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Abstract

:

In this work, hot compression experiments of 300M steel were performed at 900–1150 °C and 0.01–10 s−1. The relation of flow stress and microstructure evolution was analyzed. The intriguing finding was that at a lower strain rate (0.01 s−1), the flow stress curves were single-peaked, while at a higher strain rate (10 s−1), no peak occurred. Metallographic observation results revealed the phenomenon was because dynamic recrystallization was more complete at a lower strain rate. In situ compression tests were carried out to compare with the results by ex situ compression tests. Hot working maps representing the influences of strains, strain rates, and temperatures were established. It was found that the power dissipation coefficient was not only related to the recrystallized grain size but was also related to the volume fraction of recrystallized grains. The optimal hot working parameters were suggested. This work provides comprehensive understanding of the hot workability of 300M steel in thermal compression.
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1. Introduction


The 300M steel, an ultra-high strength steel (the ultimate tensile strength ≥1800 MPa) which is a modification of AISI 4340 steel, is often used in high performance auto parts, aircraft landing gear, airframe parts, and many other high strength applications because of the outstanding mechanical properties. To ensure the best service performance, these parts usually undergo hot forging. The selection of hot working parameters has been a major concern in isothermal compression of 300M steel, because it not only affects the microstructure at high temperatures, but also affects the microstructures after cooling and service performance. However, the hot workability of the 300M steel was not well understood, resulting in grain coarsening or even cracking in practical forging of large parts [1,2,3]. Therefore, a comprehensive understanding of the hot workability of 300M steel in thermal compression is still needed.



The hot working maps of 300M steel or similar steels have been investigated by many researchers in recent years. A physically based flow stress model and the processing maps of a medium-carbon low-alloy steel, 34CrNiMo6, was proposed by Gong et al. [4], and it was pointed out that two optimal processing parameter domains existed, one at 1050–1130 °C and 0.005–0.03 s−1, and the other at 1130–1200 °C and 0.03–0.36 s-1. The constitutive model and processing maps of 4340 steel were constructed by Sanrutsadakorn et al. [5], and an optimal hot working condition was suggested at 1050–1200 °C and 0.01–0.1 s−1. Also, for 4340 steel, the hot working maps were established by Łukaszek-Sołek et al. [6], and explained via microstructure observations, but a different workability parameter, at 1050–1200 °C and 3–57 s−1, was suggested. The processing maps of 300M steel were formed by Luo et al. [7], and an optimal hot working parameter range was recommended at 1100–1140 °C and 0.1–0.16 s-1 via microstructure observations. Based on a constitutive model coupling average grain size, a processing map of 300M steel was calibrated by Sun et al. [8], and a broader hot working parameter range was determined at 900–1140 °C and 0.1–1.91 s−1. These researches have laid a solid foundation for the present investigation.



Up to date, it is generally accepted that the grain evolution is the intrinsic reason for flow stress evolution [9], and the grain morphology is able to interpret the deformation mechanisms of different domains in the processing maps. The microstructure evolution of 300M steel has been studied by Chen et al. [10,11,12,13], Liu et al. [14], and Zeng et al. [15]. However, the influence of the dynamic recrystallization volume fraction on the processing map of 300M steel has not been systematically investigated. Besides, the optimal strain rate should not be too narrow to avoid difficulty in practical application [7], and an undesirable mixed grain defect was found under current suggested hot working conditions [8]. Therefore, problems about the processing map of 300M steel still exist, and systematic research on the microstructure evolution and hot workability in thermal compression of 300M steel is in need.



Accordingly, in situ and ex situ compression tests will be carried out. The hot working maps will be established. Based on the analysis of the experiment results, the optimal hot working parameters will be suggested. This work provides comprehensive understanding of the hot workability of 300M steel in thermal compression.




2. Materials and Experiments


2.1. Materials


The as-received material was annealed. The diameter of the as-received 300M steel rod was 300 mm, and height 1000 mm. The chemical composition was quantitatively characterized by X-ray fluorescence (XRF) as 0.39C-0.808Mn-0.086V-0.824Ni-0.435Mo-2.562Si-0.896Cr-0.017S with balanced Fe (weight %).




2.2. Hot Compression Tests


Traditional ex situ metallographic observation was implemented to investigate the microstructure evolution of 300M steel in thermal compression. Specimens for the hot compression tests were wire-electrode cut from the ingot, and they were turned into cylinders whose diameter was 8 mm, the height 12 mm. The hot compression tests were performed on a Gleeble 3500 machine (Dynamic Systems Inc., Austin, TX, USA). The specimens were heated at 3.3 °C/s to 1200 °C. After holding for 240 s, the specimens were cooled to deformation temperatures, compressed at different strain rates to the strain of 0.95, and quenched thereafter. The compression temperatures were 900 °C, 950 °C, 1000 °C, 1050 °C, 1100 °C, and 1150 °C, which were chosen to cover the typical forging temperature range of this material [16]. The selection of strain rates (0.01, 0.1, 1, and 10 s−1) has considered the usual strain rate range in the die forging process [17]. The temperatures were measured via a thermal-couple welded on the half height of the specimen surface, and automatically controlled during heating, holding, compression, and cooling by a computer to obtain specified temperatures. Punch positions were also automatically monitored to get constant strain rates. The true stress was calculated by the punch force and instant cross-section area of the specimen. The logarithmic strain was calculated according to the height reduction of the specimen. Friction was reduced by placing tantalum sheets between the punch and specimen end. The stress–strain curves underwent noise reduction.



The microstructures of deformed specimens were characterized by metallographic observations on an optical microscope (VHX-1000C, Keyence Co., Osaka, Japan). The specimens were cut via the symmetry faces which passed the axis. Specimens were grinded, polished, and etched using etchant of saturated picrate, carbon tetrachloride, and concentrated hydrochloric acid with a volume ratio of 6:1:1:3. The temperature for etching was ~40 °C. The middle regions of the specimens were observed. At least five photos with square areas of 0.4 mm × 0.4 mm were taken for each specimen.




2.3. In Situ Compression Tests


To investigate continuously the influence of strain on microstructure evolution of 300M steel, in situ compression tests were performed on a confocal laser scanning microscope (CLSM, VL2000DX-SVF15FTC, Yonekura MFG Co, Osaka, Japan). The experimental setup is schematically shown in Figure 1. A square area of 6 mm × 6 mm on the dumbbell-shaped specimen surface was mechanically polished for in situ observation. The specimen was calibrated to avoid compression instability. The marking length was 15 mm, and the cross-section shape was a rectangle with the size of 4 mm × 6 mm [18], the design of which has considered the installation room size and punch force limitations. The test specimens were gripped at both ends by screw threads on the punches. During the in situ compression test, the microstructure evolutions of the specimen could be visualized on the polished surface because of the volatilization of alloy elements at grain boundaries. Further technique details can be referred to in the literature [11]. The compression temperature, strain rate, and strain were 1100 °C, 0.01 s−1, and 0.9, respectively.





3. Results and Discussion


3.1. Flow Behavior


The flow stress curves of 300M steel are shown in Figure 2. The contradicting effect of work hardening and dynamic recovery softening led to an increase of flow stress in the initial stage of compression, after which the dynamic recrystallization was triggered because the dislocation density reached a critical value, and an intensive softening due to dynamic recrystallization took place, resulting in a gradual drop of flow stress near the strain of ~0.3. When the dynamic recrystallization was completed, the work hardening and softening were balanced, and the flow stresses were almost stable. It should be noted that different flow behaviors were shown at different strain rates. At 0.01 s−1, as shown in Figure 2a, the flow stress curves were single-peaked, while at 10 s−1, as shown in Figure 2d, no peak occurred. This was probably because dynamic recrystallization was more complete at a lower strain rate, so the dynamic recrystallization softening was more intensive, thereby resulting in a typical single-peaked discontinuous dynamic recrystallization flow stress curve according to Sakai et al. [9]. Further metallographic observations were carried out in Section 3.2 to confirm the metallurgy reason.




3.2. Microstructure Evolution


In order to investigate the effect of temperature on microstructure evolutions of 300M steel, the microstructures of deformed specimens at various temperatures (900–1150 °C), at two strain rates (0.01 s−1, 10 s−1), and at the strain of 0.95 were observed on the optical microscope, shown in Figure 3 and Figure 4. At 0.01 s−1, a great number of fine grains nucleated at curved boundaries of the coarse initial grains at 900 °C, as shown in Figure 3a, because the high dislocation densities at the grain boundaries were beneficial for recrystallization. However, the dislocation density inside the initial grains was comparatively lower, resulting in incomplete recrystallization microstructures. The coarse initial grains disappeared when the temperature increased to 1000 °C, as shown in Figure 3b,c, due to full recrystallization. Moreover, grains were gradually coarsened with increasing temperature, as shown in Figure 3a–f, which were also shown in the literature [10,14,15]. Under lower temperatures and higher strain rates, grain coarsening was inhibited, and the effect of grain refinement caused by dynamic recrystallization was more obvious. However, under higher temperatures and lower strain rates, the recrystallized grains grow rapidly once generated, and grain coarsening due to grain boundary curvature was dominant, resulting in coarse grains.



The microstructures of 300M steel compressed at 10 s−1 are shown in Figure 4. A mixed microstructure of fine recrystallized grains and coarse initial grains was obtained at 900–1000 °C, as shown in Figure 4a–c. With increasing temperature, a full recrystallized microstructure was formed at 1050–1150 °C, as shown in Figure 4d–f, and with increasing temperature, the average grain size increased. The mean grain boundary migration rate was less than 0.2 μm/s at 900–1150 °C according to a previous study [12], and under the strain rate of 10 s−1, the average grain size grew by 0.02 μm at most during the compression process, which was negligible compared with the average grain size (≥5 μm). Thus, the effect of grain coarsening due to grain boundary curvature could be neglected. The newly generated recrystallization grain size was not only temperature dependent, but also strain rate dependent. The lower the strain rate, the longer it needed to reach the same strain and therefore the coarser the recrystallized grains. Moreover, it can be seen in Figure 4 that with the increase of temperature, the volume fraction of recrystallized grains increased gradually. That was due to the fact that at lower temperatures the deformation stored energy in the material was insufficient to overcome the energy barrier for recrystallization, and at higher temperatures, the recrystallization more easily occurred, resulting in a higher recrystallization volume fraction.



To investigate the influence of strain rate, the microstructures of deformed specimens at various strain rates (0.01, 0.1, 1, and 10 s−1), at two temperatures (900 and 1150 °C), and at the strain of 0.95 were observed on the optical microscope, shown in Figure 5 and Figure 6. At 900 °C, as shown in Figure 5, coarse initial grains were squashed, around which many fine recrystallized grains emerged, thus obtaining a mixture of fine recrystallized grains and coarse initial grains. It can also be seen that with increasing strain rate, the percentage of recrystallized grains and the average grain size decreased. This was because the nuclei formed near the grain boundaries due to high dislocation density, and when the strain rate was low, as shown in Figure 5a, the nuclei had enough time to grow, thus consuming the coarse initial grains, resulting in a higher volume fraction of the recrystallized grains and a larger average grain size. However, when the strain rate was high, as shown in Figure 5b–d, the nuclei did not have enough time to grow, and the nuclei continuously formed near grain boundaries, leading to the “package” of many small nuclei near grain boundaries.



The microstructures of 300M steel compressed at 900 °C are shown in Figure 6. At the temperature of 1150 °C, the recrystallization was completed. With increasing strain rate, the grain size gradually became smaller, because the recrystallized grains had less time to grow, which was also found in the literature [19,20,21]. The results in Figure 5 and Figure 6 could explain the different flow behaviors of 300M steel at 0.01 s−1 and 10 s−1 in Figure 2. At 10 s−1, the overall volume fraction of recrystallized grains was not high. Dynamic recovery dominated, and therefore, it showed monotonically increasing type stress–strain curves. While at 0.01 s−1, the dynamic recrystallization was completed, as shown in Figure 6, and dynamic recrystallization dominated. Thus, it showed single-peaked type stress–strain curves. The dynamic recrystallization kinetic model and the average grain size model have been established by the authors previously [10]. The incomplete recrystallization was due to insufficient thermal activation at lower temperatures. By increasing the deformation temperature, reducing the strain rate, or increasing the strain, the recrystallization volume fraction can be increased.



Since almost all austenite grains transformed to small martensite laths during quenching, reconstructing the orientation relationship of austenite before quenching by ex situ characterizations on electron backscattered diffraction (EBSD) or transmission electron microscope (TEM) is very hard, although the orientation relationship of austenite and transformed martensite laths has been studied in several research works [22,23,24]. Traditional ex situ metallographic observation on the optical microscope, or in situ observation on the high temperature confocal laser scanning microscope, is still the most effective way to study the microstructure evolutions of 300M steel during compression. To compare with the results of traditional metallographic observation on the optical microscope, in situ compression tests were carried out at 1100 °C and 0.01 s−1. The photos taken by the microscope at the strain of 0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.9 are shown in Figure 7a–g. It can be seen in Figure 7a that equiaxed grains were obtained after four minutes’ holding at 1200 °C. When the deformation started, the dark areas at grain boundaries became larger and larger, as shown in Figure 7b–g. That was because the observed surface of the specimen became rough, resulting in a decreased light reflectivity. The merged graph of Figure 7a–f is shown in Figure 7h to represent the microstructures at various strains. With increasing strain, the grains became finer and finer due to the crush of initial grains and dynamic recrystallization. Although the in situ observation results in this research only provide qualitative information about the recrystallized grain size or recrystallization kinetics, it is still very important to observe the grain evolution process of 300M steel in thermal compression, and this is one of the few attempts that have succeeded in observing the grain evolution of steel during high temperature compression in recent years.




3.3. Hot Working Map


The metallographic results showed that under higher temperatures or lower strain rates, recrystallization was more likely to complete, which was very beneficial to obtain uniform microstructures, but meanwhile, grain coarsening was also likely to more easily to occur, which was undesirable for industrial applications. Thus, a thermal processing map may facilitate the selection of process parameters to obtain uniform, small recrystallization microstructures. Previous studies have focused only on the relationship between average grain size and thermal processing map, but the influence of the dynamic recrystallization volume fraction on processing maps of 300M steel has not been systematically investigated. Besides, the optimal strain rate should not be too narrow to avoid difficulty in practical application [7], and an undesirable mixed grain defect was found under current suggested hot working conditions [8], as shown in Figure 5b,c. Therefore, the processing maps at different temperatures, strain rates, and strains were established. The influences of average grain size and dynamic recrystallization volume fraction were systematically investigated.



Seeing forgings as isolated systems whose input energy was the deformation work, and output energy was the consumption by temperature rising and microstructure evolution, the input energy (P) was calculated by [25]


P=G+J=∫0ε˙σ dε˙+∫0σε˙dσ



(1)




where G was the energy consumption by temperature rising, and J by microstructure evolution. The variables of σ, ε, and ε˙ denoted stress (MPa), strain (1), and strain rate (s−1), respectively. The power dissipation coefficient (η) representative of the fraction of energy consumption by microstructure evolution was expressed as


η=2∂lnσ∂lnε˙∂lnσ∂lnε˙+1.



(2)







The instability coefficient (ζ) evaluating the deformation instability was calculated by


ζ=∂log(η/2)∂log(ε˙)+∂lnσ∂lnε˙.



(3)







The stresses at various strains could be obtained via thermal compressions, and the processing maps of 300M steel were established according to Equations (2) and (3) and are shown in Figure 8. The processing maps at various strains are shown in Figure 9. The contours show the value of the power dissipation coefficient, and the shaded areas show the parameters under which deformation instability occurred. It can be seen that two deformation instability domains existed. One located at 0.03–0.7 s−1, 900–1100 °C, and 0.2–0.8 (strain). The other located at 3.2–10 s−1, 1100–1150 °C, and 0.2–0.8. Representative microstructure of the two instability domains are shown in Figure 5b and Figure 6a. It can be seen that incomplete recrystallization and grain coarsening occurred, respectively. The average dissipation coefficient of these two instability domains were in the range of 15–25%, indicating that a comparatively large part of deformation work was converted to heat, while a small part was consumed by microstructure evolution. It can also be seen from Figure 8 and Figure 9 that two high dissipation coefficient domains existed. One located at 0.1–3 s−1, 1100–1150 °C, and 0.4–0.8. The other located at 0.01–0.06 s−1, 900–1100 °C, and 0.2–0.6. Representative microstructure of the two high dissipation coefficient domains are shown in Figure 6c and Figure 3c. It can be seen from the microstructure photos that recrystallization was completed. The average dissipation coefficient of these two high coefficient domains were in the range of 35–45%, which was ideal for a uniform recrystallization microstructure.



Processing maps at specific temperatures and strain rates could be obtained by slicing and interpolating the 3D processing maps at specific temperatures and strain rates, shown in Figure 10 and Figure 11. It can be seen from Figure 10a that at 0.01 s−1, a stable deformation domain with the dissipation coefficient of 35–45% could be obtained. Typical microstructures of this domain are shown in Figure 3a–f. However, the instability domain occupied most parts of the hot working maps at 900–1100 °C when the strain rate increased from 0.1 to 1 s−1, as shown in Figure 10b,c, indicating that incomplete recrystallization and localized material flow may be the reason. The instability domain at 900–1100 °C disappeared when the strain rate further increased to 10 s−1, as shown in Figure 10d, and the dissipation coefficient was around 25%, meaning that incomplete dynamic recrystallization took place, as shown in Figure 4a–e. Metallographic observation results in Figure 5b,c proved that incomplete recrystallization and mixed grain defect occurred. Thus, for the 300M steel, it is easier to obtain a full recrystallization microstructure at 0.01 s−1, while at 10 s−1 incomplete recrystallization was obtained. At a moderate strain rate (0.1–1 s−1), the deformation temperature should be above 1100 °C.



The processing maps at various temperatures are shown in Figure 11. As shown in Figure 11a, a deformation instability domain at 0.016–1.3 s−1 was found at 900 °C. Representative microstructures are shown in Figure 5a–c. It could be explained that at a lower temperature (~900°C), it was difficult to overcome the energy barrier of dynamic recrystallization, and the material mainly underwent incomplete recrystallization and localized flow, so most energy was converted to heat, resulting in a low dissipation coefficient of ~15%. It is shown in Figure 11b that the deformation instability domain was separated into two parts. One part located at the strain rate range of 0.016–0.71 s−1 and strain range of 0.2–0.3, and the other at 0.08–0.5 s−1 and 0.4–0.8. The size of deformation instability domain shrank in the strain rate range of 0.02–1 s−1 and strain range of 0.2–0.6 at the temperature of 1100 °C, as shown in Figure 11c.



It was worth noting that at 1000–1100 °C, as shown in Figure 11b,c, a high dissipation coefficient domain (≥35%) existed in the strain rate range of 0.01–0.063 s−1 and in the strain range of 0.4–0.8, indicating that an optimal microstructure (similar to Figure 11c–e) could be obtained due to dynamic recrystallization. When the deformation temperature further increased to 1150 °C, as shown in Figure 11d that the deformation instability domain located in the high strain rates region (~10 s−1), and the dissipation coefficient was around 35% in the strain rate range of 0.01–3.2 s−1 and strain range of 0.2–0.8. Comparing the results of Figure 11a–d, it was found that a smaller deformation instability domain was obtained at a higher deformation temperature. Therefore, in order to obtain a fine and uniform microstructure, the hot working parameters were suggested at 0.1–3 s−1 and 1100–1150 °C.



The suggested hot working parameters in the present research is compared with the optimal parameters of 300M steel and 4340 steel in the literature, shown in Figure 12. It is worth mentioning that the optimal strain rate was not proposed in reference [1], thus the upper and lower boundaries of the strain rate were left empty. The optimal hot working parameter range in the present research was much smaller than the existing commercial recommendation by Speich et al. [1], and it has covered the parameter range by Luo et al. [7]. Besides, the 300M steel showed a different optimal hot working parameter range from 4340 steel due to the addition of silicon and vanadium, which on one hand has increased the thermal strength of steel, on the other, decreased the hot workability. In practical production of 300M steel forgings the optimal hot working parameters could be implemented by the deformation temperature selection, punch speed selection, and pre-forging shape designing. The optimal dissipation coefficient was between 35% and 40% according to previous research [26]. When the deformation temperature and the pre-forging shape was restrained, the punch speed curves could be continuously adjusted to ensure that the average dissipation coefficient was between 35% and 40%, and under such circumstances, the finite element simulation was beneficial for the optimization of punch speed curves.





4. Conclusions


The following conclusions can be drawn based on the present investigation.




	(1)

	
Different shapes of flow stress curves were obtained at different strain rates, and the shape change was explained by microstructure observations. At 10 s−1, the overall volume fraction of recrystallized grains was not high. Dynamic recovery dominated, and therefore, it showed monotonically increasing dynamic recovery type stress–strain curves. While at 0.01 s−1, the dynamic recrystallization was completed, and dynamic recrystallization dominated. Thus, it showed single-peaked dynamic recrystallization type stress–strain curves.




	(2)

	
In situ compression results showed with increasing strain, the grains became finer and finer due to crushing of initial grains and dynamic recrystallization. This investigation is one of the few attempts that has succeeded in observing the grain evolution of steel during high temperature compression in recent years.




	(3)

	
The hot processing maps were not only related to the recrystallized grain size, but also related to the volume fraction of recrystallized grains. The dissipation coefficients were comparatively higher at higher temperatures and slower strain rates, which was usually due to complete dynamic recrystallization and severe grain growth. While at lower temperatures and higher strain rates, the dissipation coefficients were low, incomplete recrystallization and mixed grain defect occurred.




	(4)

	
The optimal working parameters were suggested at 0.1–3 s−1 and 1100–1150 °C. When the deformation temperature and the pre-forging shape were restrained, the punch speed curves could be continuously adjusted to ensure that the average dissipation coefficient was between 35% and 40%.
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Figure 1. Illustration of the experimental setup. 
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Figure 2. Flow stress curves of 300M steel compressed at (a) 0.01 s−1, (b) 0.1 s−1, (c) 1 s−1, and (d) 10 s−1. 
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Figure 3. Microstructures of 300M steel compressed at 0.01 s−1 and at (a) 900 °C, (b) 950 °C, (c) 1000 °C, (d) 1050 °C, (e) 1100 °C, and (f) 1150 °C. 
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Figure 4. Microstructures of 300M steel compressed at 10 s−1 and at (a) 900 °C, (b) 950 °C, (c) 1000 °C, (d) 1050 °C, (e) 1100 °C, and (f) 1150 °C. 
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Figure 5. Microstructures of 300M steel compressed at 900 °C and at (a) 0.01 s−1, (b) 0.1 s−1, (c) 1 s−1, and (d) 10 s−1. 
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Figure 6. Microstructures of 300M steel compressed at 1150 °C and at (a) 0.01 s−1, (b) 0.1 s−1, (c) 1 s−1, and (d) 10 s−1. 
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Figure 7. In situ observation results of the microstructure evolutions of 300M steel compressed at the temperature of 1100 °C, at the strain rate of 0.01 s−1, and at the strain of (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, (e) 0.5, (f) 0.6, and (g) 0.9. The merged graph of (a–f) was shown in (h) to represent the microstructures at various strains. 
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Figure 8. The three dimensional hot working maps of 300M steel. 
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Figure 9. Hot working maps of 300M steel at the strain of (a) 0.2, (b) 0.4, (c) 0.6, and (d) 0.8. 
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Figure 10. Hot working maps of 300M steel at the strain rate of (a) 0.01 s−1, (b) 0.1 s−1, (c) 1 s−1, and (d) 10 s−1.
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Figure 11. Hot working maps of 300M steel at the temperature of (a) 900 °C, (b) 1000 °C, (c) 1100 °C, and (d) 1150 °C. 
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Figure 12. Comparison of the optimal hot working parameters in the present research with the optimal parameters in the literature. 
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