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Abstract. In this study, the orientation-dependent response of as-received annealed cold-rolled 

pure zinc and material with thickness reduction rate of 50% grains using instrumented 

indentation tests is investigated. The experiments were characterized by orientation microscopy 

and atomic force microscopy scans to quantify the orientation-dependent mechanical response 

during nanoindentation. The single crystal hardening parameters are then identified for each 

family of slip system by using crystal plasticity finite element (CPFE) simulations. Comparison 

between experimental and numerical results in terms of "load-penetration depth" curves show a 

good agreement. The increased percentage of cold reduction increases the identified critical 

resolved shear stress (CRSS). Finally, the accuracy of the model is evaluated by comparing 

experimental and numerical data issued from nanoindentation response grains of distinct 

crystalline orientations involving different slip systems activity rates.  

1. Introduction 

Zinc is well-suited for corrosion protective coating for iron and steel products. It is successfully used 

as a protective coating on a variety of products and in many exposure conditions, especially in 

automotive applications (hot-dip galvanized sheets) for its high corrosion resistance in most 

environments. An efficient coating requires a good forming ability and adhesive bonding, with no 

crack or flaking during forming process. Zinc has a hexagonal close-packed (HCP) crystalline 

structure. Zinc is characterized by a high lattice ratio exhibiting a strong anisotropic behaviour 

compared to other HCP metals like titanium or magnesium  1.856, 1.624, 1.588c c c
a a aZn Mg Ti

   . 

HCP sheet forming finite element simulations have been generally performed using classical 

macroscopic anisotropic criteria [1, 2]. A physically based approach requires a good understanding of 

the deformation mechanisms: dislocation slip at the individual grain scale in the polycrystalline 

sample. Moreover, the grain response involves different slip systems activity rates depending on its 

orientation. Recent advances in the developing of macroscopic plasticity models for HCP materials 

have allowed a better capture of specific features like the anisotropy and the tension-compression 

asymmetry in yielding of HCP metals [3-8]. An accurate determination of slip resistance and its 

evolution is of very importance to well predicting the macroscopic response of a polycrystalline 

material. In practice, instrumented indentation tests performed on grains of distinct crystallographic 

orientations allows determining indirectly the critical resolved shear stresses (CRSS) of all systems. 

mailto:jacky.mucklow@iop.org
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To achieve this, an inverse parameter identification procedure combining crystal plasticity finite 

element method (CPFEM) with an optimization algorithm is needed [9-11]. In this study, material 

parameters were determined by inverse method: finite element simulations of the nanoindentation tests 

are used, and the parameters are varied systematically until agreement between simulations and 

experiments is achieved. The objective function is the deviation between experimental and numerical 

results in terms of "load-penetration depth" curves issued from the nanoindentation experiments 

performed on grains of given crystalline orientation. Cold-rolled grains of pure polycrystalline zinc 

sheets are considered. The identified CPFEM parameters for materials with different reduction rates 

are compared. 

2. Crystal Plasticity model 

In the crystal plasticity theory, the plastic deformation results from the cumulative effect of crystalline 

glide in all activated slip systems. The deformation rate is the sum over all the shear rates contributed 

by all activated systems. The shear strain rate  ̇    on the α
th
 slip system obeys Schmid’s law and is 

given by the following power-law: 

    
 

 

  0

n

c

sgn


  


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  


  (1) 

where  ̇ 
    is the reference shear strain rate on slip system  ,      is the resolved shear stress,   

    is 

the slip resistance or critical resolved shear stress of the slip system  , and n is the strain-rate 

sensitivity exponent. 

For multiple slip, the evolution of the slip resistance 
)(g  is governed by the hardening law expressed 

as: 

 ( )g h 




  (2) 

where h  are the slip hardening moduli, the sum ranges over all activated slip systems. h  and h  

(α ≠ β) are the self and latent hardening moduli, respectively. 

Peirce et al. [12] have expressed the relation between self and latent hardening moduli as follows: 
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 (3) 

where h0 is the initial hardening modulus, 0  is the critical resolved shear stress and s  is the 

saturation strength. γ is the Taylor cumulative shear strain on all slip systems defined as: 

 
( )

0

t

dt



   (4) 

The parameter q is defined as the ratio of latent over self-hardening moduli and characterizes the 

hardening behaviour. It, taken equal to unity in our simulations. 

The basal glide ( 〈 〉 {    }〈   ̅ 〉) is the primary slip system for zinc because of its high lattice 

ratio. The overall deformation is accommodated by prismatic glide ( 〈 〉 {   ̅ }〈   ̅ 〉) and second-

order pyramidal glide (  〈   〉 {   ̅ }〈   ̅ 〉) to satisfy the Taylor criterion [13] requiring five 

independent slip systems for the ductility of polycrystalline metals. It is worth mentioning that we 

have not considered first-order pyramidal slip systems (  〈 〉). Indeed, the analysis of Yoo and Wei 

[14] showed that basal and prismatic slip systems are cristallographically equivalent to   〈 〉 glide. 

Following the work of Yoo and Lee [15], zinc exhibits compression twinning {   ̅ }〈   ̅ ̅〉 causing a 
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contraction along the c-axis. However, no twinning was observed in the nanoindentation experiments 

we have carried out, therefore the compression twin system is not considered in this study.  

The crystal plasticity model for an HCP crystal was implemented into the implicit finite element (FE) 

code ABAQUS/Standard through a user material subroutine (UMAT), initially developed by Huang 

[16] for cubic system and modified by Kysar and Hall [17]. In the FE formulation, the plastic 

deformation is assumed due solely to the crystallographic dislocation glide. The deformation by 

diffusion, twinning and grain boundary sliding is not considered here. 

3. Instrumented indentation tests 

The first studied material is the as-received annealed cold-rolled sheet (1 mm thickness) of high-purity 

polycrystalline zinc (Zn > 99.99 + wt%) named “AR”. The chemical composition is given in table 1. 

The second studied material is the as-received sheets that have been plastically deformed (thickness 

reduction rate of 50%) named “TR” and annealed at a temperature of 100°C for a period of 2 h to 

trigger the recrystallization of new grains. 

 

Table 1. Chemical analysis (ppm) of as-cast high purity (99.99+ %) polycrystalline zinc. 

Ag Cd Ca Cr Cu Cs Fe Mn Ni Pd Pb Rh Ta T Ti 

0.36 3.4 <0.1 0.55 4.0 <0.1 4.9 0.18 0.66 <1 12 <0.5 <10 5.1 4.5 

 

Microstructure characterization was evaluated by electron backscatter diffraction (EBSD) using a 

JEOL65 field emission gun-scanning (FEG) electron microscope (SEM) equipped with OIM EBSD 

system. Samples preparations for EBSD examination were first ground with sand paper, and then were 

polished with 1μm diamond paste to mirror finish. In order to achieve the surface quality required for 

nanoindentation tests and EBSD examination (i.e. deformation-free and scratch-free surface) a chemo-

mechanical polishing with colloidal silica suspension (~ 40nm) on porous neoprene polishing cloth for 

about 35nm was used. 

Instrumented indentation tests were performed using a 90° cono-spherical diamond indenter (tip radius 

of 1 μm) mounted in a NHT-2 nanoindenter (CSM Instruments). Indentations were carried out in load-

control mode.  

The selected grains for nanoindentation tests are located in the standard stereographic triangle as 

shown in figure 1. The crystalline orientation using the Euler-Bunge angles of those grains are listed in 

table 2. The grains for which the <c> axis (i.e. <0001>) is parallel to the normal direction of the sheet 

are called basal grains. Grains for which the 1210  direction is parallel to the normal direction of the 

sheet are called pyramidal grains. Finally, grains for which the 0110  direction is along the normal 

direction of the sheet are called prismatic grains. To avoid grain boundary influence, indents were 

located in the mid-zone of individual grains. 

 

  

Figure 1. Location of the selected grains: AR (Left) – TR (Right). 
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Table 2. Crystalline orientation of the selected grains. 

Grain 

number 

Crystalline 

orientation 

State Euler-Bunge angle (
o
) 

φ1 ϕ φ2 

1 Basal TR 2.4 23.3 37.6 

15 Pyramidal TR 50.3 83.8 24.7 

17 Basal AR 114.9 28.4 189.8 

15 Pyramidal AR 69.6 107.1 186.3 

 

4. Identification process 
Three-dimensional finite element simulations of the nanoindentation tests were performed using the 

commercial software ABAQUS. Assuming a single-crystal-like behaviour, the grain has been 

modelled as a cylinder of 20 μm diameter and 20 μm height. The sample was discretized using 13860 

eight-node linear hexahedral elements with reduced integration scheme (C3D8R), and the mesh size 

with the smallest element size equals to 60 nm to ensure that the mesh was fine enough near the area 

in contact with the indenter. To keep the simulations computationally tractable, the mesh density was 

progressively coarsened away from the grain center. To avoid grain-boundary effects, the bottom and 

surrounding surfaces the specimen were constrained. The indenter was only allowed to move in the z 

direction. The FE mesh is illustrated in figure 2. 

 

 

Figure 2. Three-dimensional Finite element mesh. 

 

To investigate the sensitivity and confirm the convergence of the proposed mesh size on the numerical 

simulation, we have used the model of 13860 elements and the mesh size with the smallest element 

size of 60 nm as a benchmark. Three modified cases of mesh size were considered, namely: 10% 

smaller, 10% larger, and 30%. The obtained results showed that for the case with 30% larger element 

size (the smallest element size is 78 nm), the deviation of the penetration depth and the pile-up height 

from the benchmark was 5.2%. For the case with 10% larger element size, the deviation was 4.1% and 

for the case with 10% smaller size (the smallest element size is 54 nm) the deviation was only 0.4%. 

Based on this sensitivity analysis the selected model with 13860 elements is enough to get the 

converging solution. 

The cono-spherical indenter was modelled as a fully rigid body, with a tip radius of 1 μm and a half 

included angle of 45°. A friction coefficient of 0.1 was assumed between the indenter and the zinc 

substrate. Even if friction is known to play a minor role on the load vs. displacement response during 
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indentation [18-19], the use of a friction coefficient enhances convergence by limiting mesh elements 

distortion in the contact area.  

Furthermore, like experimental conditions, all simulations were performed under quasi-static, 

isothermal load-controlled conditions. In addition, nonlinearity option was used to account for both 

material and geometric (finite strains and rotations) nonlinearities. 

The stiffness tensor C was considered to model the single crystal elastic response, which is composed 

with the six following terms: C11= C22= 165 GPa, C12= 31.1 GPa, C13= C23= 50 GPa, C33= 61.8 GPa, 

C44= C55= 39.6 GPa, C66= 66.95 GPa. 

Since plastic deformation is obtained by crystallographic dislocation slips, a total of 12 slip systems 

was considered: basal slip systems (3), prismatic slip systems (3) and    〈   〉  slip systems. 

According to the proposed crystal plasticity model, four material parameters (  
   

,   
   

,   
   

, ̇ 
   

) 

should be identified for each family of slip systems. 

To keep the inverse identification problem more tractable, we assumed the same reference shear strain 

rate on each slip system   ( ̇ 
      ̇          ) and strain rate sensitivity exponent       . 

Furthermore, the basal glide being the easy slip system for zinc, we assumed a constant ratio between 

basal and prismatic glide initial yield stresses (  
       

     ⁄    ) , and between basal and 

pyramidal glide initial yield stresses (  
 〈   〉

  
     ⁄    ), as suggested by Philippe et al. [20] and 

Fundenberger et al. [21]. Finally, the number of material parameters to identify is reduced to 7 

(  
        

        
 〈   〉

   
        

        
        

      ). 

Those material parameters are obtained using an inverse identification procedure, by iteratively 

adjusting FE simulation and experimental load-penetration depth curves. The genetic algorithm 

MOGA-II to minimize the objective function defined as: 

  
2

n um exp

1

1
(P, t ) ( )

N

obj i i

i

F h h t
N 

   (5) 

where P stands for the vector of unknown parameters, N is the number of data set,    denotes the time 

of the corresponding experimental point  , and            and          are the indenter 

displacements numerically computed and experimentally measured, respectively. 

5. Results and discussion 

5.1. Identification of the crystal plasticity model parameters  

To estimate the effect of cold rolling on the nanoindentation response of pure zinc grains, we have 

selected Grain #17 (AR: as-received annealed cold-rolled) and Grain #1 (TR: thickness reduction rate 

of 50%) for the identification of the crystal plasticity model parameters.  

The identified parameters are summarized in table 3. It is found that increased percentage of cold 

reduction increases the critical resolved shear stresses (CRSS)   
   

. The main reasons for CRSS 

reduction are work hardening and grain refinement due to thickness reduction. Figure 3 depicts the 

experimental and numerical load-penetration depth curves issued from the identification procedure for 

the two selected grains. A good agreement between the experimental data and the FE simulation 

results can be observed for both selected grains. Moreover, the penetration depth at same load (1000 

μN) is lower for Grain #1 with thickness reduction rate of 50% which is in accordance with the 

increase of the critical resolved shear stresses. Figure 4 shows the activity of slip systems in the area 

underneath the indenter. The basal and pyramidal systems are the more active systems. Basal system is 

the more active system for Grain #17 (figure 4a), while pyramidal system is more active for Grain #1 

(figure 4c).  
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Table 3. Crystal plasticity model parameters identified. 

Grain number - state   
      

(MPa) 
  
      

(MPa) 
  
 〈   〉

  
(MPa) 

  
       

(MPa) 

  
       

(MPa) 
  
      

(MPa) 

  
        

(MPa) 

1 - TR 214 635 1065 4.3 236 230 44 

17 - AR 146 994 1364 3.49 284.5 136 43 

 

 

Figure 3. Experimental and simulated load-penetration depth curves. 

 

 

Figure 4. Evolution of      in the area underneath the indenter. 
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5.2. Validation of the crystal plasticity model  

To verify the validity of the proposed model, indentation tests performed on grains of different 

crystalline orientations were simulated using the CPFEM model with the identified parameters given 

in table 3. Grain #15 (AR: as-received annealed cold-rolled) and Grain #15 (TR: thickness reduction 

rate of 50%) were selected given their quite distinct location in the standard stereographic triangle, 

involving thus different slip systems activity rates. 

The comparison between experimental data and numerical simulations is showed in figure 5. It is 

worth noting that the simulation results for both grains are in good agreement with the experimental 

data. Those results validate the identified model for a wide range of orientations. 

 

 

Figure 5. Experimental and simulated load-penetration depth curves. 

 

6. Conclusion 

In this work, we studied the orientation-dependent response of pure zinc grains subjected to two cold-

rolling conditions. Instrumented indentation experiments were performed on grains of different 

crystalline orientations for as-received annealed cold-rolled material and material with thickness 

reduction rate of 50%. A crystal plasticity model was implemented in the FE code Abaqus using a user 

subroutine UMAT. The model parameters for both materials were identified by solving an inverse 

problem. It was found that increased percentage of cold reduction increases the critical resolved shear 

stresses (CRSS). Experimental data and numerical results are in good agreement for a wide range of 

orientations. 
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