That is, the carbon content of steel affects the role of HAGB and LAGB in preventing dislocation movement. When the carbon content is low, HAGBs are the most significant barriers to the dislocation motion, and consequently the hindering effect of LAGB can be ignored. With an increase in carbon content, the hindering effect of LAGB on dislocation movement becomes more important, leading to the gradual transformation of EGS to lath width.



The effect of the Cottrell atmosphere around boundaries may be responsible for this change. Carbon atoms segregate around boundaries and dislocations to reduce distortion energy, leading to the formation of the Cottrell atmosphere [36,37,38]. During the slipping process, the dislocations are forced to move along with the Cottrell atmospheres, resulting in the so-called “drag effect”, which can effectively increase the resistance of the dislocation movement and pin the dislocation. Previous studies have revealed that the drag effect enhances when the carbon content is increased [36,39]. When the carbon content is low (lower than 0.2 wt%), the drag effect of the Cottrell atmosphere becomes weak and the hindering effect of grain boundaries on dislocation motion is mainly dependent on its distorted lattice structure. In this case, the barrier effect of HAGB on dislocation movement is much stronger than that of LAGB. Accordingly, the block width acts as EGS in steels with low carbon content. With the increase of carbon content in steel, the drag effect of the Cottrell atmosphere is greatly enhanced. Accordingly, the difference between the hindering effect of HAGB and LAGB on the dislocation motion, which is caused by the lattice structure, is reduced. When the carbon content is high enough (higher than 0.4 wt%), the LAGB, which holds the absolute advantage in quantity, becomes the dominant factor in hindering dislocation movement. Therefore, the lath width becomes the EGS of strength in steels with high carbon content.





4. Conclusions


We studied the effect of martensite microstructures on the strength of MCLA steel. The results are summarized as follows:



	
When increasing the austenitizing temperature, the PAG size and block size become larger, while the lath width decreases in the experimental MCLA steel. Both the increment of block width and the reduction of the lath width show a linear variation with the increase of the PAG size.



	
When the austenitizing temperature rises, the yield strength and the tensile strength are elevated due to the enhancement of the grain boundary strengthening. The Hall–Petch fitting results reveal that only the relationship between lath width and strength follows the Hall–Petch formula, which indicates that the lath width is the effective grain size of strength in the experimental MCLA steel.



	
Carbon content has a significant effect on the EGS of strength in lath martensite. In terms of low-carbon steels with a carbon content lower than 0.2 wt%, block size acts as the effective grain size, while the EGS tends to be lath width in steels with a high carbon content of over 0.4 wt%. The effect of the Cottrell atmosphere around boundaries is considered to be responsible for this change.
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Figure 1. The dilatometric curve of the experimental MCLA steel. 
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Figure 2. Prior austenite grain of MCLA martensitic steel austenitized at the different temperatures of (a) 850 °C, (b) 880 °C, (c) 910 °C, and (d) 940 °C observed by optical microscopy. 
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Figure 3. Relationship between austenitizing temperature and (a) prior austenite grain size, (b) block width, and (c) lath width. 
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Figure 4. Electron backscattered diffraction (EBSD) of all Euler maps and the corresponding band contrast maps of MCLA martensitic steel austenitized at different temperatures of (a,e) 850 °C; (b,f) 880 °C; (c,g) 910 °C; (d,h) 940 °C (black lines: 45° > θ > 15°; and yellow lines: θ > 45°). 






Figure 4. Electron backscattered diffraction (EBSD) of all Euler maps and the corresponding band contrast maps of MCLA martensitic steel austenitized at different temperatures of (a,e) 850 °C; (b,f) 880 °C; (c,g) 910 °C; (d,h) 940 °C (black lines: 45° > θ > 15°; and yellow lines: θ > 45°).



[image: Crystals 10 00232 g004]







[image: Crystals 10 00232 g005 550] 





Figure 5. Transmission electron microscopy (TEM) micrographs of MCLA steel austenitized at the different temperatures: (a) 850 °C, (b) 880 °C, (c) 910 °C, and (d) 940 °C. 
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Figure 6. Size distribution of lath width at different austenitizing temperatures. 
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Figure 7. Dependence of block width and lath width on prior austenite grain size in MCLA steel. 
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Figure 8. Tensile properties of MCLA martensite steel at different austenitizing temperatures: (a) yield strength and tensile strength; (b) elongation and section shrinkage. 
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Figure 9. (a) X-ray diffraction (XRD) spectra and (b) dislocation density of MCLA martensitic steel austenitized at 850–940 °C. 
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Figure 10. Strength as a function of (a) prior austenite grain (PAG) size (   d R   ), (b) block width (   d B    ), and (c) lath width (   d L    ). 
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Figure 11. Yield strength as a function of (a) block width and (b) lath width. 
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Table 1. Chemical compositions of the experimental medium-carbon low-alloy (MCLA) martensite steel (wt%).
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	C
	Si
	Mn
	Cr
	Mo
	S
	P
	Ni
	V





	0.41
	0.26
	0.70
	1.10
	0.26
	0.0003
	0.010
	0.55
	0.19
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