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Introduction 

 
 

Complexity (heterogeneity) of plastic deformation in polycrystals 

 

Role of orientation distribution well documented  
   (‘hard’ grains, ‘soft’ grains) 

 

Role of grain size distribution ? 

 

More studies based on modeling than on experiments 

 

 in this presentation 2 exp. studies 
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Experimental approach 

Experiment 
VM strain distribution (Al) -- > 

EBSD + Digital  Image Analysis 

8% thickness reduction 

1% < VM strain - grain < 15% 

 

D. Raabe et al., Acta Mat., 49, (2001) 
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Elastic-(visco)plastic material and partition of the strain rate into an 

elastic part and a (visco)plastic one (small strains i.e. < 15%) 
 

Isotropic and homogeneous elasticity within the material 
 

Crystallographic and heterogeneous (visco)plasticity M (B-1) within the 

material 

 Crystallographic slip rate on slip system (s) 

 

 Hall-Petch type grain size dependent reference shear stress on slip system (s) 

 
 Evolution of dislocation density on slip system  

 

 (isotropic) hardening 

 

 translated fields technique 

 

 analytical stress rate concentration equation: 

 

 

Modeling 
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S. Berbenni , V. Favier and M. Berveiller,   

«Impact of the grain size distribution on the yield stress of heterogeneous materials”,    Int. J. Plast. 23,  2007 
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Model 
Elasto-visco-plastic with account of grain size distribution  

via pseudo HP relation inside grains 

 one result  
at E11=10%, S11= 290 MPa (tensile test) 

De11=5.7%; Ds11=382 MPa;  (D = max – min (all grains)) 

N. Nicaise et al.,  « Coupled effects of grain size distributions and 

crystallographic textures on the plastic behaviour”,  Int. J. Plast. 27(2), 2011 

Influence of the Hall-

Petch coefficient 
Black: KHP=250 Mpa.μm1/2 

at E11=10%, S11= 278 MPa 

De11=5%; Ds11=307 Mpa 

De11/E11=0.5; Ds11/ S11 =1.104 

 

Blue: KHP=130 Mpa.μm1/2 
at E11=10%, S11= 243 MPa 

De11=4%; Ds11=234 Mpa 

De11/E11=0.4; Ds11/ S11 =0.963 Statistics on 1227 grains 

Statistics on 16093 grains 

Model predictions 
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Few remarks about EBSD capabilities 

Data produced by EBSD  
  

Point: phase, x, y, bands, error, g(Phi1, Phi, Phi2), mad, bc, bs 
     

 Grain: n°, phase, area,dmean, nb. Neigh., xg, yg, aspect r., slope, 

               int. misorientation, mean orientation (Phi1, Phi, Phi2) 

Volume involved in a measurement  ~10 x 10 x 20 nm 

Over 100 measurements /s  i.e. 360 000 measurements /h 

     -- > good statistics, high resolution 

About misorientation parameters -- > 
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Misorientation parameters 

> GOS (Grain Orientation Spread)           ij = angular distance between orientations gi and gj 

 
a) For a grain (n° i) : GOS(i ) = [ 1/J(i) ] S ij         with S over j numbering the J(i) pixels of grain i 

                                                                                      and gi the mean orientation of grain i 

 

b)    For a set of I grains : GOS = (1/I) S GOS(i) ,       with S over I;  I the number of grains 

 

 GAM (Grain Average Misorientation)  also called Kernel Average Misorientation 

 

a) For a pixel (n° j) : KAM(j) = [ 1/K ] S jk        with S over k numbering the adjacent pixels to pixel j 

 

b) For a grain (n° i) : GAM (i) =[ 1/J(i) ] S GAM(j)  with S over j numbering the J(i) pixels of the grain i 

 

c) For a set of I grains : GAM = (1/I) S GAM(i) ,    whith S over i and I the number of grains  

 

> GND (Geometrically Necessary Dislocation density)  
 

 

   
 

 

pi=epkj gij,k 

ij = S gnda bia tja 

D.P. Field, C.C. Merriman, N. Allain-Bonasso, F. Wagner 

“Quantification of Dislocation Structure Heterogeneity in Deformed Polycrystals by EBSD”, 

  Modelling and Simulation in Materials Science and Engineering, 20, n°2, p. , (2012) 



                                     Experiments 
 

IF steel (grain size : Dmean=13.5 m, Dmin=1.1 m, Dmax=51.5 m) 
 

 Tensile Tests (ex situ) : 4.8%, 7.0%, 12% , 17% 

    specimen size Lo=61.5(/25.) mm, lo=4.0 mm, eo=0.7 mm;  
 

EBSD before and after deformation on the same area  

    ( 0.3 mm2 i.e.  1600 grains; step=0.5 m; raw indexing rate > 90%; 

      indexing rate >99%;  detect grains with lim=5°; grains < 4 pixels ignored)  

200 m 20 m Band Contrast maps (before, after 12%) 
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GOS and GAM ( ° )  

at several deformation stages 

% extension 

High sensitivity of GOS to the deformation degree 

( GOS: 490 % increase - from 0% to 17% elongation) 

(GAM: 93 % increase - from 0% to 17% elongation) 
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Plastic deformation,  

 misorientations  

 and dislocations 

TEM  

< micrographs > 

 

IF steel after 

12% elongation 

 

C.C.Merriman, D.P. Field, P. Trivedi, Mat. Sci. Eng, A 494 (2008) 

Al 1050 

< - GND density 

< - cell size 
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GOS at several deformation stages 

for several grain (sub)populations 

(Sub)populations : all < -- > 100%; small < -- > 25%; large < -- > 25% 

GOS (°) 

% elongation 

Interpretation of the gap between small and large (influence of grain size)  
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Gradient along a grain diameter 

‘GOS’=1,02°; 

 ‘GOS/D’=0,026°/m 

‘GAM(i)’=0,10° 

‘Casserole model’ 

Gradient near the grain boundary 

‘GOS’=0.55°;  

‘GOS/D’=0.014°/m; 

 ‘GAM(i)’=0.10° 
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Misorientation profiles – model and reality 
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Recall: GOS 

GOS/D (in °/m) 

Misorientation parameters and grain size: GOS/D  
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GOS/D behavior close to the case l/D=cste 

 No significant role of the grain size 
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after 12% - ( to multiply by 1011/ m2) 

GND(i) distribution (mean value/grain) 

 Confirms no specicificity according grain size 
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Texture: role of the orientation distribution 
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Grains with the lowest GOS/D 
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Phi2=45° section; levels: 1., 2., 2.8, 4., 5.6, 8., 11., 16. 

Similarities of the textures for the three (sub)populations 

Very limited role of the orientation distribution  

    on heterogeneity development 
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Variation of the Schmid factor according to 

orientation (for the whole Euler space) 

24 possible slip systems {110}, {112} <111> 

Max. for>> Phi1 Phi Phi2 

  79. 7. 18. 

slip system n° (hkl) [uvw] FS 

17 (-121) [-1-11] 0,50 

14 (121) [1-11] 0,46 

23 (1-21) [111] 0,46 

1 (110) [1-11] 0,44 

11 (0-11) [111] 0,44 

Min. for>> Phi1 Phi Phi2 

  48. 51. 10. 

slip system n° (hkl) [uvw] FS 

23 (1-21) [111] 0,31 

22 (1-12) [-111] 0,31 

24 (2-11) [1-11] 0,31 

7 (1-10) [111] 0,27 

11 (0-11) [111] 0,27 

even in the worth case (Min. here over),  

there are Schmid factors with relatively high values 



18 

Some other possible global parameters 
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other possible parameters 

Number of neighbors 

Weighted (with  misorientation) Grain Boundary length per grain  

No global parameter predicts the heterogeneity distribution 

 Local effects are predominant 
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Concluding remarks 

 

 

 

Does plastic  

   heterogeneity exists ? 

   (range of variation of GOS or GOS/D) 

 

 

are GOS values relevant for this problem ?  

 - variation of GOS with lim used to define the grains;  

  - validity lim=5° 

 - GOS/D seems to be more significant than GOS 

 - no quantitative relationship GOS-deformation (per grain) 

Are mean values per grain adequate ?  

 - although heterogeneity in the grains,  

              grain has a physical meaning 

 

before deformation 

After 17%  deformation 

0.         0.5          1.0         1.5          2.0     GOS/D (°/m) 
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Low influence of grain size (for this grain size range) 

Low influence of grain orientations (steel  - 24 slip systems) 

What is important for plastic heterogeneity ? 

    - local situations {gi; gj-neighbours}   

    - difficulty to handle statistically a space with dimensions: (J+1) 

 coupling EBSD and image analysis ?  

comparison with model predictions 

Concluding remarks* (continuation) 

• N. Allain-Bonasso, F. Wagner, S. Berbenni, D.P. Field, 

  “A study of plastic heterogeneity in IF steel by EBSD”, 

    Mat. Sci. and Eng. A, Vol. 548, p.56-63, (2012) 
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Using TP as natural markers 
 

Consider 1 grain with N TPs:  
  

    M1(x1,y1),    M2, ….  MN      before (plastic deformation)              ,               … 

    M’1(x’1,y’1), M’2 …. M’N    after    (plastic deformation)               ,               … 

   >There are then Nv = N*(N-1)/2 vectors:        
 

               = F *    (1) 
 

               =  F *    (2) 
 

                   with F the deformation gradient tensor 
 

(1) and (2) >>> F11, F12, F21, F22 >>> e11, e12, e22, e_VM     
 

 

Ns = N(N-1)(N2-N-2)/8  sets of 2 equations 

Mean values of F11, F12, F21, F22 and e11, e12, e22, e_VM   for a grain 

Standard deviations < - > fluctuations of these quantities  

Restriction parameters: Lmin >; Amin > 
among the Ns cases only Na ( ≤ Ns) are accepted for the mean values per grain 
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the coordinates correspond to a 

deformation gradient leading to 

ε11 = 12.7%,  

ε12 = −0.8%, 

ε22 = −7.6%  

ε_VM = 12.2% 

Effect of the errors on the TP coordinates ? 
 

  xfi = xi + (rand1-0.5)*2d 

  yfi = yi + (rand2-0.5)*2d 

with 2d the uncertainty range 

 

Principle (continuation): virtual grain (5 TP) 
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Effect of error: results 
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Heterogeneity inside the grain 

 

Effect of heterogeneity inside the grain also estimated from a ‘model’ 
(virtual grain with D=20 m and N=5 TPs >> Nv=10, Ns=45) 
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-tion 
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25 

3. Procedure for experimental data (EBSD maps before and after) 

 

Post-treatment for the method 

 

 Grain identification ( < _grain) and numbering in the 2 EBSD maps 

 

 TP detection (coord.) and association with the corresponding grains 

 

 Correlation of the grains before – after >>> correlation table 

     (combination of 3 criteria*) 

 

 Deformation calculation per grain (based on previous eq.) 

* F. Wagner, N. Allain-Bonasso, S. Berbenni 

  “Automatic correlation of grains from two different EBSD maps”,  

    Materials Characterization, 62, p.681-683, (2011) 
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 Example for an IF steel 

Before (partial BC map) 
 

1383 X 1037 = 1 434 171 pixels;   

Step D =0.5 m;  

2100 grains (area >≥ 4 pixels) 

(Dmean =16.0 m); GOS_mean=0.57° 

After ( 15% elongation) 
 

1505 X 945 = 1 422 225 pixels;   

Step D =0.5 m;  

2084 grains (area ≥ 4 pixels) 

(Dmean =15.9 m); GOS_mean=2.6° 
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Correlations 

 

1806 grains correlated 

(the color code is 

based on the 

correlation number) 

 
White; correlation not found 

< - >  

LAGB and  

grain fragmentation problem 
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Deformation distribution  

(1254 grains; restriction parameters Lmin=Lmax/2, Amin=60°) 

e11  in % e22  in % 
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Deformation versus grain diameter 
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 Concluding remarks 

 

Method effective 

Only in plane data obtained (e11, e12, e22) 

Capability of the method (accuracy, minimal grain size) strongly 

    linked with the map step D 

From the IF example 

* Significant dispersion 

* no grain size effect ( 0 – 50 m) 

 opens possibility for better understanding of heterogeneities 

 

 difficulties: (automatic) correlation table; distortion in the maps 
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coupling of EBSD and DIC (Digital Image Correlation) 

J. Carroll, W. Abuzaid, J. Lambros, and H. Sehitoglu 

  “An experimental methodology to relate local strain to microstructural texture” 

   Review of Scientific Instruments 81, 083703 (2010) 

   (Vickers marks every 25 m) 

 

J. Marteau & H. Haddadi & S. Bouvier 

  “Investigation of Strain Heterogeneities Between Grains in Ferritic and Ferritic- 

   Martensitic Steels”, Experimental Mechanics, DOI 10.1007/s11340-012-9657-6, (2012) 

   (microlithography; 1 m bar grid, 10 m spaced) 

 

A.D. Kammers & S. Daly 

  «Digital Image Correlation under Scanning Electron Microscopy: Methodology 

    and Validation», Experimental Mechanics, 53:1743–1761, (2013) 

    (platinum markers D=500 nm) 
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Interaction experiment < - > modeling 

-To account for local situations, a model should be of the full field type 

- FEM or FFT 

- 2D data and 3D model 

- boundary conditions for a small area 

- up to now no satisfactory comparison 
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Thank you for your 

attention 

 

the end… 

 

or to follow 
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L1=4 L2=2 L3=4 

surface                       

                    

                    

                    

                    

                    

L'1=5 L'2=3 L'3=4 

surface                           

                        

                        

                        

                    

          

Grain deformation and grain shape change 

Before deformation  L=L1+L2+L3=10 

After deformation  (elongation 20%) L’=L’1+L’2+L’3=12 

-- >do not allow the determination of the deformation of individual grains 
• F. Wagner, N. Allain-Bonasso, S. Berbenni,  “Automatic correlation of grains from two different EBSD maps”,  

  Materials Characterization, 62, p.681-683, (2011) 

-- >indirect ways necessary 

Apparent deformation: grain1: 25%; grain 2: 50%; grain3: 0% 
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N. Nicaise et al.,  « Coupled effects of grain size distributions and 

crystallographic textures on the plastic behaviour”,    Int.J. Plast. 27(2), 2011 

Existing correlations between grain size and 

crystallographic orientation distributions in IF steels 

α-fiber 

γ-fiber 
Statistics on 16093 

grains 


