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ABSTRACT 

A single crystal of 316-type austenitic stainless steel was 

compressively deformed at 173 K with respect to the 

compressive axis parallel to <001> direction to induce FCC 

(γ) to HCP (ε) martensitic transformation. The pre-polished 

side surface in {110} plane was observed by means of 

scanning electron microscopy and the structures at the 

intersection of different ε-martensite variants. Their 

crystallographic characteristics were analyzed with electron 

backscattering diffraction. Among the four different ε-

martensite variants with comparable Schimid factors above 

0.45, there are two types of combinations of crossing shears, 

depending on the shear angles either perpendicular to or 30 

º-inclined from the intersection axis. The former stimulated 

the reverse transformation into the γ-crystal rotated from the 

parent γ-phase by 90 º with respect to the intersection axis, 

while the latter produced the second martensitic 

transformation into the α’-martensite. The atomic 

rearrangement at the two types of the intersection reactions 

can be visualized by the geometric consideration on the 

double-shear deformation of the Thompson tetrahedron. 
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INTRODUCTION 

Deformation-induced martensitic transformation from γ-

austenite with an FCC structure to ε-martensite with an HCP 

structure is responsible for good balance of strength and 

ductility in austenitic high-Mn steels, for shape recovery 

effect in Fe-Mn-Si shape memory alloys (SMAs), and for 

fatigue resistance in Fe-Mn-Si seismic damping alloys 

[Sawaguchi, 2015]. The γ- and ε-phases show so called the 

Shoji-Nishiyama crystallographic orientation relationship, 

ie. {111}γ // {0001}ε, <10-1>γ // <2-1-10>ε 

The intersection of different ε-martensite variants is an 

important microstructural event, which can affect 

mechanical and functional properties of the alloys. Various 

structures at intersections of ε-martensite variants plates 

have been reported, such as α'-martensite, {101-2} ε-twin, 

{101-1} ε-twin, γ-twin, 90º rotated γ-austenite (γ90), and 90º 

rotated ε-martensite (ε90).  

Thermodynamic stability of the phases and crystallographic 

orientation with respect to deformation axis are important 

factors dominating the selection of the intersection 

products. For the latter, it has been revealed that the ε-

martensite variant intersection products can be classified 

according to the direction of Shockley partial dislocation 

shears with respect to the intersection axis: the shears 

perpendicular to the intersecting axis (Type I), and that 

inclined by 30º  from the intersecting axis (Type II) [Zhang, 

2011a and 2011b].  

In this study, the ε-martensite variant intersection structures 

in a single crystal of 316-type austenitic stainless steel 

compressively deformed at 173K is investigated. The γ90 at 

Type I intersection and the α’-martensite at Type II 

intersection are revealed by electron backscattering 

diffraction (EBSD), and the atomic rearrangement 

associated with the two kinds of shear combinations is 

discussed. 

DIMENSION AND ORIENTATION 

OF THE CRYSTAL 

 

Figure 1: Orientation of the single crystal specimen and 

operational martensitic shears (Crystallographic 

information is expressed using Thompson notations). 

A single crystal of 316-type stainless steel with chemical 

composition of Fe–16.8Cr–10.4Ni–2.1Mo–1.4Mn–0.10C–

(N<0.05) in mass% was prepared by Bridgman method and 

the growth was conducted at 1823 K under an inert gas 

atmosphere. A quadrangular prism like specimen 3.445 mm 

in height (//[001]), 3.947 mm in length (//[011]) and 3.939 

mm in width (//[011 ̅]) was compressed in the [001] 

direction at 173 K. Hereinafter, the crystallographic 

orientations and planes are expressed using Thompson 

notations shown in Fig. 1. Four active shear systems with 

highest Schmid factors are listed in Table 1.  



 

 

 

Table 1 Transformation shear systems 
Shear systems Schmid’s factor 

Cα/a    [-2-11](-11-1) 0.459 

βD/-b  [-2-1-1](-111) 0.477 

Aγ/c    [-21-1](-1-11) 0.481 

δB/-d  [-211](-1-1-1) 0.465 

STRUCTURES AT INTERSECTIONS 

Figure 2 displays EBSD images at the intersection of ε-

martensite variants induced by compression at 173 K. Fig. 

2(a) is the image quality (IQ) map imposed by the phase 

map where two ε-martensite variants a and c  (in dark red) 

are induced in the parent γ-phase (in white). In terms of 

Schmid factors (Table 1), a possible combination of the 

martensitic shears is (Cα/a, Aγ/c). This is therefore 

considered as a Type I intersection, as shown in Fig. 1. At 

the intersection of the ε-martensite variant, the γ-phase is 

observed. Inverse pole figure (IPF) of the γ-phase in Fig. 

2(b) shows that the orientation of the γ-phase at the 

intersection is different from the parent γ-phase. The 

crystallographic orientation analysis using TSL-OIM 

software revealed that the intersection product was the γ90 

phase, which is 90º-rotated from the parent γ-phase with 

respect to the intersection axis, BD.  

 
Figure 2: EBSD images at the intersection between two ε-

martensite variants. (a) IQ map imposed by the phase map, 

(b) γ-IPF map and (c) ε-IPF map. 

 

A part of the ε-martensite variants, a and c, are transformed 

into the α’-martensite, shown in green in Fig. 2(a). The 

appearance of the α’-martensite is associated with the traces 

on d plane, which are shown in dark grey colour in Fig. 2(a). 

This suggests that the α’-martensite is transformed from the 

habit-plane-variants a and c, by crossing shear stress on the 

plane d. In terms of Schmid factors (Table 1), possible 

combinations of the martensitic shears are (Cα/a, δB/-d) for 

the former and (Aγ/c, δB/-d) for the latter, respectively. 

These are Type II intersections, as shown in Fig. 1. Thus, 

the γ90-phase and α’-martensite are characterized as the 

intersection products of Type I and Type II, respectively. 

Alongside with the γ90-phase, the ε-phase with different 

crystallographic orientation from the original habit-plane-

variants are observed in the ε-IPF map (Fig. 2(c)). The TSL-

OIM analysis revealed that this is {10-12} twins of the 

deformation-induced ε-martensite. A self-accommodation 

type microstructure consisted of the γ90 and {10-12} ε-twins 

have been discussed in our previous paper [Zhang, 2018]. 

 
Figure 3: Distorted Thompson tetrahedrons showing (a) 

parent γ-phase, (b) half-twin-sheared γ, (c) ε-phase, (d) γ90-

phase (e) α’-martensite. 

CONCLUSION 

At the intersection of habit-plane variants of deformation-

induced ε-martensite in a 316-type austenitic stainless steel 

single crystal compressively loaded at 173 K, the γ90-phase, 

{10-12} twins of the deformation-induced ε-phase, and α’-

martensite were observed. The result indicates that the tree 

thermodynamically distinct reactions, i.e., the reverse 

martensitic transformation, twinning and secondary 

martensitic transformation into the α’-phase can 

simultaneously occur by further deformation of the 

deformation-induced ε-martensite. This is attributable to the 

one-to-one correspondence of atoms between before and 

after atomic displacement and local geometric constraint 

associated with the combinations of shears, either Type I or 

II and the shear amount. 
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