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ABSTRACT
Anisotropy found at the difference in yield stress between uniaxial tensile and compressive tests of the drawn pearlitic steel was studied at the perspective of thermal stability of internal stress. The 0.84 wt.% C steel was drawn to a drawing strain of 1.26, followed by the heat treatment at various temperature ranging from 200 °C to 500 °C. These samples were examined by both the tensile and compression tests in the direction parallel to the drawing direction. The as-drawn specimen shows that the tensile yield stress is higher than that in the compression, indicating the back stress parallel to the drawing direction exists to bring the anisotropy. The difference in the yield stress decreased with increasing the post heat treatment temperature, while the compressive yield stress showed significant increase. These indicates the less thermal stability of compressive internal stress. The microstructure observation showed that the elongated morphology of the pearlite and the texture of ferrite showed no significant change in the heat treatment at the temperature less than 500 ℃. This thermal instability of internal stress was confirmed by the X-ray diffraction which shows the elastic extent of the {110} spacing of ferrite without the recovery of dislocations indicated by the half width of diffraction peak. These results suggests that the internal stress is governed by constraint effect by interphase boundaries between ferrite and cementite.
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1. Introduction
Anisotropy of the deformation behaviors in structural metals has significant effects on the plastic deformation in the fabrication of industrial products. The physical mechanisms of the anisotropy can be found in several properties such as elastic anisotropy related to crystallographic orientation, crystallographic texture, microstructure, and other factors. For example, rolled materials have the anisotropy in strength, toughness and ductility, and there are many previous studies on these in various materials such as copper [1,2], aluminium [3,4], and steels [5,6]. It has been found generally in these studies that, in the rolled sheets, higher tensile strength in the rolling direction brings lower bendability when the rolling direction is perpendicular to bend axis. This means the understanding of anisotropy is necessary to optimize the fabrication process without failure in product.

Other typical example for plastic anisotropy [7-9] is the drawn pearlitic steels with high tensile strength [10-15]. Stobbs & Paetke [7], and Toribio et al. [8] studied on the Bauschinger effect of the drawn wires mainly in a perspective of macroscopic mechanics. Their experiments revealed that the internal stresses is induced by plastic deformation, while the detailed relation between that and microstructure evolved by drawing was not clarified. The authors of this paper [9] previously focused on the internal stress in the as-drawn wires and clarified the plastic anisotropy in the uniaxial deformation at different loading axes and polarity. Although the cause of the anisotropy has not been clarified adequately, but this can be related to layered microstructure in pearlite consisting of soft ferrite and hard cementite [16]. In other words, the dominant mechanism for the internal stress appeared in the heterogeneous deformation in microstructural scale rather than macroscopically non-uniform deformation by wire drawing [9].

On the other hand, the post heat treatment in drawn steels have been studied in long years. Most of these studies have been mainly focused on mechanical properties, including strain aging [17-20] and hydrogen embrittlement [21,22]. The cementite morphology has been investigated by some studies [18,22-25] as well. However, none of studies about the anisotropy can be found. The changes in mechanical properties by post heat treatment should be brought by various transitions in microstructure, such as the dislocation structure [25-28] and the cementite [24,29,30]. These different microstructural changes in different manners according to the condition of post heat treatment. If the plastic anisotropy changes by post heat treatment, it should be possible to investigate the cause of anisotropy with the microstructural changes. Therefore, this study aims to clarify the change in the anisotropy by post heat treatment of drawn pearlitic steel with the focus on both internal stress and microstructural change.


2. Experimental method
The steel wire rod, SWRH82A, coded by the Japanese Industrial Standards, JIS (G 3506), was used. The chemical composition is shown in Table 1. This wire rod has a full pearlitic structure due to the heat treatment (patenting). The initial diameter of this wire rod was 15 mm and drawn to 8 mm at room temperature by multi passes. The reduction in diameter at each pass was approximately 20%. This total drawing strain, 2ln (d0/dn), was 1.26. d0 (=15 mm) and dn (=8 mm) are initial and final diameter, respectively. The drawn samples were heat treated at various temperatures ranging 200 ℃ to 500 ℃ for 3.6ks in an air atmosphere, followed by air cooling.Table 1 Chemical composition (mass %).
[image: 図形  AI によって生成されたコンテンツは間違っている可能性があります。]


 The as-drawn and heat-treated specimens were examined by both tensile and compressive tests in the direction parallel to the longitudinal direction of the wire with an initial strain rate of 1.0 × 10-1/s. For the tensile test, the samples were cut in the shape of conventional dog-bone specimen. Cylindrical specimens of 8 mm × a height of 12 mm were used in the compressive test. In the compression test, a 0.2 mm thick mica plate coated with BN powder was placed between the compression specimen and anvils for lubrication.
Microstructural observations by a scanning electron microscope (SEM, JEOL JSM-7000F) and crystal orientation measurement by electron back scattering diffraction (EBSD, TSL-OIM data collection) were conducted. The observed surface was prepared by mechanical polishing and then electropolishing with a solution 10 vol% perchloric acid +90 vol% acetic acid. The EBSD measurements were conducted at an acceleration voltage of 15 kV and a step size of 0.1μm. Only bcc phase is adopted for possible phase in EBSD analysis.

X-ray diffraction (Rigaku Smart Lab) was conducted to measure the residual stress in the as-drawn wire and the heat-treated samples. The X-ray diffraction measurements were conducted at a voltage of 45 kV and a current of 200 mA with a Cu Kβ radiation source. The diffraction vector was set to be the parallel to the longitudinal direction of the wire, and thus the shift of diffraction peaks is regarded to imply lattice strain component parallel to the drawing direction. There are several methods for measuring residual stresses in pearlitic steel wire rods. For example, a slit method [31] for confirming the width change when a notch is inserted in the center of the wire, Hyne₋Bauer method [32] for confirming the length change when removing the surface of the wire are generally known. However, these methods measure the macroscopic residual stress in the whole wire rod. In this study, the residual stress was evaluated by the change in spacing crystallographic plane in ferrite, because the yield stress should be controlled by the soft ferrite phase.


3. Results
3.1 Microstructure and plastic anisotropy before and after drawing
The microstructures of the initial (as-patented) and as-drawn specimens are shown in Fig.1. The orientation color maps (IPF map) of EBSD measurement results (b,d) are shown from the drawing direction. The initial specimen has a full pearlitic structure and the lamellar spacing is 95 nm. The crystal orientations of the IPF map are randomly distributed. On the other hand, the lamellar of as-drawn specimen are oriented parallel to the drawing direction, and the lamellar spacing is decreased by drawing. Fig. 1(d) indicates that the commonly known <110> fiber texture [33,34] has been formed. To evaluate the development of dislocation substructure, KAM (Kernel Average Misorinetation) angle were calculated with the orientation difference between each EBSD measurement point and its second neighboring points. The KAM angle of as-drawn specimen increased compared with that of as-patented specimen. It suggested that the dislocation density in ferrite increased by drawing.[image: マップ  AI によって生成されたコンテンツは間違っている可能性があります。]		
[image: Web サイト  AI によって生成されたコンテンツは間違っている可能性があります。]
Fig.1 SEM images (a,c) and EBSD measurement results (b,d) of the as-patented (a,b) and as-drawn (c,d) steels. EBSD measurement results were obtained from the center area in the radial directions. The black line on the color maps indicates the high angle boundary and the color represents the crystallographic orientation of ferrite parallel to the drawing directions with the color-key triangle at the bottom-right on this figure.


Figure 2 shows the relationship between drawing strain and anisotropy of yield stresses. A part of this result is previously reported by the authors [9], and newly added the result of drawing strain of 1.26. No differences in radial microstructures and hardness were observed in the previous report [9]. In addition, the drawing strain of 1.26 shows the anisotropy of yield stress similar to that at the strain lower than 1.26, indicated by the similar difference of that between the tension and the compression. This means that the microstructural factors that cause the anisotropy have not undergone significant changes. 





[image: グラフ, 折れ線グラフ  AI によって生成されたコンテンツは間違っている可能性があります。]
Fig.2 0.2% offset stress obtained by tensile and compressive tests in the drawing direction as a function of a drawing strain. Data except for those at a drawing strain of 1.26 have been already reported by the authors previously [9].


3.2 Microstructural analysis of heat-treated materials
Figure 3 shows the microstructures of the heat-treated specimens at various temperatures. No change in the morphology of cementite such as lamellar spacing is observed at 200℃ and 300℃. On the other hand, the spheroidizations of some cementite are confirmed at 400℃, and most of cementite are spheroidized at 500℃. These results indicate that spheroidization began at lower temperatures and in shorter time than in previous studies on cementite spheroidization in pearlitic steels [35,36]. Based on the study of accelerated spheroidization in drawn perlite [18,20,37-39], it is considered that the increased driving force due to large drawing strain, the effect on diffusion due to finer lamellar spacing, and the stability of the interface between ferrite and cementite may have influenced spheroidization at low temperatures and in a short time even in the heat-treated specimens in this study.

The EBSD measurement results of the heat-treated specimens are shown in Fig.4, where the IPF maps and KAM angles are presented by the same manners as in Fig. 1. The ferrite in all the post heat-treated specimens keeps <110> fiber texture as found in the as-drawn specimen. No appearance of newly evolved components of texture was identified even at the highest temperature. In other words, the texture transition that is occasionally found with recrystallization was not found. Additionally, the KAM angles remain unchanged below 400℃ and slightly decrease at 500℃. This indicates little change in the density of geometrically necessary dislocation.


[image: マップ  AI によって生成されたコンテンツは間違っている可能性があります。]
Fig.4 IPF maps showing the drawing orientation of the samples heat-treated at (a)200℃, (b)300℃, (c)400℃ or (d)500℃. Corresponding KAM angles are added on these maps.  
[image: テキスト  AI によって生成されたコンテンツは間違っている可能性があります。]
Fig.3 SEM images of the samples heat-treated at (a)200℃, (b)300℃, (c)400℃ or (d)500℃.

The {110} diffraction peaks of the ferrite are shown in Fig.5. Both diffraction pattern and FWHM (Full Width at Half Maximum) appears the same for the 200°C and as-drawn, indicating that the decrease in dislocation density due to recovery does not occur at 200°C. This result is consistent with the previous report by Tarui et al [25]. The FWHM at 300℃ or higher gradually decreases, corresponding to the decreasing of dislocation density by recovery. Fig.5 (b) is obtained by calculating the changes in {110} plane spacing of the ferrite estimated with the diffraction peaks. The {110} plane spacing tends to increase as the heat treatment temperature increases, and the {110} plane spacing increased at 200℃. [image: グラフ  AI によって生成されたコンテンツは間違っている可能性があります。]
Fig.5 (a) XRD intensity profiles around the {110} ferrite diffraction peaks and (b) (110) plane spacing of the samples heat treated at various temperatures.



3.3 Mechanical properties of heat-treated specimens
[bookmark: _Hlk198592690]Figure 6 shows the tensile and compressive tests of as-drawn and heat-treated specimens. Regarding tensile tests (Fig.6 (a)), the shapes of the stress-strain curves change at each heat treatment temperature. All curves show the continuous yielding without any yielding phenomenon followed by work hardening. The difference between the yield stress and the tensile strength gradually increases up to 400℃ and decreases at 500℃. The work hardening ability of as heat-treated pearlitic steels has been discussed linking with some factors; (i) internal stresses caused by constraining effect between ferrite and cementite [40,41] and (ii) the morphology of the cementite [42,43] and so on. In this work, since no significant change in lamellar morphology was observed after the heat treatment at 400℃ or lower, the work hardening ability is improved by the change in internal stress and/or the conventional recovery of dislocations. At 500℃, the spheroidization of the cementite reduced the partitioning of stress to the ferrite, which may have resulted in less work hardening. On the other hand, the compressive stress-strain curves in Fig. 6(b) show that the yield stresses are higher than that of the as-drawn specimen in heat treatment at 400℃ or lower. The difference to the tensile curves can be found in the work hardening behaviors as well. All of the specimens show relatively higher work hardening rate immediately after the yielding, and these rate keeps similar behavior even after the annealing at higher temperature. This difference in work hardening behaviors should be related to the internal stress which also brings to the anisotropy in yield stress as discussed later. It is also notable that the curve obtained by the compression test of the specimen annealed at 200℃ showed sudden drop in stress at a strain around 2%. This drop has been observed sometimes with the compression of the pearlitic steels as shown in authors previous work [9]. While the mechanism is difficult to be considered due to the randomness of appearance, this is probably due to kinking of the lamellar structure.[image: グラフ が含まれている画像  AI によって生成されたコンテンツは間違っている可能性があります。]
Fig.6 Stress-strain curves of as-drawn and heat‐treated samples obtained by (a) tension and (b) compression tests.


Figure 7 summarizes the 0.2% offset stress as a function of heat treatment temperature. The anisotropy found in the as-drawn specimen gradually disappeared by increasing of the temperature, and the yield stresses in tension and compression are equal at 400℃ or higher. Heat treatment at 200℃ slightly increased the yield stress by several tens of MPa in tension, while the compression brought more significant increase the yield stresses by around 400 MPa. The previous works [19] considered that the strengthening by post heat treatment is caused by strain aging, and the mechanism of strengthening is generally explained in terms of the microscopic interaction between dislocations and solute atoms. This mechanism is unlikely to depend so strongly on the polarity of the macroscopic loading axis. And thus, the different properties for the change in the polarity in strength should exist. The most possible one should be the internal stress which brings the polarity in strength of the as-drawn specimen. If the back stress is relieved by post heat treatment, the change in anisotropy of the strength can be explained by the combination of the isotropic strengthening due to strain aging and the relaxation of internal stress. Heat treatment at 300℃ or higher temperature reduces the yield strength in both tension and compression, and the anisotropy of the yield stress disappeared completely at temperature higher than 400℃. These reductions can be explained by the softening due to the recovery of dislocations and the relaxation of internal stress. Therefore, the internal stress is a key property.[image: ダイアグラム  AI によって生成されたコンテンツは間違っている可能性があります。]
Fig.7 Relationship between heat treatment temperature and yield stress on loading polarity.



4. Discussion
The experimental results in this work clarifies the significant change in internal stress by post heat treatment. The possible mechanism for this change should be the most important question to be discussed, while it is necessary to summarize the evolution mechanism of internal stress by drawing before the discussion in the previous work [9]. When a composite material consisting of hard and soft microstructures such as pearlite undergoes plastic deformation by drawing, the longitudinally oriented lamellar structure of the wire is further stretched, as shown in Fig. 1. Because of the difference in yield stress, the plastic strain at the soft ferrite is larger than the plastic strain at the hard cementite, resulting in compressive residual stress in ferrite. This distribution of residual stresses has been confirmed in in situ neutron diffraction [44], and may be related to the previous results [7-9] on plastic anisotropy of drawn pearlitic steel. In other words, the anisotropy of yield stress can be explained by the existence of compressive residual stress in ferrite, assuming that the yielding in pearlite is dependent strongly on the internal stress in ferrite.

Since the nature of internal stress is closely related to the elastic strain in ferrite, the relationship between the {110} plane spacing (Fig. 5) and the back stress should be examined to show the change in the lattice shape of ferrite as shown in Fig. 8. The back stress was evaluated as half value of the difference between the tensile and compressive yield stresses in Fig. 7. It is interesting that the liner relation is found clearly between the back stress and the plane spacing, implying this relation is governed by liner elasticity. Although The effect of solid solute carbon may be considered, Koga et al. reported that the effect of solid solute carbon on the change in lattice parameter is significant small with the specimen is unprocessed [45]. For the quantitative evaluation of this relation, the apparent Young's modulus due to the internal stress was evaluated by the following procedure: the intersection of the regression line at horizontal axis (back stress = 0, 2.0262Å) in Fig. 8 was measured as the standard condition of {110} spacing without any internal stress, and the lattice strain along with the {110} normal was calculated with this standard spacing. The slope of the liner regression between the back stress and the lattice strain was evaluated as the apparent Young's modulus, that was 470 GPa. While the actual Young's modulus of ferrite single crystal has strongly dependent with crystallographic orientation in loading direction, the average modulus is approximately 200 GPa [46-48]. This value indicates the similar order to the modulus evaluated in this work, however, still significant difference exists between these values. Although the clear reason for this difference has not been clarified yet, it is notable that there are several possible mechanisms, one of which should be due to the multicomponent stress condition in the internal stress as found in the authors previous work [9]. The as-drawn wire has the internal stress not only parallel to the drawing direction but also  perpendicular to the drawing direction. Both stress component can provide the change in the back stress via elastic constants such as Poisson rate. And thus, the change in the lattice spacing appears underestimated in the relation shown in Fig.8. Anyway, the change in plastic anisotropy and compressive internal stress of ferrite due to heat treatment may also be influenced by elastic deformation of ferrite.[image: グラフ  AI によって生成されたコンテンツは間違っている可能性があります。]
Fig.8 Relationship between {110} plane spacing and back stress.


 Based on the above discussion, the changes in compressive internal stress and microstructure in ferrite at each heat treatment temperature are organized. The decrease in compressive internal stress due to heat treatment was particularly large at 200℃, decreased further at 300℃, and the compressive internal stress disappeared at 400℃ or higher. These suggest that the heat treatment reduces the compressive internal stresses in the ferrite. Firstly, at 200℃, where the largest decrease in internal stress was observed, the X-ray diffraction results in Fig. 5 show that the {110} plane spacing widens without a decrease in dislocation density, and thus recovery of dislocation is not dominant mechanism of the change in the internal stress. Tarui et al. [25] reported that heat treatment at about 200℃ causes decomposition of cementite and diffusion of carbon. This indicates that the diffusion of carbon is assumed to provide the mechanism to accommodate the lattice strain. Secondly, at 300℃, where the compressive internal stress decreased further, Hirakami et al. [22] observed that heat treatment at 300℃ causes not only strain aging but also local recovery of dislocation or recrystallization of cementite. Fig. 5 also shows a decrease in dislocation density, which may have influenced the decrease in compressive internal stress. Finally, when the compressive internal stress disappears at 400℃, in addition to a decrease in dislocation density (Fig.5), spheroidization of cementite occurs as shown in Fig. 3. Sudo et al. [20] and Kawabe et al. [18] observed cementite spheroidization in drawn pearlitic steel at 400℃ heat treatment. From these findings, the cause of the change in plastic anisotropy of drawn pearlitic steel due to heat treatment is thought to be due to changes in the microscopic structure around the ferrite-cementite interface, which all have different scales, although the causes vary with heat treatment temperature. In particular, the large change in anisotropy at 200℃ suggests that the effect of the release of the elastic ferrite-cementite interface constraint is significant. The reason for the release of the restraints at the ferrite-cementite interface is currently unclear, but analysis focusing on the microscopic structure around the interface associated with carbon diffusion and cementite decomposition, as described above, is considered necessary.


5. Conclusion
The change in the plastic anisotropy (difference in yield stress between at tension and at compression) of drawn pearlitic steel by the post heat treatment was investigated. The post heat treatment significantly increased the compressive yield stress more than that found at tension and the anisotropy disappeared. The main results are as follows.

1. The morphology of the lamellae did not change significantly below 400°C, and cementite spheroidization partially occurred at 500℃.
2. X-ray diffraction indicated that the recovery of dislocation occurred at above 300℃. On the other hand, the {110} plane spacing showed a broadening from 200℃.
3. The compressive yield stress relative to tensile increased significantly after heat treatment at 200℃. This suggests that the compressive residual stress at ferrite is reduced by the heat treatment. The one possible reason for this result is the release of the restraints at the interface between ferrite and cementite.
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