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Introduction

Axisymmetric components such as shafts and rods are produced by a sequence of metal forming processes. Defects in the material due to the casting and subsequent processes present a risk during manufacturing processes, but also during the application of the product. An important type of defect affecting the manufacturing process and the component properties [START_REF] Tekkaya | Forming-induced damage and its effects on product properties[END_REF] is the formation of voids. The finite-element-modelling (FEM) and experimental analyses are methods to trace the evolution of voids during the process chain.

Previous research focuses on the investigation of defects in single stages of the process research, rather than on a sequence of processes. In general, several stages of caliber rolling are applied to manufacture the billets for cold extrusion from cast slabs. The general aim is to reduce the void volume fraction inherited from the casting process and to avoid the increase of the void volume fraction accompanying plastic deformation. Albertini et al. identified suitable shoulder opening angles in cold extrusion to prevent central bursting by combining FEM with an Oyane fracture criterion and employing ultrasonic analysis [START_REF] Alberti | Central Bursting Defects in Drawing and Extrusion: Numerical and Ultrasonic Evaluation[END_REF]. Soyarslan et al. concluded that the pressuredependency of the damage model is crucial to predict the formation of central bursts in cold extrusion correctly [START_REF] Soyarslan | Application of continuum damage mechanics in discontinuous crack formation: Forward extrusion chevron predictions[END_REF].

The focus of the current paper is to analyze the evolution of ductile damage in cold forward extrusion of axisymmetric rods manufactured from the case hardening steel 16MnCrS5. Ductile damage, i.e. the degradation of physical properties, in particular the elastic stiffness and the strength, develops due to void growth and coalescence on the microscopic scale in steels.

Progressing void growth and coalescence may lead to the appearance of cracks, first on the microscale, then on larger scales. The severity of these phenomena depends on the stress state and is promoted by high stress triaxialities. The stress triaxiality h eq / η σ σ = is the hydrostatic stress h σ weighted by the equivalent von Mises stress . The most important damage mechanisms in case hardening steels such as 16MnCrS5 are the formation of voids due the detachment of the surrounding softer material from harder, generally non-metallic particles and the cracking of these inclusions [START_REF] Reusch | Entwicklung und Anwendung eines nicht-lokalen Materialmodells zur Simulation duktiler Schädigung in metallischen Werkstofen[END_REF]. In a similar steel 20MnCr5 hard manganese sulphides detach from the metallic matrix and induce the formation of voids [START_REF] Zapara | Prediction of damage in cold bulk forming processes[END_REF]. The growth of voids is proportional to the hydrostatic stress and the increment in equivalent plastic strain [START_REF] Rice | On the ductile enlargement of voids in triaxial stress ields[END_REF]. Therefore, processes with larger plastic strain, but with a lower triaxiality may lead to less damage compared to a process with smaller strain, but higher triaxiality, as was demonstrated for single stage forward rod extrusion [START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF]. The current paper aims to determine the effect of the damage state inherited from preceding processes on the damage after forward rod extrusion. Previously, the initial billet for forward rod extrusion was considered to be damage-free. Recently, Schowtjak et al. demonstrated that a variant of the Lemaitre damage model is capable of predicting the qualitative distribution of voids at the end of the process chain from caliber rolling to cold forward extrusion. However, only a constant shoulder opening angle and a two-dimensional analysis were performed [START_REF] Schowtjak | Prediction and analysis of damage evolution during caliber rolling and subsequent cold forward extrusion[END_REF].

The models of Freudenthal [START_REF] Freudenthal | The inelastic behaviour of engineering materials and structures[END_REF], Cockcroft and Latham [START_REF] Cockcroft | Ductility and the workability of metals[END_REF], McClintock [START_REF] Mcclintock | A criterion for ductile fracture by the growth of holes[END_REF] or Oyane [START_REF] Oyane | Criteria of ductile fracture strain[END_REF] aim to predict the fracture of a material due to ductile damage based on macroscopic formulations. There is no coupling of the damage variable with the mechanical response of the material, meaning that a possible decrease of the elastic stiffness due to defects such as voids is not accounted for. More distinguished, coupled damage formulations consider microstructural processes related to the evolution of defects, in particular voids. The Lemaitre model [START_REF] Lemaitre | A continuous damage mechanics model for ductile fracture[END_REF] and its modifications consider the degradation of the elastic stiffness and the yield stress related to the defected area in a given cross section of the material.

The model family going back to the works of Gurson [START_REF] Gurson | Continuum theory of ductile rupture by void nucleation and growth: part 1-yield criteria and low rules for porous ductile media[END_REF] and extensions by Tvergaard [START_REF] Tvergaard | Analysis of the cup-cone fracture in a round tensile bar[END_REF] and Needleman [START_REF] Needleman | An analysis of ductile rupture modes at a crack tip[END_REF] modifies the yield stress depending on the void volume in the material. Differing from the aforementioned formulations, the void volume fraction representing the level of damage can decrease due to plastic deformation under large pressure in GTN formulations. The current work focuses on local formulations. Damage regularization schemes as recently proposed by Ostwald et al. [START_REF] Hensel | Metal forming data of ferrous alloys-deformation behaviour[END_REF] are not considered here.

The model formulation and relevant features of the material behavior are described in section 2. The parameter identification is discussed (section 3) before the forming processes (section 4) along with their simulation (section 5) and the numerical predictions (section 6) are compared (section 7). The paper closes with a discussion (section 8).

Material model

Relevant aspects of the material behavior for hot caliber rolling followed by cold extrusion are the elasto-plastic and damage behavior at different temperatures and strain rates.

Strain rates up to 10 1/s and temperatures up to 1200 °C occur in caliber rolling. Therefore, Rastagaev compression tests with temperatures between room temperature and 1200 °C are conducted (Fig. 1). The flow stress at room temperature and a strain rate of 10 1/s is about 10 times higher than at the highest tested temperature of 1200 °C. An increase of the strain-rate dependent hardening, in particular for higher temperatures is observed.

The process chain of caliber rolling of 16MnCrS5 to forward cold extrusion is analyzed using the commercial software Abaqus choosing a suitable material model for the observed behavior. The material behavior is considered to be isotropic and the elastic behavior is governed by a Hooke model. The yield function eq y ( , )

T φ σ σ ε = - & (1) 
captures the observed strain rate and temperature dependent yield stress y ( , ) T σ ε& by tabulated yield curves obtained in the compression tests. Additional data such as temperaturedependent elastic constants, mass density, the specific heat capacity and heat conductance are obtained from [START_REF] Hensel | Metal forming data of ferrous alloys-deformation behaviour[END_REF]. Tensile tests with notched specimens at room temperature are performed to determine the damage behavior for large localized strain (Fig. 2). The relative displacement at two points (initial vertical distance ext l = 25 mm) is measured with an extensometer. The cross head speed is set, such that the initial strain rate is approximately 0.001 1/s. The specimen is modeled using four-node linear elements (CAX4). Isothermal conditions are assumed. FE simulations with the elasto-plastic model exploiting the axisymmetry exhibit generally a good agreement.

However, the decrease of the force after localization (relative displacement larger than 0.7 mm) marking the onset of damage is not captured accurately, in particular for increasing deformation. Therefore, a Lemaitre model is coupled with the elasto-plastic model. The effective Cauchy stress

/ (1 ) D = - % σ σ (2)
may increase due to the evolution of the damage variable D . A common definition links the total cross-section total A and the defected cross-section void 
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The damage evolution according to Lemaitre [START_REF] Lemaitre | A continuous damage mechanics model for ductile fracture[END_REF] [ ]
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in terms of the damage driving force Y introducing material parameters S , κ and β is chosen. λ & represents the plastic multiplier and ( )
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+ the Macaulay bracket providing for the monotonic increase of damage. The formulation of the driving force
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respects that damage evolution is inhibited under compressive stresses by introducing the material parameter h . Hering et al.

showed that the evolution of voids under compression is negligible [START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF]. Therefore, h is set to zero. In the current framework, the influence of temperature and strain rate on damage is implicitly considered by the dependence of the flow stress on these quantities. This approach is justified since the decrease of the yield stress with temperature is considerably larger than the softening related to damage. The remaining material parameters S , κ and β governing the damage evolution are identified by inverse identification using experimental data from the tension test with a notch (Table 1).

A least square error function in terms of the set of material parameters κ and possible weights i w ls 2 sim exp 1 ( ) ( ) ,

n i i i f F F =   = -   ∑ κ κ (6) 
representing the deviation between the experimentally determined force-displacement data exp i F and the response predicted by simulations sim i F is minimized with a combination of the Nelder-Mead simplex method and an evolutionary based algorithm [START_REF] Schowtjak | Prediction and analysis of damage evolution during caliber rolling and subsequent cold forward extrusion[END_REF].

Parameter identification process

A fully coupled implementation of the model via the user subroutine VUMAT is used for the identification process. The predicted force-displacement curve employing the model with damage agrees better with the experiments then the simulation using the model without damage, in particular for displacement larger than 0.7 mm (Fig. 2). The deviation between the simulated force-displacement data and the experimental one is attributed to the formation of Lüders bands, which are not accounted for in the simulation. An uncoupled formulation of the model with the identified set of material parameters is used in the analysis of the manufacturing process.

Manufacturing processes

Caliber rolling produces semi-finished components by hot forming from billets. In the current investigation, pre-rolled rods of initial diameter 60 mm are rolled to semi-finished rods with circular cross-section of diameter 40 mm. The reduction of the area in each pass is

1 / n n A A δ + =
, where A is the area of the cross-section and the index n represents the respective pass number. 2 and Fig. 3. 

Experimental set-up

The aim is to maintain a homogeneous temperature distribution throughout the process. The rolling parameters are chosen according to industrial best practice with adaptations to the desired geometry.

The process was realized on a combined 4 MN hot and cold rolling mill (VRW-400 manufactured by the Bühler Redex GmbH). Good caliber filling was determined for each pass. Before forward cold extrusion, the diameter 0 d of the semifinished component was reduced to 30 mm by turning. Axisymmetric forward extrusion at room temperature was performed on a hydraulic triple action drawing press SMG HZPUI 260/160-1000/1000 at a punch speed of 10 mm/s. Before extrusion to the final diameter 1 d =13.4 mm lubrication Fig. 3: Schematic of the caliber rolling process [START_REF] Schowtjak | Prediction and analysis of damage evolution during caliber rolling and subsequent cold forward extrusion[END_REF].

with Beruforge 191 (MoS2-containing coating lubricant for the application on non-phosphated semi-finished parts by manufacturer Carl Bechem GmbH) was applied to the billets.

The initial shaft length was chosen as l0 = 71 mm and the extrusion was stopped at a shaft length of 80 mm (Fig. 4).

Table 2: Geometrical parameters and process parameters for each pass with /ℎ the ratio of the longer axis to the shorter axis of the oval calibre. 

  = =     (7) 
The shoulder opening angle is varied in three steps of 2α = 30°, 60° and 90° to obtain different stress states in the forming zone.

Fig. 4: Schematic of forward rod extrusion modified according to [START_REF] Schowtjak | Prediction and analysis of damage evolution during caliber rolling and subsequent cold forward extrusion[END_REF].

Process simulation

The microstructural measurement of the damage state by optical or electron microscopy and corresponding analysis of micrographs is time consuming and usually performed only for a limited number of representative points. FE simulations of the damage state yield a three-dimensional representation and allow for the comprehensive analysis of the process. The simulations for the complete sequence from caliber rolling to forward extrusion were performed with the fully coupled thermo-mechanical solver with implicit time integration assuming that 90 % of the plastic work are converted to heat. 8-noded hexahedral, tri-linear thermally coupled elements and reduced integration with hourglass stabilization (C3D8RT) are employed in the caliber rolling and extrusion processes. The structured mesh for the first pass of caliber rolling features an average edge length of 4 mm and exploits the symmetry, such that only a quarter is modelled. A homogeneous temperature field of T = 1100 °C was prescribed as starting condition. The roll is considered to be rigid and the friction coefficient between the tool and the billet is set to µ = 0.3. Accumulated strains larger than 1.0 may lead to considerable distortion of the mesh. This in turn causes poor convergence behavior and eventually pre-mature termination of the calculations. Therefore, algorithms to improve the mesh quality after substantial deformations are needed. In the current case, remeshing is required in between the stages of the caliber rolling processes and before extrusion.

Re-meshing and mapping procedure for multiple forming operations

The re-meshing procedure in caliber rolling aims to maintain an average edge length of 4 mm at the beginning of each pass. The built-in Abaqus mesher is used to create the new mesh with higher mesh quality. In a subsequent step, physical quantities and state variables (stress, strain, damage, etc.) need to be mapped from a previous pass to the current pass. Due to the mismatch of the old and the new mesh generally a 3D interpolation scheme is required. Exploiting the fact that these quantities are largely constant in caliber rolling in rolling direction and also in cold forward extrusion, the interpolation can be reduced to a 2D problem where only a slice of the work piece cross-section in steady state is interpolated and afterwards extruded.

The concept proposed here implies areal interpolation of mesh data only at the cross section and subsequent extrusion to the whole length of the workpiece (Fig. 5). For the interpolation the projection of the cross section of the new mesh is firstly overlaid with the projection of the old mesh. Then for each new element, the new material property data is calculated based on the ratio of the overlapping area between old and new element. The data interpolation from the old to new mesh can be described by the following equation

0 old, old, new new n i i i A X X A = = ∑ , ( 8 
)
where new X , old,i A , old,i X are the respective values of a physical quantity of the new element, the overlapping area between old element i and the new element, the value of a physical quantity of the old element i, respectively. new A corresponds to the area of the new element. Here, it is assumed that the elements feature a single integration point, and consequently, these quantities are constant in the domain of a single element. Therefore, the results from the last rolling step are mapped to a structured mesh with an average edge length of 0.1 mm (total number of elements 53940). The die is considered to be elastic and friction between the tools and billet is set to µ = 0.04. Full recrystallization occurs after the final rolling pass, such that only the damage variable is mapped to the billet for cold extrusion. In general, mapping schemes based on error estimation schemes are expected to render more accurate results.

The currently applied simulation scheme does not explicitly model the effect of the heat treatment after hot caliber rolling. Effects such as static and dynamic recrystallization occur in the air cooling process. The removal of material on the outside by machining may alter the plastic state and the damage state, but is not considered explicitly.

Results of simulations

The maximum damage after the final rolling pass is 0.36 at the outer surface of the component close to the y-z plane (Fig. 6) in the cross section with normal in rolling direction. The level of damage increases with each pass. Moderate damage evolution ( D = 0.1 %) occurs on the central axis near the x-y plane.

Fig. 5: Schematic of mesh interpolation and mesh extrusion

The damage evolution in the subsequent cold forward extrusion is more pronounced (Fig. 7 and Fig. 8). It is highest for the largest shoulder opening angle 2α = 90° and decreased with decreasing shoulder opening angle. The largest value occurred on the central axis with a maximum of 1.5 %. The inhomogeneous three-dimensional evolution of damage in the caliber rolling has negligible influence on the distribution in the forward rod extrusion process. One reason for the small influence of the rolling process on the final value of the damage value is that the stress state in the core of the billet during rolling is dominated by compressive stresses during plastic deformation [START_REF] Wang | Torsion plastometer trials to investigate the effect of non-proportional loading paths in caliber rolling on damage and performance of metal parts[END_REF]. The stress triaxiality is higher (η = 0.18 for ex ε = 0.5 and 2α = 90° according to [START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF]) in cold forward extrusion of 16MnCrS5 with the same process parameters compared to the investigated rolling process.

The maximum damage value is smaller by a factor of 4 for the smallest shoulder opening angle 2α = 30°. Another reason for the small influence of caliber rolling on the threedimensional distribution of damage in forward extrusion is the removal of the outer, most damaged, region before extrusion. Fig. 6: Damage evolution during caliber rolling. 'Before' refers to the state before forward rod extrusion. The process parameters are specified in Table 2.

Comparison with experiments

Hering et al. [START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF] compare the predicted values of the damage value to measurements of the void area fraction. They determined the void area fraction based on combined image processing of scanning-electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX). The purpose of this combined measurement is to distinguish voids from inclusions. Potential void sites are determined from images obtained from the backscattered electron (BSE) images based on gray value analysis. The data from the EDX spectrum is then used to distinguish voids from inclusions. This method is advantageous over other methods, which are based on a manual evaluation of the void area fraction as proposed e.g. by Isik et al. in [START_REF] Isik | Evaluation of void nucleation and development during plastic deformation of dual-phase steel dp600[END_REF]. There is qualitatively good agreement of the simulated distribution of the voids across the radius compared with the measurements (Fig. 9). In the central forming region, the material on the central axis experiences tensile stresses for the chosen area reduction. Depending on the shoulder opening angle, the triaxiality decreases [START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF]. The triaxiality decreases towards the outer surface as well, explaining the lower value of damage in the simulations and the lower area fraction of voids. However, the quantitative agreement is not as good. The quantitative comparison reveals deviations of up to a factor of 70. Hering et al. showed that the initial value of the void area fraction is for some cases larger (region between central axis and outer radius) than the one after deformation [START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF]. This means that voids can close under compressive stresses.

The model has been identified based on the decrease of the load-bearing capacity, while the measured quantity is the void area fraction. The applied model is capable of predicting the effect of the stress state on the increase of damage, but cannot model void closure. This is one of the factors contribution to the deviations.

The microstructural analysis provides local and twodimensional information on the effect of damage. Another method to quantify the effect of damage are measurements of the mass density. These were performed using the IMETERV6 device by IMETER/MSB Breitwieser systems. The volume is determined based on Archimedes' principle in combination with hydrostatic weighing. Details are described in [START_REF] Meya | Global and high-resolution damage quantiication in dual-phase steel bending samples with varying stress states[END_REF]. One has to keep in mind that other factors related to the plastic deformation may influence the mass density as well. Dislocations may also affect the volume for example [START_REF] Garofalo | Density change in an austenitic stainless steel deformed in tension or compression[END_REF]. All measurements were performed at 25 °C to eliminate the effect of thermal expansion. Cylindrical specimens (radius: 20mm) were milled from regions with a stationary deformation state out of the rolled and extruded components [START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF]. The average mass density 0 0

) (1 ) (1 / d D V V ρ ρ - = ∫ (9)
has been calculated from the simulations based on the initial density 0 ρ and volume 0 V . The model predictions for 2α = 30 to 90° capture the variation of the density with varying shoulder opening angle qualitatively well (Fig. 10). The lowest density (7.821 g/cm 3 ), corresponding to the largest influence of damage, was measured for 2α = 90°. The smallest influence was detected for 2α = 30° with a mass density of 7.824 g/cm 3 . The density determined for the as-delivered rods was 7.83 g/cm 3 . The previous investigation by Schowtjak et al. showed that the density decreases in the caliber rolling as well [START_REF] Schowtjak | Prediction and analysis of damage evolution during caliber rolling and subsequent cold forward extrusion[END_REF]. These changes are attributed to the evolution of damage. The simulations predict the same trend, i.e. decreased mass density with increasing shoulder opening angle, but underestimate the mass density with a maximum difference of 0.06 g/cm 3 (0.7 % relative difference) to the measured value for 2α = 90°. After rolling, there is a difference in density of 0.032 % compared to the initial material, while the difference between the rolled and extruded component is 0.051 %. The level of damage predicted by the simulations does not match quantitatively with the measured values. Nonetheless, the general, i.e. the damage is increasing, is captured qualitatively by the simulations. 

Conclusion and outlook

The process chain of caliber rolling at temperatures of 1200 °C and cooling at air followed by milling and cold forward extrusion was analyzed with respect to the evolution of damage. The chosen methods to detect and predict damage were a combination of simulations and measurements. New and other extrusion parameters are the same as in the current set-up three specimens have been investigated for each state. Experiments from [START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF].

aspects of this paper are the completely three-dimensional simulation approach featuring a re-meshing and mapping for different process steps and the comparison of simulation data with experimental results for different shoulder opening angles. More elaborate re-meshing schemes, which base the mesh improvement on error estimators as proposed by Zienkiewicz and Zhu [START_REF] Zienkiewicz | A simple error estimator and adaptive procedure for practical engineering analysis[END_REF] would provide the opportunity to improve the accuracy of the calculations. Simulations with a Lemaitre damage model predicted a monotonic increase of damage throughout the process chain. This agrees in general well with the measured void area fraction and density measurements. There are quantitative deviations both for the comparison of the damage variable with the void area fraction and the density. This emphasizes the need for alternate model formulations and identification strategies. The Lemaitre model and other continuum damage formulations predict monotonic increases of the damage variable. Previous analyses for the cold forward extrusion have shown that for large extrusion ratios and corresponding low triaxialities the void area fraction may decrease [START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF]. From the technological side the three-dimensional distribution of damage in caliber rolling does not have a large effect on the damage state and relate properties in the investigated process chain. The removal of the zones with the largest influence of damage before cold forward extrusion in combination with the different levels of damage in these processes explains this. A future analysis could focus on the effect of surface damage in cold forging operations. A two-dimensional FE analysis of damage in this process chain seems to be justified due to the distribution of damage.
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 1 Fig.1: Flow curves of 16MnCrS5 in Rastagaev compression tests for strain rates of a) 0.1 1/s and b) 10 1/s and temperatures[START_REF] Ostwald | On the implementation of finite deformation gradient-enhanced damage models[END_REF].

Fig. 2 :

 2 Fig. 2: Force-displacement data for tensile tests with notched specimens at room temperature for 16MnCrS5. Experimental data and simulations with different model predictions. Dimensions in mm [17]. A total of four passes with a maximum area reduction of 0.25 is applied. The corresponding global logarithmic strain is ln ro ε δ = . Details of the set-up, such as the diameter of the rolls W D = 200 mm, the rolling gap t , the caliber width w and height h are given in Table 2 and Fig. 3.

  =1.98 w/h = 1.00 w/h = 1.29 w/h = 1.00 w = 73.1 mm w = 46.0 mm w = 48.5 mm w = 40.0 mm t = 6.0 mm t = 5.0 mm t = 5.0 mm t = 4.0 mm δ = 0.25 δ = 0.22 δ = 0.12 δ = 0.11 εro = 0.29 εro = 0.24 εro = 0.15 εro = 0.11The die radii are set to 3 mm. The constant global logarithmic extrusion ratio is used for the experiments

Fig. 7 :

 7 Fig. 7: Damage distribution for varying shoulder opening angles after cold forward extrusion, section view of x-y planes and y-z planes.

Fig. 8 :

 8 Fig. 8: Damage distribution for varying shoulder opening angles after cold forward extrusion, section view of x-z plane.

Fig. 9 :

 9 Fig. 9: Damage along the radius of the component manufactured by full forward rod extrusion. The global logarithmic strain and other extrusion parameters are the same as in the current set-up. Data from simulations on the left axis and measured data on right axis according to Hering et al. [19]. Data as in Fig. 10. Comparison only for 2 =90°.

Fig. 10 :

 10 Fig. 10: Measurement and prediction of density for the initial material, after caliber rolling and after cold forward extrusion. The global logarithmic strainand other extrusion parameters are the same as in the current set-up three specimens have been investigated for each state. Experiments from[START_REF] Hering | Characterization of damage in forward rod extruded parts[END_REF].

Table 1 :

 1 Identified set of material parameters for the damage model according to[START_REF] Schowtjak | Prediction and analysis of damage evolution during caliber rolling and subsequent cold forward extrusion[END_REF].

	Parameter	S in MPa	κ	β
	Value	267.3	0.600	1.014
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