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Abstract  

Dislocation glides and their interactions with other defects are central to our understanding 

of deformation mechanism enhancing plasticity and damage tolerance. Martensitic 

transformation (MT) is a fascinating phenomenon overcoming strength-elongation trade-off 

and thus tailoring structure-property architecture. However, dislocation plasticity of Fe-based 

hexagonal close-packed (hcp) martensite is still challenging due to its metastability, further 

complicated by controversies surrounding pyramidal dislocation even in pure hcp metals. To 

resolve the uncertainties, we address the pyramidal-dislocation-driven plasticity in Fe-based 

hcp martensite by employing in-situ transmission electron microscopy (TEM) and high-

resolution (HR) annular bright field (ABF) imaging together with dislocation-contrast analyses. 

We show that the activation and dissociation of pyramidal dislocation govern the initial stage 

of plastic deformation, while subsequent cross-slip by the cooperative motion of dissociated 

pyramidal dislocations plays a key role in nucleation of new hcp martensite. By incorporating 

current dislocation model into previous models coupled with stacking-fault-energy concept, 

we propose a synthesized deformation scenario that offers a comprehensive perspective on 

plasticity and transformability.  
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1. Introduction  

Dislocations are the essential carriers of plastic flow during crystal deformation, and their 

interactions with various defects ranging from other dislocations (1D), grain boundaries (2D) 

to precipitates (3D) are central to our understanding of deformation mechanisms 

guaranteeing superior plasticity and enhanced damage tolerance [1-5]. Among various types 

of deformation mechanisms, martensitic transformation (MT) has been a subject of practical 

and theoretical importance [6-9], especially, in austenitic steels with face-centered cubic (fcc) 

structure, owing to its essential role in plasticity (TRIP: TRansformation-Induced Plasticity) [7, 

9, 10] and thermo-elasticity, known as shape memory effect (SME) [11, 12]. A fundamental 

understanding of MT together with finely-resolved knowledge of dislocation reaction is crucial 

for tailoring the microstructure-property relationship as well as for optimizing the 

composition-processing parameters in development of high-performance MT-based materials. 

Although dislocation models elucidating nucleation of body-centered cubic (bcc) martensite 

have been well established [6-10], dislocation model governing plasticity of hcp martensite 

itself is still challenging because of the following reasons.  

First, due to its metastability nucleating in the intermediate stage of phase transformation 

(fcc ▶ hcp ▶	bcc), most of previous models have interpreted dislocation reactions in the view 

of fcc matrix [7, 10, 13], rather than hcp martensite per se. Although fcc matrix and hcp 

martensite are close-packed structure and keep well-known Shoji-Nishiyama orientation 

relationship (OR) [6] wherein the close-packed planes and directions of both structures are 

parallel, there are significant differences in the dislocation plasticity of two phases. Compared 

to fcc structure, whose primary slip system includes twelve equivalent systems, the lower 
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crystalline symmetry of hcp structure results in a reduced number of equivalent primary slips 

and anisotropy in plasticity [3, 14]. To visualize more complete picture highlighting 

deformation mechanisms, further insight should be gleaned from examining the dislocation 

reaction governing the intermediate stage of MT.  

Second, the low ductility of hcp-based materials at room temperature has been a major 

obstacle hampering their widespread applications [1, 3, 14]. To overcome the problem, the 

strategies have been aimed at energetically enhancing the ability to accommodate the strain 

along c-axis, which can be more effectively accomplished by <c+a> pyramidal slip than by 

deformation twinning [14-16]. However, controversy remains as to the intrinsic nature of 

pyramidal dislocations, even in pure hcp metals, such as their ability to accommodate plastic 

strain and slip pathways including major slip plane and possibility or route of cross slip [3, 15-

17]. The disagreements regarding the pyramidal-dislocation-driven plasticity certainly point 

to the need for further research unraveling the mystery underlying dislocation activities to be 

taken into account.  

In what follows, by employing in-situ transmission electron microscopy (TEM) and high-

resolution (HR) annular bright field (ABF) imaging together with dislocation-contrast analyses, 

we address the dislocation plasticity of Fe-based hcp martensite to tackle the aforementioned 

two issues. By standing on the understanding of its general plasticity, we further show 

pyramidal dislocation plays an indispensable role in strain-induced nucleation of new hcp 

martensite. Through incorporating our dislocation model into previous models coupled with 

stacking-fault-energy (SFE) concept that has been regarded as a governing factor for entire 

deformation mechanism of fcc-based materials [18-20] and on continuation of our previous 
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investigation [21], we go one step further to propose a consilience of deformation scenario by 

categorizing into first- and second-order hierarchy driven by dissimilar governing factors 

(dissociation route of perfect dislocation in fcc matrix for 1st order and dislocation plasticity of 

hcp martensite itself for 2nd order hierarchy of deformation mechanism). These results provide 

fundamental and predictive insight into plasticity and transformability and have substantial 

implications for utilizing dislocation plasticity to realize a new strategy required for 

development of higher performance materials.  

 

 

2. Experimental  

The investigated material is an fcc-based austenitic steel whose chemical composition is 

18.12Cr; 9.66Mn; 0.22Si; 0.01Mo; 0.38N; 0.15C (all in weight percent). The 10kg ingot was 

fabricated using a vacuum induction melting furnace (VIM 4 III-P, ALD, Germany). After 

homogenization at 1,250 oC for two hours in Ar atmosphere, the ingot was hot-rolled into 

sheet with 4 mm thickness. The specimens were solution-annealed at 1,050 oC for one hour 

in the fcc austenite (g) single-phase region and then quenched into water. Deformation 

microstructures were characterized by three different transmission electron microscopes 

(TEM). (1) The dislocation configuration and determination of the Burgers vectors of the 

dislocations were examined by means of TEM (JEM-2100F, JEOL Ltd, Japan.) equipped with a 

high-angle tilting stage (x = ±45o, y = ±45o). Thin foils for all the TEM observations were 

prepared in a twin-jet electrolytic polishing apparatus using a solution containing 15% 

perchloric acid and 85% methanol. The Burgers vectors of dislocations were determined based 
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on invisibility criteria by judging their visibility or invisibility in bright-field (BF) TEM images 

under two-beam diffraction conditions. Simulated selected area diffraction (SAD) patterns and 

the stereographic projections used to navigate orientation space were generated by the 

software, Desktop Microscopist. (2) Samples for the in-situ tensile TEM experiments were 

prepared to specific dimensions (3 mm×12 mm) by punching the polished foil using a custom-

made foil puncher. The in-situ TEM samples were also finally etched using the aforementioned 

etching condition. The TEM (JEM 2100, JEOL Ltd, Japan.) equipment was operated at an 

acceleration voltage of 200 kV, and an in-situ straining TEM holder (straining in situ holder 

model 654, Gatan, Inc, USA.) was used for the in-situ experiments. (3) Atomic resolution 

images were recorded with scanning transmission electron microscope (STEM; JEOL JEM-

2100F, JEOL Ltd., Tokyo, Japan) equipped with an aberration corrector (CEOS GmbH, 

Heidelberg, Germany). The probe diameter of the beam was approximately 0.9 Å under an 

acceleration voltage of 200 kV. The raw ABF (annular bright field) STEM images were filtered 

to eliminate the background noise (Radial Difference Filters, HREM Research Inc.). For the 

quantitative analysis of local strain components in the TEM samples, GPA (Geometric phase 

analysis) technique was used, which allows mapping two-dimensional local displacement 

fields by analyzing the phase shift between non-collinear Fourier components of the lattice 

vectors g1 and g2. The GPA analysis was conducted by a commercial software (HREM-Filters 

Pro, HREM Research Inc.), Matlab software was used to visualize the GPA results.  

 

 

3. Results 
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3. 1 Whole picture of martensitic transformation (MT)  

The entire picture of MT, together with typical true stress (𝜎!) versus true strain (𝜀!) curve 

and the change in volume fractions of constituting phases measured by Rietveld whole-profile 

fitting using TCH function on neutron diffraction profiles in our previous work [20], during 

uniaxial tensile deformation are summarized in Fig. 1. To visualize more clear definition, a 

schematic illustration distinguishing three distinct types of hcp martensites (eA, eB and eNew) is 

also given in Fig. 2). Upon tensile straining, the 𝜎!	vs 𝜀! curve shows a sigmodal shape at 

𝜀!~20% and the investigated steel shows an excellent strength-elongation balance. At an early 

stage of deformation, perfect dislocations dissociate into partial dislocations and stacking 

faults form in between the dissociated partials. The fcc-to-hcp MT (Fig. 1a) represents a 

fundamental aspect of initial stage of plastic deformation. Here, a Frank partial dislocation, 

resulting from the dissociation of a screw-type perfect dislocation, plays an important role in 

nucleation of hcp martensite (designated as eA) [21]. Subsequently, two distinct types of MT 

were identified: the formation of new hcp martensite (eNew) from pre-existing eA, and the 

nucleation of bcc (a¢) martensite at the intersection of two hcp martensites [22] - one being 

eA, and the other designated as conjugated hcp martensite (eB) glided along different slip 

system of g matrix, as indicated in Fig. 2. It is noted that the change in 𝜎!	vs 𝜀! curve into a 

sigmodal shape is attributed to formation of bcc martensite, which is known as TRIP effect 

[10].  

In summary, the hierarchy of MT is categorized into two orders: (1) The first-order 

hierarchy (fcc-to-hcp MT), wherein austenite (g) matrix initially transforms into hcp martensite 
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(eA); (2) The second-order hierarchy, in which, with incremental straining, the product of first-

order MT, eA, subsequently undergoes the next step of MT: (Stage I) autocatalytic formation 

of new hcp martensite (eNew) from pre-existing eA (Fig. 1b); (Stage II) hcp-to-bcc MT (Fig. 1c) at 

the intersection of two hcp martensites (eA and eB). Based on the change in volume fraction 

of hcp martensite, it is conceivable that the transition from Stage I to Stage II may occur 

between 20% and 30% of true strain. We found that the transformation route into stage I or 

II strongly depends on whether the hcp-hcp intersection occurs or not [22]. In the following, 

we focus on the former (Stage I) whose dislocation model has not been established yet. 

 

3. 2 Dislocation motion revealed by in-situ TEM deformation 

To directly observe the overall landscape of dislocation activities responsible for the 

formation of eNew, in-situ TEM straining experiments were performed (Fig. 3 and Movie S1). A 

series of successive frames extracted from in-situ TEM movie shows the nucleation of eNew 

from eA and consecutive dislocation motion (The important pyramidal slip systems and the 

crystallographic information of our hcp martensite measured from Rietveld refinement on 

neutron diffraction profile [20] are given in Fig. 4). At the beginning of deformation, the easy 

glide of <a> dislocations (𝑏%⃗ = "
#
< 11*00 >) having wavy morphology along basal plane is 

dominant (left side of Fig. 3a). Upon further deformation, pyramidal dislocations (Fig. 3a) 

oblique to basal planes are activated, and they concurrently interact with the moving <a> 

dislocations (Fig. 3b). Close interaction of the pyramidal dislocation with <a> dislocation 

triggers cross-slip (Fig. 3c). Once the cross slip takes place, another component of pyramidal 

dislocation is also activated with different gliding direction onto another pyramidal plane of 
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eNew. After some dislocations cross-slipped to another slip plane, significant plastic flow 

occurred on the cross-slipped plane instead of the continuous glide of dislocations. Once the 

dislocations leave the cross-slipped region, the dislocations move slower and the width of eA 

becomes reduced (Fig. 3c), which implies that the formation of eNew effectively contributes to 

the stress relaxation (accommodation).  

 

3. 3 Atomic structural analysis for nucleation of eNew  

To get a better understanding of dislocation activities, we examine the atomic 

configuration at the onset of eNew nucleation using aberration-corrected ABF-STEM imaging 

together with stereographic projection (SP) (Figs. 5 and 6). The atomic arrangements in the 

right side of the figure corresponds to perfect hcp structure (eA) and one atomic layer of 

stacking fault (SF) parallel to close-packed (0001)$!"#  plane is distinguished (indicated by 

dotted green arrow), which leads to the change in stacking sequence from ABAB… to 

AB/CBCB…. On the close inspection of ABF-STEM image, we find that the newly-formed hcp 

martensites (eNew) containing a few unit cells are gradually generated by shearing of atomic 

plane of eA, and they are related to each other by rotational relationship of 67o (as highlighted 

in bottom of Fig. 5a). Geometric phase analysis (GPA) to assess the strain fields related to eNew 

formation is performed (Fig. 5b). It is found that, in the vicinity of dislocation core of eNew, the 

compressive and tensile strains are generated lying parallel to the diagonal direction of eA and 

highly localized in a direction perpendicular to sheared trace (𝜀%& < 01*11 >), confirming the 

presence of edge-type <c+a> dislocation.  

Based on Burgers circuit (Fig. 5c) and trace analysis in SP (Fig. 6), the edge component of 
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the dislocation is determined to be "
#
< 01*11 > of eA (orange-dotted arrow), from which it 

is concluded that the edge-type pyramidal dislocation in pre-existing eA plays an important 

role in the formation of eNew. The crystallographic relationships among eA, eNew (yellow-colored 

box) and fcc matrix (sky-blue-colored box) are carefully determined by a superimposed SP of 

three phases (Fig. 6). The important relationships among three phases (fcc matrix, eA and eNew) 

are [011*0]$$1[112*]'((, [011*1]$%&'1[112]'((  and [01*12]$$1[022*3]$%&'. Considering the 

slip systems of hcp and fcc structures, it is worthwhile to note that the directional trace of 

Shockley partial dislocation of fcc matrix (< 112 > ) is parallel to those of partial <a> 

dislocation of eA (blue-dotted horizontal line, < 011*0 >) and to pyramidal I dislocation of 

eNew (red-dotted diagonal line, < 011*1 > ), respectively. And, the directional parallelism 

between eA and eNew is determined to be [01*12]$$1[022*3]$%&'  (green line), which implies 

that the direction of partial pyramidal I in eA is parallel to that of partial pyramidal II in eNew. 

From the SP, we find that the parallelism between eA and fcc matrix corresponds to their Shoji-

Nishiyama OR, and further the martensitic nucleation of eNew from eA is strongly dependent 

on the pyramidal dislocation of both eA and eNew. Therefore, the rotational relationship 

between eA and eNew provides important experimental evidence in which the cross slip of two 

hcp martensites operates. Our ABF-STEM observation together with SP analyses on atomic 

configuration inducing formation of eNew reveals that the directions of <c+a> dislocations on 

eA and eNew are mutually parallel to each other, namely the energy barrier against the 

formation of eNew might be relatively smaller than those from pyramidal I plane into other slip 

systems within eA: (i) glissile-to-sessile transformation (<c+a> → <c>+<a>) [3] or (ii) cross-slip 

from pyramidal I to pyramidal II plane inside eA [16].  
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3. 4 Dislocation model for eNew nucleation based on two-beam analyses  

To precisely determine the Burgers vectors of dislocations involved in the formation of eNew 

together with their slip systems, we performed 𝑔⃗ ∙ 𝑏%⃗  analyses (where 𝑔⃗ is the diffraction 

vector and 𝑏%⃗  is the Burgers vector, 𝑔⃗ ∙ 𝑏%⃗  values for <a> and <c+a> dislocation are given in 

Table 1). The angles between important planes and directions related to pyramidal dislocation 

in two zone axes (z = [21*1*0] and z = [0001]) calculated from SP are given in Table 2. Figs. 

7a and 7b show two-beam TEM bright-field (BF) images under two 𝑔⃗ vectors in z = [21*1*0]. 

Experimental evidence in which eNew nucleates directly from the eA is highlighted by yellow 

dotted square in the upper-right side of figures. Under 𝑔⃗ = 0002 (Fig. 7a), both pyramidal 

<c+a> dislocations and <c> dislocation are visible, whereas basal <a> dislocations are out of 

contrast. It is evidenced that most of dislocations involved in the formation of eNew are 

dislocations with <c> component (<c+a> or <c> dislocation). On the other hand, some of basal 

<a> dislocations are in contrast under 𝑔⃗ = 01*12 (Fig. 7b). From geometrical and energetic 

points of view, they are <a> partial dislocations having Burgers vector of 𝑏%⃗ = "
#
< 011*0 > 

because the dissociation of perfect <a> dislocation into partial dislocations ("
#
< 112*0 >	→

	"
#
< 011*0 > + "

#
< 101*0 >) is energetically more favorable following Frank rule [1]. On the 

bases of these observations, it is confirmed that essential dislocations contributing to 

nucleating a new hcp martensite (eNew) are dislocations having <c> component, namely either 

<c> or <c+a> dislocation.  

However, two-beam analyses only under z = [21*1*0] alone are not enough to clearly 
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define the Burgers vectors of perfect or partial <c+a> dislocations because both exhibit the 

same contrast under 𝑔⃑ = 0002 and 𝑔⃑ = 01*12 (all visible conditions, as shown in Table 1). 

It is known that the dislocation morphology is dramatically changed during tilting the 

specimen, which implies that the Burgers vector and gliding plane can be more precisely 

determined from complementary observations on the same area in different zone axis. To that 

end, we tilted our specimen using high-tilting holder, while maintaining the same observation 

area, into z = [0001]. Shown in Figs. 8a and 8b) are two-beam BF images under 𝑔⃗ = 2*110 

and 𝑔⃗ = 1*21*0, respectively. Although the dislocation viewed along z = [21*1*0] looks like a 

single straight line in Figs. 7a and 7b, it exhibits a curvilinear shape composed of two 

dislocation segments. Comparing with Fig. 7, complex configuration of dislocation are better 

resolved under the zone axis of z = [0001] wherein three important regions requiring further 

attention to visualize dislocation model for nucleation of eNew are highlighted. To determine 

the Burgers vectors and dislocation character of pyramidal dislocation appearing in Fig. 8, the 

analyses of SP under z = [0001] were carried out and is depicted in Fig. 9. Based on two-

beam analyses and corresponding SP, the dislocation model to elucidate the formation of eNew 

(Fig. 10) is summarized as follows.  

(Region I) The edge-type pyramidal dislocation having Burgers vector of 𝑏%⃗ = "
#
[112*3] 

(determined by SP in Fig. 9a) is activated and subsequently dissociated into two 

partial dislocations on pyramidal I plane ((01*11)) of eA: "
#
[112*3] → "

#
[101*1] +

"
#
[01*12]. The reason why the dissociation of pyramidal dislocation occurs primarily 

on pyramidal I over pyramidal II is due to the lower c/a value of our hcp martensite 

than ideal c/a ratio, as will be discussed later [3, 15-17, 23].  
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(Region II) The dissociated pyramidal partials, continuously glided on pyramidal I plane, start 

to pile up at the junction of pyramidal/basal planes of eA (< 21*1*0 > indicated by 

pink-dotted arrow along the line) whose contrast is distinguished as fragmented 

contrast (blue arrows). After close interaction of pyramidal-basal dislocations, the 

pile-up dislocations start to change their glide plane, namely the cross slip comes 

into picture, which is evidenced by V-shaped dense contrast having Burgers vectors 

of "
#
[101*1] (orange arrowheads in Fig. 8a) and "

#
[01*12] (yellow arrowheads in 

Fig. 8b) similar to the stair-rod dislocation connecting two close-packed 

{111}planes of fcc materials. The cross-slipped dislocations arrange themselves into 

a direction parallel to [011*0] . The direction determined from SP in Fig. 9b 

corresponds to the intersection line of basal-pyramidal II plane of eNew (red-dotted 

line). From the intersection line, the perfect pyramidal dislocation having a Burgers 

vector of "
#
[112*3*] starts to glide onto pyramidal II plane of eNew.  

(Region III) After cross-slip completed, newly formed pyramidal dislocation on pyramidal II 

plane ((21*1*2)) of eNew also dissociate into two partials ("
#
[112*3*] → "

)
[022*3*] +

"
)
[202*3*]) and further glides along the plane, which brings forth the embryo of eNew. 

When side-on viewed along z = [21*1*0], the two hexagons corresponding to eA and 

eNew martensites in Fig. 10 have the same atomic configuration as that observed 

using ABF-STEM as shown in Fig. 5a.  
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4. Discussion  

 

4. 1 Slip pathway and cross slip of hcp martensite 

The plasticity of hcp-based materials is intimately related to the fundamental behaviors of 

pyramidal <c+a> dislocations, which are the major contributor to c-axis strain, and thus, the 

high ductility in hcp structure is achievable by generating more <c+a> dislocations [3, 15-17, 

23]. Among various material parameters, the c/a ratio plays an important role in determining 

the slip pathway of hcp structure: non-basal pyramidal <c+a> slip and deformation twinning 

modes, which are crucial for accommodating higher strain along c-axis and associated work 

hardening behavior [17]. Although c/a ratio as an intrinsic material parameter remains 

constant when alloy composition is fixed, Sinha et al. [23] tried to change the c/a ratio of hcp 

martensite in high entropy alloy (HEA) by tuning the transformation volume and showed that 

lower than ideal c/a ratio promotes non-basal pyramidal <c+a> slip and deformation twinning. 

Furthermore, Wu and Curtin [17] using MD simulations showed that the primary slip plane of 

hcp metals also show strong dependency on c/a ratio: the <c+a> dislocation is energetically 

preferable on pyramidal I for Ti, Zr, and Re (c/a < 1.633), and on pyramidal II for Zn and Cd (c/a 

> 1.633). In Mg whose c/a is close to ideal value, the energy difference between pyramidal I 

and II is small and thus cross slip is easily activated. Based on neutron diffraction experiments 

coupled with Rietveld refinement [20], the lattice parameter of our hcp martensite was 

measured to be a = 2.5484 and c = 4.1081 Å and corresponding c/a ratio was 1.612 (below 

ideal c/a=1.633). Therefore, it is conceivable that the activation of <c+a> slip can be favorable 

in our hcp martensite, and the <c+a> dislocation can dissociate into partials preferentially on 
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pyramidal I over pyramidal II.  

Cross-slip is a crucial process in plasticity, acting to spread slip spatially on multiple non-

parallel planes and to enable dislocation multiplication and annihilation processes; all of these 

processes affect ductility and strength of the material. Whereas the atomistic mechanisms, 

energy barriers, and rates of cross-slip are well established in cubic metals, the mechanisms 

in materials with hcp structure are still under controversy [3, 15-17, 23]. Liu et al. [16] using 

3D TEM tomography showed that cross slip of perfect <c+a> dislocation, instead of partial 

<c+a> dislocations, took place between pyramidal I and II planes. The cross slip of perfect 

<c+a> dislocation in hcp martensite was also confirmed in HEA [23]. On the other hand, recent 

atomistic simulations showed that cross slip proceeded by the individual dissociated partials 

rather than perfect-type <c+a> dislocation [3]. In our investigation, the close interaction of the 

pyramidal dislocation with gliding <a> dislocation makes cross-slip possible whose dislocation 

reaction can be expressed: "
#
< 01*1*2* > + "

#
< 11*01* > + "

#
< 1100 >= "

#
< 211****3* >. Once 

the cross slip took place, another component of pyramidal dislocation was also activated by 

changing gliding direction and started to dissociated into easy-gliding partials having Burgers 

vectors of "
)
[022*3*] and "

)
[202*3*] along pyramidal II plane ((21*1*2)) of eNew. Therefore, our 

TEM examination confirmed that cross slip is realized by dissociated partial dislocations rather 

than perfect dislocation. We consider that the dissociation and concurrent cross slip is 

energetically more favorable because the 𝑏* value of <c+a> perfect dislocation is quite larger 

compared with those of partials. As already addressed, the two perfect <c+a> dislocations 

that glide on pyramidal I plane of eA and on pyramidal II of eNew are almost parallel to each 

other, implying the cross-slip of this route is energetically more favorable than switching into 
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other slip systems: either (i) glissile-to-sessile transformation ( "
#
< 12*13 >	→	< 0001 >

+ "
#
< 12*10 >	→	< 0001 > + "

#
< 11*00 > + "

#
< 01*10 > ) [3] or (ii) cross-slip from 

pyramidal I to pyramidal II plane of eA itself ("
#
< 12*13 >+",""⋰"*,"*	→ 	

"
#
< 11*01 >(+","")+

"
#
< 01*12 >(+","")	→ 	

"
)
< 02*23 >("*,"*)+

"
)
< 22*03 >("*,"*)) [16].  

 

4. 2 For the consilience of deformation scenario 

The SFE landscape has been regarded as a governing factor to determine the entire 

plasticity of fcc-based materials [18-20]. The SFE of the investigated material was measured 

by two-step approach of line profile analyses (Rietveld whole-profile fitting followed by 

double-Voigt size-strain analyses) on neutron diffraction profiles in our previous investigation 

and the measured SFE was 10.4 mJ/m2 [20]. Although it provides a practical guideline in search 

of favored deformation structure (MT, twinning and slip), the disagreements regarding the 

criterion to distinguish each deformation mode and the large scatters of measured SFE 

certainly point to the need for further research revealing additional factor [9, 21]. In addition 

to SFE concept, here, we go one step further to turn our attention into other important factors 

underlying deformation mechanism by categorizing the stage of deformation into first- and 

second-order hierarchy.  

4. 2. 1 First-order hierarchy  

The governing factor in this stage is the dissociation routes of perfect dislocation and 

resulting predominant types of partial dislocations in fcc matrix. The possible routes for 

dissociation of perfect dislocation and corresponding dislocation reactions are summarized in 
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Fig. 11. When a perfect dislocation will not dissociate into partial dislocations, conventional 

slip by glide of undissociated perfect dislocation governs the plasticity of fcc materials (Route 

0: the SFE is highest). When a perfect dislocation with 𝑏%⃗ = "
*
[1*01 > dissociates into Frank 

and Shockley partials, the fcc-to-hcp (eA) MT indeed operates (Route I: the SFE is lowest below 

20 mJ/m2). In this event, screw-type perfect dislocation induced the torsional flow of {111} 

planes of fcc matrix (Eshelby twist [25]) and its dissociation provides a self-perpetuating step 

to bring forth Frank partial acting as a critical component to accomplish every other periodicity 

required for fcc-to-hcp MT [21]. When the perfect dislocation dissociates into two Shockley 

partials only (Route II: the SFE is medium), the deformation twinning is predominant, known 

as three-layer twin model [26, 27]. It is worthwhile to note that, although MT and twinning 

have different character in nature, the previous models [26-36] to elucidate their formation 

mechanisms have tied with the partial-dislocation types induced by dissimilar dissociation 

routes, apart from SFE concept. By incorporating these models whose discussions are 

concentrated on the operation of specific types of partial dislocation into SFE concept, we 

demonstrate how dissociation routes of perfect dislocation can be exploited to determine 

deformation mechanism (MT, twinning, slip), which can provide more practical guideline of 

first-order hierarchy in deformation scenario of fcc materials (Fig. 12a).  

4. 2. 2 Second-order hierarchy 

After fcc-to-hcp MT governs the first-order hierarchy of deformation mechanism, the 

governing factor for subsequent second-order hierarchy is the dislocation plasticity of hcp 

martensite per se (Fig. 12b). (Stage I: formation of eNew) Our current investigation showed 

that the formation of eNew can be understood by dislocation reaction inside eA, i.e., (i) the 
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activation of pyramidal dislocation and its dissociation on pyramidal I plane of eA, (ii) their 

interaction with gliding basal <a> dislocations and pile-up at the pyramidal/basal junction, and 

(iii) cross slip of pile-up dislocations into pyramidal II plane of eNew. (Stage II: hcp-to-bcc MT) 

The occurrence of stage I or II depends on whether the intersection of independently-

operated hcp martensites occurs or not. Two different hcp martensites (eA and eB) have 

separately nucleated on different close-packed planes of fcc matrix (e.g., (111) and (11*1)) 

via fcc-to-hcp MT model [21], and (ii) their subsequent intersection (collision) leads to the 

formation of bcc martensite. During the intersection (collision) of two hcp martensites (eA and 

eB), the lattice distortion responsible for the hcp-to-bcc MT was observed. That is, the partial 

dislocation parallel to [01*10] in moving eB approaches partial dislocation having [101*0] 

direction in stationary eA, resulting in the formation of a stair-rod dislocation with [21*1*0] 

direction which connects two hcp variants ( "
#
[11*00](+++")() +

"
#
[101*0](+++")($ →

"
#
[21*1*0]$)→$$ ) [22]. This is similar to the Route III in which stair-rod dislocation plays an 

important role in plasticity of fcc materials. Since the hcp-to-bcc MT takes place at the 

intersection area of two hcp martensites, the the area that has not experienced intersection 

remains hcp crystals, as indicated Stage II in Fig. 12.  

 

 

5. Conclusions 

In summary, the pyramidal dislocation played a key role in plasticity of Fe-based hcp 

martensite. The formation of new hcp martensite (eNew) can be explained by dislocation 

reaction inside primary hcp martensite (eA) formed via fcc-to-hcp MT, i.e., (i) the activation of 
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pyramidal dislocation and its dissociation on pyramidal I plane of eA, (ii) their interaction with 

gliding basal <a> dislocations and pile-up at the pyramidal/basal junction, and (iii) cross slip of 

pile-up dislocations into pyramidal II plane of eNew. By incorporating our current model into 

previous models and SFE concept, we suggested a consilience of deformation scenario of fcc-

based materials by categorizing the stage of deformation into first- and second-order hierarchy. 

The governing factors to categorize the first-order and second-order hierarchy of deformation 

mechanism are (1) the dissociation route of perfect dislocation and resulting partial 

dislocation component and (2) the dislocation plasticity of hcp martensite itself. Our 

experimental and theoretical approaches can provide not only in-depth understanding on the 

nature of plasticity and transformability in crystals with close-packed structure but also a 

powerful platform for designing high-performance materials with enhanced damage 

tolerance and shape recoverability.  
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< Figure caption > 

 

 

Fig. 1 Conventional and high-resolution (HR) TEM images of (a) the first-order (fcc-to-hcp) and 

(b)-(c) the second-order hierarchy of martensitic transformation (MT). The true stress (𝜎!) 

versus true strain (𝜀!) curve and the change in volume fraction of constituting phases (fcc 

austenite matrix, hcp martensite and bcc martensite) are shown together.  

 

Fig. 2 Schematic illustration to visualize three different types of hcp martensite formed during 

tensile deformation: (a) the fcc-to-hcp (eA) MT [21]. (b) activation of conjugate variant of hcp 

martensite (eB), (c) hcp-to-bcc MT via intersection of two hcp martensites (eA and eB) [22]., 

and (d) autocatalytic formation of eNew without intersection of two hcp martensites.  

 

Fig. 3 Dislocation motion inside eA revealed by in-situ TEM: (a) to (c) snapshots obtained from 

in-situ TEM straining showing nucleation of eNew out of initially formed eA. (a) 45s, (b) 69s and 

(c) 70s.  

 

Fig. 4 (a) The important pyramidal slip systems of hcp martensite showing pyramidal I (blue) 

and pyramidal II slip (red). (b) Crystallographic information of hcp martensite evaluated from 

Rietveld refinement on neutron diffraction profile [22].  

 

Fig. 5 Annular bright field (ABF) STEM and geometric phase analysis (GPA) for elucidating the 
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nucleation of eNew. (a) ABF-STEM image showing nucleation of eNew. The change in stacking 

sequence (ABAB ▶ CBCB) by introduction of stacking fault (SF) and the rotational relationship 

between eA and eNew are highlighted in the bottom of (a). (b) The 𝜀%& strain map obtained 

from GPA analysis. (c) Burgers circuit (orange arrow) for determination of edge dislocation 

(blue arrow) in comparison with regular hcp lattice (white arrow) in overlaid image of ABF and 

GPA.  

 

Fig. 6 The superimposed stereographic projection of three phases, eA whose important slip 

systems are indicated in the below of SP, eNew (yellow-colored box) and fcc matrix (sky-blue-

colored box) (z = [11*0]11[21*1*0]$$). The Burgers vector ("
#
[01*11] of eA) and dislocation line 

of pyramidal dislocation responsible for the formation of eNew (orange-dotted arrow).  

 

Fig. 7 Two-beam analyses to determine the dislocation configuration involved in the formation 

of eNew, (a) 𝑔⃑ = 0002 and (b) 𝑔⃑ = 01*12 under z = [21*1*0].  

 

Fig. 8 Two-beam analyses to determine the dislocation configuration involved in the formation 

of eNew, (a) 𝑔⃗ = 2*110  and (b) 𝑔⃗ = 1*21*0  under z = [0001] . The important region to 

visualize the dislocation model for nucleation of eNew are highlighted in green circle (Region I), 

orange-dotted box (Region II) and yellow-dotted box (Region III) in Figs. 7 and 8.  

 

Fig. 9 (a) Stereographic projection to determine the Burgers vector and dislocation character 

of pyramidal dislocation appearing in Fig. 8(a) (green-dotted arrow). (b) Stereographic 
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projection to trace the basal-pyramidal intersection line (red-dotted line) (z = [0001] of eNew).  

 

Fig. 10 Dislocation model for nucleation of new hcp martensite: (Left) the initial dissociation 

of pyramidal <c+a> in pyramidal I plane and pile-up at the interface of pyramidal / basal 

junction within eA; (Right) cross slip of dissociated <c+a> from pyramidal I of eA onto pyramidal 

II of eNew, resulting in the formation of eNew.  

 

Fig. 11 Dissociation routes of perfect dislocation and corresponding dislocation reactions in 

fcc materials.  

 

Fig. 12 Deformation scenario for first- and second-order of MT. (a) The first-order hierarchy 

(The increasing trend of SFE value (from top to bottom) is indicated by green arrow). The 

governing factor is the dissociation route of perfect dislocation and resulting partial 

dislocation components (Fig. 11). (b) The second-order hierarchy of MT. The governing factor 

is the dislocation plasticity of hcp martensite itself. (Stage I) formation of eNew, and (Stage II) 

hcp-to-bcc MT via the intersection of two hcp martensites (eA and eB). 
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Table 1. Invisibility criteria to determine Burgers vectors of dislocations (𝑔⃗ is the diffraction vector and 𝑏$⃗  is the Burgers vector).  

 

 

 

  



Table 2. The angles between important planes and directions related to pyramidal dislocation in two zone axes (z = [21*1*0] and z = [0001]) 

calculated from stereographic projection (SP).  
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