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Abstract 11	

The transformation from M7C3 → M23C6 in a high performance micro alloy (HP-MA) was studied 12	

using different techniques. Following the cooling during the centrifugal casting, the as-cast HP-MA 13	

alloy consists of an austenitic matrix with the primary carbide network consisting of a combination of 14	

M7C3 (M being mainly chromium) and MC (M being mainly niobium). During the heat treatment at 15	

1000 oC, the primary chromium carbides transform from M7C3 to M23C6. The incompletely 16	

transformed primary carbide consists of an outer shell of M23C6 carbide (coherent with the austenitic 17	

matrix) and a core of M7C3 type carbide. The experimentally determined M23C6 shell thickness agrees 18	

reasonably well with the estimated diffusion distance of carbon in M23C6 based on Zener’s relation 19	

implying that the M7C3 → M23C6 transformation is mainly controlled by the diffusion of the carbon 20	

from M7C3 to the matrix through the M23C6 shell. This mechanism is discussed vis-à-vis the literature 21	

reported mechanism on the transformation. 22	

 23	

  24	
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Introduction 25	

Steam reforming is the main hydrogen production method, currently 50 % of global hydrogen 26	

production [1-6]. With the continuous technological improvement throughout the last 70 years [7-11], 27	

a new grade of austenitic stainless steel, HP40 (25 % Cr and 35 % Ni), has been developed for the 28	

steam reforming process. The most popular material used in steam reforming is HP Micro Alloy (HP-29	

MA), a new micro-alloyed steel with additions of Ti (precipitation strengthening) [12], Nb (high 30	

temperature structural stability and grain boundary anti-sliding performance) [13], W (solid solution 31	

strengthening) [14] or rare earth elements (to improve high temperature oxidation resistance) [15, 16]. 32	

The high chromium (Cr) content in the steel is designed to improve the corrosion resistance by 33	

forming a very thin stable Cr-based oxide film on the surface [17]. Meanwhile, the addition of Cr 34	

introduces various Cr-containing carbides into the steel, such as M 7C3 and M23C6 [18, 19], which 35	

improves the mechanical properties of the steel by precipitation strengthening. M23C6 is 36	

thermodynamically the most stable among these Cr-containing carbides [20] and nucleates 37	

intergranularly [21-23] and also intragranularly on defects such as dislocations [24] and twins [25]. In 38	

the as-cast condition after the solidification, M7C3 presents and transforms into M23C6 upon the heating 39	

during service in HP-MA [15, 26-28] and other steels [29, 30].  The M7C3→M23C6 transformation and 40	

its effect on the mechanical properties of steels have been studied. Vardavoulias et al. [31]  found that 41	

the fracture mechanism of a cast ferritic stainless steel changed from transgranular cleavage to 42	

interdendritic due to the formation of a continuous carbide network associated with the M7C3→M23C6 43	

transformation. M7C3-austensite eutectic was observed in a 30 wt% Cr cast iron and the eutectic M7C3 44	

transformed into M23C6 [32]. Jiang et al. [33] suggested that the decomposition of M7C3, which acts as 45	

a carbon reservoir, could promote M23C6 precipitation. The orientation relationship between M7C3 and 46	

M23C6 was identified by Inoue and Masumoto [34], i.e. 001 !!!! ∥  121 !!"!!. Recently, 47	

Wieczerzak et al. [35] determined the effect of heat treatment on the evolution of carbides in a Fe-48	

25Cr-0.8C alloy and found that the M7C3→M23C6 transformation occurred at temperatures between 49	
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500 and 600 oC. However, the detailed process of M7C3→M23C6 transformation in stainless steel has 50	

not been reported. The current investigation aims to characterise the nature of the carbides in the as-51	

cast condition and after heat treatment at 1000 oC and to understand the mechanism of M7C3 → M23C6 52	

transformation. 53	

Materials and experimental procedure 54	

The HP-MA steel used in this study was supplied by Doncasters Paralloy Ltd. The chemical 55	

composition of HP-MA was determined by optical emission spectrometry (OES) and is shown in 56	

Table 1. Cross-sections through the tubes were prepared for microstructural observation (as-cast HP-57	

MA) and after heat treatment (HT HP-MA). Figure 1 shows a section of an as-cast steel tube. The 58	

microstructural observations were performed at locations about 3 mm away from the outer surface (as 59	

indicated by the two dashed lines). Heat treatments at 1000 oC for 1, 3, 5, 7 and 9 hours were carried 60	

out. For example, HT-1 indicates that the specimen was held at 1000 oC for 1 hour. After holding for 61	

the designated time, the specimens were quenched into water.  62	

For microstructural observation, the specimens were mechanically ground and polished down 63	

to 0.25 µm. A TESCAN MIRA-3 scanning electron microscope (SEM) equipped with an Oxford 64	

Instruments XMax silicon drift detector (SDD) for energy dispersive X-ray spectroscopy (EDS) and an 65	

electron backscattered diffraction (EBSD) system, was used for the microstructural characterisation 66	

and chemical analysis at 20 kV. Foils for transmission electron microscopy (TEM) were prepared by 67	

twin-jet electro-polishing using a solution containing 20% perchloric acid and 80% methanol at 0 oC. 68	

A focused ion beam scanning electron microscope (FIB/SEM, FEI Quanta 3D FEG) was also used to 69	

prepare TEM specimens from specific positions. TEM examination was performed on a JEM-2100 70	

TEM operated at 200 kV. Scanning transmission electron microscopy (STEM) and EDS analysis were 71	

performed on a Philips Tecnai F20 equipped with an Oxford Instruments XMax SDD. X-ray 72	

diffraction (XRD) was carried out on a Philips D62-WSC X-ray diffractometer operated at 40 kV and 73	

40 mA with the 2θ scan range of 20-100o and the scan rate of 1o/second using Cu-Kα radiation 74	
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(λ=1.541Å). JMat Pro 6.2, a commercial software utilizing core minimization routines developed for 75	

the PMLFKT program, was used for the thermodynamic calculations using the TCNI7 database. 76	

 77	

Results 78	

Figure 2 (a) shows a back-scattered electron (BSE) image obtained from the as-cast HP-MA 79	

sample. Dark and bright particles form a fragmented network around each dendrite. The dark particles 80	

are of mixed granular and acicular type, which is described as the eutectic structure and most of the 81	

bright particles have a rod-like morphology. From the EDS results (Table 2), the particles in bright 82	

contrast correspond to (Nb, Ti)-rich primary carbides while the dark particles correspond to Cr-rich 83	

primary carbides. Furthermore, Nb and Ti are confined to the primary carbide network, whereas Si 84	

remains in the Fe and Ni-rich matrix. Cr appears to be in the matrix and the primary carbides. XRD 85	

analysis confirms that the primary carbides are of M7C3 and MC type (Figure 2 (b)). Depletion of Cr 86	

was also found close to the Cr-rich primary carbide (Figures 2 (c)&(d)). No precipitation has been 87	

observed in the matrix of the as-cast sample. An orientation relationship between M7C3 carbide and 88	

the austenite matrix ((100)!!!! ∥ (111)!) was observed by Ernst et al. [36] in AISI 316L stainless 89	

steel. However, this specific orientation relationship between M7C3 and austenite was not found in the 90	

current work. More than twenty primary Cr-carbide were analysed using EBSD and no particular 91	

orientation relationship was found between M7C3 carbides and the austenite matrix. 92	

After heat treatment at 1000 oC, secondary carbides were observed within the matrix close to 93	

the primary carbides (as shown in Figure 3). Although the morphology of the primary carbides shows 94	

no significant difference as a result of the heat treatment, the Cr-rich primary carbides changed from a 95	

homogeneous shade in the as-cast condition (Figure 4 (a)) into two grey levels after the heat 96	

treatments (Figure 4 (b-f)). Figure 5(a) illustrates a BSE image of a large Cr-carbide obtained from a 97	

HT-5 HP-MA sample showing a core/shell contrast. EBSD analysis (Figure 5b) of the carbide 98	

confirms that the outside shell is of M23C6 type and that the core is of M7C3 type. Meanwhile, the 99	
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colour coded orientation map (Figure 5 (c)) shows that the M23C6 has the same orientation as the 100	

austenite matrix. Figure 6(a) shows an SEM image of primary carbides in the HT-5 HP-MA sample. 101	

The EBSD phase map in Figure 6(b) shows that the core-shell structure of the M7C3 and M23C6. The 102	

orientation map in Figure 6(c) shows that although the M7C3 carbides have different crystallographic 103	

orientations, the M23C6 carbides formed the same orientation as that of the matrix. 104	

A Cr-rich primary carbide in HT-5 HP-MA (Figure 7 (a)) was selected for TEM specimen 105	

preparation using the FIB. A TEM bright field image of the FIB-TEM specimen cut from the selected 106	

carbide is shown in Figure 7 (b). The SAD patterns obtained confirm that the M7C3 (Figure 7 (c)) is 107	

surrounded by a shell of M23C6 (Figure 7 (d)). The specific orientation relationship between M7C3 and 108	

M23C6 in Figure 7 was determined as 110 !!!! ∥  131 !!"!!  and 001 !!!! ∥ 102 !!"!!. Some 109	

particles of about 20 nm size (Figure 7 (e)) and rich in Ni (Figure 7 (f)&(g)) were observed in the 110	

M7C3 carbide. Furthermore, Nb-rich particles (Figure 7 (h)) were found at the interface between the 111	

M23C6 and the matrix. A MnS particle was also found as shown in Figure 7 (i) and (j), probably from 112	

contamination during casting. Figure 7(k) clearly shows that the concentration of carbon is the highest 113	

in M7C3 followed by that in M23C6 and the lowest in the surrounding matrix. The Cr map (Figure 7(l)) 114	

shows not much difference between M7C3 and M23C6. Figure 7 (m) and (n) illustrate that M23C6 115	

contains more Fe and Ni than M7C3. The TEM EDS results are consistent with the SEM measurement 116	

shown in Table 2. 117	

 118	

Discussion 119	

As shown in Table 1, the HP-MA contains 0.41 wt% carbon. However, the solubility of 120	

carbon in HP-MA austenitic matrix at 1000 oC is 0.021 wt%, which is given by thermodynamic 121	

calculation via JMat Pro. It is obvious that the solubility of carbon in austenite (0.021 wt%) is much 122	

smaller than the carbon content in the HP-MA (ie. 0.41 wt%). The solidification to room temperature 123	

during casting would lead to the formation of a carbide network, which is in agreement with the 124	



6	
	

observations in as-cast HP-MA. Although M7C3 (30 at%) contains more carbon than M23C6 (21 at%), 125	

M7C3 can form at low carbon level and similarly M23C6 can form at very high carbon level when 126	

chromium content is high enough [37-39]. Gregolin and Alcantara [39] developed a solidification 127	

model for Fe-14.7wt%Cr-1.0wt%Nb-2.1wt%C alloys, where MC is the first phase to form when 128	

cooled from the liquid (Nb and Ti  are strong carbide formers [41]), and the presence of MC is 129	

followed by the reaction L → γ +𝑀!𝐶! leading to a eutectic structure. Previous study on Fe-130	

25wt%Cr-5wt%Mo-0.82wt%C [42] also confirmed that a greater thermal gradient at solidification 131	

promotes the precipitation of M7C3 carbide instead of M23C6, which is related to the short time 132	

available for redistribution of carbide forming elements. The same eutectic structure was found in the 133	

as-cast HP-MA as shown in Figure 2 (a), indicating that the reaction L → γ +𝑀!𝐶! also occurred 134	

during the solidification of HP-MA.    135	

A thermodynamic simulation using JMat Pro was performed and the result is shown in Figure 136	

8. There is one main difference between the results of Gregolin and Alcantara and the current 137	

simulation: here the austenite forms in the liquid before MC. As predicted by the simulation, the 138	

solidification sequence of HP-MA alloys during equilibrium cooling is therefore:  139	

 140	

  The first solid state precipitation is of MC. As the temperature decreases further, the reaction 141	

L → γ +𝑀!𝐶! would occur yielding the characteristic eutectic structure. The as-cast microstructure of 142	

HP-MA therefore consists of austenitic matrix surrounded by primary M7C3 and primary MC, which 143	

form a fragmented network. The formation of primary Cr-carbides in as-cast HP-MA leads to the 144	

chromium depletion in the vicinity of carbides [43-45], as shown in Figure 2 (d). 145	

Although the formation of MC carbide drastically reduces the matrix carbon content, some 146	

carbon remains available for later secondary carbide formation during the subsequent heat treatment. 147	
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The minimum niobium content required to scavenge all the carbon is normally eight times the carbon 148	

content [46]. In the HP-MA steel, the concentration of niobium is 1.39 wt% and that of carbon is 0.41 149	

wt%, i.e. leaving about 0.24 wt% of the carbon unreacted. Therefore, when the HP-MA alloy was held 150	

at 1000 oC, the available carbon combined with the Cr in the austenite matrix to form the Cr-rich 151	

secondary carbide, which is of M23C6 type due to its higher thermodynamic stability than that of M7C3 152	

[47]. The MC carbides remain stable during the heat treatment in this study. However, MC carbides 153	

are no longer stable and will transform into the G-phase (Ni16Nb6Si7) after long exposure to high 154	

temperatures [12, 16, 48, 49].  	155	

BSE images, EBSD mapping and TEM analysis confirm the transformation of the Cr-rich 156	

primary carbide from M7C3 to M23C6 during the heat treatment. The incompletely transformed primary 157	

carbide consists of an outside shell of M23C6 type carbide and a core of M7C3 type carbide. Kaneko et 158	

al. [50] found by in situ TEM observation that M23C6 carbides which nucleated on grain boundaries 159	

have a cube-cube relationship with one of the grains. This preference for one grain, which minimizes 160	

the activation energy for nucleation, was also confirmed by Hong et al. [51] in AISI 304 austenitic 161	

stainless steel. From Figures 5 and 6, all M23C6 carbides have the same orientation as the matrix. Thus, 162	

at the beginning of the M7C3 → M23C6 transformation, M23C6 carbide coherent with the matrix 163	

austenite forms at the carbide/matrix interface and gradually grows into the parent M7C3 carbide. This 164	

is consistent with the study by Inoue and Masumoto [34] who postulated that the M7C3 → M23C6 165	

transformation could be controlled by the alloying elements diffusing from the matrix to the resultant 166	

carbides or carbon diffusion from existing carbides to the matrix. While the diffusion of Cr from the 167	

surrounding matrix into carbides has been proposed to explain the observed carbide lattice parameter 168	

increase upon heat-treatments, in these cases there was no M7C3 → M23C6 transformation [53-56]. The 169	

lattice parameter increase was attributed to the replacement of Fe atoms by larger Cr atom [52]. 170	

 171	

More recently, Wieczerzak et al. [35] studied the M7C3 → M23C6 transformation in an Fe-Cr-172	

C ternary alloy using in-situ X-ray diffraction within the temperature range from 100 oC up to 800 oC. 173	
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They observed the lattice parameters of M7C3 carbide formed in the as-cast state increased much faster 174	

than expected at the temperature range between 400 oC and 550 oC. This was attributed to the 175	

intensified replacement of Fe atoms in M7C3 by Cr atoms from the matrix. This uphill diffusion of Cr 176	

from the matrix into the M7C3 was claimed to form an energetically more favourable carbide (i.e. 177	

M23C6). 178	

However the driving force for the proposed chromium uphill diffusion from matrix into M7C3, 179	

which is needed if the M7C3 → M23C6 transformation were controlled by the chromium, remains 180	

unclear. To allow Cr diffuses from the matrix into M7C3 would need to overcome the extra energy 181	

barrier, as it is an uphill chemical diffusion. The lattice constants of the M7C3 carbide increase with 182	

any uphill-diffused Cr would be expected to further restrict the diffusion of Cr into M7C3 due to the 183	

strain energy associated with the lattice expansion. In addition, the Cr uphill diffusion controlled M7C3 184	

→ M23C6 transformation would be expected to introduce a significant primary carbide volume change 185	

and therefore result in a large strain energy during the transformation. As a crude estimate of the 186	

primary carbide volume change upon the M7C3 → M23C6 transformation, one can simplify that Cr is 187	

the only metallic element in M23C6 and M7C3. The unit cell of Cr23C6 contains 92 chromium atoms and 188	

24 carbon atoms with the volume of 1.19 nm3 [57] and the unit cell of Cr7C3 contains 28 chromium 189	

atoms and 12 carbon atoms with the volume of 0.38 nm3 [58]. Assuming the transformation is 190	

controlled by the diffusion of chromium atoms and that the number of carbon atoms within the carbide 191	

is constant, the volume of the Cr7C3 carbide is expected to increase by about 56 % when it transforms 192	

into Cr23C6.  On the other hand, if the M7C3 → M23C6 transformation is controlled by the diffusion of 193	

carbon atoms while the number of chromium atoms remain unchanged. The carbide volume would be 194	

expected to shrink by less than 5% upon the transformation from M7C3 to M23C6.  195	

 196	

To determine the primary carbide volume change during the transformation, the equivalent 197	

sizes of 50 partially transformed M7C3 - M23C6 carbides were measured for each heat-treated sample. 198	

The total area of partially transformed primary carbide and the area of the remaining M7C3 core were 199	

firstly measured as shown in Figure 9 (a) and the area was considered to be equivalent to a circular 200	
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area. Then equivalent sizes of the carbide and the remaining M7C3 core are deduced based on A=πr2 201	

and the difference between these two equivalent sizes is the shell thickness of M23C6, as shown in 202	

Figure 9 (b). The results are summarized in Table 3. It can be seen that the M7C3 carbide size 203	

continuously decreases with the increasing heat treatment time, as expected. The averaged total size of 204	

the primary carbide is approximately constant (2.2 µm - 2.4 µm). This indicates that the size and 205	

therefore the volume of the primary carbide remain similar during the M7C3 → M23C6 transformation, 206	

which is close to the scenario if the transformation is controlled by the diffusion of carbon atoms (i.e. 207	

less than 5% volume change). 208	

 209	

  The growth rate of M23C6 could also be estimated based on Zener’s empirical relation [59] 210	

where the diffusion controlled growth can be expressed as 𝑟 = 2𝐷𝑡 , with r being the radius of the 211	

growing object, D the diffusion coefficient and t the time. At 1000 oC, carbon diffusion coefficient in 212	

M23C6 is about 2.72×10-17 m2/s [60] and chromium diffusion coefficient in M23C6 is however a few 213	

orders of magnitude slow at about 9.16×10-23 m2/s [61]. Figure 10 compares the M23C6 shell thickness 214	

calculated from Zener’s empirical relation with the equivalent M23C6 shell thickness determined from 215	

the current study. The estimated diffusion distance of carbon in M23C6 agrees reasonably well with the 216	

M23C6 growth rate while the diffusion distance of chromium in M23C6 is much smaller than the 217	

measured thickness. Therefore, it is likely that the M7C3 → M23C6 transformation is controlled by the 218	

diffusion of the carbon from M7C3 to the matrix through the M23C6 shell, following its natural 219	

concentration gradient, rather than the uphill diffusion of Cr from the matrix into the M7C3. 220	

 221	

The M7C3 to M23C6 transformation is shown schematically in Figure 11. At the beginning of this 222	

transformation, the M23C6 nucleates at the M7C3-matrix interface. The nucleated M23C6 carbide is 223	

coherent with the austenitic matrix and forms a shell surrounding the original M7C3 carbide. The 224	

M23C6 carbide grows into the M7C3, mainly controlled by the diffusion of carbon through M23C6 to the 225	

matrix until the transformation completes. A precipitation free zone (PFZ) can be identified around the 226	
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primary carbide, as shown in Figure 11(c) obtained from the sample after 5 hours heat-treatment. 227	

However, as noted in Figure 2(c) a Cr concentration trough exists in the matrix next to the primary 228	

M7C3 carbides in the as-cast alloy. Indeed, it has been found (not shown here) that the Cr 229	

concentration trough gradually disappeared with the prolonged heat-treatment. At low Cr 230	

concentration, secondary chromium carbide precipitation would be suppressed. In other words, the 231	

PFZ observed is a consequence of the local Cr content in the region next to the primary carbides, 232	

which was probably caused during the solidification process. 233	

 234	

Conclusions 235	

1. The microstructure of the as-cast HP-MA consists of austenitic matrix surrounded by a primary 236	

carbide network consisting of M7C3 and MC, formed during the fast solidification. 237	

2. After heat treatment at 1000 oC, the Cr-rich primary carbides transformed from M7C3 to M23C6, 238	

forming a core-shell structure. EBSD mapping and TEM analysis confirmed that the outside shell is 239	

M23C6 carbide having the same orientation as the austenite matrix and that the core is M7C3 carbide. 240	

3. It is envisaged that during the M7C3 → M23C6 transformation, M23C6 nucleates at the M7C3-matrix 241	

interface and forms a shell around the original M7C3 precipitates. The M23C6 grows continually inward 242	

into the M7C3. The kinetics of the transformation is likely controlled by the diffusion of carbon 243	

through the M23C6. 244	
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Table 1 The chemical composition of the as-cast HP-MA determined by optical emission spectrometry 421	

Elements C Si Mn Ni Cr Mo Nb Ti Zr Fe 
wt % 0.41 0.92 0.75 36.12 23.49 0.02 1.39 0.05 0.01 36.84 

 422	

Table 2 EDS analysis results obtained from as-cast HP-MA and HT-5 HP-MA. 423	

Elements /  
at % 

As-cast HT-5 

Matrix MC M7C3 M23C6 

C --- 51.08±0.52 31.85±0.72 21.67±1.21 

Si 2.13±0.35 --- --- --- 

Cr 25.25±0.91 --- 59.63±1.13 61.64±0.84 

Fe 37.50±1.01 --- 7.30±0.68 11.17±0.39 

Ni 34.23±0.53 --- 1.21±0.22 4.84±0.47 

Mn 0.89±0.13 --- 0.59±0.02 0.68±0.20 

Nb --- 47.58±0.69 --- --- 

Ti --- 1.35±0.51 --- --- 
 424	

Table 3 Measured areas and equivalent sizes of Cr-carbides and M23C6 shell thickness in the heat-425	

treated HP-MA samples. 426	

Specimen 
Measured area / µm2 Equivalent size / µm 

M23C6 shell thickness / µm  
Total M7C3  Total M7C3 

HT-1 20.29 ± 13.21 11.83 ± 8.28  2.40 ± 0.83 1.8 ± 0.72 0.60 ± 0.31 

HT–3 20.59 ± 12.31 9.82 ± 7.13  2.45 ± 0.76 1.65 ± 0.63 0.80 ± 0.28 

HT-5 16.75 ± 9.09 4.99 ± 3.83  2.23 ± 0.63 1.17 ± 0.48 1.06 ± 0.39 

HT-7 17.15 ± 10.68 4.07 ± 3.52  2.24 ± 0.68 1.05 ± 0.45 1.19 ± 0.49 

HT-9 19.14 ± 11.61 3.73 ± 3.02  2.36 ± 0.72 1.00 ± 0.43 1.36 ± 0.41 

	427	
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  428	

Figure 1. Optical image of a section of the HP-MA tube. The region between the dashed lines was 429	

used for microstructural observation. 430	

 431	

Figure 2. (a) BSE image of the as-cast HP-MA illustrating primary carbides of Cr-rich M7C3 type and 432	

Nb-rich MC type; (b) XRD spectrum obtained from the as-cast HP-MA illustrating that the primary 433	

carbides are M7C3 and MC; (c) BSE image of the primary Cr-rich carbide in the as-cast HP-MA; (d) 434	

EDS line scan obtained from the position shown in (c) indicating the depletion of Cr in the matrix 435	

close to the primary carbide.  436	

	437	
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	438	
	439	

	440	

Figure 3. BSE image showing the secondary carbides formed in the HT-5 HP-MA sample. 441	
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 442	

Figure 4. SEM BSE images obtained from the as-cast (a) and the heat-treated HP-MA samples after 443	

the heat-treatment at 1000 oC for 1h-9h (b-f) illustrating that the primary Cr-carbides have two grey 444	

levels of contrast. 445	
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 446	

 447	
Figure 5. (a) A BSE imaged obtained from a Cr-rich primary carbide in the HT-5 HP-MA sample. The 448	

EBSD phase map (b) illustrates that the outside shell of the particle is of M23C6 structure and that the 449	

core is of M7C3; (c) the colour-coded orientation map shows that the M23C6 shell has the same 450	

orientation as that of the surrounding matrix. 451	
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 452	

Figure 6. (a) A BSE image and (b) a phase map showing Cr-rich primary carbides in a HT-5 HP-MA 453	

sample; the colour-coded orientation map (c) illustrates that all the M23C6 shells have the same 454	

orientation as the matrix while the M7C3 cores have two different orientations 455	



21	
	

 456	
  457	

Figure 7 (a) An SEM BSE image showning a Cr-rich primary carbide in the HT-5 HP-MA sample 458	

where a TEM foil was extracted from. The dashed rectrangle shows the position where the foil was 459	

extracted. (b) The TEM BF image obtained from the FIB-extracted foil; Diffraction patterns obtained 460	

from (c) the M7C3 core and (d) the M23C6 shell. A higher magnficantion BF image (e) was obtained 461	

from the region enclosed by the rectangle in (b) and the corresponding quantitative EDS maps (at%) 462	

are shown in (e-g). (f) Illustrates small particles are rich in Ni; (h-o) quantitative EDS maps (at%) for 463	

the whole region in (b). (h) Nb-rich particles; (i)&(j) MnS particle were observed at the interface 464	

between the M23C6 shell and the matrix; (k) the carbon elemental map shows that the concentration of 465	

carbon is the highest in M7C3 followed by that in M23C6 and the lowest in the surrounding matrix; The 466	
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Cr map (l) shows similar contrast from the M7C3 core and the M23C6 shell; (m) and (n) illustrate that 467	

M23C6 contains more Fe and Ni than M7C3 and (o) Si is mostly present in the austenitic matrix 468	

 469	

Figure 8 The equilibrium phases expected in the HP-MA steel according to JMat Pro. 470	

 471	

 472	

Figure 9 An example showing the measurement of the total area of the M7C3-M23C6 carbide (enclosed 473	

by the solid line) and the area of M7C3 (enclosed by the dashed line) in the HT-5 HP-MA sample; (b) 474	

Two circles of the same areas as that of the total M7C3-M23C6 carbide area and that of the M7C3 area 475	

are shown in (b). The corresponding radii of the circles (𝑟!"#$% and 𝑟!!!!) and the thickness of the 476	

M23C6 shell could be determined. 477	
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 478	

Figure 10 The experimentally determined M23C6 shell thickness was plotted against the heat-treatment 479	

time at 1000 oC, together with the estimated diffusion distances of Cr and C in M23C6 (see text for 480	

details), following equation 𝑟 = 2𝐷𝑡.  481	

 482	

Figure 11 (a) Schematic diagrams  illustrating the transformation from M7C3 to M23C6. The release of 483	

carbon occurred during the M7C3 → M23C6 transformation is expected to promote the precipitation of 484	

M23C6  secondary carbide close to the primary carbide, as illurstated in (b), which is consistent with the 485	

experimental observation as examplified in (c) obtained from the sample after 5 hours heat-treatment. 486	


