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Abstract 

Mechanism of dynamic strain aging (DSA) effect in high-Mn austenitic steel, and its correlation 

with the Portevin-Le Chatelier (PLC) banding, was elucidated using the in-situ synchrotron 

XRD measurement and digital image correlation (DIC) method during tensile test.  The 

average dislocation velocity beyond the PLC band ranged from 10-2 to 10-1 nm/s, while reached 

to the order of 100 nm/s within the PLC band.  In comparison, carbon diffusivity was 

significantly lower, allowing carbon atoms to diffuse only from 10-7 to10-9 nm in one second. 

The findings indicate that dislocations beyond the advancing PLC band were pinned by nearby 

carbon atoms, while dislocations within the PLC band became de-pinned from the carbons. 

Such localized pinning and de-pinning of dislocations occurred sequentially during deformation, 

appearing as the propagation of PLC bands in macroscopic scale. 

Keywords: Portevin–Le Chatelier (PLC) band; dynamic strain aging (DSA); digital image 

correlation (DIC); in-situ synchrotron XRD; Average dislocation velocity 
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The dynamic strain aging (DSA) effect in steel has been considered as the result of 

dynamic interaction between dislocations and carbon atoms during deformation [1–3]. 

According to the conventional theory of the DSA effect, carbon atoms are considered to diffuse 

to catch up with mobile dislocations under specific deformation conditions, such as 

intermediate temperatures [4–6] or slow strain rates [4–9], where they then pin the mobile 

dislocations, creating the Cottrell atmosphere. The concept was extended to high-Mn 

austenitic steels, by many researchers substituting partial dislocations for perfect dislocation in 

their explanations of the DSA effect [10–13].  Lee et al. [12] and De Cooman et al. [10] 

proposed that the DSA effect originated from the interaction between the leading partial 

dislocation and the Mn-C pair.  As a leading partial dislocation glides on the {111} plane, a 

nearby carbon atom is forcibly transferred from an octahedral site to an unstable tetrahedral site. 

Subsequently, the carbon atom reorients itself by a single diffusive hop to an octahedral site 

adjacent to a Mn atom, increasingly forming Mn-C pairs.  They argued that these Mn-C pairs 

acted as obstacles for dislocation glide and enhanced the DSA effect.  In contrast, Oh et al. 

[13] contended that the DSA effect arose from carbon diffusion along the dislocation line, so-

called dislocation pipe diffusion.  According to their explanation, a mobile dislocation is 

arrested by immobile dislocation, during which carbon atoms can diffuse from the immobile 

dislocation to the mobile dislocation.  Subsequently, the carbon atoms diffuse again along the 

dislocation line, leading to the pinning of the mobile dislocation.  They contended that higher 
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carbon content observed along the dislocation line in atom probe tomography (APT) resulted 

from the dislocation pipe diffusion of carbons.  In both the case of Mn-C couples and the pipe 

diffusion of carbon, carbon plays a key role in the DSA effect.  However, it would be natural 

for carbon atoms to segregate along the nearby dislocation if enough time was allowed after 

unloading the tensile specimen.  To develop a deeper understanding of the nature of dynamic 

strain ageing during deformation, it is essential to evaluate the real-time interaction between 

dislocations and carbons during a tensile test. 

In earlier research, it has been clarified that serration behavior on the global stress-

strain curve in high-Mn austenitic steel perfectly corresponded to local heterogeneous 

deformation characterized by the formation, propagation and annihilation of so-called 

Portevin–Le Chatelier (PLC) bands, i.e., PLC banding [4,14–16].  However, ever since Kubin 

and Estrin [17] established foundational work several decades ago on predicting dislocation de-

pinning in the propagating PLC band and subsequent re-pinning of dislocations based on a 

mathematical model, their predictions have yet to be experimentally proven. 

In the present study, we aim to reveal the mechanism of DSA in correlation with 

macroscopic local deformation behavior, i.e., PLC banding.  We investigated the average 

dislocation velocity concerning the local PLC banding by simultaneously applying in-situ 

synchrotron XRD measurement and digital image correlation (DIC) method during the tensile 

test.  Additionally, carbon diffusivity was estimated in comparison with the dislocation 
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velocity to understand the nature of DSA effect in high-Mn austenitic steel. 

A high-Mn austenitic steel having an average chemical composition of Fe-22Mn-0.6C 

(wt. %) was used in this study.  The hot-forged plate, originally 12 mm thick, underwent four 

cycles of cold-rolling and annealing treatments [14,18,19].  SEM-BSE image of the specimen, 

annealed at 800 °C for 0.3 ks and then water-quenched in the final annealing step, is shown in 

Figure 1.  The specimen had a fully recrystallized microstructure, and exhibited a mean grain 

size of 2.0 m, including annealing twin boundaries.  

To evaluate the change in the average dislocation velocity concerning local PLC 

banding, in-situ synchrotron XRD measurement and DIC method were simultaneously 

performed during tensile test.  The experiment was carried out at the high energy (HE) 

synchrotron beam line of BL46 XU at SPring-8 of JASRI. The configuration of the 

synchronized DIC method and in-situ synchrotron XRD measurement during the tensile test is 

shown in the supplementary material (Fig. S1).  After a precise setup, the tensile test was 

conducted at an initial strain rate of 8.3 ⨯ 10-4 s-1 at room temperature.  For the discussion of 

carbon diffusivity, the change in local temperature was estimated using a thermography camera 

(FLIR, CPA-E75S).  The temperature distribution of the tensile specimen was recorded at 30 

FPS (frame per second) and quantitatively analyzed by using FLIRTools software. 
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The synchrotron XRD measurement and DIC analysis during the tensile test were 

synchronized precisely, and the results are shown in Fig. 2.  In Fig. 2 (a), the changes in local 

stress (red) and dislocation density (blue) at the XRD beam position, as well as the global true 

stress curve (black), are plotted as a function of true strain.  The local stress referred to the 

local principal stress at the XRD beam position (𝜎1, parallel to the tensile direction (TD), which 

was converted from the stress applied on the (200) plane (𝜎200) forming Bragg’s angle relative 

to the TD).  The conversion from 𝜎200 to 𝜎1 utilized Mohr’s circle for the uniaxial tensile 

test, and the detailed calculation is presented in the supplementary material (Fig. S2). 

Dislocation density was determined from changes in the full width half-maximums (FWHMs) 

of diffraction peaks during the tensile test using the Williamson-Hall method [20].  It was 

assumed that most of the peak broadening, particularly in the regions above the bottom part of 

Fig. 1 SEM-BSE image of the 22Mn-0.6C steel with a mean grain size of 2.0 m, observed 

from the transverse direction (TD) of the rolled sheet. 
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the diffraction peaks, was caused by accumulated dislocations [14], acknowledging that the 

bottom part may also broaden due to stacking faults [21,22].  Our previous work showed that 

deformation twins formed significantly in carbon-free high-Mn steel without exhibiting 

serration behavior [23].  In contrast, it was reported by Luo and Huang [24] that carbon-

containing high-Mn steels exhibited serration behavior in higher temperature regions where 

deformation twinning was barely activated. This suggests that the interaction between 

dislocations and carbons, rather than deformation twinning (or its interaction with carbons), is 

the dominant factor contributing to the serration behavior.  Accordingly, we focused our 

discussion on dislocation behavior in relation to the correlation between PLC banding and the 

DSA effect.  Both the local stress and global true stress increased with deformation, and 

serration behavior was also observed on the stress-strain curves.  Dislocation density increased 

in a stepwise manner during deformation, remaining relatively flat during most of the 

deformation periods but significantly increasing at certain strains.  For a more detailed 

investigation, the graph during a late stage of deformation is enlarged in Fig. 2 (b).  Thin 

broken lines on the global true stress-strain curve indicate the true strain at each serration peak. 

The serration peaks on the global true stress-strain curve perfectly coincided with the peaks of 

the local stress at the XRD beam position, indicating that the entire tensile specimen, including 

the XRD beam position, experienced the sudden increase in stress, forming the serration peak. 

The numbers (1) to (5) on the dislocation density (Fig. 2 (b)) curve correspond to the strain-
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rate maps (1) to (5) in Fig. 2 (c), during which a PLC band (red colored region with a higher 

strain rate) was propagating near the XRD beam position.  Comparing Fig. 2 (b) and Fig. 2 

(c), when the PLC band was away from the beam position ((1) in Fig. 2 (c)), there was no 

increase in dislocation density (point (1) in Fig. 2 (b)).  At (2) in Fig. 2 (c), as the PLC band 

was about to enter the beam position, dislocation density started to increase drastically (point 

(2) in Fig. 2 (b)).  At (3) in Fig. 2 (c), as the PLC band was propagating over the beam position,

the dislocation density was increasing significantly (point (3) in Fig. 2 (b)).  At (4) in Fig. 2 

(c), as the PLC band was leaving the beam position, the dislocation density stopped increasing 

and turned into a flat curve.  At (5) in Fig. 2 (c), once the PLC band completely left the beam 

position, the increase in dislocation density became very small again (point (5) in Fig. 2 (b)). 

It was conclusively observed that the sudden increase in the dislocation density (point (2) to (4) 

in Fig. 2 (b)) perfectly corresponded to the passage of the PLC band through the beam position 

((2) to (4) in Fig. 2 (c)).  Furthermore, as shown in Fig. 2 (b), it was noteworthy that the local 

stress at the beam position increased drastically by ∆𝜎 during the passage of the PLC band on 

the beam position.  
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Fig. 2 (a) The changes of global true stress (black, left y-axis), local stress at the XRD beam 

position (red, the first right-axis), and dislocation density (blue, the second right y-axis) are 

shown as a function of true strain. (b) Curves in the true strain range from 0.275 to 0.375, 

enlarged from (a). Serration peaks are indicated by thin broken lines. The local stress increment 

(∆𝝈) is indicated by an arrow on the local stress curve. The points (1) to (5) marked on the 

dislocation density curve correspond to the DIC images of (1) to (5) in (c). (c) DIC strain-rate 

maps corresponding to the propagation of the PLC band near the XRD beam position. The 

yellow point in each DIC image indicates the XRD beam position. 
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Through the synchronized XRD measurement and DIC analysis, it was possible to 

simultaneously obtain both the local dislocation density and local strain at the beam position.  

According to Orowan et al. [25], macroscopic shear deformation is produced by mobile 

dislocation density and the average distance that the dislocations glide, as: 

𝛾 = 𝜌𝑏𝑥̅ (1) 

Here, 𝛾 is the shear strain, 𝜌 is the mobile dislocation density, 𝑏 is the magnitude of Burger 

vector (0.2552 nm for the current material), and 𝑥̅ is the average distance of dislocation glide. 

In the present study, the local strain obtained from the DIC analysis was local tensile strain. 

Therefore, the local tensile strain was converted into local shear strain (𝛾) for calculating the 

average distance of dislocation glide (𝑥̅) at the XRD beam position.  The conversion process 

from tensile strain to shear strain is described in the supplementary material.  A total of 128 

sets of local shear strain (𝛾) and local dislocation density (𝜌) were investigated after a global 

true strain of 0.1, due to the weak serration behavior observed in the early stage of deformation 

(Fig. 2 (a)).  The average distance of dislocation glide ( 𝑥̅ ) at the XRD beam position, 

calculated using Equation (1), is plotted against the global true strain in Fig. 3 (a).  The 

average distance of dislocation glide (𝑥̅) at the XRD beam position will henceforth be termed 

‘dislocation glide distance’.  In this study, the dislocation glide distance was calculated for two 

distinct groups relative to the PLC band position: one group within the PLC band (red dots), 
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and the other beyond the PLC band (blue dots).  For example, in Fig. 2 (c), the periods at maps 

(2), (3), and (4) are indicated by red dots, while the periods at maps (1) and (5) are indicated by 

blue dots.  Overall, the dislocation glide distance decreased as the deformation progressed, 

probably due to increased dislocation-dislocation interactions.  Interestingly, upon the PLC 

band enters the XRD beam position, corresponding to the transition period from blue to red 

dots, a sharp increase in the dislocation glide distance was observed. 

For a detailed investigation, dislocation velocity was investigated by modifying Eq. (1) 

as follows: 

𝛾̇ =
𝑑𝛾

𝑑𝑡
= 𝜌𝑏

𝑑𝑥̅

𝑑𝑡
= 𝜌𝑏𝑣̅𝑑 (2) 

Here, 𝛾̇  is the shear strain rate, 𝑡  is the time, and 𝑣̅𝑑  is the average dislocation velocity. 

The calculated average dislocation velocity is plotted as a function of true strain in Fig. 3 (b).  

Similarly, as with the dislocation glide distance (Fig. 3 (a)), the average dislocation velocity 

within the PLC band is colored red, and that beyond the PLC band is colored blue.  The term 

‘average dislocation velocity’ will hereafter be shortened to ‘dislocation velocity’.  The 

dislocation velocity remained consistently below 1.5×10 nm/ s, irrespective of the position of 

the PLC band.  It was also notable that the dislocation velocity within the PLC band (red) 

decreased as the true strain increased.  Interestingly, the dislocation velocity within the PLC 

band (red) repeatedly formed sharp peaks, reaching over 101 nm/s, while that beyond the PLC 

band (blue) remained as slow as 10-2 to 10-1 nm/s.  That is, the dislocation velocity within the 
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PLC band was 100 to 1000 times faster than that beyond the PLC band.  Such differences in 

the dislocation glide distance (Fig. 3 (a)) and dislocation velocity (Fig. 3 (b)) in relation to the 

local PLC banding proved that the dislocations beyond the PLC band were pinned by carbons, 

whereas the dislocations within the PLC band were de-pinned from carbons. 
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Next, carbon diffusivity in the present material was investigated in comparison with the 

dislocation velocity obtained above.  The diffusion coefficient of carbon (𝐷𝑐 ) is expressed 

Fig. 3 Change in (a) average distance of dislocation glide (𝒙ഥ) at the XRD beam position and 

(b) average dislocation velocity, plotted as a function of true strain.  Data points within the 

PLC band are colored red, and those beyond the PLC band are colored blue. 
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using Arrhenius equation, as follows: 

𝐷𝑐 = 𝐷0𝑒𝑥𝑝 (−
𝑄

𝑅𝑇
) (3) 

Here, 𝐷0 is the pre-exponential factor, 𝑅 is the gas constant, 𝑇 is the temperature, and 𝑄 is 

the activation energy for carbon diffusion.  Fig. 4 (a) shows local temperature maps at a late 

stage of deformation, which corresponded to one cycle of PLC banding.  The PLC bands 

exhibited higher temperature due to strain localization.  A PLC band nucleated near the gage 

center in (1), propagated upward in (2, 3), and annihilated at the upper shoulder part in (4). 

Subsequently, the PLC band nucleated near the gage center (5), propagated downward in (6, 7), 

and annihilated at the lower shoulder part in (8).  As shown in the inset image in Fig. 4 (a), an 

analyzed spot was set in the gage part, and the change in local temperature was plotted as a 

function of experimental time in Fig. 4 (b).  The local temperature fluctuated during 

deformation, and the temperature fluctuation, i.e., the temperature difference before and after 

the passage of the PLC band, increased as deformation progressed.  It was found that the 

temperature difference within the PLC band and beyond the PLC band was 2.9 °C at the largest. 

The temperature of the tensile specimen was 20.9 °C before the tensile test, and it increased to 

27.1 °C at the point of fracture.  Therefore, the temperature (𝑇) in Eq. (3) was consistently set 

to 300 K (27°C), regardless of the position of the PLC band or the stage of the deformation. 

The 𝐷0 and 𝑄 for the diffusion on interstitial carbon atoms in the austenitic steels [26,27], as 

well as the calculated 𝐷c by using Eq. (3), are presented in Table 1.  The 𝐷𝑐 for the present 
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material was in the order of 10−12 to 10−18 nm2/ s.  The diffusion distance of carbon (𝑥𝑐)

can be calculated as: 

𝑥𝑐 = √𝐷𝑐𝑡 (4) 

Here, 𝑡  is the time for carbon diffusion.  For example, carbons can diffuse only 10−7  to

10−9  nm for 1 second.  Comparing the carbon diffusivity with the obtained dislocation

velocity (Fig. 3 (b)), it is difficult to imagine that carbons could diffuse over long distance and 

effectively interacted with mobile dislocations at 300 K.  Curtin et al. [28] predicted the origin 

of serration behavior in an Al-Mg alloy through simulations demonstrating that a substitutional 

solute atom (Mg atom) around a dislocation core would spontaneously move a single atomic 

distance across the slip plane from a compressed region to a tensioned region while awaiting 

thermal activation, a phenomenon known as cross-core diffusion. According to their 

simulation results, the cross-core diffusion mechanism is characterized by a lower activation 

enthalpy of 0.97 eV and a larger driving force of 0.13 eV compared to the lattice diffusion 

values of 1.20 eV and 0.08 eV respectively, and it showed the best agreement with the 

experimental results among several proposed models, including pipe diffusion.  Meanwhile, 

Aboulfadl et al. [29] observed Mg atoms decorating the dislocation core, with its slip path in 

the PLC band showing a depletion in solute concentration.  Oh et al. [13] reported that the 

activation enthalpy for serration behavior (or the DSA effect) in high-Mn steel was 0.85 eV, 

which falls within the broad range of activation enthalpy for pipe diffusion (0.57 to 1.00 eV). 
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To further clarify the origin of serration behavior in high-Mn steel, a comprehensive evaluation 

is required that also takes into account interstitial carbon diffusion in the vicinity of the 

dislocation core.  Exploring interstitial carbon diffusion behavior around the dislocation core, 

which lies beyond scope of continuum model, poses a challenging subject for future study. 

Nevertheless, our findings along with the results of Curtin et al. [28] and Aboulfadl et al. [29] 

suggest that lattice diffusion of carbon atoms to the dislocation core is improbable.  Instead, 

dynamic interactions between carbon atoms and dislocations are confined to the vicinity of the 

dislocation core.  Such phenomena occurred beyond the PLC band, where the dislocation 

velocity became much slower than that within the PLC band (Fig. 3 (b)).  However, as the 

local stress increase in the PLC band (refer to ∆𝜎 in the Fig. 2 (b)), dislocations started to 

become de-pinned and glided freely, resulting in the faster dislocation velocity than that 

observed beyond the PLC band (Fig. 3 (b)).  The dislocation density (𝜌) in this study might 

be somewhat overestimated because (i) deformation twins were not accounted in the 

Williamson-Hall method, and (ii) all dislocations were assumed to be mobile.  However, the 

overestimation of dislocation density suggests that the average dislocation velocity in Eq. (2) 

was actually underestimated at the same shear strain rate.  That is, when the dislocation density 

was overestimated, the difference between carbon diffusivity and dislocation velocity became 

actually larger, so that long-range diffusion of carbon was less likely to occur.  The results 

obtained in the present study consistently explain that local de-pinning and multiplication of 
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dislocations occurred repetitively during the tensile deformation, which was observed in a 

macroscopic scale as the propagation of strain-localized band, i.e., PLC banding. 

Fig. 4 (a) Local temperature maps at a late stage of deformation (t=1003.9 s to 1125.4 s), which 

correspond to one cycle of PLC banding. The magnitude of the local temperature is represented 

in different colors according to the color bar shown above. PLC bands appear having higher 

temperature. (b) Changes in the local temperature at an analyzed spot in the gage part till 

fracture, plotted as a function of experimental time. 
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Material (wt.%) 𝑫𝟎 [𝒏𝒎𝟐/𝒔] 𝑸 [𝐉/𝐦𝐨𝐥] 𝑫 𝐜 at 300 K [𝒏𝒎𝟐/𝒔]

Fe-15Mn-0.34C [26] 9 × 10
11

133800 4.5 × 10
-12

SUS304 (0.08%C) [27] 6.18 × 10
14

186700 1.9 × 10
-18

SUS347 (0.08%C) [27] 3.5 × 10
13

168000 2.0 × 10
-16

SUS316 (0.08%C) [27] 1.9 × 10
13

156500 1.1 × 10
-14
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Table 1 (a) Pre-exponential factor (𝑫𝟎) and activation energy (𝑸), as well as the calculated 

diffusion coefficient (𝑫𝐜) of carbon in austenitic steels. 
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