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Abstract 6 

The microstructure of martensite formed athermally or via deformation in Fe-Cr-Ni alloys with 7 

different austenite (γ) stability has been investigated using microscopy. Two different types of 8 

microstructures, viz. blocky and banded structure, are observed after athermal and deformation-9 

induced martensitic transformation (AMT and DIMT, respectively). The blocky structure form 10 

during AMT or DIMT if the stability of γ is low. In both these cases, there is a significant 11 

chemical driving force for the transformation from γ to α’-martensite (α’), and if it is not 12 

hindered by e.g. planar defects it can grow uninhibited into a blocky morphology without the 13 

necessity to nucleate new crystallographic variants to accommodate the transformation strains. 14 

On the other hand, the banded structure is due to the formation of ε-martensite (ε) during AMT, 15 

or the wider concept shear bands in the case of DIMT. The shear bands, and in particular ε, 16 

lower the nucleation barrier for α’ that forms within individual shear bands if the stability of γ 17 

is low. Neighbouring α’ units predominantly have a twin-related orientation relationship to 18 

accommodate the transformation strains. With increasing γ stability during DIMT, variant 19 

selection becomes pronounced with preferred formation of variants favourable oriented with 20 

respect to the applied stress/strain field. The formation of α’ at individual shear bands is also 21 

rare, since no ε is present and instead α’ forms at the intersection of shear bands for more stable 22 

γ. In conclusion, AMT and DIMT for low γ stability lead to similar microstructures, whereas 23 

the DIMT microstructure for high γ stability is distinct. 24 
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 27 

1. Introduction 28 

Metastable austenitic stainless steels (MASS) are designed to make use of deformation-induced 29 

martensitic transformation (DIMT) to improve ductility and formability. The martensite formed 30 

during deformation can act as dispersoids, or as percolating clusters within the fcc austenite 31 

(hereinafter referred to as γ) matrix when the fraction of martensite is higher, providing 32 

excellent work hardening [1]. DIMT is related to the athermal martensitic transformation (AMT) 33 

that initiates when the chemical driving force equals the barrier of transformation. This occurs 34 

at the temperature known as the martensite start temperature (Ms). The martensitic 35 

transformation can also take place above Ms, when an additional driving force  is provided by 36 

an applied load [2] or when the required driving force is lowered because of defects assisting 37 

the formation of martensite [3]. These two mechanical stimuli for the formation of bcc-38 

martensite (hereinafter referred to as α’) is referred to as stress-assisted transformation and 39 

strain-induced transformation. The stress-assisted martensitic transformation takes place before 40 

yielding, and the mechanical driving force can be described simply by considering the applied 41 

stress and its direction to the potential habit plane normal [2]. The strain-induced martensitic 42 

transformation, however, occurs after the yield point, where the effect of stress and strain, 43 

generating potent nucleation sites to lower the barrier of transformation, cannot be easily 44 

separated [4–6]. 45 

Due to this difficulty in separating the contributions from stress and strain [5–7], we propose 46 

that a thorough microstructural comparison between martensite formed via AMT and DIMT in 47 

model alloys with carefully designed γ stability, could open up for a discussion on the governing 48 

factors of α’ formation in Fe-Cr-Ni based alloys. Hence, this study is along this direction. A 49 



detailed microstructural study is carried out for a series of Fe-Cr-Ni alloys with varying Ni 50 

content, where all alloys have a relatively low stacking fault energy (SFE) and low γ stability 51 

[8]. The attractive combination of electron channelling contrast imaging (ECCI) and electron 52 

backscatter diffraction (EBSD) [9] were mainly used to characterize the microstructure, and the 53 

experimental work was supplemented by thermodynamic calculations of the driving forces for 54 

hcp-martensite (hereinafter referred to as ε) and α’. This data is then used for an in-depth 55 

discussion on the correlation between AMT and DIMT. 56 

 57 

2. Experimental procedure 58 

2.1 Alloy preparation and characterization  59 

Fe-Cr-Ni alloys were manufactured using arc-melting from pure iron, chromium and nickel [10] 60 

and their chemical compositions are presented in Table 1. The alloys were remelted three times 61 

and thereafter the button-shaped ingots were exposed to a homogenization heat treatment to 62 

obtain a homogeneous distribution of alloying elements in the samples. The final disc-shape of 63 

the samples was achieved by cold rolling. Samples were then annealed at 1050 ℃ for 5 min and 64 

quenched to room temperature (RT), -70 ℃ and -196 ℃, respectively. Samples quenched to RT 65 

were also exposed to cold rolling reductions of 10 and 20%. All samples were electrolytically 66 

polished for 2 min after mechanical polishing with 1200 grit SiC-paper. The electrolyte used 67 

was a mixture of acetic acid and perchloric acid in proportion 9:1 by volume. Microstructural 68 

characterization was performed using light optical microscopy (LOM), scanning electron 69 

microscopy (JEOL JSM 7800F) based ECCI (JEOL retractable short-range BSE detector) and 70 

EBSD (Bruker e-FlashHD detector and Quantax software). The EBSD data analysis was done 71 

using a MATLAB-based toolbox MTEX [11]. 72 

 73 

 74 



 75 

2.2 Influence of chemical composition on austenite stability 76 

The γ stability can be discussed from two perspectives, i.e. thermal and mechanical stability 77 

[12]. The thermal stability of γ depends on the chemical driving force to form α’ (−����
���→���) 78 

or ε (−����
���→���

), which was calculated using the software Thermo-Calc [13] and the TCFE8 79 

database [14]. The results, listed in Table 1, indicate that −����
���→���  is decreasing with 80 

increasing Ni content at constant temperature. The same trend is also observed for ε from A-81 

18-10 to A-18-12. However, an exception is seen for A-18-14 where −����
���→���

 is even 82 

higher than for A-18-10. The reason is that the calculated change with respect to Ni is 83 

counteracted by the calculated effect of N, which is significantly lower for A-18-14. It should, 84 

however, be noted that the predicted differences in −����
���→���

 between the alloys is very 85 

small and that the accuracy of the database is unclear. The SFE is directly proportional to 86 

−����
���→���

 and it can be estimated using the relation proposed by Olson and Cohen [15], 87 

however, we refrain from quantifying SFE here considering the uncertainty in the absolute 88 

values. Instead we conclude a relative increase of SFE from A-18-10 to A-18-12 and the 89 

somewhat uncertain relative SFE for A-18-14. This relative estimation is in agreement with the 90 

previous calculations of SFE on the same alloys using first-principles [8], however, the effect 91 

of interstitial elements, i.e. N and C, was not considered there. 92 

 93 
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Table 1 Chemical compositions (wt. %) and Gibbs energy differences, �������������
���→���/���  (J mol-100 

1), between phases at different temperatures for the investigated Fe-Cr-Ni alloys. 101 

Designation Fe Cr Ni C N W Ti ����
���→���

 ����
���→���

 �����℃
���→���

 �����℃
���→���

 ������℃
���→���

 ������℃
���→���

 

A-18-10 Bal. 18.1 9.9 0.002 0.025 - - -1220 -2980 -1553 -3596 -1973 -4341 

A-18-10.5 Bal. 17.9 10.4 0.004 0.033 0.02 0.09 -1171 -2907 -1501 -3519 -1919 -4263 

A-18-11 Bal. 18.1 11.0 0.008 0.046 0.03 - -1149 -2779 -1472 -3383 -1882 -4116 

A-18-11.5 Bal. 18.0 11.5 0.006 0.053 - - -1127 -2709 -1448 -3310 -1855 -4039 

A-18-12 Bal. 18.1 12.0 0.008 0.055 - 0.03 -1117 -2644 -1437 -3241 -1844 -3967 

A-18-14 Bal. 18.1 14.0 0.003 0.012 - - -1266 -2588 -1606 -3192 -2046 -3935 

A: Alloy.   RT: Room temperature. 102 

 103 

3. Results 104 

3.1 The microstructure of athermal martensite 105 

Fig. 1 gives an overview of the microstructure of the studied alloys quenched to different 106 

temperatures. Blocky α’ is indicated by red arrows and banded units are indicated by white 107 

arrows. Both blocky α’ and banded units originate from grain boundaries or annealing twin 108 

boundaries as shown in, e.g. Fig. 1c, e. Moreover, banded units could also act as nucleation 109 

sites for blocky α’ (red arrows in Fig. 1b, d). Blocky α’ is the dominant structure for less stable 110 

alloys (A-18-10 and A-18-10.5) quenched to RT; while the banded structure is dominant when 111 

the same alloys are quenched to cryogenic temperatures, as exemplified with A-18-10 quenched 112 

to -70oC in Fig. 1b. A lower fraction of blocky α’ forms with increasing Ni content for the 113 

samples quenched to RT as shown in Fig. 1a, c. Likewise, a lower fraction of banded units form 114 

with increasing Ni content for the samples quenched to cryogenic temperatures, e.g. -196oC as 115 

shown in Fig. 1d, e. In A-18-14 quenched to -196oC, there are many small black dots aligned 116 

in lines as seen from LOM micrographs (Fig. 1e). This indicates the initial stage of formation 117 



of banded units where α’ form along ε. This is further shown by a combination of ECCI and 118 

EBSD in Fig. 1f. 119 

 120 

Fig. 1 Optical micrographs of A-18-10 (a) quenched to RT, (b) quenched to -70oC, (c) A-18-121 

10.5 quenched to RT, (d) A-18-12 and (e) A-18-14 quenched to -196oC, (f) ECCI and EBSD 122 

phase map (PM) of A-18-14 quenched to -196oC. 123 

Blocky α’ forms in an autocatalytic manner intruding into the γ (red arrows in Fig. 2). It is 124 

indicated that blocky α’ can nucleate at banded units, considering their small orientation 125 

difference, see red dashed circle in Fig. 2b. The banded units consist of ε and α’, and the 126 

formation of the banded units start by the formation of ε plates, followed by the nucleation of 127 

small α’ units within or adjacent to ε plates (white arrow in Fig. 2b). The misorientation between 128 

adjacent α’ units is large. 129 

 130 

Fig. 2 ECCI images of (a) A-18-10.5 quenched in RT and (b) A-18-10 quenched to -70oC. 131 



Further features of banded units formed upon cooling to cryogenic temperatures are presented 132 

in Fig. 3. Different sets of banded units (one set of banded units belongs to the same habit plane) 133 

are distributed in most of the grains and the neighbouring units have specific angular couplings 134 

(white arrows in Fig. 3a, c and Fig. 1d). The inset of Fig. 3b and c shows the existence of both 135 

ε and α’ within the banded units. The morphology of the banded units in the initial state of 136 

transformation also indicates that the ε forms before the nucleation of α’. Furthermore, it is 137 

noteworthy that small α’ units tend to form in between ε plates (Fig. 3c), and the banded units 138 

tend to form in clusters, adjacent to each other (Fig. 3a). 139 

 140 

Fig. 3 ECCI images of A-18-10.5, A-18-11.5, and A-18-12 quenched to -196oC. 141 

 142 

3.2 Crystallography of athermal martensite 143 

Fig. 4a shows the athermal martensitic microstructure and the related crystallographic analysis 144 

for A-18-12 quenched to -196oC. The banded units in γ grains are shown by ECCI and EBSD 145 

phase map (PM) and inverse pole figure (IPF) map. From the orientation analysis, ε is found to 146 

maintain a Shoji-Nishiyama orientation relationship (SN-OR) with γ ({111}γ // {001}ε, <147 

011 >γ // < 21�0 >ε), and α’ variants have Kurdjumov-Sachs orientation relationships (KS-148 

OR) with the γ ({111}γ // {011}α’, < 011 >γ // < 111 >α’). There are 24 Kurdjumov-Sachs 149 

(KS) α’ variants with respect to the γ matrix whereof 6 belong to the same habit plane [16]. 150 

From the IPF map of the blue rectangular area, all 6 possible variants with respect to the {111}γ 151 

habit plane are found. These α’ variants have been indexed as variants 1-6 (V1-V6) by 152 

comparing Fig. 4b and c. The α’ variant pairing tendency is found to be V1-V2, V3-V4 and V5-153 



V6, all twin-related. This pairing tendency is even clearer in the black rectangular area. The α’ 154 

variants formed within the blue rectangular area share the KS-OR with both adjacent areas A 155 

and B as shown in Fig. 4b-d. This has been reported as double KS-OR, which is the favorable 156 

condition for α’ formation [17]. Another interesting point is that it is possible for the banded 157 

unit to pass the low angle grain boundary as indicated by the white dashed circle in Fig. 4a. 158 

 159 

Fig. 4 Athermal martensite in A-18-12 quenched to -196 oC: (a) ECCI and EBSD maps, [100]α’ 160 

stereographic projections for (b) the variants formed in the selected blue rectangular area and 161 

all possible 24 variants for parent γ with respect to (c) area A  and (d) area B/C (the 162 

misorientation is within the symbols). 163 

 164 

3.3 The microstructure of deformation-induced martensite 165 

Fig. 5 shows the LOM images of 10% cold-rolled samples. As in the quenched samples, blocky 166 

α’ (red arrow) and banded units (white arrow) are observed. In A-18-10, shown in Fig. 5a, 167 



blocky α’ originating from banded units can be seen, which indicates that it is deformation-168 

induced blocky α’. In Fig. 6a, it is further observed that growth of the blocky α’ can be restricted 169 

by adjacent sets of banded units. The banded units formed during deformation, described as the 170 

structure with α’ embedded in individual shear bands, are observed in samples with low SFEs, 171 

as indicated by the white arrows in Fig. 5a-d. The fraction of banded units decreases with 172 

increasing γ stability, as shown in Fig. 5a-d. No α’ was observed within individual shear bands 173 

in A-18-12 and A-18-14 due to their relatively higher SFEs, see Fig. 5e and f. These 174 

observations are also confirmed by the micrographs in higher magnification in Fig. 6. 175 

 176 

Fig. 5 Optical micrographs of  (a) A-18-10, (b) A-18-10.5, (c) A-18-11, (d) A-18-11.5, (e) A-177 

18-12 and (f) A-18-14 after 10% cold rolling.  178 



 179 

Fig. 6 ECCI and EBSD images of (a) A-18-10, (b) A-18-10.5, (c, e) A-18-11 and (d) A-18-12 180 

after 10% cold rolling. 181 

 182 

Fig. 7 is an ECCI image of A-18-10 with 10% cold rolling reduction. It can be seen that the 183 

deformation-induced banded units are thinner and more widely separated than the athermal 184 

banded units (Fig. 3a, b). It can also be observed that small α’ units form within the banded 185 

units and coalesce in areas where there are high densities of banded units (red arrows in Fig. 7). 186 

This is quite similar to the athermal banded units shown in Fig. 3b, where large α’ units form. 187 



 188 

Fig. 7 ECCI image of A-18-10 after 10% cold rolling. 189 

 190 

3.4 Crystallography of deformation-induced martensite 191 

It is found that α’ units formed at intersections of shear bands are larger than units formed within 192 

individual shear bands, see Fig. 8. The α’ units at these intersections are indexed as V17 by 193 

comparing Fig. 9a, b and c. From a comparison of areas with different thickness of shear bands, 194 

a difference in the deviation from KS-OR can be observed. In area A (black rectangular area in 195 

Fig. 8) where the shear bands are thicker, misorientation is larger, and thus a larger deviation 196 

from the KS-OR occurs as shown in Fig. 9a. On the other hand, in area C where the shear bands 197 

are thinner (blue rectangular area in Fig. 8), the deviation from KS-OR is negligible as shown 198 

in Fig. 9b. 199 

 200 

Fig. 8 ECCI image combined with EBSD on alloy 18-10 after 10% cold rolling. 201 



 202 

 203 

Fig. 9 [100]α’ stereographic projections for α’ variants formed at intersection at area (a) A and 204 

(b) C of A-18-10 after 10% cold rolling and (c) the projection of all possible 24 variants for 205 

their parent γ in Fig. 8. 206 

 207 

Fig. 10 shows the ECCI and EBSD results for the deformation structure in alloy 18-11 after 10% 208 

cold rolling. The α’ units formed maintain a KS-OR with the γ, and a similar twin-related variant 209 

pairing tendency, as for the athermal martensite, is found. This is indicated by the white dashed 210 

circles in IPF-A (V21-V22) and IPF-B (V23-V24). These α’ pairs are found within or adjacent 211 

to ε plates, and the ε plates have a SN-OR with γ. Apart from these twin-related variant pairs, a 212 

selective growth of V23 and V24 is observed (IPF-B in Fig. 10), in particular V24 grows 213 

preferentially as indicated by the red arrow. 214 

 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 



 223 

Fig. 10 Deformation structure of A-18-11 after 10% cold rolling: (a) ECCI and EBSD maps, 224 

[100]α’ stereographic projections for the variants formed in (b) area A , (c) area B and (d) all 225 

possible 24 variants for parent γ. 226 

 227 

4. Discussion 228 

4.1 Formation of ε and the correlation with nucleation and growth of α’ 229 

It is clear from the present work that in the investigated Fe-Cr-Ni alloys with relatively low 230 

stability of γ (A-18-10 to A-18-11.5), or low SFE, α’ always forms together with ε during both 231 

quenching and deformation, especially at cryogenic temperature. This can be attributed to the 232 

lower driving force needed to nucleate α’ when ε is already present [4,8]. Considering that the 233 

compositional and temperature dependence of ����
���→��� and ����

���→��� are similar as seen in 234 



Table 1, ∆����→��� is comparable for the studied alloys and temperatures, also presented in Ref. 235 

[18], and thus α’ will nucleate when ε forms. 236 

The athermal ε plates form together with sharp angular couplings as shown also in Ref. [10], 237 

which indicates that the formation of a ε plate stimulates the formation of adjacent ε units (white 238 

dashed circles in Fig. 1b), and their angular relation is connected to the possible ε variants that 239 

can form from the parent γ according to the SN-OR. While units of ε hinder the growth of 240 

another ε plate, see e.g. Fig. 3a, low angle grain boundaries in the parent γ are not sufficient to 241 

do so, as indicated by the white dashed circle in Fig. 4. Thicker ε plates are indicated to form 242 

via successive formation and coalescence of new embryos of ε plates (Fig. 3b). 243 

In the case of deformation, shear bands mainly originate from grain boundaries and can easily 244 

intersect each other (e.g. Fig. 8). The fraction of deformation-induced ε decreases with 245 

increasing SFE as shown in Fig. 6b-d, which has also been shown in our previous work [8]. 246 

Comparing Fig. 3 and Fig. 7, it can be seen that ε formed during deformation is thinner than ε 247 

formed during quenching. The reason for the thinner ε formed during deformation is most likely 248 

due to the preferred nucleation sites, i.e. shear bands, which are thin and limit the thickness of 249 

the ε formed within the shear bands. For alloys with higher SFEs, the formation of mechanical 250 

twins is the main deformation mechanism like in A-18-12 and A-18-14. This affects the 251 

formation of α’ which is more restricted due to not only the lower potency of the twins as 252 

nucleation sites but also the lower chemical driving force as shown in Table 1 [19]. It is 253 

observed that α’ units are larger at intersections of shear bands than at individual shear bands, 254 

see e.g. Fig. 8. As described in our previous work [8], the barrier for nucleation of α’ is lower 255 

at the intersections of shear bands than within individual shear bands. It is also described by the 256 

double shear theory [3] that the specific intersecting volume of the shear bands should be 257 

already fully α’. Considering that the smaller activation energy needed for α’ formation within 258 

the shear band intersection than within an individual shear band, it is conceivable that the 259 



nucleation of α’ in the intersections should be easier and thus more α’ is formed as observed. 260 

In addition, the intersected shear bands may introduce a larger space of distorted area than 261 

within individual shear bands, which is preferred area for α’ as well [17]. 262 

When the α’ forms athermally from γ and the growth of α’ is not hindered by, for example an ε 263 

unit, it can grow into a blocky morphology, i.e. blocky α’ (see e.g. Fig. 1a-d and Fig. 2). Blocky 264 

α’ can also form upon deformation in alloys with low γ stability (here only A-18-10) as shown 265 

in Fig. 5a and Fig. 6a. 266 

When comparing alloys with different stability of γ, it is observed that more of the ε transform 267 

into α’ in alloys with lower stability of γ (Fig. 3a), while the transformation to both ε and α’ is 268 

significantly lower for higher stability of γ (Fig. 3c). Upon significant transformation to α’, the 269 

initially small lath α’ units will coalesce and form larger units. 270 

 271 

4.2 Accommodation behavior, pairing tendency and selective formation of α’ variants 272 

As mentioned, α’ units mainly form within banded units with ε, either forming from the ε phase 273 

or adjacent to. The spontaneous α’ units mainly form in pairs in order to accommodate the shape 274 

strain due to the transformation, see the example for athermal α’ in Fig. 4a (black rectangular 275 

area). 276 

 277 

4.2.1 Variant pairing tendency for athermal α’ 278 

For quenched samples, α’ units usually form from or adjacent to ε, thus the possible variants 279 

mainly depend on their parent ε plates [17]. From each ε plate, only six different α’ variants 280 

may form and the growth of α’ is thus restricted by ε. The absence of specific variants once in 281 

a while could be attributed to the incomplete martensitic transformation [20]. In Fe-C alloys, 282 

Stormvinter et al. found that the variant pairing tendency largely depended on the carbon 283 

content [21]. In Fe-Cr-Ni alloys, however, the variant pairing tendency is consistent for the 284 



studied Ni range, and the twin-related V1-V2, V3-V4 and V5-V6 pairing are dominant as shown 285 

in Fig. 4. Naraghi et al. verified these results in a 301 stainless steel using grain boundary 286 

analysis [22]. This suggests that α’ variants have to adjust themselves to compensate the shear 287 

strain produced from the autocatalytic transformation within the banded units [23]. It is 288 

noteworthy that the most preferred pairing tendency is clearer in the initial stage of 289 

transformation as indicated in the black rectangular area rather than blue rectangle area (Fig. 4). 290 

The latter case usually involves complex local stress fields. 291 

 292 

4.2.2 Deformation-induced variant selection 293 

Normally if the deformation is large, the variant selection would be very hard to analyse due to 294 

the possible grain rotation and complex local stress fields [24]. Even with small deformation, 295 

α’ rotation occurs at the intersections of shear bands as shown in Fig. 8 and 9. Thus, the best 296 

way to study variant selection would be at the early stage of deformation as shown in Fig. 10. 297 

According to the double shear theory [3], the intersections of shear bands are the preferred 298 

nucleation sites for α’, however, the formation of α’ within individual shear bands could be 299 

observed as shown in Fig. 11. It has been reported that the nucleation sites of α’ are SFE 300 

dependent, and intersections of shear bands are not a necessary precursor for α’ formation in 301 

low SFE alloys (estimated to be less than 10 mJ m-2) [8]. According to the description of Higo 302 

et al. [25], the formation of α’ in low SFE alloys could be attributed to a first shear introduced 303 

by the individual shear band along the  {111} < 112 > systems and a suitable complementary 304 

second shear stress, which provides enough mechanical driving force. 305 

The Schmid factor is useful for the prediction of possible activated shear bands [24,26]. For 306 

areas with small deformation in A-18-11, the slip plane traces are indicated by black lines, Fig. 307 

11b, and the slip possibilities are indicated by the lengths of the colored lines according to their 308 

Schmid factors on top of the black lines. (It is assumed that the applied stress is a simple 309 



compressive stress along the normal direction, which is reasonable in this case considering that 310 

the alloy was cold-rolled and the section that was analyzed is in the center of the sheet. The 311 

primary slip system is found to be on (111�) γ with the highest Schmid factor of 0.423 (green 312 

line); the secondary slip system is on (1�11)  γ (blue line) with Schmid factor of 0.390. 313 

Formation of the only shear band in this area is observed to be on the (111�) γ, which is almost 314 

parallel to the trace of the predicted primary slip plane. The misorientation here is inevitable 315 

due to the local distortion [27], which may cause a mismatch of the KS-OR as well as shown 316 

in Fig. 8 and Fig. 9. Considering the shear stresses on (111�) γ and (1�11) γ slip systems, the 317 

most effective shear direction would be [010] which is the result of the interactions between 318 

two sets of shear stresses on partial dislocations of 
�

�
[112] and 

�

�
[1�12�], or 

�

�
[1�21] and 

�

�
[121�]. 319 

This effective shear direction is parallel to the growth direction of the larger variants as shown 320 

by orange lines in Fig. 11b. It suggests that the effective shear stress facilitates the α’ formation 321 

along its pathway intersected with available individual shear bands [28]. The twin-related 322 

variants pairs could be observed (V21-V22 and V23-V24) as indicated by white dashed circles 323 

in IPF maps of Fig. 10. This can be attributed to the accommodation of the two variants for 324 

minimizing shape strain produced by transformation [23]. V23 and V24 are found to be the 325 

preferred variants during the deformation within this shear band. V24 is the result of the first 326 

shear (Dγ-[112]) and second shear (Aβ-[1�12�]) according to Table 1 in Ref. [29], and this is in 327 

agreement with our prediction based on Schmid law. It should be noticed that other variants 328 

may form to reduce the strain energy produced by the growth of preferred variants, like the 329 

formation of V23. 330 



 331 

Fig. 11 Crystallographic analysis of α’ variants based on (a) area A and (b) area B in Fig. 10. 332 

The black lines indicate the slip plane traces of (111)γ; the lengths of colored lines on top of 333 

the black lines indicate their slip possibilities, i.e. Schmid factors, and the length of the black 334 

lines indicate the Schmid factor of 0.5. 335 

 336 

4.3 The correlation between deformation microstructure and mechanical stability of γ 337 

The detailed correlation between deformation microstructure and stability of γ is sketched in 338 

Fig. 12. The increase of γ stability could be obtained by the increase of Ni contents or raising 339 

the deformation temperature which could be accounted for by the variation of SFE [18]. In the 340 

present study, therefore, the change of deformation microstructure could be discussed in the 341 

framework of stress-assisted and strain-induced nucleation of α’ proposed by Olson and Cohen 342 

[3]. Just above M� (stage 1), where the γ stability is low, blocky α’ forms in an autocatalytic 343 

manner intruding into the γ matrix due to the lack of restrictions nearby [30]. At slightly higher 344 

temperature (stage 2), in the strain-induced regime, the γ stability is a bit higher, and the blocky 345 

α’ can still form with the help of formation of shear bands, especially ε. These planar defects 346 

lower the activation energy for α’ formation, thus the autocatalytic behavior could be observed 347 

adjacent to shear bands. If the transformation takes place within individual shear bands, the 348 

twin-related α’ pairs was observed due to the accommodation manner to minimize the 349 

transformation energy. At stage 3, the autocatalytic transformation is restricted within the 350 



individual shear bands. Blocky α’ disappears, while the twin-related pair formation depends on 351 

the favorable stress conditions for ε within the individual shear bands. The twin-related pairs 352 

sometimes compensate the transformation strain of the larger units of α’. The unpaired variants 353 

form along the direction of effective shear stress. At stage 4, with much higher γ stability, no ε 354 

forms within the individual shear bands and α’ variants mainly form at the intersections of shear 355 

bands, where the barrier for α’ formation is lower. At stage 5, the α’ cannot form easily even at 356 

intersections of shear bands but with severe deformation dislocations can aid the α’ formation. 357 

 358 

Fig. 12 The schematic diagram of the relationship between deformation microstructure and 359 

mechanical stability of γ. 360 

 361 

4. Conclusions 362 

The microstructures of both quenched and deformed Fe-18Cr-xNi samples with different SFEs 363 

have been studied. Two types of morphology, blocky and banded structures, could be observed 364 

in both quenched and deformed samples with only slight differences which provides us the new 365 

possibility to revisit the deformation mechanism of metastable γ. The main conclusions are as 366 

follows: 367 

 The formation of blocky α’ is related to the relatively low stability of γ (close to Ms). 368 

The formation of banded structure can be attributed to the assistance of ε for α’ 369 

formation. 370 



 The orientation relationships (ORs) between γ and α’ is KS-OR, and between γ and ε it 371 

is SN-OR. The deviations from these ORs can be mainly attributed to grain rotation due 372 

to deformation. 373 

 The α’ variant pairing in Fe-Cr-Ni alloys with low SFE is twin-related, and it can be 374 

attributed to the autocatalytic nucleation of a twin-related variant to accommodate the 375 

shape strains produced by the first nucleated variant. 376 

 The variant selection in deformed samples can be rationalized using the Schmid law 377 

together with the double shear theory. 378 
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