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Abstract:



This paper investigates softening phenomena within the post-dynamic recrystallization (PDRX) process in 300M high-strength steel specimens with different initial dynamically recrystallized volume fractions. Isothermal, interrupted compression experiments were performed on a Gleeble-3500 at a temperature of 1273 K and strain rate of 0.01 s−1. To acquire different initial volume fractions of dynamically recrystallized (DRX) grains, deformation was interrupted at two strain levels and immediately followed by isothermal annealing treatments. The softening behaviors respectively caused by the static recrystallization (SRX) and metadynamic recrystallization (MDRX) were qualitatively characterized by variations in the mechanical properties of the deformed and recrystallized grains. On the basis of the Taylor dislocation model, the evolution of geometric necessary dislocations (GNDs) and statistically stored dislocations (SSDs) densities were also discussed to qualitatively clarify the nature of different softening behaviors. Results indicate that the SRX occurred alone in samples without initial DRX grains, after an incubation time of approximately 50 s, while MDRX initially appeared within 1 s and completed at about 8 s in samples with a high initial volume fraction of DRX grains. The microhardness, indentation hardness, and Young’s modulus in the deformed and recrystallized grains decreased gradually with an increase of MDRX and SRX volume fractions. The sink-in and pile-up phenomena were enhanced by the SRX and MDRX softening processes, respectively. The SSDs density decreased more noticeably during the MDRX process than that during the SRX, which indicates that the MDRX process contributed to a more significant softening effect within the microstructural evolution regimes.
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1. Introduction


As a result of its high strength, outstanding fracture toughness, and excellent corrosion resistance properties, 300M steel has drawn extensive attention within the field of aviation as well as the military with regard to the manufacture of landing gear [1,2]. During heavy forgings, control of the microstructure after the complex multi-stage thermoforming is fundamental in the optimization of mechanical properties and material flow. The microstructural evolution caused by dynamic recrystallization (DRX) has been studied by numerous researchers [3,4,5]. In contrast to the DRX regime during thermoforming, the post-dynamic recrystallization (PDRX), encompassing the recrystallization which occurs after the hot deformation is interrupted, has been demonstrated as having a significant influence on the final microstructure [6,7,8,9,10]. The possible recrystallization regimes which occur during post-deformation annealing consist of static recrystallization (SRX) and metadynamic recrystallization (MDRX) [11].



Studies have shown that the softening phenomena during post-deformation annealing can be attributed to the MDRX and SRX process [12,13,14,15,16,17]. Djaic and Jonas [12] first proposed the concepts of SRX and MDRX and designed several double-pass compression experiments to distinguish the softening effects caused by these two varieties of recrystallization regimes. To clarify the recrystallization essence in relationship to the structures within the sub-micrometer and nanometer range, the evolution of sub-grain boundaries and twins during the MDRX softening process was demonstrated by the Electron Backscattered Diffraction (EBSD) technique. Concurrently, the relevant patterns of dislocation annihilation and dislocation climb were characterized using a Transmission Electron Microscope [13]. Huang [14] investigated the softening mechanisms of SRX and MDRX by conducting quasi in situ EBSD observation of heating experiments on 304L steels with different interruption strains. Results indicated that SRX took place through nucleation and grain growth after a relatively long incubation time, while MDRX was activated by consuming the dislocation density stored in severely deformed grains with no or limited incubation time. Zeng et al. [15] conducted an in situ laser confocal observation of heating experiments on 300M samples with different initial DRX volume fractions and analyzed the effects of strain-induced grain boundary migration on the softening effects which resulted from SRX and MDRX. Using the same characterization method as employed by Huang [14], the twin boundary fractions and grain growth of Inconel 718 were observed by Zouari et al. [16] to be strongly dependent on the progress of MDRX and SRX. Huang et al. [17] examined the softening mechanism of 5753 aluminum alloy during post-deformation annealing and developed a kinetic model to describe the softening fractions of MDRX. Previous studies on PDRX have predominantly focused on its softening mechanisms and overall softening effect, which is qualitatively represented by the recrystallized volume fraction. However, there have been few reports about the softening effects of SRX and MDRX regimes on grains and the contributions of deformed grains and recrystallized grains to integral mechanical properties. The softening characterization of MDRX and SRX on mechanical properties of various types of grains is of great significance for the optimization of the integrated performance of large forgings.



Variation of hardness and Young’s modulus have been used to evaluate softening and hardening behaviors, both of which are predominantly attributed to the dislocation proliferation and annihilation at the boundaries of a grain. Ashby [18] classified dislocations into statistically stored dislocation (SSD) and geometrically necessary dislocation (GND). An SSD evolves from random mutual trapping in crystal; its density increases through the proliferation and interaction with resistance to the uniform plastic deformation [19]. GND accumulates by randomly trapping one another for the sake of compatible deformation of various parts of the specimen under a gradient of plastic deformation [18]. Research has demonstrated that the densities of GNDs are directly related to the permanent geometrical change at the surface of a specimen. Accordingly, a nano-indentation test was an economical and reliable characterization method for measuring the mechanical properties and dislocations within the sub-micrometer scale [20,21]. Nix and Gao [22] derived the simplified model between indentation hardness of crystal copper and total density of GNDs and SSDs and developed the phenomenological model of the actual contact area. Oliver and Pharr [23] proposed an improved technique for determining Young’s modulus and contact area, both of which were also important mechanical properties for qualitatively describing the softening behaviors. On the basis of the Taylor dislocation model [24], the hardening and softening behaviors of different torsion deformation regions in the same rod were verified by the variation of the microhardness, indentation hardness, GNDs, and SSDs [19]. Using the similar nano-indentation testing method, Lei et al. [25] characterized the resultant softening effects by qualitatively analyzing the indentation hardness of three constituent phases and microhardness of an integrated trimodal microstructure under complex, hot working conditions. The previously mentioned studies have shown that the integrated softening effects of a material can be qualitatively characterized by the variation of mechanical properties of each component. However, limited research has been conducted on the comprehensive relationships and responses of mechanical properties between the deformed grains and recrystallized grains during PDRX process. To qualitatively describe the softening effects caused by MDRX and SRX, a uniform awareness as to the variation of microhardness, indentation hardness, and modulus in the different types of grains needs to be achieved.



In this work, isothermal, interrupted compression experiments were performed on a Gleeble-3500 at a temperature of 1273 K and strain rate of 0.01 s−1. Deformation was interrupted at interruption strains of 0.151 and 0.511 to acquire different initial volume fractions of dynamically recrystallized grains; this was immediately followed by isothermal annealing treatments, which were held at the same temperature for a range of holding times between 0 s and 600 s. Metallographic preparations were conducted to provide direct observations of the microstructural evolution during SRX and MDRX. The softening behaviors during SRX and MDRX were qualitatively characterized by the variations of mechanical properties including microhardness, indentation hardness, Young’s modulus, and indentation morphology. On the basis of the Taylor dislocation model, the evolution of GNDs and SSDs densities were also discussed to clarify the essence of different softening behaviors.




2. Materials and Methods


2.1. Materials


The hot-forged 300M steel (also known as AISI 4340M) was used as the testing material. It represented heat-treatable, low-alloy, commercial high-strength steel with the austenite morphology above 1144 K [26]. In comparison with AISI 4340 steel, it contains silicon (which increases its stability at elevated temperatures). A vacuum arc re-melting (VAR) technique was used to obtain a preferred ingot structure [27]. The chemical composition of the hot-rolled 300M steel is listed in Table 1.


Table 1. Chemical composition of the hot-rolled 300M steel (wt. %).





	Composition
	C
	Si
	Mn
	Cr
	Mo
	Ni
	Cu
	P
	Fe
	V





	Content
	0.39
	1.60
	0.70
	0.89
	0.40
	1.80
	0.06
	0.01
	94.08
	0.07










2.2. Isothermal Interrupted Compression


All 300M steel specimens utilized for isothermal interrupted compression testing were thoroughly fabricated by wire-cutting along the diameter direction into cylindrical ingots with diameters of 8 mm and heights of 12 mm. The detailed procedure of compression experiments performed on a Gleeble-3500 (DSI, Austin, TX, USA) thermomechanical simulator is shown in Figure 1. Before compression testing, all 300M steel specimens were clamped at a pretightening force of around 300 N to maintain contact with dies; a lubricant composed of graphite mixed with machine oil was applied to the interfaces. The specimens were heated to 1423 K at a heating rate of 5 K/s, then held for 240 s to eliminate thermal gradients and transform the phase to completely austenitic microstructure. Subsequently, uniaxial compression processes were performed on these specimens at a temperature of 1273 K and strain rate of 0.01 s−1. Deformation was interrupted at two different interruption strains (0.151 and 0.511 for A and B, respectively). The deformed specimens were held for times ranging from 1 s to 600 s (see Figure 1b) at a temperature of 1273 K; water quenching immediately followed to preserve the microstructure of the prior austenite grain. In contrast to the microstructure during post-deformation annealing, the holding time of 0 s (in addition to the above conditions) was also used for specimens A and B to obtain the initial microstructure in the absence of SRX and MDRX processes. In this study, the conditions of holding times refer to the isothermal time after single compression.


Figure 1. Detailed experimental design: (a) description of compression experimental procedure; (b) interrupted compression conditions.
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Finally, a thin lamella sample was fabricated by wire-cutting along the direction of compression and prepared using the standard metallographic technique (in accordance with Luo et al. [1]). The samples were polished and etched using a chemical solution (which was composed of 30 mL saturated aqueous picric acid solution + 5 mL CCl4 + 5 mL HCl + 15 mL detergent) for 5 min at a temperature of 323 K. In this method, the prior austenite grain boundaries preserved after quenching were etched instead of the martensitic grain boundaries. The microstructure within the prior austenite grain boundaries were composed of martensite and retained austenite grains [28]. Metallographic images of samples A and B were captured on a VHX-1000C (Keyence, Shanghai, China) super-high magnification lens zoom microscopy. In addition, the microstructure parameters were measured using Image-Pro Plus 6.0 (Image Pro International, Miami, FL, USA) analysis software.




2.3. Hardness Tests


Although it was possible to observe the prior austenite grain boundaries using picric etching of the mixed microstructure, the martensite and retained austenite grains were preserved after quenching. To simplify the complex martensitic transformation process, we assumed that the initial occurring martensitic laths contained a constant value of dislocation density and the dislocation densities of martensitic laths varied as a result of the dislocation entanglement. According to the dislocation theory proposed by Levitas [29], the dislocation density in newly formed martensitic laths can be quantified through the use of the inner stress gradient, which can be calculated from the average dislocation density gradient in prior austenitic grains. The widely recognized Kurdjumov-Sachs orientation describes the relationship between the prior austenite and martensite laths [30], implying that the crystal orientations within the newly formed martensite laths are directly related to the distribution of dislocation density in prior austenite grains. Therefore, the GNDs yield the following relationship [31],


[image: ]



(1)




where [image: ] is mis-orientation angle, u is the unit length, and b is the magnitude of the Burger vector. It can be assumed that the variation of average GNDs densities in the martensitic laths and retained austenite grains can qualitatively represent changes in the GNDs of the prior austenite grains. As the total dislocation density of martensitic laths (total density of GNDs and SSDs) can also be calculated from the prior dislocation density gradient, the variation of SSDs follows a similar pattern to that of the GNDs. The variations of average GND density, SSD density, and average hardness in the mixed microstructure can qualitatively represent changes in the dislocation and hardness of the prior austenite grains [31,32]. Microhardness tests and nano-indentation tests were conducted to investigate the softening phenomena observed during PDRX. The former tests were carried out using a micro Vickers hardness instrument (TMVS-1, Beijing Time Group Inc., Beijing, China). The testing points were chosen to be in the center of samples A and B with a loading force of 9.8 N and a holding time of 20 s. Nano-indentation tests were performed using a nanomechanical test instrument (Hysitron TI 750, Hysitron, Minneapolis, MN, USA) with a plug-in of Scanning Probe Microscopy (SPM), which could accurately locate different recrystallized regions in the etched samples A and B. According to our previous in situ observation experiments [15], a sole SRX process occurred in sample A when the interruption strain was lower than the critical strain [11]; however, only MDRX was observed in sample B because the rapid MDRX quickly consumed all available stored dislocations before SRX could occur [16]. With the aid of the SPM, the indentation arrays were found to be located in the center of the deformed grains and recrystallized grains (including dynamically recrystallized grains, SRX grains, and MDRX grains), as shown in Figure 2a. For each sample, three deformed grains and 10 recrystallized grains were randomly tested. To minimize the effects of martensite lath width, solute atom concentrations, and particles of microalloying elements, 16 nodal points of 4 × 4 squares with a length of 5 μm were measured for each array and the average value was utilized for subsequent analysis. As shown in Figure 2b, the maximal load of 6000 μN and dwell time of 2 s were implemented on the surface of all the samples. Additionally, a pyramidal Berkovich indenter was used in all the nano-indentation tests. When we assumed that the original dislocation density of martensitic lath was a constant value which was related to the shape, the average dislocation density value of SRX and MDRX grains during high temperature could be simplified to allow for evaluation by nanoindentation tests on a mixture microstructure of the martensitic lathes and retained austenite at room temperature.


Figure 2. Locations and parameters of nanoindentation tests: (a) examples of indentation locations including the interiors of deformed grains and recrystallized grains; (b) loading history of nanoindentation tests.
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3. Results and Discussion


3.1. Microstructures during Post-Dynamic Recrystallization


Microstructures of sample A at the interruption strain of 0.151 and different holding times are shown in Figure 3. As shown in Figure 3a, the initial fraction of dynamically recrystallized grain was 0, which indicates the MDRX process did not occur during the subsequent annealing steps. During the initial holding time of 5 s, the microstructural evolution consisted largely of bulging phenomena at the grain boundaries of deformed grains. In Figure 3c, the static recrystallized grain firstly appeared at grain boundaries after an incubation time of approximately 50 s. The SRX process needs an incubation time to consume the dislocations (which comprise SSDs and GNDs) stored in the severely deformed grains for the transformation of the subgrains near grain boundaries into nuclei [11]. When the holding time was more than 50 s, additional static, recrystallized grains generated at the grain boundaries, where the local dislocation was relatively higher, as observed by Zouari et al. [16]. Therefore, SRX was the only recrystallized mechanism for sample A within the post-dynamic recrystallization regime.


Figure 3. Microstructure of sample A at the interruption strain of 0.151 and different holding times: (a) 0 s; (b) 5 s; (c) 50 s; (d) 120 s; (e) 200 s; (f) 600 s.
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Figure 4 illustrates the microstructures of sample B at the interruption strain of 0.511 at various holding times. The initial fraction of dynamically recrystallized grains was approximately 65% at a holding time of 0 s (see Figure 4a). In contrast to sample A (see Figure 3), the nucleation of new grains could not be observed in the selected regions of sample B, which may have been delineated by the boundaries of the deformed grains, old DRX grains, and newly formed MDRX grains. During the holding time of 3 s, a portion of dynamically recrystallized nuclei continued to grow by consuming the stored energy in the adjacent deformed grains. At the holding time of 8 s (Figure 4d), sample B was almost fully recrystallized. After the holding time of 8 s (Figure 4e,f), several MDRX grains continued to grow as a result of the grain growth regime. Although we were not able to distinguish the previous dynamically recrystallized grains from the newly formed MDRX grains at the early stage of the MDRX process, the total volume fraction of recrystallized grains could be utilized as a criterion for evaluating the progress of MDRX. The variations of the volume fraction of recrystallized grains in samples A and B according to various holding times are depicted in Figure 5. The fraction of SRX grains in sample A gradually increased with the holding time, which was in accordance with the S-type Avrami equation. On the other hand, a fraction of MDRX grains in sample B also increased during holding times which ranged from 0 s to 8 s and remained unchanged until 20 s. As shown in Figure 5, the complete SRX process was lengthy, approximately 400 s. In contrast to the SRX process, the completion time of the MDRX process was much shorter than that of the SRX. The exceptional increase at the end of recrystallized fraction curve corresponding to sample B can be attributed to the grain growth regime, which is controlled by the capillarity forces relative to the curvature of grain boundaries [5].


Figure 4. Microstructure of sample B at the interruption strain of 0.511 and different holding times: (a) 0 s; (b) 3 s; (c) 5 s; (d) 8 s; (e) 20 s; (f) 50 s.
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Figure 5. Variations of fraction of recrystallized grains in samples A and B with respect to holding time.
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3.2. Microhardness and Young’s Modulus


The nanoindentation test is a nondestructive method to accurately determine mechanical properties including Young’s modulus and microhardness. On the basis of the dislocation model proposed by Nix and Gao [22], a schematic representation of nanoindentation tests is depicted in Figure 6. As shown in Figure 6a, the GNDs are homogeneously gathered within a localized region of gradient deformation, while the SSDs that contribute to the uniform deformation resistance are distributed in the whole testing sample. On the basis of the method proposed by Oliver and Pharr [23], Young’s modulus [image: ] can be obtained by the following equation:


[image: ]



(2)




where [image: ] is the Poisson’s ratio (0.28 for 300M steel), [image: ] and [image: ] are Young’s modulus and Poisson’ ratio of the Berkovich indenter, [image: ] is the corresponding reduced modulus, A is the contact area which can be expressed by a function of diameter [image: ] and contact height [image: ] (see Figure 6a), and S represents the unloading elastic contact stiffness (see Figure 6b), which is computed from a linear fit of the upper third of the unloading curve [23]. For the diamond Berkovich indenter, the two constants can be predetermined as [image: ] Gpa and [image: ]. The contact area can be approximately determined by the Equation (3) [20]:


[image: ]



(3)






Figure 6. A schematic representation of nanoindentation tests: (a) a section through an indentation showing various parameters used for analysis; (b) relationship between load and indentation height.
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In contrast to the final height [image: ], the contact height [image: ] [23] is computed from


[image: ]



(4)




where [image: ] is the maximal height, [image: ] is a constant related to the shape of indenter (which is equal to 0.72 for the pyramidal Berkovich indenter), and [image: ] is the maximal load as shown in Figure 6b.



In contrast to Young’s modulus which describes the stiffness of different regions, the microhardness can be used to characterize the complex softening process within the postdynamic recrystallization regime. The indentation hardness [image: ] [33] is given by


[image: ]



(5)







To compare the Vickers hardness [image: ] and the indentation hardness [image: ], the unit of [image: ] is converted to the unit of GPa as shown in Equation (6) [25]:


[image: ]



(6)







Figure 7 depicts the indentation load versus indentation depth (P–h) curves of samples A and B at conditions of different holding times (isothermal annealing times after deformation). To avoid overlap, some representative curves of indentations located at the deformed grains and recrystallized grains were analyzed. According to Equations (3)–(5), the indentation hardness [image: ] was inversely proportional to the contact height [image: ], which could be obtained visually. As shown in Figure 7a, [image: ] increased with the holding time, not only in the static recrystallized grains but also in the deformed grains. It indicated that the SRX process plays an important role in the appearance of softening behaviors in both the deformed grains and SRX grains. With regard to sample B (see Figure 7b), [image: ] in the regions of recrystallized grains as well as deformed grains decreased rapidly with the holding time increases, implying a negative dependence of indentation hardness of each component in the same sample on the volume fraction of MDRX grains. The exceptional increase of indenter velocities at the end of unloading curves could be attributed to the effect of pile-up [34,35] and SSDs, which will be discussed subsequently. Figure 7c illustrates the P–h curves obtained from different regions in samples A and B at the same holding time of 50 s. As a result of the significant strain-hardening effect [19], the average value of [image: ] at the region of deformed grain in sample B was greater than that of the deformed grain in sample A. However, [image: ] of the MDRX grain was smaller than that of the SRX grain, which indicates that the MDRX process led to a more significant softening effect within the microstructural evolution regime of 300M steel.


Figure 7. Indentation load versus indentation depth curves of samples at different holding times: (a) sample A; (b) sample B; (c) sample A and sample B at the same holding time.
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Figure 8 presents the variation of average Vickers hardness and indentation hardness corresponding to samples A and B at different holding times. As shown in Figure 8a, the sudden reduction of [image: ] of deformed grains in sample A was attributed to the appearance of SRX grains, which need a long incubation time, around 50 s, for the transformation of the subgrains in the vicinity of grain boundaries into nuclei [11]. We assumed that a portion of DRX grains with a relatively low dislocation density would not induce MDRX process at an early annealing time. As a result of the difference of dislocation densities, the old “stubborn” DRX grains and MDRX grains could be distinguished by the value of indentation hardness (which is related to the average dislocation density [22]). Observations from Figure 8b indicated that the [image: ] value of deformed grains in sample B as always higher than that of both MDRX grains and old DRX grains, regardless of the holding time. The differences were ascribed to the inhomogeneous dislocation distribution during PDRX. In fact, [image: ] of deformed grains apparently reduced by as much as 24% at the completion time of the MDRX process, implying that the MDRX process consumed the stored dislocations gathered in the deformed grains to develop a more stable microstructure (see Figure 4d). In addition, [image: ] of MDRX grains were initially much higher than that of the old DRX grains; they subsequently decreased by approximately 17% before 8 s (which was the completion time of MDRX process) and finally converged to 4 GPa, which was the average indentation hardness of old DRX grains. The results validated the proposed hypothesis that the MDRX process induced by the DRX grains was thermally activated and the DRX grains with relative high dislocation density recrystallized preferentially. As an important, integrated softening feature, the average Vickers hardness of sample A remained largely constant before occurring SRX grains and decreased gradually with the increase of SRX volume fraction. Combined with Figure 5, a similar softening pattern can be summarized in the average Vickers hardness of sample B. The results from nanoindentation hardness and Vickers microhardness tests indicate that the softening fraction caused by MDRX and SRX process can be qualitatively described through the reduction of micro- and nano-hardness of both recrystallized grains and adjacent deformed grains, and the dependencies of the integrated softening effects on volume fractions of MDRX and SRX were clearly observed.


Figure 8. Variation of average Vickers hardness and indentation hardness with the holding time corresponding to: (a) sample A; (b) sample B. Data points corresponded to average values from 160 measurements for recrystallized grains and 48 measurements for deformed grains, and error bars corresponded to one standard deviation about the mean values.
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Additional conclusions as to the dependence of Young’s modulus on the volume fractions of MDRX and SRX can be seen in the modulus results (which were computed from Equations (2)–(4) of the nanoindentation tests) corresponding to different grains, as shown in Figure 9. In Figure 9, the volume fractions are represented by the areas of the spheres. The standard Young’s modulus of 300M steel at room temperature is 205 GPa (see the dotted line in Figure 9). As shown in Figure 9a, at an interruption strain of 0.151, the [image: ] values of deformed grains remained nearly the same as the standard Young’s modulus of 300M steel before the holding time of 50 s; they subsequently decreased as the volume fraction of the SRX grains increased. In contrast to the deformed grains, [image: ] values of SRX grains remained largely stable at about 197 GPa, regardless of the volume fractions. The former reduction was attributed to an increase in the level of crack damage within sample A during SRX process, which resulted from a formation of the nonequilibrium grain boundaries [19]. In contrast to the standard modulus, Young’s modulus of deformed grains and SRX grains were underestimated because of the sink-in phenomena [34]. At an interruption strain of 0.511, the MDRX process was the dominate microstructural evolution regime, as discussed above. The [image: ] values of deformed grains were initially much higher than 205 GPa, as a consequence of lattice distortions reducing stiffness under large deformation conditions [23]. However, with the increase of volume fraction of the MDRX grains, the [image: ] values of deformed grains as well as the MDRX grains decreased sharply before the holding time of 8 s. The [image: ] values of deformed grains finally converged to 205 GPa, indicating that MDRX may have consumed the stored dislocations in the deformed grains and recovered the inner distortions associated with dislocations. Notably, as seen in Figure 9b, the [image: ] values of MDRX grains decreased rapidly and then converged to a constant value, which as the same as the [image: ] values of the old DRX grains. The interesting transformation phenomenon can be interpreted by the fact that some of the DRX grains with high dislocation density gradually recrystallized to consume the stored dislocation inside, while adjacent deformed grains formed more stable DRX grains with low dislocation density, which was similar to the old “stubborn” DRX grains. In summary, the softening characterization of the MDRX and SRX process could also be indicated by reductions of Young’s modulus at both the deformed and recrystallized grains.


Figure 9. Variation of Young’s modulus of different types of grains with the holding time corresponding to: (a) sample A; (b) sample B. Data points correspond to average values from 160 measurements for recrystallized grains and 48 measurements for deformed grains; error bars correspond to one standard deviation about the mean values.
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3.3. SPM Images of Indentation Morphology


It has been established that the softening process can be characterized by the size and shape of indentation morphology [22]. The SPM images of indentation morphology at representative holding times corresponding to samples A and B are depicted in Figure 10; the average sizes of indentation morphology [image: ] were computed from the software “Hysitron TriboView” (Hysitron, Minneapolis, MN, USA). The indentation size increased gradually with the increase of the holding time at the regions of deformed grains and SRX grains in sample A. The indentation sizes of SRX grains were larger than those of deformed grains at the same holding time, which indicated the SRX process resulted in a softer material component. With regard to sample B, the indentation sizes increased rapidly with the increase of holding time at the regions of deformed grains and MDRX grains. In contrast to the deformed grains in sample A, the reduction values of indentation size at the regions of recrystallized grains in sample B were much greater, implying that the MDRX process caused stronger softening effects on the deformed material.


Figure 10. The SPM images of indentation morphology on the deformed grains and recrystallized grains corresponding to: (a–f) sample A at the holding time of 0 s to 600 s; (g–l) sample B at the holding time of 0 s to 50 s. Data points correspond to average values from 16 measurements for each indentation, and absolute errors correspond to one standard deviation about the mean values.
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According to the elastic contact theory [36], the surface of indentation location is often drawn into the samples during the loading process, which is referred to as the sink-in phenomena. In contrast to the sink-in phenomena, the surface around the Berkovich indenter may have piled up following the motion of indenter during the unloading process, as schematically shown in Figure 11a. The actual contact areas were heavily affected by the pile-up and sink-in phenomena [37]. Chen et al. [19] also proposed that the slip band is the essence of the pile-up and sink-in phenomena, which can additionally characterize material softening. During post-dynamic recrystallization process, the sink-in and pile-up phenomena could be observed intuitively, as shown in Figure 10. To obtain a three-dimensional perspective, a probe which scanned a 3 μm × 3 μm patch of the indentation surface corresponding to Figure 10k is depicted in Figure 11b. Results indicate that the pile-up and sink-in phenomena were activated at the indentation edge. Although the sink-in and pile-up phenomena were clearly evident on the surface of the indentation, an appropriate way to assess the extent of the sink-in and pile-up phenomena has not been reported thus far. In our work, three characteristic vertical sections across the center point were selected to analyze the indentation morphology comprehensively, as shown in Figure 11c. With regard to the section morphology, the sink-in and pile-up phenomena could be directly observed on the curves of the penetration depths versus distance along the three sections. In this case, the background subtraction technique was employed to eliminate the interference caused by the metallographic preservation.


Figure 11. (a) Pile-up and sink-in behaviors during nanoindentation tests; (b) a 3D probe scanning of a 3 μm × 3 μm patch of the indentation surface corresponding to Figure 10k; (c) the three characteristic cross sections across the center point.
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Figure 12 illustrates the variation of normalized penetration depths ([image: ]) with the distance along the three characteristic cross sections. As shown in Figure 12a, the sink-in phenomena are clearly observed on the surface of the SRX grains. This was predominantly attributed to the softening effect of the SRX regime. With regard to Section 2 and Section 3, the sink-in phenomena on the surface of SRX grains were significantly enhanced in relation to increases in holding time, implying a strong dependency of sink-in phenomena on the volume fraction of SRX grains. In contrast to sample A, both Figure 12a,c demonstrate that pile-up was prominent during indentation tests at both of the MDRX grains and deformed grains within sample B; additionally, the extent of pile-up phenomena gradually increased with additional holding time. This suggested that the MDRX process resulted in notable pile-up features during indentation tests. Therefore, the softening effects of MDRX and SRX on the overall mechanical properties of the 300M steel were reflected in the exceptional indentation morphology, including the sink-in and pile-up phenomena. Notably, the softening indentation morphology accounted for the exceptional decrease in P–h curves and underestimation of Young’s modulus. When the material of sample A sank in, the contact area was overestimated, leading to an underestimation of Young’s modulus during the SRX process (see Figure 9a). Once the material piled up, the contact area [image: ] will be underestimated, resulting in the underestimation of reaction force [image: ].


[image: ]



(7)




where [image: ] is the reactive stress related to the stored dislocations (including SSDs and GNDs densities). The sudden increase of [image: ] was a cause for the exceptional increase of indenter velocities during the unloading process (see Figure 7b). Another reason for the exceptional softening phenomena in Figure 7b could be attributed to higher [image: ] in sample B with higher stored dislocations.


Figure 12. Variation of normalized penetration depths ([image: ]) with the distance along the three characteristic cross sections of the center point (a) Section 1; (b) Section 2; (c) Section 3.
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3.4. Densities of SSDs and GNDs


To clarify the difference between the softening behaviors caused by MDRX and SRX, the evolution of SSDs and GNDs densities are discussed. On the basis of the dislocation model proposed by Nix and Gao [22], the GNDs density [image: ] can be determined as


[image: ]



(8)




where [image: ] is the angle between the indenter and surface of sample (19.7° for the Berkovich indenter), and b is the Burgers vector (2.5 × 10−10 m for the body-centred cubic crystal [38]). The SSDs density can be estimated by [22,35]


[image: ]



(9)




where [image: ] is a constant related to the material (~0.4 for 4340 high-strength steel, similar to 300M steel [39]), and [image: ] is the shear modulus (80 GPa for 300M steel). The variations of average SSDs and GNDs densities of different grains in sample A and B with the holding time are depicted in Figure 13. From the observation of Figure 13a, the initial value of average GNDs density corresponding to the deformed grain in sample A was 4.33 × 1015 m−2, which was significantly less than those of the deformed grain in sample B (6.64 × 1015 m−2). The difference may be attributable to the large plastic strain, which led to a greater gradient of plastic deformation on the surface of samples [19]. The average GNDs densities of deformed grains in sample A and B decreased with an increase in holding time. As shown in Figure 13b, the SSDs densities of deformed grains decreased more rapidly than the average GNDs densities during MDRX; they remained unchanged after 8 s, which was approximately the completion time of the MDRX process. The results from Figure 13a and b indicate that the softening behaviors of deformed grains during the MDRX process (see Figure 8 and Figure 9) can be mainly attributed to the reduction of average SSDs densities, while the SRX process resulted in an additional softening effect on mechanical properties of deformed grains through the consumption of both of the stored GNDs and SSDs densities. In Figure 13c, the average GNDs densities of SRX grains and MDRX grains decreased gradually in relation to holding time, until the completion of PDRX process. In addition to the deformed grains with higher dislocation density, the SRX grains and MDRX grains with relatively low GNDs densities were also softened during post-deformation annealing. As stated above, the GNDs are related to the gradient of plastic deformation, the MDRX and SRX process contributed significantly to weakening the residual effects of non-uniform plastic deformation. In contrast, in Figure 13d, the average SSDs densities of SRX grains remained nearly the same, while those of MDRX grains decreased gradually in relation to the increases in volume fraction of MDRX grain. In sample B, the reduction of average SSDs and GNDs densities in MDRX grains were significantly less than those of deformed grains. In summary, the MDRX softening process proceeded by consuming the average SSD densities stored inside of the deformed grains, while the SRX process contributed to the softening behaviors of different grains by decreasing the GNDs of SRX grains and SSDs of deformed grains. The average SSDs density decreased markedly during the MDRX process than that during SRX, which indicated that the MDRX process led to a more significant softening effect within the microstructural evolution regime of 300M steel.


Figure 13. The variation of dislocation density with the holding times: (a) GNDs densities of deformed grains in sample A and B; (b) SSDs densities of deformed grains in samples A and B; (c) GNDs densities of MDRX grains and SRX grains in samples A and B; (d) SSDs densities of MDRX grains and SRX grains in samples A and B.
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4. Conclusions


The current study was conducted to qualitatively describe the softening characteristics of 300M high-strength steel during MDRX and SRX processes via isothermal, interrupted compression experiments. The softening behaviors during the SRX and MDRX were qualitatively characterized by the variations of mechanical properties including the microhardness, indentation hardness, Young’s modulus, and indentation morphology. The following conclusions can be drawn:

	
The SRX occurred alone in samples without initial DRX grains, after an incubation time around 50 s. In contrast, MDRX grain initially appeared within 1 s and completed at about 8 s in samples with a high initial volume fraction of DRX grains.



	
The microhardness, indentation hardness, and Young’s modulus at deformed grains and recrystallized grains decreased gradually with the increase of MDRX and SRX volume fractions. The dependencies of the integrated softening effects on volume fractions of MDRX and SRX were observed. Sink-in and pile-up phenomena were enhanced by the SRX and MDRX processes, respectively.



	
SSDs and GNDs densities decreased in relation to an increase in volume fraction of MDRX and SRX grains.








The MDRX softening process proceeded by consuming the average SSD densities stored inside deformed grains, while the SRX process contributed to the softening behaviors of different grains by decreasing the average GNDs of SRX grains and SSDs of deformed grains. The average SSDs density decreased more noticeably during the MDRX process than that during SRX, which indicated the MDRX process leads to a more significant softening effect within the microstructural evolution regime of 300M steel.
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