
a Corresponding author: christian.raemy@ivp.mavt.ethz.ch 

Modelling of twinning induced anisotropic hardening effects in 
TiCP Grade 4 

Christian Raemy
a
, Niko Manopulo and Pavel Hora  

Institut of Virtual Manufacturing, ETH Zürich, Tannenstrasse 3, 8092 Zürich, Switzerland 

Abstract. Given its excellent mechanical properties, commercially pure titanium is increasingly used in multiple 

industries. The numerical simulation of forming processes involving this material is however challenging. Besides 

anisotropy, which is common to most sheet metals, titanium exhibits strong tension compression asymmetry. 

Furthermore, given the direction dependent twinning of the hexagonal lattice, these materials exhibit also substantial 

anisotropic hardening. The present work proposes an extension to the CPB06 yield function, in order to capture the 

evolution of the yield surface shape in dependence of twinning induced plastic deformation. A non-associated flow 

rule is introduced to correct the flow direction. Based on a cup drawing experiment, it is demonstrated that the flange 

springback can be predicted with significantly better accuracy compared to the original model.  

1 Introduction 

Because of its excellent corrosion resistance, high 

mechanical strength and low density, titanium has a wide 

field of applications in aerospace and medical industry 

[1]. For many applications, forming is the preferred 

manufacturing process, since the material is relatively 
expensive and material loss should be prevented if 

possible. 

Finite element simulations for process design rely on 

accurate constitutive models. For many materials, such as 

aluminium and steel alloys, sophisticated models 

describing their initial anisotropy as well as the 

anisotropic hardening exist [2]. Titanium, however, has a 

more complex plastic behaviour; the flow stresses for 

tension and compression differ (known as asymmetry or 

strength differential). Moreover, twinning of the 

hexagonal lattice amplifies these effects, but its 
occurrence depends on the direction of the load [3]. 

Therefore, the assumption of isotropic hardening leads to 

inaccurate stress-strain responses, even for proportional 

strain paths. 

We present a constitutive model which is an 

enhancement of the CPB06 [4] yield locus for hcp metals. 

By the use of variable parameters, anisotropic hardening 

due to twinning is considered. In order to get a better 

prediction of the flow direction, a non-associated flow 

rule was introduced. As a validation experiment, a cup 

drawing test was conducted, where draw in and spring 
back was analysed. The inspected material was 

commercially pure titanium of grade 4. 

2 Characterization of the flow behaviour 

2.1 Stress-strain responses 

Tensile tests were carried out on standard DIN specimens 
for sheet metals which were cut in different angles with 

respect to the rolling direction. Compression test were 

conducted on a dilatometer using rectangular block 

specimens with a length of 5 mm and a width of 3 mm. 

All tests were carried out at room temperature and quasi-

static strain rates. 

 
Figure 1. Measured flow curves (T = tension, C = compression) 
 

The flow curves of the different tests are presented in 

Fig. 1. As it can be seen, the initial flow stress differs 

significantly between the loading directions, but also 

between tensile and compressive load. In the tensile test, 

the transverse direction (TD) shows a higher initial flow 
stress than the rolling direction (RD). 

Under compressive load, RD shows the higher initial 

flow stress than TD, but hardens much faster after about 

10 % of logarithmic strain and reaches the same level of 

flow stress at 35 % of strain. 
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2.2 Microscopic analysis 

As it is pointed out in the literature [3], the uncommon 

behaviour of the flow stress under compressive stress in 
TD can be related to twinning of the hexagonal lattice. 

Although twinning is an additional deformation mode, it 

generates additional grain boundaries, which impede 

dislocation slip. Latter effect dominates after some 

deformation and thus leads to hardening of the material 

(Hall-Petch-effect). In addition, twinned regions tend to 

be harder than non-twinned, as glissile dislocations are 

transformed into a sessile configuration because of the 
lattice reorientation (Basinski mechanism) [5]. Indeed, 

micrographs taken on an optical microscope with 

polarized light unveil that the crystallites tend to twin 

when loaded in TD (Fig. 2, left), whereas compression in 

RD leads to almost no twinning (Fig. 2, right). 

 

 
Figure 2. Microstructure after compression. Left: TD, right: RD 

(  = 0.15,   = 0.05 s-1, T  = 20°C) 

3 Constitutive modelling 

3.1 Flow stresses 

The stress-strain response of the material under 

compressive load in RD and 45° (not shown above) was 
fitted using the Hockett-Sherby function 
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initial flow stress, B  the saturated flow stress and m  and 

p  are hardening parameters. For the compression test in 

TD, the following function is proposed as an 
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The second term introduces a smooth step into the 

flow stress, which mimicks the additional hardening 

caused by directional twinning. Here, 
TW

  corresponds to 

the middle horizontal position of the step, H  adjusts the 

width of the step and D  corresponds to the total increase 

of flow stress (the step height). 

The measured flow curves in RD and TD are 

compared with their extrapolations in Fig. 3. As it can be 

seen, the introduced step function approximates the data 

very well. 

 
Figure 3. Stress-strain curves under compressive load. Dots: 
measurements, lines: approximations according to (1) and (2) 

3.2 Base flow function 

The yield locus CPB06 [5] was used as base for the 

proposed model. Its potential F  is defined as 

      
1 1 2 2 3 3

a a a

F k k k             (3) 

where a is an exponent greater than 1. Parameter k  

accounts for the asymmetry. The 
i

  are the eigenvalues 

of the deviatoric part of Cauchy stress which undergoes a 

linear transformation, by which anisotropy is introduced 

into the model. In sum, CPB06 has 11 independent 

parameters; 9 coefficients of the transformation tensor, 

k and a . 

3.3 Extended CPB Model 

To introduce anisotropic hardening due to directional 

twinning, the parameters of CPB06 (except a ) where 

calculated for discrete levels of plastic strain according to 

the principle of equivalent plastic work [6] 

 
CRD CRD

p
p

d d      , (4) 

where   and d  are equivalent stress and increment of 

equivalent plastic strain, respectively, the subscript CRD  

refers to compression in RD. Thus, the integral equation 
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has to be solved for the unknown strain x  for each flow 

curve and each discrete value of   and the parameters 

are fitted at the corresponding levels of strain.  

The fitting procedure considered the flow stresses in 

tension and compression, as well as the R values. Since it 

is difficult to measure the R values under compression, 

they were assumed to be equal to their tensile 

counterparts, although CPB06 would allow here for 

asymmetry as well. Furthermore, they were held constant 
with respect to accumulated plastic strain. 

Because of lacking degrees of freedom, this fit is a 

trade-off; flow stresses and R values cannot be captured 

simultaneously. To overcome this issue, a non-associated 

flow rule (NAFR) [7, 8] was introduced. In contrast to the 

standard associated flow rule (AFR), the flow direction is 

no longer assumed to be perpendicular to the flow 

surface, but to a second flow potential. CPB06 was used 
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for an accurate prediction of the flow stresses and 

anisotropic hardening, Hill48, fitted on three R values, to 

determine the flow direction. 

4 Validation  

A simple cup drawing process was chosen to assess the 

quality of the enhanced model. Especially the draw in and 

height profile of the flange are easily measurable and 
hence well suited for quantitative comparisons. 

Titanium sheet of a thickness of 0.4 mm was cut into 

a circular disc of diameter 110 mm. A punch with 

diameter 50 mm drew the well lubricated blank 30 mm 

into the die, leaving a flange of approximately 10 mm. A 

constant blank holder force of 30 kN was applied during 

the process. 

4.1 Numerical model 

The process was simulated with LS-Dyna using a user 

defined material subroutine. The blank was modelled 
using 3 layers of trilinear brick elements with selectively 

reduced integration and an in-plane edge length of 0.5 

mm. All tools were built with rigid 4-node shell elements 

with an edge length of 0.5 mm. Dry friction with a 

coefficient of 0.05 was assumed and geometric symmetry 

was considered. At the end of the explicit forming step, a 

purely elastic, implicit spring back step was carried out. 

4.2 Comparison 

The process was simulated with five different constitutive 

models: 

 Hill48, fitted on R values, AFR 

 CPB06 with constant parameters (ratio of flow 

stresses was assumed to remain the same as in 

the raw sheet), AFR (CPB06cstA) and NAFR 

(CPB06cstN) 

 CPB06 with variable parameters, AFR 

(CPB06varA) and NAFR (CPB06varN) 

A physical specimen was digitalized with a 3D scanner 

and the radius of the flange and the height profile of the 
outer edge were compared to the simulation results as 

shown in Fig. 4. 

It is notable, that all models overestimate the draw in, 

which is mainly a function of the R values, significantly. 

However, the simple Hill48 model delivers the most 

accurate results in this case, the CPB06 AFR models 

predict much more pronounced ears which are at a 

slightly shifted position (at around 30° instead of 45°). 

The NAFR models, being a mixture of both, lie between 

them. 

The height profile of the flange, on the other hand, is 

manly a consequence of stress inhomogeneity and 

therefore of plastic anisotropy. As this property varies 
considerably during plastic deformation and CPB06varN 

is the only model capturing this effect accurately, its 

prediction is by far the closest to the measured profile. In 

fact, the other four models are not able of capturing the 

correct springback mode. Apart from this, they 

significantly underestimate the profile amplitude. 

5 Conclusions 

It was shown, that the use of a flow function with 

parameters that vary during plastic deformation and a 

non-associated flow rule can greatly improve the validity 

of forming simulations, since they take the evolution of 

anisotropy due to directional twinning into account. 

However, there exists some potential for optimization as 

the draw in of the cup drawing specimen could not be 

predicted accurately. 
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Figure 4. Comparison of simulations and measured part. Left: radius, right: height profile of sprung back flange 


