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Abstract 16 

The third-generation advanced high strength medium manganese (3-12 wt. %) steels typically 17 

consist of ultrafine-grained dual-phase (austenite-ferrite) microstructure, obtained through the 18 

intercritical annealing of martensite at temperatures typically ≤ 0.5Tmelt, where the bulk diffusion 19 

of Mn is extremely slow. Yet, the manganese partitioning plays a prominent role in the austenite 20 

growth from the martensitic matrix during this annealing step. Therefore, the ‘short circuit’ 21 

diffusion paths provided by grain boundaries (GBs) and dislocations must be crucial to the austenite 22 

growth. However, this influence is not well understood across the literature. In the present work, 23 

we study the mechanisms of austenite growth in a cold-rolled intercritically annealed medium 24 

manganese steel of composition Fe-10Mn-0.05C-1.5Al (wt. %). We provide evidence of manganese 25 

transport to austenite through GB diffusion, GB migration and dislocation pipe diffusion. 26 

Furthermore, the influence of GB misorientation on austenite growth is also reported. 27 

 28 
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It is well established that the grain boundaries (GBs) and dislocations provide fast diffusion paths 34 

(‘short circuit’ paths or the so called rapid diffusion paths) in materials [1-5]. These ‘short circuit’ 35 

paths are particularly relevant in the context of austenite growth during intercritical annealing in 36 

medium manganese steels (3-12 wt. % Mn). Studies [6-8] in the recent past have revealed 37 

manganese segregation to ferrite GBs as a pathway for austenite nucleation in intercritically 38 

annealed medium manganese steels. Austenite growth is achieved by the movement of the 39 

austenite-ferrite phase boundary towards the ferrite. At the interface boundary between the 40 

growing austenite and the ferrite, there exists a local equilibrium [9]. The partitioning of elements 41 

(such as manganese) between austenite and ferrite depends on the intercritical temperature. 42 

Typically, the equilibrium manganese concentration of austenite at the phase boundary is greater 43 

than that of ferrite. In other words, at the moving phase boundary, ferrite will be transformed to 44 

new reverted austenite with higher manganese concentration. Diffusion of manganese inside the 45 

ferrite is thus required to feed this transformation. However, no manganese diffusion is required 46 

inside the austenite. The kinetics of the austenite growth is therefore determined by the diffusion 47 

rate of manganese in ferrite [10, 11]. Since intercritical annealing temperatures are typically ≤ 48 

0.5Tmelt, wherein even in the bcc ferrite the bulk diffusion is extremely slow, and thus the GBs and 49 

dislocations are expected to play a key role in solute transport [12, 13]. Yet, the role of these 50 

‘short circuit’ paths in manganese transport for austenite growth is not well understood.  51 

Earlier, Navara et al. [10] have reported GB diffusion and GB migration as a rapid manganese 52 

transport mechanism to the growing austenite. The authors used scanning transmission electron 53 

microscopy (STEM) and energy dispersive X-ray (EDX) spectroscopy for their studies. However, 54 

they pointed out that the use of atom probe would provide a more accurate understanding. Here, 55 

we aim to understand the mechanisms of austenite growth in medium manganese steel with the 56 

composition Fe-10Mn-0.05C-1.5Al (wt. %). The alloy was solution annealed at 1100°C for 3 hours 57 

and quenched. Subsequently, it was cold-rolled to achieve a 50% thickness reduction. The detailed 58 

alloy synthesis has been reported elsewhere [14]. The intercritically annealed specimen will be 59 

referred to as IAT/t, where T is the intercritical annealing temperature in °C and t is the 60 

intercritical annealing time in hours. In the current work ferrite refers to interrtically annealed 61 

recovered martensite.  62 

Sample preparation for atom probe tomography (APT) [15] and transmission electron microscopy 63 

(TEM) [16] was carried out using a dual-beam FEI Helios NanoLab 660 scanning-electron 64 

microscope (SEM) - focused ion beam (FIB). APT investigations were conducted in a LEAP 5000XR 65 
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(Cameca Instrument, Inc. Madison, WI, USA), and the data was reconstructed using IVAS (3.8.4). 66 

The APT specimens were measured in laser pulsing mode at 60K with a repetition rate of 125 kHz 67 

and pulse energy of 40 pJ. Scanning transmission electron microscopy (STEM) with energy 68 

dispersive X- EDX spectral imaging was conducted in a high-resolution, Cs probe corrected FEI 69 

Titan G2 80–200 STEM [17]. Transmission Kikuchi diffraction (TKD) on the TEM lamella was 70 

performed in a Zeiss Merlin field emission gun scanning electron microscope (SEM) equipped with 71 

a Bruker-Nano EBSD detector. Phase fraction and Gibbs energy calculations were obtained using 72 

Thermo-calc (2017b)-TCFE9 database. 73 

The cementite mole fraction estimated from Thermo-Calc in the medium manganese steel at 74 

500°C is 4.7 x 10-4 (supplementary figure S1). Thus, an intercritical annealing temperature of 500°C 75 

(annealed for 6 hours) was initially selected to eliminate the cementite formation (IA500/6). 76 

Furthermore, for the IA500/6, the (ferrite) bulk manganese diffusion distance is significantly lower 77 

(~ 5nm) to aid austenite growth, as will be shown later. Consequently, for the IA500/6, austenite 78 

growth is expected to rely on ‘short circuit’ diffusion pathways.     79 

To characterize austenite grains of the order of 10 nm, difficult to index by EBSD [18], we used 80 

transmission Kikuchi diffraction (TKD) [19]. Figure 1a-d illustrates the TKD data of the IA500/6, 81 

wherein austenite nucleation is observed both at the low angle grain boundaries (LAGBs) and high 82 

angle grain boundaries (HAGBs). The corresponding misorientations of the GBs (labeled in figure 83 

1b, 1d) are shown in table 1. While the austenite formed at the LAGBs is ~10-30 nm in size, at 84 

HAGBs it can be as large as ~300 nm. It is observed that the austenite formed at the LAGBs is 85 

predominantly growing along the GB. While triple points (highlighted with a circle) appear devoid 86 

of austenite nucleation, it is important to note that the planar cross-section is observed in TKD 87 

and only the regions close to the bottom surface of the lamella can be mapped using TKD [20]. A 88 

possible austenite nucleation along a triple line going perpendicular into the lamella cannot be 89 

revealed with this measurement and, hence, cannot be excluded. 90 

Boundary Misorientation (°) 

LAGBi 13.1 

LAGBii 8.5 

HAGB1  55 

HAGB2 60 

HAGB3 50 

Table 1: Misorientation of the grain boundaries indexed in figures 1b and 1d. 91 
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 92 

Figure 1 TKD studies of the IA500/6 steel. (a) Phase map indicating austenite nucleation at LAGBs. (b) IPF map 93 

corresponding to (a). (c) Phase map indicating austenite nucleation at HAGBs. (d) IPF map corresponding to (c). 94 

LAGBs are indicated in (b) with i and ii, while HAGBs are labeled in (d) with 1, 2, and 3. Corresponding 95 

misorientation angles of indicated GBs are given in table I. The white circles in (a-d) indicate triple junctions 96 

without austenite nucleation. (e) Bright-field STEM micrograph of the area indicated in (a) with white dotted 97 

rectangle. (f) EDX Mn distribution map corresponding to (f). 98 
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Figure 1f shows the EDX elemental distribution map of Mn for the area presented in STEM 99 

micrograph in figure 1e. The manganese-rich regions in figure 1f correspond to austenite growing 100 

along the ferrite GB. It is also important to note the dislocations terminating at the grain/phase 101 

boundary in the TEM image in figure 1e. The possibility of pipe diffusion of manganese along such 102 

dislocations is discussed later. 103 

The local equilibrium at the phase boundary [9] ensures that the fresh austenite forms already with 104 

the equilibrium Mn concentration, thus, diffusion inside the FCC austenite is not required for the 105 

growth of austenite. For the ferrite, in addition to the bulk diffusion [21], dislocation pipe diffusion 106 

[22], GB diffusion [13], GB migration [10, 22] and recovery of dislocations (moving dislocation 107 

pipes) [22] aid the solute diffusion. Table 2 summarizes the diffusion coefficients of different 108 

diffusion pathways reported in the literature for ferrite (BCC) and austenite (FCC) at 500°C. A 109 

notation DM
X  has been used herein for the diffusion coefficient, where X stands for diffusing element 110 

(such as Mn, Fe or C), and M stands for the diffusion channel such as B for bulk, Dis for dislocation, 111 

and GB for grain boundary. Since the bulk diffusion of C in ferrite ( DB−BCC
C  at 500°C is 10-12 m2s-1  112 

[23]) is orders of magnitude faster compared to the bulk diffusion of Mn in ferrite (DB−BCC
Mn  at 113 

500°C is ~10−21 m2s-1 [21]), manganese diffusion in ferrite is considered to be the rate limiting 114 

factor for austenite growth.  115 

 116 

Since GB and dislocation diffusion coefficients for Mn in ferrite at 500°C are not reported in the 117 

literature, for the need of our discussion we consider the corresponding self-diffusion coefficients 118 

of Fe, to provide us an approximation. In table 2 we calculate the diffusion distances for the 119 

annealing time of 6 hours at 500°C. Given that the bulk diffusion is three-dimensional, GB diffusion 120 

is two-dimensional and dislocation pipe diffusion is one-dimensional, the diffusion distance equation 121 

has been modified accordingly (table 2). 122 

  123 
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 Diffusion coefficient (𝒎𝟐𝒔−𝟏) Diffusion distance 

Bulk 

𝐃𝐁−𝐁𝐂𝐂 
𝐂 [23] ~𝟏𝟎−𝟏𝟐 √𝟔 ∗ 𝑫𝑩−𝑩𝑪𝑪

𝑴𝒏 𝒕 360000 nm 

𝑫𝑩−𝑩𝑪𝑪
𝑴𝒏  [21] ~𝟏𝟎−𝟐𝟏 √𝟔 ∗ 𝑫𝑩−𝑩𝑪𝑪

𝑴𝒏 𝒕 11.4 nm 

𝑫𝑩−𝑭𝑪𝑪
𝑴𝒏   [24] ~𝟏𝟎−𝟐𝟐 √𝟔 ∗ 𝑫𝑩−𝑭𝑪𝑪

𝑴𝒏 𝒕 3.6 nm 

𝑫𝑩−𝑩𝑪𝑪
𝑭𝒆  [25] ~ 𝟖 ×  𝟏𝟎−𝟐𝟑 √𝟔 ∗ 𝑫𝑩−𝑩𝑪𝑪

𝑭𝒆 𝒕  3.2 nm 

GB 𝑫𝑮𝑩−𝑩𝑪𝑪
𝑭𝒆  [3] 

~ 𝟐 ×  𝟏𝟎−𝟏𝟓 to 

~ 𝟏𝟎−𝟏𝟐 
√𝟒 ∗ 𝑫𝑮𝑩−𝑩𝑪𝑪

𝑭𝒆 𝒕 13100 nm 

Dislocation 𝑫𝑫𝒊𝒔−𝑩𝑪𝑪
𝑭𝒆  [26] ~𝟏𝟎−𝟏𝟕 √𝟐 ∗ 𝑫𝑫𝒊𝒔−𝑩𝑪𝑪

𝑭𝒆 𝒕 656 nm 

Table 2 Diffusion coefficients 𝐷𝑀
𝑋  for different pathways in ferrite (BCC) and austenite(FCC). X stands for diffusing 124 

element (such as Mn, Fe or C), and M indicates diffusion channel, such as bulk (B), dislocation (Dis), and grain 125 

boundary (GB).  Diffusion coefficients correspond to the annealing temperature of 500°C. Diffusion distances are 126 

calculated for annealing time of 6 hours. The Mn bulk diffusion in austenite is slower when compared to the Mn 127 

bulk diffusion in ferrite. 128 

 129 

The bulk Mn diffusion distance of 11.4 nm in ferrite (table 2), is significantly lower compared to 130 

the size of the austenite grains (~300 nm) observed for the IA500/6 (see e.g. figure 1c). Thus the 131 

bulk diffusion of manganese cannot meaningfully aid the process of austenite growth for the 132 

IA500/6. The GB diffusion is, therefore expected to be the dominant mass transport mechanism 133 

[12, 13]. It is important to note that the GB diffusion coefficient is dependent on the character of 134 

the GB [3, 27]. The DGB−BCC
Fe  was reported to vary up to by four orders of magnitude at 600°C 135 

for a Σ5 GB, depending on the GB misorientation (table 3 [3]). Given the dependence of diffusion 136 

coefficient on GB character, it is thus reasonable to conclude that at 𝐷𝐻𝐴𝐺𝐵
𝑀𝑛 >  𝐷𝐿𝐴𝐺𝐵

𝑀𝑛  at 500°C in 137 

the ferrite. We have reported above (figure 1) that the austenite grain size at HAGB is significantly 138 

(~25 times) greater compared to the austenite at a LAGB for the IA500/6. The predominant GB 139 

diffusion at HAGB compared to LAGB, thus explains the preferential growth of austenite nucleated 140 

at the HAGBs compared to the austenite at the LAGBs for the IA500/6.   141 

 142 

 143 
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Grain boundary 

geometry 

Misorientation (in °) 𝑫𝑮𝑩−𝑩𝑪𝑪
𝑭𝒆   ( in m2s-1) at 

600°C 

Σ5(310) 36.87 ~10-15 

Σ5(730) 46.40 ~10-13 

Σ5(210) 53.13 ~10-11 

Table 3 GB diffusion coefficients for Σ5 GB for different GB misorientations. Values are taken from Starikov et al. 144 

[3], wherein 𝐷𝐺𝐵−𝐵𝐶𝐶
𝐹𝑒  was calculated using the embedded-atom method (EAM)-based potential developed by 145 

Chiesa et al. [28] 146 

Given that the starting microstructure prior to intercritical annealing was a cold-rolled martensitic 147 

microstructure, the stored deformation energy provides a driving force for GB migration.  148 

The velocity of a grain boundary 𝑣𝐺𝐵 is given by equation 1. 149 

 𝑣𝐺𝐵 = 𝑚𝑝 1 

 150 

Wherein 𝑚, the mobility of a grain boundary is obtained from equation 2. 151 

 
𝑚 =

𝑏2𝐷𝑚

𝑘𝑇
 

2 

k is the Boltzmann constant, b is the Burgers vector, T is the temperature, and Dm is the diffusion 152 

coefficient for jumps through the grain boundary.  153 

 154 

𝑝, the pressure on the GB due to stored deformation energy is given by 155 

 
𝑝 = 𝜌

𝐺𝑏2

2
 

3 

The shear modulus G is assumed to be 100 GPa [29], 𝜌 is the dislocation density. In BCC iron b = 156 

2.48 Å. The dislocation density (𝜌) was reported to be ~1 x 1016 m-2 in a 50% cold-rolled martensite 157 

[30].  158 

 159 

GB segregation of manganese in ferrite causes solute drag during the GB migration [31, 32]. The 160 

motion of manganese solute atoms (moving behind the ferrite GB) can be considered here as the 161 

rate-determining process. Hence, the lower bound approximation for the velocity of a GB can be 162 

calculated by  𝐷𝑚  ≅  𝐷𝐵−𝐵𝐶𝐶
𝑀𝑛  [31]. The velocity of GB (calculated from equation 1) reaches 1.7 x 163 

10-4 nm/s and the distance of ferrite GB migration is 3.6 nm. However, the diffusion coefficient for 164 

jumps through the grain boundary, without the solute drag, can be significantly greater and hence 165 

the GB migration distance can also be significantly larger. It is also essential to note that the GB 166 
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migration rate depends on the GB character [32] and HAGBs were reported to show higher 167 

mobility compared to LAGBs [33]. 168 

 169 

Figure 2 (a-b) APT measurement showing enrichment of dislocation with manganese for the IA500/6 steel. Mn-170 

enrichment at the dislocation is highlighted by 14 at. % Mn iso-surface. (c) Proximal histogram [34] (or Proxigram) 171 

of the manganese segregation to the dislocation indicated in (b). 0 nm corresponds to 14 at. % Mn concentration. 172 

Positive distance corresponds to the enrichment at the dislocation wherein, while the negative distance indicates 173 

the bulk Mn concentration. To confirm the absence of any carbides at the dislocation, proxigram with carbon 174 

concentration is shown in supplementary figure S2.    175 

Solute diffusion can occur via pipe-diffusion through dislocations [4, 5]. Kuzmina et al. [35] and 176 

Kwiatkowski da Silva et al. [36] reported manganese segregation to dislocations in a cold-rolled, 177 

intercritically annealed medium manganese steel. Our APT measurements revealed a similar 178 

manganese enrichment at dislocations for the IA500/6 (figure 2a-c), while STEM investigations 179 

(presented in Figure 1e) confirmed presence of dislocations termination at grain/phase boundaries. 180 

The schematic in figure 3 summarizes the two prominent diffusion paths relevant for the austenite 181 

growth, namely dislocations and GBs. If a dislocation terminates at the austenite (γ) - ferrite (α) 182 

phase boundary, it can directly supply Mn for the austenite growth. Dislocation that ends at GBs 183 

can supply manganese to the GBs, which are faster diffusion channels (see table 2) and will facilitate 184 

further diffusion. Accordingly, dislocation migration is also expected to aid manganese diffusion, 185 

but study of this phenomena is out of the scope of current work.  186 
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 187 

Figure 3 Schematic illustration of the manganese diffusion paths via grain/phase boundaries and dislocations. Dislocations 188 

terminating at the γ-α phase boundary can directly supply Mn for the austenite growth. Dislocations ending at α-α GB can 189 

supply Mn to the GB, which in turn acts as a faster diffusion pathway. 190 

In line with earlier APT studies [6-9, 35, 36], we have also observed [37] manganese segregation 191 

to the GBs for the IA500/6. However, no direct evidence of GB diffusion and GB migration was 192 

observed from APT experiments for the IA500/6. To capture direct evidence of the GB diffusion 193 

and GB migration, our medium manganese steel was intercritically annealed at a lower 194 

temperature (slower manganese diffusivity) of 450°C for a shorter time of 2 hours (IA450/2).  195 

 196 

Figure 4 illustrates the austenite(γ) nucleation event at a triple boundary in ferrite.  Austenite 197 

volume is highlighted in figure 4a by a 30 at. % manganese iso-surface. The dotted line in the side 198 

view indicates the 2 nm thick cuboidal region of interest (ROI) (thickness perpendicular to the 199 

dotted line), located perpendicular to the ferrite α1-α2 GB, which was used to determine the two-200 

dimensional (2-D) Mn-distribution and ion-density maps shown in figure 4b and figure 4c, 201 

respectively. It is important to note α-α GBs (indicated by red and black arrows in figure 4b and 202 

figure 4c), which are not clearly distinguishable in the Mn distribution map, are distinctly visible in 203 

the ion-density map figure 4c). One-dimensional (1-D) concentration profiles shown in figure 4d-204 

f were calculated from cylindrical ROIs with 10 nm diameter and 0.5 nm bin width. The cylinder 205 

height is parallel to the arrows indicated on the respective schematic structure representations 206 

located above I-D diagrams. One-dimensional (1-D) carbon concentration profiles corresponding 207 

to regions in figure 4d-f, are shown in supplementary (figure S3) to validate the absence of carbides.  208 



11 

 

 

 

Depletion of the Mn content was observed at the α-α GBs located in the vicinity of freshly grown 209 

austenite. It is particularly visible in 2-D Mn concentration map in figure 4 (b) and 1-D Mn-210 

concentration profile across α1-α3 GB in figure 4 (f). This observation is counterintuitive, as 211 

typically, manganese segregation at the GB is expected and indeed, we observed in our study that 212 

the GB segregation of manganese in ferrite can be as high as ~43 at. % (see figure S4 in 213 

supplementary). Therefore, the GB manganese depletion observed in the austenite vicinity can be 214 

attributed to the Mn consumption by the growing austenite grain aided by fast diffusion of 215 

manganese along the GB. 216 

 217 

In figure 4d, an asymmetric manganese distribution is observed across α1-α2 GB. Firstly, this finding 218 

validates that austenite nucleation and growth in cold rolled intercritically annealed medium 219 

manganese steels is a non-equilibrium process. While Kuzmina et al. [6] also found a similar skewed 220 

manganese distribution across a ferrite GB, it was attributed to plausible APT evaporation effects. 221 

However, Kuzmina et al. [6] did not observe any austenite in the analysed volume. Given that we 222 

observe growing austenite, we propose an alternative mechanism of GB migration. The stored 223 

deformation energy provides a driving force for GB migration [22] assisting in manganese diffusion 224 

as discussed earlier. The migration of the α1-α2 GB from grain α2 towards α1 can simultaneously 225 

supply manganese for austenite growth, thereby resulting in manganese depletion in the migrated 226 

region (α2 grain in figures 4b and 4d). It is also important to note that no significant manganese 227 

segregation at the α1-α2 GB is present. As a consequence, the solute drag on the GB will be 228 

negligible, making it easier for the GB to migrate.  229 



12 

 

 

 

 230 

Figure Error! No text of specified style in document. (a) Manganese elemental map for the IA450/2. The 231 

austenite is highlighted with a 30 at. % Mn iso-surface. The dotted line in the side view corresponds to the 2nm 232 

wide cuboidal ROI, which was used to determine the two dimensional (2-D) manganese distribution shown in (b) 233 

and 2-D ion density map shown in (c). The GBs in ferrite are highlighted with a black and red arrow in (c). Further 234 

a schematic of the austenite and ferrite grains (dotted box in 2-D ion density map) is also shown in (c). (d) 235 

Asymmetric manganese distribution across ferrite(α1)-ferrite(α2) GB. The cylindrical region of interest is indicated in 236 

figure 4a. (e) Manganese compositional profile across ferrite(α3)-austenite(γ)-ferrite(α2). The cylindrical region of 237 
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interest is indicated with a red arrow in figure 4a. (f) Manganese depletion at the ferrite(α1)-ferrite(α3) GB. (g) 238 

Gibbs energy vs. mole fraction of manganese for the steel intercritically annealed at 450°C. (h) Inset from figure 239 

4b (highlighted by a red dotted box) indicating preferential growth into the α2 ferrite grain. 240 

 241 

In the 1-D composition profile shown in figure 4e, adjacent to the phase boundary, the manganese 242 

concentration in ferrite grain α3 is ~10 at. % but only ~4 at. % in grain α2. Manganese is depleted 243 

in ferrite α2 regions located near to the GB and the phase boundary. Nevertheless, in the area of 244 

grain α2 located farther away from the GB and the phase boundary, the manganese composition 245 

reaches a level similar to that of ferrite grain α3 (see figure 4b). The manganese concentration 246 

observed at the phase boundary in ferrite α2 (~4 at. %) matches the equilibrium manganese 247 

concentration estimated at 450°C by thermodynamic calculations (plotted in figure 4g). 248 

Additionally, the austenite at the triple boundary grows preferentially into the α2 ferrite grain. It is 249 

evident from the manganese 2-D elemental distribution in figure 4h that the austenite is protruding 250 

favorably into the α2 ferrite grain. However, there is no significant growth of the austenite into the 251 

α3 ferrite grain. This can be explained if the ferrite(α3) - austenite (γ) interface is coherent while 252 

the ferrite (α2) - austenite (γ) interface is incoherent. Formation of a coherent phase boundary 253 

(phase boundary with K-S orientation relationship) reduces the activation energy barrier for 254 

heterogeneous nucleation of austenite. The migration of such a coherent phase boundary 255 

(ferrite(α3)-austenite) is interface controlled [38, 39]; therefore, low mobility is expected [38, 39]. 256 

On the contrary, the incoherent phase boundary with a non K-S orientation relationship 257 

(ferrite(α2)-austenite) has higher energy and mobility, wherein the migration is diffusion controlled. 258 

Figure 5 is a schematic illustrating concentration profile of Mn across austenite-ferrite phase 259 

boundary for a coherent and incoherent interface. This also explains the manganese compositions 260 

observed in ferrite grain adjacent to the austenite. In a diffusion-controlled growth, the manganese 261 

composition in the ferrite adjacent to the interface equals the equilibrium manganese composition 262 

obtained from thermodynamic calculations (~4 at. % manganese in ferrite α2 (figure 4e)). However, 263 

the manganese composition in ferrite at the phase boundary in an interface-controlled austenite 264 

growth equals the bulk ferrite composition (~10 at. % manganese in ferrite α3 (figure 4e)). 265 
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 266 

Figure 5:  Schematic illustrating the manganese concentration across the austenite (γ)-ferrite (α) interface for a 267 

coherent and incoherent interface. 268 

In summary, we showed that the GB diffusion, GB migration, and dislocation pipe diffusion play a 269 

prominent role in manganese transport for austenite growth during intercritical annealing. For the 270 

medium manganese steel annealed at 500°C for 6 hours (IA500/6), the grain size of austenite 271 

nucleated at HAGB is considerably greater (~25 times) compared to the austenite formed at a 272 

LAGB. This was attributed to the absence of bulk manganese diffusion and predominant GB 273 

diffusion, wherein the 𝑫𝑯𝑨𝑮𝑩
𝑴𝒏 >  𝑫𝑳𝑨𝑮𝑩

𝑴𝒏  at 500°C. Direct evidence from APT experiments for GB 274 

diffusion and GB migration as manganese diffusion pathways for austenite growth has been shown 275 

for the IA450/2 specimen. Furthermore, we have shown the mobility and chemistry corresponding 276 

to coherent and incoherent austenite-ferrite phase boundaries. 277 
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