
 

a
 Corresponding author: sicong.ren@mines-paristech.fr 

Experimental observations and numerical simulations of strain rate 
dependent PLC effects in AA2198 Al-alloy sheet 

Sicong Ren
1,a

, Thilo F. Morgeneyer
1
, Gilles Rousselier

1
, Matthieu Mazière

1 
and Samuel Forest

1
  

1
MINES-Paristech, PSL Research University, Centre des Matériaux-CNRS UMR 7633, BP 87-91003 Evry Cedex, France 

Abstract. Negative strain rate sensitivity and strain localisation bands are observed in AA2198 Al-alloy through 

tensile tests and digital image correlation (DIC). Dynamic localisation band is observed travelling through the 

specimen before necking at different strain rates. A model combining PLC effect with damage is applied for FE 

simulations. The localisation bands are reproduced and compared with experimental observations. The influence of 

PLC effect on fracture process of a notched specimen is discussed. 

1 Introduction  

In thin sheets tearing, cracks are often observed to 

propagate along a slanted plane after an initial flat 

transition zone [1] . For specimens with larger geometry, 

the fracture surface even showed unstable flip-flop 

feature [2]. Plastic strain localisation that precedes 

fracture is recognized as the origin of such fracture mode 

[3]. The generation of slant fracture in numerical 

simulations remains a challenge. Recent observations by 

in situ synchrotron X-ray laminography verified the 

existence of multiple localisation bands ahead of the 

notch of 2198 alloy CT-like specimen [1]. To investigate 

the possible DSA (Portevin-Le Chatelier, PLC) effect in 

this material, tensile tests are performed at room 

temperature. FE analysis with DSA model coupling with 

damage is then carried out and compared with 

laminography patterns.  

2 Tensile tests and DIC measurement for 
AA2198  

Tensile tests are conducted on smooth tensile samples 

under uni-axial loading condition for two grades (T8 and 

T3) of 2198 aluminium-lithium alloy sheets in the 

recrystallized state. The thickness of these two grades of 

2198 sheets are both 2 mm. Tests are carried out at room 

temperature under displacement control with different 

strain rates in the range 10-2 s-1 to 10-4 s-1. 

    The tests are conducted in a MTS-10t servo-hydraulic 

tensile machine. The load cell measuring range is 0–100 

kN. In the current experimental set up, we used 

mechanical grip and an extensometer (MTS634.12F-21) 

with an initial gage length of 25 mm. Those specimens 

have been slightly polished before painting in order to 

achieve a better adhesion property of paint.  

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic diagram of DIC system. 
 

 The DIC system is illustrated in Fig.1. The tensile 

machine output including force and displacement are 

synchronised on PC1 with camera output which allows us 

to precisely know the deformation state corresponding to 

each image. The current DIC system uses 2 cameras (4.1 

Mpixels each) which is capable of taking 27 high 

resolution images per second. Fig. 2 and 3 give the tensile 

curves of these two states of 2198 alloy. A weak negative 

strain rate sensitivity and some serrated plastic flow can 

be observed which suggest the existence of DSA in this 

material. 

Digital Image Correlation (DIC) technique was used 

for measuring the heterogeneous deformation field on the 

surface of specimen. To detect the PLC bands 

propagating behaviours, we measured strain along a line 

in the axial direction of the tensile specimen.  Fig.4 gives 

the spatio-temporal patterns of strain rate for the T3 
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condition. A clear propagating localisation band was 

observed before the onset of final fracture which 

confirms the PLC type plastic instability in this material. 

Figure 2. Tensile curves of 2198T3R. 

Figure 3. Tensile curves of 2198T8R. 

Figure 4. Spatiotemporal strain rate change measured by a 

line parallel to the axial direction of 2198T3R tensile specimen 

tested at strain rate 10-2 s-1 at room temperature. 

3 Constitutive equations and FEM 
simulation 

3.2  PLC model 

The KEMC (Kubin–Estrin–McCormick [4, 5]) type 

model, which is based on an elastoviscoplastic 

phenomenological aspect, has been widely used in the 

literature for simulating strain ageing effect [6]. In this 

kind of model, the ageing time ta, which denotes the  

effective time that the arrested mobile dislocations have 

aged, is introduced as an internal variable. The change of 

ageing time induces a variation of the relative 

concentration of solute atoms pinning the mobile 

dislocations that can further cause instabilities on the 

stress strain curve and localisation caused by local 

softening due to stress drop. The KEMC model allows 

the prediction of both static strain ageing (SSA; Lüders 

effect) and dynamic strain ageing (DSA; PLC effect). 

 The yield surface is introduced as: 

                                f = σeq -R- Ra  (1) 

where σeq  is the equivalent stress, R is the isotropic 

hardening term. The third term Ra on the right side of 

equation (1) represents the contribution of strain ageing 

which gives rise to the negative strain rate sensitivity. 

The PLC model is coupled with Rousselier's damage 

model in the current work. More details about the 

constitutive equations could be found in [7, 8]. 

Simulations are realised on tensile specimens (plane 

stress) and CT-like specimens (thickness 1 mm) with 

parameters identified for T8 stage. Fig.5 shows the 

simulation results on tensile specimen mesh. The 

propagating characteristics of localisation bands have 

been fully reproduced. Fig.5(a) shows the propagating 

“X” type strain rate localisation band before necking 

which is very similar to some DIC observations. Fig.5(c) 

gives the slanted strain rate localisation band which has 

also been observed in certain experiments. In Fig.5 (d), 

the final cumulated plastic strain localisation band is 

inclined. 

Figure 5. FEM simulation (plane stress) of tensile specimen 

with PLC model coupled with damage. 

4 Comparison of FE simulations with 
laminography 
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Recently, strain field pattern around the notch tip of a 

2198 CT-like specimen has been measured by 

synchrotron laminography combined with Digital 

Volume Correlation (DVC) [1, 9]. Multiple localisation 

bands were observed in front of the notch tip at very early 

stage of loading steps which finally evolves into a single 

inclined band. A final flat-to-slant fracture surface 

occurred within this narrowing slant localisation band. 

Figure 6. Incremental von Mises strain field ahead of a notch 

for loading step 0-1, 1-2, 2-3. Left: laminography with DVC [9]. 

Middle: FEM simulation with PLC. Right: FEM simulation 

without PLC. 

 

 The incremental strain field in ROI2 (see Fig.1 in [9] 

for geometry and location about this zone) is shown in 

Fig.6. The loading steps are determined based on notch 

opening displacement [1]. During these loading 

increments, the localisations bands are alternately 

activated (left). The strain field simulated by the model 

mentioned in section 3 is presented in Fig.6 middle. 

These “flame-like” bands and instabilities are well 

captured qualitatively by the current model. Some other 

methods are also applied such as von Mises (or Tresca) 

plasticity, anisotropic plasticity or GTN models without 

PLC. They are not able to reproduce these features. Fig.6 

right shows the simulation results using Tresca plasticity. 

 In Fig. 7, fracture surface is represented by broken 

Gauss points. The triangle flat transition zone is 

reproduced on the specimen symmetry plane at y=0. 

From slices at Δx=0.25 and Δx=0.5 (distance to notch tip), 

a slant shear lip and triangular flat transition zone can be 

seen before the final slant fracture. The fracture mode 

produced by simulation is in good agreement with 

experimental observations. 

 

5 Conclusion 

Tensile tests reveal a negative strain rate sensitivity in 

2198 aluminium alloy at room temperature. The moving 

localisation band is observed before the onset of necking 

by DIC technique. These observations are closely related 

to PLC effect. This observation is contrary to the 

conclusion in [10] in which the author stated that there is 

no plastic instability in the natural aged temper (T3) state 

of the AA2198 alloy. The unstable localisation bands 

observed by laminography give the possibility of 

establishing a relation between PLC effect with slant 

fracture. FE simulation results with PLC combining with 

damage are in good agreement with experimental 

observations. By comparing with other numerical 

simulations without PLC, it is suggested to conclude that 

the early state localisation is due to PLC effect. The 

interaction between PLC and damage process will be 

investigated by varying parameters corresponding to 

different mechanisms.   

 

  

Figure 7. Broken Gauss points representing crack are shown in 

red. 
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