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Abstract
[bookmark: _Hlk26076795]The uniaxial deformation behavior of low-carbon ferritic steels with grain sizes of 0.47 μm and 1.5 μm was investigated using in situ neutron diffraction measurements under both tensile and compressive loading. The analysis focused on the evolution of <hkl> lattice (elastic) strains, originating from anisotropy in <hkl> elastic moduli and differences in plastic flow among grains. Such plastic strain incompatibilities produce <hkl> intergranular lattice strains (or stresses), which persist after unloading. The experiments revealed substantial residual <hkl> intergranular lattice strains following both tensile and compressive plastic deformation. Transmission electron microscopy confirmed the grain-size dependence of dislocation structures formed during plastic flow, suggesting that plastic relaxation near grain boundaries becomes increasingly constrained with grain refinement. Overall, the results demonstrate that the magnitude of residual <hkl> intergranular lattice strains increases as grain size decreases from several tens of micrometers down to 0.5 μm.
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1. Introduction
Polycrystalline metals and alloys exhibit heterogeneous plastic deformation due to the difference in the elastic moduli and Schmid factors of <hkl> grains-families oriented variously with respect to the loading direction [1, 2]. Unlike a single crystal material, an individual grain within a polycrystal material is elastoplastically deformed under the constriction by its adjacent grains, where compatibility conditions must be maintained at the grain boundaries. Plastic misfit strains, for example, caused by piled-up dislocations at the grain boundaries, yield long-range internal stresses, where high local internal stresses are partially relaxed by the occurrence of the secondary slip in the same grain and/or the generation of a slip in the adjacent grain. Even after such plastic relaxation occurs, the mean internal stress can remain in an individual <hkl> grain, which is known as “<hkl> intergranular stress (lattice strain)” or “Type II stress (strain)” [3, 4]. Therefore, in the uniaxial deformation of a polycrystalline alloy, the mean stress and relevant mean elastic strain in a certain grain oriented along the <hkl> direction with respect to the loading direction differs from grain to grain. Based on the elastoplastic deformation data of single crystals, the stress–strain curve of a polycrystal material has been computed using an elastoplastic self-consistent (EPSC) micromechanics model [1, 2]. However, the internal stress distribution inside an individual grain known as “Type III stress” is not taken into consideration, i.e., only the <hkl> intergranular stresses, which are the values averaged for all <hkl> oriented grains (<hkl>  grains family), have been tailored during deformation. Hence, the influence of grain size on the <hkl> intergranular stress cannot be discussed by this method.
To consider the effect of the grain size on plastic flow, a polycrystal material has been modeled as a composite of the work-hardened boundary layer (AGB) and grain interior (AG), as illustrated in Fig. 1. 
Fu et al. [5] proposed that the elastic anisotropy effects, grain boundary sources for dislocation emission, and the activation of multi-slip systems in a polycrystal are responsible for the formation of a work-hardened layer along the grain boundary (AGB). They claimed that such a composite modeling explained the change in the slope of the Hall–Petch plot [6, 7] with a change in the grain size from submicron to several tens of microns, and the occurrence of grain boundary sliding in a nanocrystalline regime (e.g., 26 nm) in copper and iron. From the viewpoint of <hkl> intergranular lattice strain or stress, the occurrence of the second and third slips would relax high internal stresses locally. If grain boundary sliding became a dominant plastic deformation mode, <hkl> intergranular stress would hardly be generated. A model for the grain size dependent work hardening has been developed by Sinclair et al. [8], in which the work hardening arises from a combination of kinematic and isotropic hardening. The kinematic hardening is considered to arise mainly from the long-range internal stress, whereas the isotropic hardening would be due to dislocation–dislocation and/or dislocation–grain boundary interaction affected by dynamic recovery. Their model showed good agreements with the experimental flow curves for copper with grain sizes ranging from 2 to 50 μm. [bookmark: _Hlk206667432][image: ]
Fig. 1 Schematic illustration of a grain subjected to plastic deformation preferentially in a polycrystalline metal drawn referring to Fu et al. [5]: (a) coarse-grained sample and (b) ultrafine grained sample. Here, AG and AGB stand for grain interior region and grain boundary-affected region, respectively.

[bookmark: _Hlk189660799]In past experimental studies, heterogeneous plastic deformation has frequently been observed by employing optical microscopy, scanning electron microscopy coupled with electron backscatter diffraction (EBSD) [9-11], digital image correlation (DIC) analysis [12, 13] or electron channeling contrast imaging (ECCI) [12, 14]. Here, it should be noted that the specimen surface is in a plane stress condition, which is different from that inside; therefore, the globally averaged information of a bulk sample cannot be correctly evaluated by these methods. A grain located at the surface is not three-dimensionally constrained by the surrounding grains. Contrary to these methods, in situ neutron diffraction (ND) during tensile deformation provides the changes in bulk-averaged <hkl> lattice (elastic) strains. Clausen et al. revealed that the results of ND showed excellent agreement with those calculated by the EPSC model for face-centered cubic (FCC) metals [1]. For engineering stress measurements by diffraction methods, sufficiently many grains should be monitored to obtain the globally averaged information [15]. Synchrotron high-energy X-ray diffraction is also a powerful tool, although it can only be used in the case of fine-grained material because of its small beam size, or it is necessary to oscillate a loading machine in order to increase the number of target-illuminating grains for engineering alloys [16]. In contrast, ND with a beam size of several millimeters has been employed for engineering materials with a grain size of a few to several tens of microns. Meanwhile, the importance of Type III stress has been experimentally emphasized by Hayashi et al. [17]. They demonstrated the distribution of Type III elastic strains in individual grains using 3D microbeam synchrotron X-ray measurement, although such an advanced method can only be applied to a thin specimen of a coarse-grained material. Synchrotron X-ray and neutron beams should be utilized complementarily. For example, the stress condition of a certain grain embedded in a polycrystalline material is now understood by in situ neutron and synchrotron diffractions coupled with micromechanics computation. In addition, the dislocation densities in <hkl> oriented grains families are different from each other in a plastically deformed specimen of a polycrystalline material. This has been qualitatively revealed by transmission electron microscopy (TEM) observation [18–20] and quantitatively determined by the convolutional multiple whole profile (CMWP) fitting method [21, 22] for ND data [23–25].
[bookmark: _Hlk185414179][bookmark: _Hlk37248836]In this study, therefore, specimens with ferrite grain sizes of 0.47 μm and 1.5 μm were prepared through thermomechanical processing of a commercially available low-carbon steel and investigated by in situ ND measurements during tensile and compressive deformations at ambient temperature. Their microstructures and the effects of the temperature and strain rate on the tensile properties have already been reported elsewhere [26–32]. This paper focuses on the magnitude of <hkl> intergranular lattice strains formed by plastic deformation in fine-grained steels.

2. Experimental procedures	
2.1 Specimens preparation
The chemical composition of the steel used in this study was 0.16C-0.41Si-1.43Mn-0.014P-0.004S- 0.027Al-0.01Cu-0.028N in mass% and the balance was Fe (JIS-SM490). To prepare fine-grained specimens, a complex thermo-mechanically controlled process using caliber rolling was developed at the National Institute for Materials Science [26, 27]. Specimens with a ferrite grain size of 1.5 μm were prepared by annealing at 1173 K for 3.6 ks → rolling at 973 K by 45.8% in area reduction → rolling at 823 K by 89.8% → quenching in water (hereafter referred to as the “1.5 μm specimen”). Specimens with a grain size of 0.47 μm were prepared by annealing at 1173 K for 3.6 ks → rolling at 773 K by 91% → rolling at 723 K by 43.8% → annealing at 743 K for 3.6 ks → quenching in water (hereafter referred to as the “0.47 μm specimen”). As reference, specimens with a ferrite grain size of 46.2 μm were prepared by annealing at 1423 K for 5.4 ks followed by furnace cooling.
Tensile specimens with a parallel gauge portion of 5 mm in width, 50 mm in length, and 2 mm in thickness were prepared using a spark cutting machine along the rolling direction. Cylindrical specimens with 7 mm in diameter and 10 mm in length for compression tests were also prepared along the rolling direction by spark cutting. 

2.2 Microstructure characterization and hardness test
The microstructures were observed using scanning electron microscopy (SEM: JSM-7000F JEOL) and electron back scatter diffraction (EBSD) with an acceleration voltage of 20 kV. To observe dislocation structures of the tensile deformed specimens through transmission electron microscopy (TEM), thin foils were cut from the gauge regions, polished mechanically to approximately 60 μm thick using 2000 grit waterproof silicon carbide paper and then twin-jet-polished in a 100 ml HCLO4 + 900 ml CH3COOH solution at a voltage of 15 V at ambient temperature. The dislocation structures were observed under a low-angle annular dark-field scanning transmission electron microscopy (LAADF-STEM) mode with a camera length of 40 cm and spot size of 1 nm using a TEM (JEOL 2100F) operated at 200 kV. The thickness of a thin foil was measured by tilting the thin foil edge parallel to the observation beam using a SEM (JSM-7000F, JEOL). The dislocation density ρ for the TEM samples was estimated using the line-intercept method, where the dislocation density was calculated as the number of intersection points divided by the total length of the random lines.
Vickers hardness tests were performed on the planes prepared by sectioning specimens perpendicular to the tensile direction. The specimens were mechanically polished and finished using electrolytic polishing in the aforementioned solution at a voltage of 40 V at an ambient temperature to remove the damaged surface layer. The Vickers hardness tests were performed at a peak load of 25g. The microstructures and Vickers indents were observed using SEM/EBSD, operated at an acceleration voltage of 20 kV and a scanning step size of 0.08 μm. Grain boundaries were classified according to their misorientation angles: boundaries with angles ≥ 15°were defined as high-angle grain boundaries (HAGBs), while those with angles < 15°were considered low-angle grain boundaries (LAGBs).

2.3 In situ neutron diffraction measurements during uniaxial loading
Fig. 2 illustrates three kinds of in situ neutron diffraction measurements during deformation, using an engineering neutron diffractometer, Takumi (BL19) at the Materials and Life Science Experiment Facilities (MLF) of the Japan Proton Accelerator Research Complex (J-PARC) [33, 34]. As illustrated in Fig. 2a, tensile tests were performed at room temperature, where a tensile tester (Yonekura Co. Ltd, Osaka, Japan) was set such that the angle between the tensile direction and the neutron incident beam direction became 45°. An incident beam slit with dimensions of 5 mm (width) × 10 mm (height) was employed, and a pair of radial collimators (viewing width; 5 mm) was adopted.” Since the parallel part of the tensile specimen has a width of 5 mm and a thickness of 2 mm, and the specimen was horizontally aligned 45°to the incident beam, the gauge volume is approximately 7 mm×5 mm×2 mm  (approximately 7 mm×5 mm× 5 mm for compression test). During deformation, in situ ND profiles were recorded at the two orthogonally installed detector banks: the relative scattering vectors became either parallel to the loading direction (S-bank) or transverse (N-bank). The external load was increased in a step-by-step manner, holding for 180 s at the beginning of the elastic deformation regime, followed by deformation at a constant crosshead speed of 0.01 mm/min (initial strain rate of 1.4×10−5 /s). As shown in Fig. 2b, tensile loading was interrupted (ceased) and unloaded. Compression tests were performed with similar cross head control shown in Fig. 2c. The data recorded with an event-mode were time-sliced and analyzed using Z-Rietveld software (version 1.1.2) [35, 36] inputting the crystal information of body centered cubic structure (BCC: space group Im3). Ex situ ND measurements were also carried out for specimens deformed by 4% in tension to obtain profiles with good statistical reliability. The obtained diffraction profiles were analyzed using convolutional multiple whole profile (CMWP) fitting software to determine the dislocation density [21, 22].[image: ]
Fig. 2 Loading patterns for in situ neutron diffraction measurements (the 1.5 μm specimens).


3. Experimental results 
3.1 Microstructure and hardness
The microstructures of these specimens consist of ferrite and cementite, as reported in our previous reports [26–29]. The average ASTM grain sizes of these specimens, as determined from SEM observations, were approximately 1.5 μm and 0.47 μm, respectively. In these specimens, nearly spherical and tiny cementite particles were scattered mostly at the ferrite grain boundaries. The microstructure of the reference sample with a ferrite grain size of 46.2 μm consisted of ferrite and pearlite [30–32].
Fig. 3 shows the IPF maps for three directions, ND, TD, and RD, parallel to the tensile direction. The Vickers indent is observed in the central region of each micrograph showing HV190 for the 1.5 μm specimen and HV 290 for the 0.47 μm. As observed, the shape of grain is elongated in the indent region suggesting the occurrence of plastic flow by dislocation motion. [image: ダイアグラム  AI 生成コンテンツは誤りを含む可能性があります。]
Fig. 3 Inverse pole figure (IPF) maps of the 1.5 μm specimen ((a)-(c)) and 0.47 μm specimen ((d) -(f)), where (a) and (d) are corresponding to ND, (b) and (e) RD, and (c) and (f) TD, respectively and (g) crystal orientation color scale. Vickers indentation was made in the central region of each micrograph (indent area: 589.4 μm2 (1.5 μm ) and 343.2 μm2 (0.47 μm ), respectively). These EBSD IPF maps were obtained after the application of a cleanup procedure (Grain Dilation with a tolerance angle of 5° and a minimum grain size of 2 pixels).

3.2 Tensile behavior
Nominal (engineering) stress–strain curves of the three specimens are depicted in Fig. 4. In tensile tests, discontinuous yielding occurred in all specimens. The Lüders strain becomes larger with a decrease in grain size, which corresponds to the reduction in the work-hardening rate after the Lüders deformation, as demonstrated by Tsuchida et al. [37]. As shown in Fig. 2b, tensile loading was interrupted (ceased) and unloaded to examine the residual <hkl> intergranular strains. The compression flow curves were not satisfactorily accurate because the gauge length was too short and hence, the deformation was macroscopically inhomogeneous without showing an apparent Lüders deformation as observed in the tensile test. However, some complementary insights could be obtained from the results of in situ ND measurements.

3.3 Results of in situ neutron diffraction during loading and unloading
Examples of the obtained ND diffraction profiles are presented in Fig. 5, where the measured intensities and fitting results using the Z-Rietveld software are plotted as a function of the scattering vector, q (= 4πsinθ*/λ, where θ* is half the diffraction angle and λ is the neutron wavelength). As would be postulated from these profiles obtained from the two orthogonal directions (loading and its transverse), a <110> fiber texture is present. This fiber texture developed mainly during the caliber rolling process. In this study, the texture effect hindered complete clarification of the grain size effect, but as will be mentioned later, the obtained results helped answer the question pointed out in the Introduction section for the evolution of intergranular stress in submicron materials.
Here, the <hkl> lattice strain, , was calculated from the change in the {hkl} lattice plane spacing, , of the grains-family oriented <hkl> with respect to the relevant scattering vector. Employing the {hkl} lattice plane spacing before loading, , as a reference value, the <hkl> lattice strain, , is determined by[image: ]
Fig. 4 Nominal stress-strain curves of tested steels.

   ------------------------------------ (1)
Figs. 6 and 7 show the changes in the <110> and <200> lattice strains during the tensile and compressive deformation of the 0.47 μm and 1.5 μm specimens, respectively. These two orientations were chosen to clearly demonstrate the trend of changes in <hkl> lattice strains with deformation: <110> oriented grains with respect to the tensile direction are elastically harder and preferentially deform plastically. On the other hand, <100> oriented grains are elastically the softest. Young’s modulus along <110> is much higher than that along <100> [3, 4], so the <110> oriented grains-family bears a higher stress in elastic deformation, leading to earlier yielding. Looking at the stress–strain curves of Fe single crystals reported by Keh [38], the work hardening rate in the <100> oriented crystal is much higher than that in the <110> oriented crystal. These are the main reasons for employing these two crystal orientations in order to discuss why the <hkl> lattice strains deviate from the relevant elastic lines after yielding.[image: ]
Fig. 5 Diffraction profiles obtained for the 0.47 μm sample before loading: (a) loading direction and (b) transverse direction.

[bookmark: _Hlk25922485]In Figs. 6a and 7a, the changes inin the tensile (load) and transverse (trans.) directions are plotted as a function of the external stress. The tensile deformation can be divided into four stages: (1) elastic deformation only, (2) microyielding, (3) Lüders deformation, and (4) uniform deformation (necking started before completion of the Lüders deformation in the 0.47 μm specimen). At stage (1), <hkl> lattice strains are proportional to the external stress, where their slopes are corresponding to their <hkl> elastic moduli. That is, the strain increases in the tensile direction reflecting Young’s modulus, whereas it decreases in the transverse direction reflecting Poisson’s effect with an increase in the applied stress. In stages (2) to (4), the plastic flow preferentially occurred in the <110> oriented grains-family compared with <200> and the misfit plastic strain between the <110> and <200> grains-families caused the <hkl> intergranular stresses/lattice strains. In the elastoplastic deformation regime of stages (2) to (4), the <200> lattice strain was always larger than that of <110> in the tensile direction. Here, the <hkl> intergranular strain can be determined from the deviation of the measured strain from the relevant elastic lines. As can be seen in case of tension for the tensile direction (Figs. 6a and 7a) , the <110> intergranular lattice strain is negative (see arrow “A” in Fig. 7a), whereas the <200> intergranular lattice strain is positive (“B”). Therefore, stress partitioning between the <110> and <200> oriented grains, i.e., the generation of the <hkl> intergranular lattice strain is experimentally observed in the fine-grained steels used in this study.[image: ]
Fig. 6 Changes in <hkl> lattice strains with loading for the 0.47 μm specimen: (a) tension and (b) compression (note the directions of the vertical and abscissa axes).
[image: ]
Fig. 7 Evolution of <hkl> lattice strains with loading for the 1.5 μm specimen: (a) tension and (b) compression (note the directions of the vertical and abscissa axes).

Figs. 6b and 7b show the results of the compression deformation. Note that the signs of the horizontal and vertical axes are opposite to those in Figs. 6a and 7a to easily compare the trends in the loading and transverse directions. The changes in the <hkl> lattice and intergranular strains are similar to those for the tensile deformation. Therefore, grain-ordered heterogeneous deformation behavior is observed in both tensile and compressive deformation. Initially, the relationship between the applied stress and the <hkl> lattice strain was linear, indicating a purely elastic deformation, and its slope corresponded to the “<hkl> diffraction elastic modulus”. In general, regarding the elastic inhomogeneity effect in a body-centered cubic (BCC) crystal, Young’s modulus along <110> is higher than that along <200> [3, 4], but these are very close in the present specimens. The data at the initial 10 tensile loading steps for the 0.47 μm specimen are replotted in Fig. 8 and linear fittings were made to determine the diffraction Young’s modulus (a) and the Poisson’s ratio (b). The determined values were compared with those of another ferritic steel (ultra-low-carbon (ULC) steel; see Fig. S1) with a weaker texture as shown in Table 1. Also presented in this table are the diffraction elastic moduli predicted by the Krӧner model, which is assumed to be texture-free. As can be seen, the results for the ULC steel determined by the same instrument and method are nearly identical to those calculated by the Krӧner model. Therefore, the results of the present 0.47 μm and 1.5 μm specimens are believed to be affected by their texture.
Although the deformation behavior of the present specimens was influenced by the texture, the deviation from the elastic deformation line, i.e., the generation of <hkl> intergranular lattice strain can be clearly recognized after the onset of plastic flow, as seen in Figs. 6 and 7. The amount of deviation is illustrated in Fig. 7a, labelled A and A* for <110> and B and B* for <200>, respectively. This deviation is believed to arise from the misfit plastic strain among grains in the polycrystalline material, [image: ]
Fig.8 Determination of diffraction elastic moduli for the 0.47 μm specimen from the ND data obtained by tensile loading: (a) Young’s modulus and (b) Poisson’s ratio.

Table 1 Diffraction elastic moduli determined by neutron diffraction measurements for ferritic steels.
	Sample 
(grain size)
	Diffraction Young’s modulus of hkl (GPa)
	Diffraction Poisson’s ratio of hkl

	
	110
	200
	110
	200

	0.47 μm
	210.1
	199.1
	0.21
	0.48

	1.5 μm
	202.7
	195.9
	0.24
	0.48

	42.6 μm
	231.3
	182.7
	0.23
	0.38

	ULC*
	232.5
	175.8
	0.23
	0.31

	Krӧner model**
	222.5
	173.3
	0.28
	0.33


*  Unpublished work for an ultra low carbon steel by the present authors (see supplementary material)
**After Table 5.9 (p. 230) in M.T. Hutchings, P.J. Withers, T.M. Holden, T. Lorentzen: Introduction to the characterization of residual stress by neutron diffraction Taylor & Francis Co., (2004) [4].

which is postulated mostly to persist when unloaded; the residual <hkl> intergranular lattice strain. In the loading direction, the <200> lattice strain is higher than that extrapolated from the Young’s modulus line, whereas <110> is lower. Similar trends are found for the compression deformation. This implies that the plastic flow preferentially occurred in <110> oriented grains compared with <200> oriented grains, even during the Lüders deformation. In the case of continuous yielding, such strain partitioning occurs gradually with an increase in external stress [1], but in this case, it happened suddenly at the yielding. The absolute magnitude of the <110> lattice strain deviated to a smaller value from the relevant Young’s modulus line, indicating that the plastic flow preferentially takes place in these grains even during the Lüders deformation. Although the trend observed in the transverse direction looks complicated, it is basically similar to the elastic strain partitioning behavior observed in the case of continuous yielding. After completion of the Lüders deformation, both the <110> and <200> lattice strains increased with an increase in the applied stress, which is the same behavior observed in coarse-grained ferritic steels [39, 40].

4. Discussion
4.1 Effect of grain size on <hkl> intergranular strain generated with plastic deformation
The <hkl> intergranular stress is considered to persist as residual stress after unloading. Here, the tensile loading and unloading flow curve and relevant <110> lattice strains for the 0.47 μm specimen are plotted in Fig. 9. As seen, the residual <110> intergranular lattice strain can be found after unloading. During unloading, its magnitude would decrease a little due to compressive plastic deformation, that is, Bauschinger effect. The detailed changes in the <hkl> lattice strains with unloading for the 0.47 μm specimen are shown in Fig. 10, where the data obtained at the step-unloading stages in Fig. 2b are plotted. The initial elastic deformation lines at the step-loading stages are also plotted to show the relevant elastic modulus. In Fig. 10a, the unloading line for <110> is parallel to that of the loading line, but a slight deviation from the elastic line is observed for <200>. This is believed to be caused by the backward plastic flow during unloading, i.e., the Bauschinger effect, which is obviously found in the <200> lattice strain. A similar deviation for <200> is confirmed in the transverse results. Such a sensitive change would be attributed to the low Young’s modulus for <100>.[image: グラフ, 折れ線グラフ  AI 生成コンテンツは誤りを含む可能性があります。]
Fig. 10 Changes in <hkl> lattice strains during loading and unloading after 4% tensile straining for the 0.47 μm specimen: (a) tensile (loading) direction and (b) transverse direction.
[image: グラフ  AI 生成コンテンツは誤りを含む可能性があります。]Fig. 9 Changes in <hkl> lattice strain during tensile loading and unloading for the 0.47 μm specimen: (a) stress-strain curve and (b) changes in <110> lattice strain. 

[bookmark: _Hlk37515372]In order to compare the magnitude of the <hkl> intergranular stress, the tension-unloading test was additionally performed for the 46.2 μm specimen and the obtained results are presented in Fig. 11, in which (a) and (b) are the results obtained during loading and unloading, respectively. For simple comparison with literature data, the residual <110> intergranular lattice strain along the loading direction was employed as “representative value.” In some literatures, the residual strain was neither measured nor described. In such cases, the numerical value was estimated based on the deviation from the elastic line such as A, B in Fig. 7a. In Fig. 11a, the absolute value of the <110> intergranular lattice strain yielded in the loading direction was summarized as a function of the reverse square root of the grain size (d). Here, the data from literatures [32, 39–41] were also plotted with those of the present study. It was found that the absolute magnitude of the <110> intergranular lattice strain increases with a decrease in the grain size down to 0.47 μm. Since Adachi et al. [42] observed little deviation from a linear elastic line during the plastic deformation of their ultrafine grained IF steel, the absolute magnitude of the <hkl> intergranular lattice strain would decrease with further grain refinement, suggesting a change in the deformation mechanism from a dislocation slip to grain boundary sliding [43] or an unknown mechanism. Zheng et al. reported that grain boundary sliding occurred in ultrafine-grained Mg at 298 K (room temperature) resulting in the inverse Hall–Petch relationship below a grain size of 0.6 μm [44, 45]. Interestingly, such grain boundary sliding was suppressed at 77 K, maintaining the normal Hall–Petch relationship [6, 7] even in ultrafine-grained Mg with a grain size of 0.6 μm [45]. They also measured the residual <hki,l> intergranular lattice strain along the loading direction after tensile straining by ND and found that the absolute magnitude of the <hki,l> intergranular lattice strain was larger in the 0.6 μm Mg than in the 2.5 μm Mg at 77 K. Contrary to the case of the 77 K deformation, the absolute magnitude was much smaller in the 0.6 μm Mg at 298 K compared with that in the 2.5 μm Mg [45]. In other words, the introduction of grain boundary sliding results in a decrease in the absolute value of the <hkl> intergranular lattice strain as suggested by the dashed line in Fig. 12a. The transition grain size must be different in the Mg and the present steel, influenced by the normalized test temperature (T/Tm, where T is the testing temperature and Tm is the melting temperature), strain rate, and chemical composition. To check the Hall–Petch relationship for the studied steel, the yield strengths are plotted as a function of d−0.5 in Fig. 12b, in which the slope shows a similar value reported for general ferritic steels [46–48]. This suggests that the 0.47 µm specimen deformed plastically by dislocation motion, suggesting that the transition of the deformation mechanism would occur at a smaller grain size for the present steel. To date, plastic deformation of polycrystal materials has been understood in terms of micromechanics models and crystal plasticity finite element method (CP-FEM) simulations based on slip deformation, in which the effect of the grain size has not been directly discussed. In the case of ultrafine-grained materials with a grain size of around 1 μm investigated in the present study, these models or computations would require modification; the absorption of dislocations into the grain boundaries and further evaluation of high <hkl> intergranular stresses need to be taken into consideration. The <hkl> intergranular stress is considered to result in the transient softening in the Bauschinger tension–compression test. That is, the Bauschinger effect suggests the magnitude of <hkl> intergranular stress as indirect experimental evidence. Bouaziz and Aouafi measured the Bauschinger effect in a ferritic steel having grain sizes ranging from 22.5 to 3.5 μm using a forward-reverse shear test and found that the back stress increased when the grain size of the material decreased [49]. The grain size dependence of the Bauschinger effect in pure Al was qualitatively discussed in terms of the back stress arising from the formation of a dislocation pile-up against the grain boundary during plastic deformation reported by Gao et al. [50]. They changed the grain size from 6.0 to 0.56 μm and concluded that the smaller the grain size becomes, the larger the back stress. These results support the conclusion of this paper: the <hkl> intergranular stress becomes larger with a decrease in the grain size down to approximately 0.5 μm.[image: グラフ, 折れ線グラフ  AI 生成コンテンツは誤りを含む可能性があります。]
Fig. 11 Evolution of <hkl> lattice strains with tensile loading (a) and unloading (b) after deformation of 4% for the 42.6 μm specimen.
[image: ]
Fig.12 Effects of grain size on (a) the absolute magnitude of residual <110> intergranular lattice strain along the loading direction after tensile straining of 4% and (b) yield strength which were measured for the present steel heat-treated variously to change the ferrite grain size [30-32]. The occurrence of grain boundary sliding below a critical grain size would change the trends as illustrated by arrows.


4.2 Dislocation densities in plastically deformed specimens
To confirm the occurrence of slip by dislocation in the 0.47 μm specimen, the diffraction profiles obtained before and after 4% tensile straining were analyzed using CMWP fitting method and an example of fit results is presented in Fig. 13. The intensity was plotted logarithmically, so that tiny peaks for the cementite phase were found before the deformation in (a), whereas the peaks were scarcely observed after the deformation in (b). The 110 intensity is found to increase with tensile deformation, suggesting crystal rotation associated with dislocation motion. Because the 411 and 330 peaks overlapped each other, the fitting was performed for 8 peaks from 110 to 400. The dislocation density and crystallite size determined by fitting are presented in Table 2. As seen, the dislocation density increased slightly, and the crystallite size decreased due to tensile deformation. Similar results were obtained for the 1.5 μm specimen. Because the diffraction profiles were influenced by the texture and a 
Table 2 Dislocation densities determined by the CMWP fitting for neutron diffraction profiles and TEM observations and crystallite sizes by the CMWP fitting for three specimens before and after 4% tensile deformation.[image: ]
Fig. 13 Results of CMWP fitting for diffraction profiles in the tensile direction obtained for the 0.47 μm specimen: (a) before deformation and (b) after 4% deformation.

	Sample, condition
	Dislocation density (nm-2)
	Crystallite size
(nm)

	
	CMWP
	TEM
	

	1.5 μm, before
	0.000309
	0.000167
	275.8

	1.5 μm, deformed
	0.000415
	0.000297
	59.3

	0.47 μm, before
	0.000346
	0.000280
	113.5

	0.47 μm, deformed
	0.000632
	0.000115
	46.2


 
small amount of cementite, a more sophisticated fitting technique is required for a precise evaluation. However, the present results indicate that the deformation mechanism in the present specimens was basically dislocation motion accompanying large <hkl> intergranular stress generation and crystal rotation. Adachi et al. [16] studied the change in dislocation density during tensile deformation by in situ synchrotron X-ray diffraction using an ultrafine-grained copper prepared by sever deformation. According to their results, the dislocation density decreased at the beginning of the tensile deformation, then increased slightly, and then remained nearly constant; that is, it hardly changed during the deformation. 
Fig. 14 shows dislocation microstructures observed by TEM for specimens before deformation and after 4% tensile deformation in the 1.5 μm and 0.47 μm specimens. In Fig. 14b (1.5 μm), dislocation cells are likely to be formed by the arrangements of dislocations during plastic deformation, which is not found in Fig. 14d (0.47 μm). To quantify the misorientation within these dislocation cells, Kernel Average Misorientation (KAM) maps of the two specimens after Vickers indentation are presented in Fig. 15, where (a) shows that the misorientation across the dislocation cell walls is typically less than 2 degrees. In Fig. 14d, dislocations are concentrated in the vicinity of grain boundaries, suggesting the existence of locally high internal stress field. Such characteristic characters are reported by the present authors by in situ TEM observations for an ultrafine grained IF steel prepared by the ARB process [51], in which dislocation absorption into grain boundaries was directly observed. Dislocation densities calculated as the number of intersection points divided by the total length of the random lines [52] are tabulated in Table 2. The values are a little smaller than those estimated by CMWP for ND profiles. The above mentioned in situ TEM observation during compressive loading revealed that the preexisting dislocations moved towards the grain boundaries and were absorbed there. After that, new dislocations were emitted from a grain boundary and travelled to the opposite boundary. Fig. 14 suggests that the plastic relaxation in the vicinity of grain boundaries becomes harder with decreasing grain size, resulting in generation of higher <hkl> intergranular stress. Ashby proposed a work hardening mechanism employing the concept of statistical dislocation density, , and GN dislocation density, , for dispersion-hardened crystals [53], claiming that the long-range internal stress generated by the primary slip is relaxed by the secondary slip from the very beginning of the deformation and that dislocation–dislocation interaction becomes the main origin of the work hardening at higher strains (larger than 1%). Afterwards, he expanded this idea to general plastically nonhomogeneous materials including polycrystal single-phase alloys [54]. Mughrabi proposed two roles that the GN dislocations accompany: misorientation and/or long-range internal stress [55]. Hirth pointed out the complicated roles of grain boundaries for interaction with dislocations as a barrier to dislocation motion (dislocation pile-up), sink, and source of emission [56]. Several studies have theoretically and/or experimentally discussed the interaction between dislocations and grain boundaries [57–60]. Zhang et al. [61] proposed that most grain boundaries in nanocrystalline materials contain lattice dislocations with a high density. Therefore, the deformation mechanism of ultrafine-grained material is still unclear. The present study offers experimental evidence that the absolute magnitude of <hkl> intergranular stress induced by plastic deformation in low-carbon steel increases with a decrease in the grain size down to at least 0.47 μm. When grains are smaller, dislocation motion in the vicinity of grain boundaries becomes more constrained. This reduced ability to accommodate plastic strain leads directly to the buildup of higher intergranular strains/stresses. The present experimental results would support this explanation as follows:[image: ]
Fig. 14 Scanning Transmission Electron Microscopy (STEM) micrographs acquired in Low-Angle Annular Dark-Field (LAADF) mode, illustrating the microstructure of the specimens before and after 4% tensile deformation. (a) 1.5 μm grain size, undeformed; (b) 1.5 μm grain size after 4% tensile deformation; (c) 0.47 μm grain size, undeformed; (d) 0.47 μm grain size after 4% tensile deformation.
[image: ]
Fig. 15 Kernel Average Misorientation (KAM) maps of two specimens with average grain sizes of 1.5 μm (a) and 0.47 μm (b), obtained after Vickers indentation. The color scale represents local misorientation angles ranging from 0° to 2°, indicating the degree of plastic deformation and geometrically necessary dislocation (GND) density. The dashed line outlines the shape of the indenter mark.

(1) Dislocation density: As found in Table 2, CMWP fitting results show an increase in overall dislocation density (including both grain interiors and boundaries) with deformation. In contrast, TEM observations indicate a decrease in observable dislocation density within the grain interiors for the 0.47 μm specimen after deformation (Fig. 14c and 14d). This apparent contradiction highlights a key mechanism: in smaller grains, dislocations are more readily absorbed and stored at the grain boundaries.
(2) Geometrically Necessary Dislocations (GNDs): In KAM maps of the two specimens after Vickers indentation shown in Fig. 15, the 0.47 μm specimen exhibits a higher density of GNDs at its grain boundaries. GNDs are crucial for accommodating lattice curvature and strain gradients, especially near interfaces. A higher GND density at grain boundaries directly implies greater strain incompatibilities between neighboring grains and that dislocation motion is more severely constrained in these regions. This indicates that plastic deformation cannot easily proceed locally, making strain/stress relaxation more difficult.
[bookmark: _Hlk25916241][bookmark: _Hlk25916652]It has been reported that the drastic change in mechanical properties with a change in the grain size is observed below approximately 1.0 μm [62–65], where the interaction between dislocations and grain boundaries becomes a key issue for elucidating the underlying mechanism. Many TEM observations have suggested the triple roles of grain boundaries in terms of interactions with dislocations: barriers against dislocation motions, sinks, and emissions for dislocations. In 1972, Hirth published a comprehensive review on “boundaries as sources and sinks for dislocations” [56]. Grain boundary dislocations can act as sources for lattice dislocations by 1/3[111]gb = 1/2[110] + 1/6[-1-12]gb where “gb” refers to the grain boundary in a body-centered cubic (BCC) alloy. Many simulations using molecular dynamics (MD) have been developed to elucidate the interaction between grain boundaries and dislocations [66, 67]. Zhang et al. reported that most grain boundaries contain lattice dislocations with a high density in plastically deformed alloys based on the results of high-resolution TEM observation, X-ray line broadening analysis, and MD simulation [61]. Hence, it is important to revisit the deformation behavior of ultrafine-grained ferritic steel with a ferrite grain size of around 1.0 μm, paying attention to the interaction between the dislocations and grain boundaries, and the <hkl> intergranular stress. Adachi et al. [42, 68] reported that <hkl> intergranular lattice strains were hardly observed by in situ ND during the tensile deformation of an IF steel with a grain size of 0.32 μm prepared by high-pressure torsion. According to a report by Cheng et al. [43], no detectable <hkl> intergranular lattice strains were found by in situ ND during the tensile deformation of nanocrystalline copper suggesting that the plastic deformation mechanism changes with a decrease in the grain size down to several tens of nanometers. Thus, the grain size dependence of the intergranular stress in a plastically deformed alloy is now open for discussion.

4. Conclusions
The uniaxial deformation behavior of low-carbon steel with a grain size of approximately 1 μm was investigated using in situ neutron diffraction (ND) during both tensile and compressive loading. The study focused on the evolution of <hkl> intergranular lattice strain (stress). The main findings are summarized as follows.
[bookmark: _Hlk198027532](1) The evolution of <hkl> intergranular lattice strains during plastic deformation was confirmed in specimens with grain sizes of 0.47 μm and 1.5 μm under both tension and compression loading conditions using ND. 
(2) The absolute magnitude of the residual <110> intergranular lattice strain after 4% tensile strain in ultrafine-grained specimens was greater than in coarse-grained counterparts, suggesting that plastic relaxation near grain boundaries becomes increasingly constrained as grain size decreases.
(3) Transmission electron microscopy observations showed the influence of grain size on dislocation structure developed by plastic deformation. The interaction between dislocations and grain boundaries including dislocation-absorption into grain boundaries must be related with the underlying mechanism.
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