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Abstract

:

The early-stage M23C6 morphology at the phase boundary between austenite and δ ferrite grain in Type 304L austenitic stainless steel was investigated with transmission electron microscopy (TEM). The M23C6 has coherency with austenite grains at phase boundary. The phase boundary between the M23C6 and austenite grains has curved appearance. The curved phase boundary might be a faceted interface composed of (111) plane and the other low-index planes on the atomic scale. The M23C6 morphology at the phase boundary was identified to be a complex pyramid-like shape that has {111}, {110} and {100} interfaces. The slight deviation in the angle measured between edges of carbide in the TEM images from that calculated between edges expected from the M23C6 morphology might be attributed to multilayer growth in the interior region of the M23C6 face.
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1. Introduction


The precipitation of chromium carbide at grain boundaries can induce chromium depletion around the grain boundaries, which may accelerate intergranular corrosion [1] and intergranular stress corrosion cracking [2,3,4] of austenitic stainless steel. Extensive studies on chromium carbide [5,6,7,8,9,10,11,12] as well as chromium depletion [13,14,15,16,17,18] at grain boundaries have been performed to understand the sensitization mechanism and kinetics of stainless steel.



However, the morphology of the intergranular M23C6 carbide is not yet fully understood, probably because of its complexity. It reflects the nature and behavior of interphase interfaces, such as interfacial energy, elastic energy, coherency and incoherency. It has fundamental importance to understanding of the basic processes of nucleation and growth involved in precipitation. It can give further insight into quantitative modelling on sensitization and understanding on stress corrosion cracking mechanism. It is also an important parameter when predicting fatigue life under creep fatigue conditions because the intergranular M23C6 carbide provides a preferential site for the cavity nucleation site during the fatigue cycle [10].



The intergranular M23C6 carbide with a face-centered cubic structure has an orientation relationship (OR) with one of two grains comprising the grain boundary in fully austenitic stainless steel [6,10]. The OR is (111)a//(111)c and [1  1 ¯  0]a//[1  1 ¯  0]c. TEM images of intergranular M23C6 carbide were reported to be triangular and trapezoidal shapes [6] but it is not clear whether those images were generated by observing one kind of carbide morphology at different directions or by observing many kinds of carbide morphologies. A prismatic M23C6 morphology with a scalene quadrilateral cross-section was proposed [10] but the morphology was not sufficiently validated. One kind of TEM image can be generated from various real three-dimensional morphologies. For example, a triangular TEM image can be formed from a triangular pyramid, quadrilateral pyramid or hexagonal pyramid M23C6 morphology. Therefore, one should be very careful in inferring the real three-dimensional M23C6 morphology from a two-dimensional TEM image.



Thick wrought austenitic stainless steel usually has a small amount of remaining δ ferrite introduced to reduce hot cracking [19] and, hence, M23C6 precipitation occurs at the phase boundary between austenite and ferrite grains during slow cooling from mill annealing or welding [20]. The M23C6 carbide has a faceted shape in early-stage precipitation, which then changes to a rounded shape in later-stage precipitation to reduce the free energy. The M23C6 carbide morphology at the phase boundary between austenite and ferrite is clearer and larger than that at the grain boundary between austenite grains because chromium diffusivity is higher in ferrite than austenite [21]. In addition, the M23C6 morphology at the phase boundary may give insight on the intergranular M23C6 morphology at the grain boundary, even though the former and the latter morphology may not be the same. The purpose of this work is to identify the early-stage morphology of M23C6 nucleated at the phase boundary between austenite and δ ferrite grains in austenitic stainless steel containing δ ferrite.




2. Materials and Methods


The chemical composition of commercially available austenitic stainless-steel Type 304L containing about 5% δ ferrite used in this work is shown in Table 1. The as-received material was free from sensitization because it was water quenched after mill annealing. Sensitization heat treatment of the as-received material was performed at 600 °C for a relatively short time of four hours to observe the carbide morphology at the early stage of precipitation.



Double-loop-electrochemical potential reactivation (DL-EPR) was performed to find the sensitized phase boundary with a Solartron 1287 (Ametek, Wokingham, UK) in a solution of 0.5 M H2SO4 + 0.01 M KSCN at ambient temperature. The DL-EPR specimen was sampled at the short transverse and longitudinal (SL) plane after sensitization heat treatment. The specimen was ground and then polished with Al2O3 up to 1 μm.



The specimen surface was observed after the DL-EPR test with a scanning electron microscope (SEM, JSM-6360, JEOL, Akishima, Tokyo, Japan). A TEM specimen was sampled at the sensitized dissolved phase boundary between austenite and δ ferrite grains using a focused ion beam (FIB) micromachining method. The TEM work was conducted using an electron microscope (JEM-2100F, JEOL, Akishima, Tokyo, Japan) at 200 kV. An energy dispersive spectroscopy (EDS) analysis was carried out with a silicon drift detector (X-Max80T, Oxford Instruments, Abington, Oxfordshire, UK) and AZtec software (version 3.2 HF1, Oxford Instruments Abington, Oxfordshire, UK) was used to confirm the chemical composition of the carbide. To identify the early-stage M23C6 carbide morphology, TEM images and selected area electron diffraction (SAED) were taken at various rotation angles of the TEM specimen. Rotating the carbide in TEM is just like changing the observation direction of the carbide in the crystal coordinate system. More information may be obtained with higher rotation angles but the rotation angle is limited in TEM. In this work the TEM specimen was rotated from [2  1 ¯  1] to [3  2 ¯  1] to [1  1 ¯  0] around the [11  1 ¯  ] pole and [2  3 ¯  1] to [1  1 ¯  0] to [3   2 ¯   1 ¯   ] around the [111] pole of M23C6. The [111] pole was selected because the phase boundary between austenite and M23C6 grains is the (111) plane in fully austenitic stainless steel. The [11  1 ¯  ] pole and [111] pole have a [1  1 ¯  0] zone axis. Hereafter, unless specified otherwise, the electron beam direction refers to the direction in the M23C6 carbide.



The angle between edges of the carbide in TEM image was measured at the beam direction employed in this work. The angle between edges of carbide on the projection plane perpendicular to the beam direction for a presumed carbide morphology was calculated. The angle measured from the TEM image was compared with that calculated from the presumed carbide morphology at various beam directions to confirm the validity of the presumed carbide morphology.




3. Results and Discussion


3.1. M23C6 Carbide Nucleation and Growth at Phase Boundary


Figure 1a shows an SEM micrograph of the Type 304L stainless steel containing elongated δ ferrite. The specimen showed variation in the degree of sensitization from location to location, even in the same phase boundary between austenite and δ ferrite grains and from phase boundary to phase boundary, because the sensitization treatment time was not long enough. Some of the phase boundary dissolved because the phase boundary was sensitized with concomitant precipitation of M23C6 while most of the phase boundary was still immune to interphase corrosion during the DL-EPR test because the phase boundary was not sensitized. The grain boundary between austenite grains was not etched in the DL-EPR test because the grain boundary was almost free from M23C6 precipitation. M23C6 preferentially precipitated at the phase boundary compared to the grain boundary because chromium diffuses faster in ferrite than in austenite [21].



The TEM specimen was harvested at the heavily dissolved phase boundary with FIB, as shown in Figure 1a. Figure 1b is a TEM micrograph showing parallel M23C6 carbides at the phase boundary between austenite and ferrite grains. Table 2 shows the chemical composition of major elements of ferrite, austenite and carbide measured with TEM-EDS. The Cr content is about 26 wt.% in ferrite and 18 wt.% in austenite, respectively. M in M23C6 is mainly composed of Cr and Fe. All the M23C6 carbides were nucleated at the phase boundary and grew into ferrite grain from the phase boundary. M23C6 carbides were not observed at the grain boundary between austenite grains in TEM, which is consistent with Figure 1a. All M23C6 grew from phase boundary to ferrite grain.



Figure 2a is a bright-field TEM image. Figure 2b shows SAED patterns of M23C6 carbide together with austenite. Figure 2c,d show ferrite and austenite, respectively. All of the micrographs in Figure 2 were obtained at B = [01  1 ¯  ] of M23C6 carbide. M23C6 has a face-centered cubic structure, as shown in Figure 2b. Every third spot in Figure 2b is very strong compared to the other spots and overlapping with that of austenite in Figure 2d, indicating that an OR between the austenite and M23C6 carbide exists. The OR is (111)a//(111)c and [1  1 ¯  0]a//[1  1 ¯  0]c, as described in previous works [7,10,22]. The lattice parameter of the carbide was about three-times that of the austenite. A comparison of Figure 2c with Figure 2d shows that the ferrite has no Kurjdjumov–Sachs (K–S) OR nor Nishiyama–Wassermann (N–W) OR with the austenite at the phase boundary. The K–S OR is (111)a//(110)f and [1  1 ¯  0]a//[1  1 ¯  1]f and the N–W OR is (111)a//(110)f and [10  1 ¯  ]a//[001]f [23]. SAED of ferrite (Figure 2c) was not observed at the beam direction of [110] of austenite, which suggests that neither K–S OR nor N–W OR exists between the austenite and the ferrite.



The probability of the M23C6 establishing coherency with the ferrite is very low if the austenite has no coherency with the ferrite. A comparison of Figure 2b with Figure 2c shows that the δ ferrite has no OR with the M23C6 at the phase boundary, as expected from the absence of an OR between austenite and ferrite. The orange straight line in Figure 2a is the (111) plane in carbide. For carbide nucleated at the phase boundary between the austenite and ferrite grains, the phase boundary between the M23C6 and austenite is not at the (111) plane, nor is it macroscopically straight, as shown in Figure 2a, even though there is a coherency between austenite and the M23C6 grains. However, the edges of carbide nucleated at the phase boundary were parallel to those of the other carbides, as shown in Figure 1b. Both the coherency between austenite and the M23C6 grains and same orientation of edges of the M23C6 carbides at the phase boundary suggest that M23C6 nucleates at the (111) plane of austenite grain at phase boundary in the same manner that it nucleates at the (111) plane of grain boundary in fully austenitic stainless steel.



Based on our findings, M23C6 nucleation and growth models at the grain boundary and phase boundary are presented schematically in Figure 3. Figure 3a is a schematic diagram showing carbide nucleation at the (111) plane of austenite grain at the phase boundary. Figure 3b is a schematic diagram showing carbide growth at the phase boundary where the phase boundary between M23C6 and the austenite grains may change from the (111) plane of austenite to the other low-index plane of austenite with carbide growth. Apparently, the curved interphase interface between M23C6 and the austenite grain in Figure 2a might be a faceted interface, as shown in Figure 3b, on a smaller-length scale and consists of the (111) plane terrace connected by a low-index plane ledge, as suggested by previous works [23,24]. In fully austenitic stainless steel, M23C6 at the grain boundary has an OR with one of two austenite grains comprising the grain boundary and the coherent phase boundary between austenite and the M23C6 grains is the (111) plane because migration of the grain boundary just ahead of M23C6 takes places before M23C6 growth to minimize interfacial energy [10]. The interphase boundary between the M23C6 and austenite grain in austenitic stainless steel containing delta ferrite is rather severely curved, as shown in Figure 2a, whereas that in fully austenitic stainless steel is relatively straight [10]. The difference in interphase appearance may be attributed to the size of the atomic rearrangement zone around the boundary just ahead of the M23C6. The size of the atomic rearrangement zone in austenitic stainless steel containing delta ferrite may be much smaller than that in fully austenitic stainless steel because the carbide growth rate in austenitic stainless steel containing delta ferrite is faster than that in fully austenitic stainless steel due to higher chromium diffusivity in ferrite [21]. Carbide growth on the (111) plane of austenite grain in austenitic stainless steel containing delta ferrite may be most favorable if the other conditions are the same. However, if carbide growth on the (111) plane is not possible due to a smaller size of the rearrangement zone, then carbide growth may occur on the next favorable low-index plane, leading to a curved interphase boundary on the macro scale and faceted interphase boundary on the atomic scale.




3.2. M23C6 Carbide Morphology at Phase Boundary


To examine the early-stage M23C6 carbide morphology, the following four steps were employed. Firstly, TEM images of carbide were obtained at various beam directions and then the angle between edges of carbide in the TEM image was measured. Secondly, a presumed carbide morphology was established based on the characteristics of M23C6 carbide at the grain boundary and then the angle between the edge of the image of the presumed carbide morphology was calculated at a given projection direction. Thirdly, the angle measured in the TEM image was compared with that calculated from the presumed carbide morphology. Fourthly, the presumed carbide morphology was modified until the angle measured in the TEM image matched that calculated from the presumed carbide morphology.



TEM images were taken at various rotation angles of the TEM specimen. Figure 4 shows TEM images and diffraction patterns obtained at B[1  1 ¯  0] (Figure 4a), B[2  1 ¯  1] (Figure 4b), B[3  2 ¯  1] (Figure 4c), B[2  3 ¯  1] (Figure 4d) and B[3   2 ¯   1 ¯   ] (Figure 4e). Diffraction patterns and TEM images at B[1  1 ¯  0] (Figure 4a) were obtained during rotation, either around the [111] pole or around [11  1 ¯  ]. The short red line in Figure 4c and short black line in Figure 4d were explained later in relation to carbide morphology.



The M23C6 carbide at the grain boundary in fully austenitic stainless steel has the following characteristics. An OR exists between one of two austenite grains comprising the grain boundary and carbide, as in the matrix, i.e., (111)a//(111)c and [01  1 ¯  ]a//[01  1 ¯  ]c [7,10]. M23C6 carbide is partially bound by <110> segments on the (111) plane in the grain boundary [7], which is consistent with the OR between austenite and M23C6 carbide. The angle at the apex of the TEM carbide image is almost 90° in many cases when the TEM image is obtained at the <110> beam direction [10]. Faces of M23C6 carbide at the early stage are composed of low-index planes, as in type-3 incoherent boundaries [24]. The characteristics of the M23C6 carbide at the grain boundary in fully austenitic stainless steel may be applicable to those at the phase boundary between austenite and ferrite grains.



Figure 5 shows that M23C6 carbide morphology developed from (Figure 5a) to (Figure 5b) and finally to (Figure 5c). All capital letters except W in Figure 5 indicate vertex positions on carbide. W is a position on carbide such that WO parallels to QP. Figure 5a is an initially presumed M23C6 carbide morphology at the phase boundary because it has the characteristics of M23C6 carbide at the grain boundary in fully austenitic stainless steel. That is, the angle between edges of the image expected from Figure 5a is 90° for the <110> zone axis and the interfaces of Figure 5a are composed of low-index planes and carbide on the (111) basal plane is bound by the <110> segment. The fact that Figure 5a includes characteristics of M23C6 carbide at the phase boundary may not guarantee that Figure 5a is the real carbide morphology at the phase boundary. The feasibility of Figure 5a being the carbide morphology at the phase boundary was confirmed by comparing the angle measured between the edge in the TEM image and that calculated between edges in the image in Figure 5a in the beam direction.



The TEM image in Figure 4a was obtained at a beam direction of [1  1 ¯  0]. By comparing the diffraction pattern and carbide image in Figure 4a, the lower-side edge is almost parallel to the green line and the green line is perpendicular to the [220] direction in the SAED. The upper-side edge is almost parallel to the yellow line and the yellow line is perpendicular to the [002] direction in the SAED. Therefore, the lower-side edge almost parallel to the green line and the upper-side edge almost parallel to the yellow line were assigned to the (110) plane and the (001) plane, respectively. Then, the green line and yellow line in the TEM image in Figure 4a are consistent with the images generated by the BOA and COD interface in Figure 5a, respectively, at the beam direction of [1  1 ¯  0].



The TEM image in Figure 4b obtained at the [2  1 ¯  1] beam direction is a trapezoid. The edge of the TEM image parallel to the blue line in Figure 4b is perpendicular to the [022] direction of SAED at the [2  1 ¯  1] beam direction. Therefore, the edge parallel to the blue line was assigned to the (011) plane and is produced by BOC (011) in Figure 5a. However, the image expected from the carbide morphology in Figure 5a at the [2  1 ¯  1] beam direction is a triangular shape because the image is produced by the AOC in Figure 5a. The discrepancy between the TEM image in Figure 4b and the image expected from Figure 5a implies that the carbide morphology in Figure 5a is not valid. To obtain the trapezoid TEM image in Figure 4b, the carbide morphology was modified from Figure 5a to Figure 5b, where the QPSR (  1 ¯  11) plane below the POS (011) plane in Figure 5b was additionally introduced because the QPSR (  1 ¯  11) plane satisfies the characteristic of the M23C6. In this case, the edge of carbide parallel to the blue line in Figure 4b is produced by POS (011) in Figure 5b. Then, the image expected from the carbide morphology in Figure 5b at the [2  1 ¯  1] beam direction is a trapezoid and consistent with the TEM image in Figure 4b.



If we assign coordinates to the two vertex positions in Figure 5b, for example, O(111) and R(   1 4       3 4    1), then the coordinates of the other vertex positions are determined as shown in Table 3.



Figure 6 is a duplication of Figure 4, with additional positions and lines corresponding to those in the carbide morphology in Figure 5 to avoid confusion in viewing the TEM carbide image in Figure 4. The position marked with a letter (for example, O) in the TEM image in Figure 6 corresponds to the position with the same letter (O) in the carbide morphology in Figure 5. Q, W and A coordinates in Figure 5c are given by one point in the TEM image of Figure 6a because the [1  1 ¯  0] beam direction is parallel to an edge, including Q, W and A coordinates in Figure 5c. R and U coordinates in Figure 5c are also given by one point in Figure 6a. Both Figure 6(d1,d2) corresponding to Figure 4d are the same, except the position mark D (Figure 6(d1)) and U (Figure 6(d2)). In Figure 6, the solid orange line is the (111) plane but the dotted orange line is not the (111) plane. The dotted orange line was drawn only to indicate coordinates of the position, where the (111) plane meets the other interfaces. ∠OSR in the TEM image in Figure 6b was measured and ∠OSR in the image expected from the carbide morphology in Figure 5b was calculated at the [2  1 ¯  1] beam direction. Both the angle measured and that calculated were 149°, which proves that the QPSR plane below the POS (011) plane in Figure 5b is the (  1 ¯  11) plane. The trapezium TEM image in Figure 4c at the [3  2 ¯  1] beam direction is also generated by the AOSR of the carbide morphology in Figure 5b. The edge parallel to the short red line in Figure 4c is generated by the OS line in Figure 6b. O’ in Figure 6b corresponds to a position where extrapolation of AO and RS meet together in the TEM image.



TEM images and SAED of carbide in Figure 4d,e were obtained at the [2  3 ¯  1] and [3  2 ¯  1] beam directions during rotation about the (111) pole, respectively. The edge parallel to the short black line in Figure 4d corresponds to    OP ¯    of the carbide morphology in Figure 5b at the [2  3 ¯  1] beam direction. The TEM image of QPOD in Figure 6(d1) corresponds to the QPOD of carbide morphology in Figure 5b at the [2  3 ¯  1] beam direction.    RS ¯    and    QP ¯    are parallel to    UO ¯    and    WO ¯   , respectively, in Figure 5b. ∠QPO, ∠POD and ∠WOD in the TEM image in Figure 6(d1) correspond to ∠QPO, ∠POD and ∠WOD in the carbide morphology of Figure 5b at the [2  3 ¯  1] beam direction, respectively. ∠QPO, ∠POD and ∠WOD in the TEM image in Figure 6(d1) were measured and those for the carbide morphology in Figure 5b were calculated at the [2  3 ¯  1] beam direction. The results are listed in Table 4. ∠WOD is the same with ∠QO’D in the TEM image at the [2  3 ¯  1] beam direction in Figure 6(d1). ∠QPO measured in the TEM image in Figure 6(d1) closely matched that calculated from the carbide morphology in Figure 5b. However, ∠POD and ∠WOD measured in the TEM image in Figure 6(d1) deviate substantially from those calculated from the carbide morphology in Figure 5b, as shown in Table 4. The deviation in both ∠POD and ∠WOD measured in the TEM image from that calculated from the carbide morphology in Figure 5b means that Figure 5b is not real carbide morphology. If ∠POU and ∠WOU of the TEM image of carbide in Figure 6(d2) are generated by those of the carbide morphology in Figure 5c, then ∠POU and ∠WOU measured in the TEM image of carbide in Figure 6(d2) perfectly matches those calculated from the carbide morphology in Figure 5c, as shown in Table 4. Therefore, the initially presumed OSRD (001) plane in Figure 5b should be split to the (001) plane of OSRU and the unknown plane containing    UO ¯    edge. Accordingly, the AOD (100) plane in Figure 5b should split to the (100) plane and the unknown plane. The unknown plane split from the OSRD (001) plane and that from the AOD (100) plane may be the same plane.



Now, the carbide morphology at the right side of AOU in Figure 5c is identified completely but that at the left side of AOU remains. Interfaces of the carbide morphology at the left side of AOU may be assumed as low-index planes as in interfaces of the carbide morphology at the right side of AOU. Low-index planes with a    UO ¯    [110] edge are the (1  1 ¯  1), (1  1 ¯  0), (001) and (  1 ¯  11) planes. The (  1 ¯  11) plane was excluded because the (  1 ¯  11) plane with the    UO ¯    [110] edge can not include the    OA ¯    edge. The (001) plane was also excluded because the (001) plane was already there and could not make the    UO ¯    [110] edge. The (1  1 ¯  0) plane was also excluded because the presence of the (1  1 ¯  0) plane does not allow for the (100) plane in Figure 5c. If the (1  1 ¯  0) plane exists, the (1  1 ¯  0) plane with    UO ¯    edge also includes    OA ¯    edge, that is, the (1  1 ¯  0) plane is AOV in Figure 5c. The (100) plane in contact with the OSP (011) plane in Figure 5c was confirmed in previous work [10]. Therefore, the possible unknown plane is the (1  1 ¯  1) plane. VOU (1  1 ¯  1) plane was introduced in Figure 5c. The (1  1 ¯  1) plane in Figure 5c is a reasonable choice in terms of a low-index plane and volume to surface energy ratio.



The presence of the    OV ¯    edge in Figure 5c was not confirmed through a comparison of the angle measured with that calculated because TEM specimen rotation is limited. ∠WOV from the carbide morphology in Figure 5c for the beam direction of [10  1 ¯  ] was calculated to be 100°. The entire boundary at the basal plane of carbide is enclosed by <110> segments, which is consistent with the OR between austenite and carbide. Angles measured in the TEM image of Figure 6, except Figure 6(d1), closely match those calculated from the carbide morphology in Figure 5c at various beam directions, as shown in Table 5. Based on the findings and reasoning on the carbide morphology, the early-stage M23C6 carbide morphology is identified to be a complex pyramid shape in Figure 5c and is composed of low-index planes of {001}, {011} and {111} planes. Variants of Figure 5c produced by symmetry operations may be a morphology of the M23C6 at the phase boundary.



TEM images of intergranular M23C6 carbide were reported to be triangular and trapezoidal shapes in fully austenitic stainless steel [6]. These TEM images can be generated from just one kind of morphology, such as in Figure 5c. Care should be taken in inferring carbide morphology from TEM images because many TEM images can be generated by observing one kind of carbide morphology in different directions. However, the presence of other carbide morphology at the phase boundary cannot be ruled out. A prismatic morphology with a scalene quadrilateral cross-section was suggested as the carbide morphology, where the quadrilateral facets are the (11  1 ¯  ), (1  1 ¯  1), (02  2 ¯  ) and (200) planes, but the two end facets of the prismatic morphology were not identified [10]. If the M23C6 carbide morphology is a prismatic shape with a scalene quadrilateral cross-section and has the (111) basal plane, the TEM image will be changed from a triangle to a trapezoidal square when the beam direction is changed from B = [1  1 ¯  0] to B = [2  3 ¯  1] or to B = [3   2 ¯   1 ¯   ] for rotation around the [111] pole. However, the TEM image was not changed in that way in this work, as shown in Figure 4d,e. However, the presence of elongated pyramid morphology with a scalene quadrilateral cross-section may be possible in a later stage through preferential growth to the [01  1 ¯  ] direction in Figure 5c or coalescence of closely spaced carbides in Figure 5c.




3.3. Deviation in an Angle Measured from TEM Image from That Calculated from Carbide Morphology


The edge of a TEM carbide image is produced by either the face or edge of the carbide morphology at a given beam direction. If the face of carbide morphology includes the beam direction, the edge of the TEM carbide image is produced by the face of carbide; otherwise, it is produced by the edge of carbide morphology. For example, the (110) plane and (001) plane of carbide in Figure 5c includes the [1  1 ¯  0] beam direction and the (011) plane of carbide in Figure 5c also includes the [2  1 ¯  1] beam direction. In these cases, the edge of the TEM image is determined by the face of carbide morphology. At the [110] beam direction, OA and OU edges of the TEM carbide image in Figure 7a are produced by the (110) plane and (001) plane of carbide in Figure 5c, respectively. As shown in Table 5, angles measured in the TEM image matched well those calculated from the carbide morphology if the angle measured in the TEM image is determined by the edge of the carbide morphology. However, the former deviates slightly from the latter if determined by the face of the carbide morphology, as at the [1  1 ¯  0] beam direction. The deviation in between the measured and calculated value may be explained with a multilayer growth mechanism, as shown in Figure 7. The OA’ (green line) and OU’ (yellow line) in the TEM carbide image in Figure 7a are lines perpendicular to the [220] and [002] direction, respectively. OA of the carbide image deviates from OA’ by 5° and OU of the carbide image deviates from OU’ by 3° in Figure 7a at the [1  1 ¯  0] beam direction. Figure 7b,c are a three-dimensional view and side view of a schematic diagram, showing multilayer growth, respectively. Figure 7b shows that new carbide may nucleate above the growing carbide face before the growing carbide nuclei reach the edge of the face because of the high nucleation rate at the interior region of the face between the austenite grain boundary and carbide. If L is less than (v/Jo)1/3, multilayer growth is possible, where L is the dimension of the face, v is the nuclei growth rate and Jo is the nucleation rate [25]. That is, if the nucleation rate is faster than the growth rate then the angle measured in the TEM image will be larger than that calculated from ideal morphology.





4. Conclusions


The early-stage M23C6 morphology at the phase boundary between δ ferrite and austenite in Type 304L austenitic stainless steel was investigated with TEM. The following conclusions were drawn.



	
The M23C6 that nucleated at the phase boundary between ferrite and austenite has coherency with austenite. The phase boundary between the M23C6 and austenite grains has a curved appearance. The curved phase boundary might be a faceted interface composed of the (111) plane and the other low-index planes on the atomic scale.



	
The M23C6 morphology at the phase boundary is identified to be a complex pyramidal shape that has {111}, {110} and {100} interfaces. Various shapes of TEM carbide images, such as triangular, scalene quadrilateral and trapezoidal shapes, can be generated from the M23C6 morphology, depending on the electron beam direction. Variants of the M23C6 morphology produced by symmetry operations may be a morphology of the M23C6 at the phase boundary.



	
Angles measured in the TEM images agree well with those calculated from the carbide morphology when the former is determined from the edges of the carbide morphology. The former deviates slightly from the latter when the former is determined from the faces of the carbide morphology. The deviation may be attributed to multilayer growth in the interior region of the carbide face.
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Figure 1. Microstructure of Type 304L stainless steel containing δ-ferrite sensitized at 600 °C for four hours: (a) SEM micrograph after the DL-EPR test, showing elongated δ ferrite and partially dissolved phase boundary during the DL-EPR test; (b) TEM micrograph showing M23C6 carbide nucleated at the phase boundary. 
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Figure 2. TEM image and SAED pattern: (a) a bright-field TEM image; (b) SAED patterns of M23C6 carbide together with austenite; (c) SAED patterns of ferrite; (d) austenite. All micrographs were obtained at B = [01  1 ¯  ] of carbide. 
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Figure 3. Schematic diagram of M23C6 nucleation and growth on phase boundary: (a) nucleation of M23C6 on (111) plane of γ boundary; (b) growth of the M23C6 on the migrating faceted phase boundary. 
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Figure 4. TEM image and SAED of carbide with beam directions: (a) [1  1 ¯  0]; (b) [2  1 ¯  1]; (c) [3  2 ¯  1]; (d) [2  3 ¯  1]; (e) [3   2 ¯   1 ¯   ]. 
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Figure 5. M23C6 carbide morphology at the phase boundary developed from (a) to (b) to finally (c) based on diffraction pattern and carbide angle in TEM image. Basal plane of the M23C6 carbide is the (111) plane. 
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Figure 6. Duplication of Figure 4 with additional lines and position marks corresponding to Figure 5. (a,b,c,e) correspond to Figure 4a,b,c,e respectively. Both (d1,d2) corresponding to Figure 4d are same except position mark D in (d1) and U in (d2). 
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Figure 7. Schematic diagram showing multilayer growth of M23C6 carbide on the (110) plane: (a) TEM image and diffraction pattern at the [1  1 ¯  0] beam direction where yellow and green lines are (001) and (110) planes, respectively, (b) three-dimensional view and (c) side view of multilayer growth of carbide on the (110) plane. 
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Table 1. Chemical composition of as-received Type 304L stainless steel containing δ-ferrite used in this work (in wt.%).
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	C
	Si
	Mn
	P
	Cr
	Ni
	Co
	Cu
	Ti
	Fe





	0.024
	0.45
	1.43
	0.033
	18.35
	8.11
	0.17
	0.28
	0.002
	71.15
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Table 2. Chemical composition of major elements of the phases measured by TEM EDS in the AISI 304L stainless steel heat treated at 600 °C for four hours (in wt.%).
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	Phase
	Si
	Cr
	Mn
	Fe
	Ni





	Austenite
	0.44
	17.96
	1.41
	71.72
	8.47



	Ferrite
	0.59
	24.57
	1.40
	69.74
	3.70



	Carbide
	0.31
	66.98
	1.96
	28.00
	2.75
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Table 3. Coordinate of vertex positions on carbide in Figure 5.
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Position

on Carbide in Figure 5

	
Coordinate




	
x

	
y

	
z






	
A

	
1

	
1

	
0




	
B

	
0

	
2

	
0




	
C

	
0

	
1

	
1




	
D

	
1

	
0

	
1




	
O

	
1

	
1

	
1




	
P

	
    1 2    

	
    3 2    

	
    1 2    




	
Q

	
    1 4    

	
    7 4    

	
  0  




	
R

	
    1 4    

	
    3 4    

	
1




	
S

	
    1 2    

	
  1  

	
  1  




	
U

	
    1 2    

	
    1 2    

	
  1  




	
V

	
  1  

	
    1 2    

	
    1 2    




	
W

	
    1 2    

	
    3 2    

	
  0  
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Table 4. Comparison of the angle measured in TEM image and that calculated from carbide morphology at [2  3 ¯  1] beam direction.
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Beam

Direction

	
Angle Measured in TEM

Image (°)

	
Angle Calculated From

Carbide Morphology (°)






	
[2  3 ¯  1]

	
Figure 6(d1)

	
∠QPO

	
165

	
Figure 5b

	
∠QPO

	
165




	
∠POD

	
116

	
∠POD

	
137




	
∠WOD

	
101

	
∠WOD

	
161




	
Figure 6(d2)

	
∠QPO

	
165

	
Figure 5c

	
∠QPO

	
165




	
∠POU

	
116

	
∠POU

	
118




	
∠WOU

	
101

	
∠WOU

	
103
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Table 5. The angle measured in TEM carbide images in Figure 6 and that calculated from the carbide morphology in Figure 5c with beam directions.
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Beam Direction

	
Angle

	
Angle Measured

in TEM Image

of Figure 6 (°)

	
Angle Calculated

From Carbide Morphology

of Figure 5c (°)






	
[1  1 ¯  0]

	
∠AOU

	
98

	
90




	
[2  1 ¯  1]

	
∠AOS

	
129

	
129




	
∠OSR

	
149

	
149




	
∠AOU

	
98

	
98




	
[3  2 ¯  1]

	
∠AOS

	
111

	
112




	
∠OSR

	
164

	
161




	
∠AOU

	
95

	
93




	
[2  3 ¯  1]

	
∠QPO

	
165

	
165




	
∠POU

	
116

	
118




	
∠WOU

	
101

	
103




	
[3   2 ¯   1 ¯   ]

	
∠AOS

	
114

	
112




	
∠OSR

	
159

	
161




	
∠AOU

	
93

	
94




	
[10  1 ¯  ]

	
∠WOV

	
Not measured

	
100
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