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Knut Marthinsen a 

a Department of Materials Science and Engineering, Norwegian University of Science and Technology (NTNU), Sem Sælands vei 14, Trondheim 7491, Norway 
b Centre for Advanced Structural Analysis (CASA), Department of Structural Engineering, Norwegian University of Science and Technology (NTNU), Richard Birkelands 
vei 1a, Trondheim 7491, Norway 
c Department of Mechanical Engineering, Eindhoven University of Technology, 5600 MB Eindhoven, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Portevin–Le Chatelier effect 
Dynamic strain aging 
Spatio-temporal behaviour 
Quantitative analysis 

A B S T R A C T   

Localized deformation bands are often observed in materials exhibiting the Portevin–Le Chatelier (PLC) effect. 
However, efficient quantitative analysis of PLC bands remains challenging. A novel method is thus proposed in 
this work, where a multi-strain-jump function is introduced to capture the experimentally obtained staircase-like 
strain profile from digital image correlation (DIC). This approach is simple to implement and allows for: (i) 
automatically extracting the band strain throughout the test, which can be used to further evaluate the band 
velocity, and (ii) linking band characteristics with the corresponding local material properties. The efficiency of 
the method is demonstrated by analysing the band characteristics for different strain rates and temperatures. The 
results reveal that the relative band velocity is proportional to the work hardening rate, i.e., vb /vg ∝ Θ, for the 
continuously propagating type A bands.   

The Portevin–Le Chatelier (PLC) effect is associated with repeated 
nucleation of deformation bands in many alloys, e.g., mild steel [1], Ni 
based superalloys [2], and Al-Mg alloys [3]. The macroscopic manifes-
tation of the PLC effect originates from the microscopic dynamic strain 
ageing (DSA) process [4]. In a certain range of strain rate and temper-
ature, the prevailing solute diffusion strongly influences the dislocation 
motion, resulting in an abnormal negative strain rate sensitivity (nSRS) 
of the material and thus the instabilities during the deformation [5,6]. 
Based on different spatial-temporal patterns, the PLC bands are usually 
classified into three types: continuous (type A), semi-continuous (type 
B), and discontinuous (type C) bands [7]. Great efforts have been made 
to investigate the PLC band behaviour. However, up to now most 
existing studies qualitatively relate the band characteristics to the 
overall material properties [3,5,8], e.g., global strain, which contradicts 
the nature of the highly localized PLC deformation. This motivates the 
present study where a direct connection between the band behaviour 
and the material’s intrinsic properties is established. 

Two band characteristics, i.e., band strain εb and band velocity vb, are 
often used to describe the PLC band behaviour. Conventionally, the band 

strain is calculated manually from the strain profile [9–11] and the band 
velocity is estimated from the slope of PLC spatial-temporal patterns 
[12]. However, this method often suffers from low accuracy and effi-
ciency, and thus may not provide enough high-quality data points for 
subsequent quantitative analysis. Moreover, such a method becomes 
even nonapplicable to the type C band due to its spatially disordered 
feature. To address these challenges, a novel method that enables effi-
cient quantitative analysis of the band strain and velocity is firstly 
proposed. With the developed method, quantitative analysis of experi-
mental results obtained at different strain rates and temperatures is 
demonstrated. 

Uniaxial tension tests were conducted for the commercial aluminium 
alloy AA5182-O. A constant crosshead velocity of either 6 mm s− 1 or 
0.06 mm s− 1 was applied using a servo-hydraulic 100 kN MTS testing 
machine at 298 K, which yielded nominal strain rates of 10− 1s− 1 and 
10− 3 s− 1, respectively. Tests at elevated temperatures, i.e., 325 K and 
378 K, were also performed at 10− 1s− 1. Full-field strain measurements 
were performed using digital image correlation (DIC). A high-speed CCD 
camera was utilized with sampling rates equal to 5 Hz and 200 Hz for the 
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slow and fast tests, respectively. A 60 mm virtual extensometer, which is 
discretized into 200 evenly distributed data grid points, was applied to 
record the local axial logarithmic strain εxx at every material point on 
the surface of the gauge section as a function of the global engineering 
strain, see Fig. 1a. More details can be found in our previous work [4]. 

The engineering stress-strain curves in Fig. 1b show a nSRS, i.e., the 
stress level decreases with increasing strain rate at 298 K. The response 
curve at a low strain rate demonstrates more pronounced oscillations 
than the one at a high strain rate, which is known to strongly correlate 
with the band nucleation and propagation [13]. Fig. 1c shows the 
spatio-temporal patterns, in which the band strain rate is defined by the 
strain increment between two successive frames: ε̇xx ≈ (εxx(t2) − εxx(t1))
/(t2 − t1) [13]. At 10− 1s− 1, the band propagates continuously and is 
usually referred to as type A band, in which long segments of inclined 
lines are observed. The band velocity can be roughly estimated from the 
slope of these lines, see the red dashed line. At 10− 3s− 1, the band motion 
becomes more discontinuous compared to that at high strain rate. 

In Fig. 2a, the strain profiles measured at all time instants are plotted 
throughout the test. The strain is nonuniformly accumulated. After the 
onset of the PLC instability, a strain increment, i.e., the band strain, 

remains at the place where the PLC band front has swept by. Localized 
necking and immobilization of the PLC band occur nearby the position 
of x = 20 mm. The band strain is usually manually obtained by 
measuring the height of the strain profile, see the inserted figure. A 
vertical line at x = 42 mm is drawn as an example, and the black arrows 
indicate all strain increments across this chosen position. However, it is 
not always easy to measure the band strain in this way. In the region x ∈
[35 mm, 40 mm], the band strain is not readily defined. Moreover, this 
approach is impossible to perform for tests at 10− 3s− 1 since the band 
strain is accumulated in a disordered manner. 

To avoid these issues, an alternative method for measuring the band 
strain is proposed by directly plotting the staircase-like strain history of 
a specific position, see Fig. 2b. Each time a PLC band front hits or passes 
the selected position, a strain burst will be generated, leading to a series 
of jumps in the strain history. The height of each jump indicates the 
magnitude of the band strain, as denoted in the inserted figure. The 
corresponding engineering strain of the jump represents the moment 
when this local strain jump event occurs. Since the strain history profile 
at either 10− 1s− 1 or 10− 3s− 1 follows a similar staircase-like shape, the 
proposed method is applicable to both continuous and discontinuous 

Fig. 1. (a) Geometry of the uniaxial tension specimen with thickness 1.2 mm, (b) engineering stress-strain curves at 298 K, and (c) time variation of the local strain 
rate along the centreline of the gauge length at strain rate of 10-1 s-1 and 10-3 s-1. 
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spatio-temporal patterns. Such a staircase-like shape of the strain history 
data can be identified using the following multi-strain-jump function 

F(e) =
∑n

i=1
εb,iHi(e) (1)  

where, e denotes the global engineering strain,n the total number of 
strain jumps, εb,i the step height around each strain jump, which is 
resolved by a Heaviside step function centered at the strain jump posi-
tion ec,i(see Fig. 2c) 

Hi(e) =

{
0, e ⩽ ec,i

1, e > ec,i
(2)  

For convenience of implementation, a smooth regularized form of Hi(e)
is applied, namely, Hr

i (e) = 1
2+

1
2tanh1

δ(e − ec,i), where the parameter δ 
indicates the sharpness at the strain jump and is here set equal to 0.01. 
Other regularized forms of Hi(e)are also possible and the specific choice 
does not affect the use of Eq. (1), provided the corresponding sharpness 
parameter is sufficiently small. In addition, the value of n required in Eq. 
(1) is generally unknown beforehand, but can be estimated by numeri-
cally differentiating the strain history data (see Fig. 2b), leading to a set 
of local peaks reflecting the dominating strain jumps (see Fig. 2d). The 
positions of these local peaks also provide the initial guess for identi-
fying the values of ec,i. To capture all important strain jumps, the 
adopted value of n is suggested to be larger than its estimate and set as 
30 in this work. With the proposed function F(e) and the experimental 
data set εxx(e), a least square minimization problem can be formulated 
as, 

min
εb,i , ec,i

∑m

k=1
(F(ek) − εxx(ek))

2 (3)  

where, εb,i and ec,i are the desired parameters, and m is the number of 
discrete experimental data points. One example of the above minimi-
zation is given in Fig. 2e, showing that the staircase-like strain history 
profile can be captured well by the proposed multi-strain-jump function. 
Note that some spurious strain jumps appear due to the high number 

setting of n, which are however negligible compared to the dominating 
strain jumps and do not affect the subsequent analysis. The magnitude of 
the strain bursts εb,i (i = 1, 2, 3, …) and the corresponding engineering 
strains ec,i are automatically obtained and recorded in Fig. 2f. Moreover, 
the current method gives the local accumulated strains εxx,i before the 
strain bursts, which enables investigation of the correlation between the 
plastic instability and the local microstructure evolution. The MATLAB 
implementation of the currently proposed method can be found in the 
supplementary material. 

With the method described above, congregated data for 200 posi-
tions equally distributed along the gauge length are obtained. Fig. 3a 
shows that the band strain increases as the deformation proceeds. Be-
sides, it is clearly seen that the band strain also increases with the 
externally applied strain rate. For materials that exhibit the PLC effect, 
the imposed deformation is almost solely achieved by a single “propa-
gating” or “hopping” band. The band strain εb and band velocity vb are 
highly correlated and given by Rizzi and Hähner [14], 

vb ≈ vg
/

εb (4)  

where, vg is the elongation speed measured by the virtual extensometer. 
The value of vg can be obtained from the DIC analysis, which is 4.358 
mm s− 1 at 10− 1s− 1 and 0.043 mm s− 1 at 10− 3s− 1, respectively. The band 
velocities can then be easily obtained by Eq. (4). It should be stated that 
the average band velocity vb, as defined in Fig. 1c, might not be a well- 
defined quantity for discontinuous bands. However, it could still serve as 
an indicator for describing the average band kinematics. Moreover, the 
band velocity defined by Eq. (4) provides a unified description of the 
band behaviour and renders it possible to evaluate the band kinematics 
even for the discontinuous band scenario. As we know, the value of the 
band velocity strongly depends on the externally applied strain rate. 
Therefore, the relative band velocity, vb/vg, is utilized instead for a 
direct comparison of the band kinematics at different strain rates. Fig. 3b 
shows that the relative band velocity decreases asymptotically towards 
zero in both tests. Interestingly, the relative band velocity is lower at 
10− 1s− 1 than the one at 10− 3s− 1, which indicates that the applied strain 
rate is not the only decisive factor that influences the band kinematics. 

Fig. 2. Experimental results from DIC measurements for test at 10-1 s-1: (a) strain accumulation along the virtual gauge, and (b) strain histories at three positions. 
New methodology: (c) schematic illustration of the single strain jump function, and (d) numerical derivative of the strain history data at x = 42 mm. Band strain 
identification: (e) fitted strain history curve and automatically obtained ec,i εb,i and εxx,i(i = 1, 2, 3, …), and (f) band strain at x = 42 mm. 
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All the above discussions are based on tests at a given temperature. 
However, it is well known that the temperature plays important roles as 
well, not only in the thermally activated dislocation movement, but also 
on the diffusion-related DSA process [4]. Fig. 3c and d show the band 
strain εb and the relative band velocity vb/vg vs global engineering strain 
e at temperatures 298 K, 325 K and 378 K and strain rate 10− 1s− 1. 
Although temperature does not change the main band characteristics, it 
influences the values of both εb and vb. It is found that the band strain 
decreases with increasing temperatures, while the relative band velocity 
increases with increasing temperatures. All factors that influence the 
band characteristics are summarized in Table 1. 

As shown above, the band characteristics can be efficiently obtained 
with the proposed method. However, one question still remains open 
with the above analysis: is it appropriate to build a direct connection 
between the band characteristics and the global deformation? Fortu-
nately, the current method offers the possibility of linking the band 
characteristics and the corresponding local work hardening properties. 
The local work hardening rate Θ can be estimated by the following steps:  

• firstly, the experimental true stress–strain curve is fitted by an 
extended Voce hardening rule using four additive terms, i.e., σ(εp) =

σ0 +
∑4

i=1Qi(1 − exp( − Ciεp)), where σ0, Qi and Ci are fitting con-
stants and εp is the plastic strain;  

• secondly, once the true stress–strain curve has been fitted, the work 
hardening of the materials can be calculated as Θ(εp) = dσ /dεp =
∑4

i=1QiCiexp( − Ciεp); 
• thirdly, the current method gives the as-built local strain accumu-

lation εxx,i prior to any PLC deformation event, and the correspond-
ing local work hardening rate is given by Θi = Θ(εxx,i), where εxx,i is 
assumed approximately equal to the local plastic strain. 

Fig. 4a shows the variation of the relative band velocity with the 
normalized work hardening rate at different strain rates, where Young’s 
modulus E is given by 71.9 GPa (298 K), 69.6 GPa (325 K) and 66.7 GPa 
(378 K). The relative band velocity is approximately proportional to the 
work hardening rate, i.e., vb /vg ∝ Θ, for the type A band at 10− 1s− 1. 
Similar findings have recently been reported based on a lower-scale 
study [15], and a detailed theoretical analysis can be found in a 
currently submitted work [16]. At 10− 3s− 1, a nearly linear increase is 
seen for low work hardening rates as well, however, vb/vg increases very 
rapidly for higher work hardening rates. Similar results at different 
temperatures are obtained in Fig. 4b, and deviations from linearity are 
found for higher work hardening rates in the test at 378 K. Although not 
shown here, a further experimental check of the spatio-temporal 
behaviour of the PLC band at elevated temperatures has been conduct-
ed. It is found that the PLC bands also become discontinuous at 378 K. 
The reason for this may stem from different collective dislocation dy-
namics of the hopping band at the low strain rate or high temperatures. 
More work is needed to disclose the underlying mechanisms for the 
different band characteristics. 

In summary, a simple method is introduced to automatically obtain 
the band strain and the band velocity for both spatially ordered and 
disordered PLC bands. Moreover, a direct link between the band char-
acteristics and the corresponding accumulated local strain is estab-
lished. The results reveal that the relative band velocity is proportional 
to the work hardening rate, i.e., vb /vg ∝ Θ, for the continuously 

Fig. 3. Band characteristics vs engineering strain at different strain rates and temperatures: (a, c) band strain εb and (b, d) relative band velocity vb/vg. The figures 
congregate data for all 200 cross sections. 

Table 1 
Factors that influence the PLC band characteristics.   

Strain Strain rate Temperature Work hardening 

Band strain εb ↑ ↑ ↓ ↓ 
Band velocity vb. ↓ ↑ ↑ ↑ 

↑, positive correlation; ↓, negative correlation. 
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propagating type A band. This new approach may open up for efficient 
quantitative analysis of the band characteristics and can be extended to 
any material that exhibits the PLC effect. 
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2018. 

[13] B. Klusemann, G. Fischer, T. Böhlke, B. Svendsen, Thermomechanical 
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