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Abstract. Developing microcracks in final tube is one of the serious challenges in cold tube pilgering 
process. In this paper to predict the exact location of this microcracks and effects of process 
parameters on distribution of them, finite element analysis in conjunction with damage mechanics is 
used. For this purpose Lemaitre model with and without considering crack closure in compression 
with various hardening rule were used to predict initiation and growth of damage in this process. A 
VUMAT subroutine is provided for each of these models and these codes are used by commercial 
finite element software Abaqus. To validate provided codes, they are used to simulate notched 
specimen tensile test and cold upsetting of a conical billet, then simulations results are compared with 
experimental observations. After validation of the models and codes they are used to predict location 
of microcracks in simulation of cold pilgering process. Comparing results of the above mentioned 
damage models it is shown that Lemaitre model considering crack closure can be used successfully in 
prediction of damage distribution in this process. Effects of friction coefficients between tools and 
tube and tube feed rate between increments on damage distribution are also investigated. Simulation 
results are in agreement with available experimental observations. 
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1. INTRODUCTION 

Pilgering process is a method to produce long and accurate seamless tubes. In each increment of this 
process, the tube is rolled over the mandrel by a pair of rolls, which have a tapered groove around their 
periphery (forward rolling) and then the rollers will come back to their original positions (backward rolling). 
This increment will repeat for several hundred times. Figure 1 shows the shape of the rollers groove and the 
principle of the pilgering process. As it is shown in this figure a reciprocating motion accompanied by 
rotation is applied to the rollers in this process. Between two increments the tube is fed forward by a pre-
determined amount, and simultaneously turned by a particular angle. Developing micro-cracks in final tube 
is one of the serious challenges in cold pilgering process. Simulating the process to predict damage initiation 
and location and effects of process parameters on the damage development is a tool that can help process 
designers. There has been few analysis of such a complicated tube manufacturing process that completely 
model all existing phenomena of the process [1]. Others have been used the basic analytical theory and 
fundamental equations [2] or modeled only one or a few [3–5] increments of the process and then the results 
have been generalized to all of the increments. Rather than this, prediction of damage evolution in this process has 
not yet been performed by available damage models that are coupled with plastic deformation and considers 
material softening. Cumulative damage model is the only one that is used in simulation of this process [6]. 
As experimentally verified for many materials, especially close to material failure, the energy dissipation 
associated with the nucleation and growth of voids and microcracks, which accompany large plastic flow, 
has a dominant effect [7]. This fact suggests that the prediction of rupture as well as final material properties 
demands consideration of coupling between plastic flow and damage at the constitutive level [8–10]. 

In the current paper simulation of the sufficient steps of the process will be carried out by the use of the 
available damage models for ductile metals. The phenomenon of initiation and growth of cavities and 
microcracks induced by large deformations in metals and called “ductile plastic damage” has been subjected 
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to detailed study in recent decades. Such interest in the development of continuum damage mechanics may 
be attributed in part to the increasing industrial requirement for models capable of simulating the behavior of 
materials under conditions in which internal deterioration plays a significant role.  

The first attempt of Lemaitre [11] to model 
the material damage is able to predict damage 
growth with reasonable accuracy in tensile loading. 
The model proposed by Lemaitre [12] takes into 
account the effect of partial crack closure in 
isotropically damaged materials under pressure 
loading. Since the purpose of the current paper is 
to simulate the process in order to predict damage 
development, constitutive equations that will be 
used in simulations have a crucial role in the 
reliability of the results. Assuming that initial 
tube has an isotropic plastic behavior Misses yield 
function will be used to predict material behavior. Kinematic hardening of the material should also be 
considered because the nature of the process loads is semi-cyclic. Using this kind of hardening, material 
anisotropy that induced in the process will also considered. In the reminder of the paper equations of the 
model are presented. The mentioned models will be used in simulation of some forming process to validate 
their reliability and then pilgering process is simulated and the results are investigated.  

2. CONSTITUTIVE EQUATIONS 

Lemaitre damage model can well describe evolution of internal damage in ductile metals [13]. In the 
current work the constitutive equations for elasto-plasticity coupled with damage proposed by Lemaitre [13] 
will be used. This model is based on the concept of effective stress and the hypothesis of strain equivalence 
and can includes evolution of internal damage as well as nonlinear isotropic and kinematic hardening in the 
description of the behavior of ductile metals. In a case that material bears compressive loads this model should be 
modified to consider crack closure under pressure [13]. The description of Lemaitre’s model is briefly presented 
in the following. 

2.1. Lemaitre damage model 

A physical significance for the damage variable is the reduction of the cross-sectional area due to 
micro-cracking as a suitable measure of the state of internal damage: 

 
A

AAD 0−
= , (1) 

where A and A0 are the effective load bearing areas of the virgin and damaged materials respectively with 
D = 0 corresponding to the virgin material and  D = 1 representing a total loss of load bearing capacity. 
Constitutive behavior of the damaged material can be expressed the same as the virgin material based on the 
hypothesis of strain equivalence and defining the effective stress as: 
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where σ  is stress for virgin and damaged material. Evolution of the damage variable during material 
deformation is also calculated as: 
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where: r and s are model's constants and should be calibrated from experimental data of the material and  is 
the plastic deformation rate. Y, the thermodynamical force conjugate to the damage internal variable is given by:  

Fig. 1 – Principle of the cold-pilgering operation: 
a) Pilger roll profiles; b) one increment of the process [2]. 
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where: E and v are Young modulus and Poisson’s ratio of the material and σ is the Cauchy stress tensor; 
σ represents double contraction operation on the Cauchy stress tensor and trσ is trace operation of the 
Cauchy stress. 

2.2. Cracks closure effects in compression 

It is frequently observed that the cracks that open in tension resulting in loss of load carrying area and 
stiffness may partially close and increase the load bearing area and stiffness under compression. For the 
Lemaitre model discussed in previous section, the effective stress in tension was defined by Eq. 2. This is 
also the effective stress in compression if the microcracks remain open. The crucial point in the definition of 
the crack closure model is the assumption that Eq. 2 takes the form: 
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where h is an experimentally determined constant which describes the effect of partial microcrack closure. A 
value h ≈ 0.2 is typically observed in many experiments [12]. In the case that crack closure is ignored, h = 1. 
The main problem here is to distinguish between tensile and compressive stresses in a three dimensional 
stress states, this distinction is made on the decomposition of the principal stress tensor in a positive part and 
a negative part. Considering the principal stress tensor: 
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where σ1, σ2 and σ3 are principal stresses, using the Macauley brackets: 
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Crack closure play an important role in compressive processes such as extrusion and tube pilgering and 
as it will be shown should be included in damage simulations.  Crack closure effects can also have a strong 
influence on damage evolution. The consideration of such an effect may be expressed by modifying Eq. 4 as 
follows [13]: 
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Simultaneous solution of the above equations is a complicated task, Saanouni et al. method [14] is used 
in this paper to prepare VUMAT codes from these equations.  

3. APPLICATIONS AND VALIDATIONS 

To verify presented models and provided VUMAT codes, simulations of various tests are carried out 
by these codes in this section. The first one corresponds to the simulation of a tensile test on an axisymmetric 
specimen subjected to monotonic axial stretching. In the second example, we carry out the simulation of the 
upsetting of a tapered specimen.  
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3.1. Tensile test of a notched specimen 

In this section fracture initiation in a cylindrical pre-notched bar subjected to monotonic axial 
stretching is simulated by the prepared codes. As the loading is monotonic, kinematic hardening is not 
considered and Lemaitre model without considering crack closure with one-equation return mapping is used 
in the present simulation [13]. The geometry of the problem, boundary conditions and the finite element 
mesh adopted are shown in Fig. 2. The problem is considered to be axi-symmetric and have one plane of 

symmetry, therefore only one quarter of the bar is modeled. 
The loading consists of symmetric boundary condition on the 
bottom edge and vertical displacement (with free horizontal 
displacement) on the top edge of the model. A total number of 
612 linear axisymmetric quadrilateral elements (CAX4R) 
were used in the one quarter model discretisation. The 
material parameters adopted in the analysis are s = 1 and 
r = 3.5 MPa [13]. These parameters have been calibrated by 
Benallal et al. [15] from uniaxial experiments with AISI 1010 
low carbon steel. The hardening curve of this material is as 
Eq. 10 [13]. 

Damage-strain curve and damage distributions predicted 
by Lemaitre models with and without considering crack 
closure are shown in Fig. 3. It was predictable that these two 
models have identical results in tensile loading. It can be seen 
that during the early stages of the loading process, maximum 
of the damage parameter is detected near the root of the notch. 
As the specimen is progressively stretched, the maximum 
damage area moves gradually towards the center of the specimen 
and localizes there. At the final stage, damage is highly 

localized around the center. It indicates, therefore, that fracture initiation should be expected in the center. 
This prediction is in agreement with experimental observations by Hancock and Mackenzie [16] and 
Cescotto and Zhu [17] which show that for certain notched specimen configurations, fracturing initiates at 
the center of the specimen and propagates radially towards the notch. Their experimental observation is 
shown in Fig. 4. 
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3.2. Upsetting of a conical specimen 

In this section, to compare presented damage models in a compressive stress state, upsetting test of an 
axisymmetric specimen is simulated. The geometry of the problem and applied boundary conditions are 
shown in Fig. 5. The finite-element model and adopted mesh are also shown in Fig. 5. The problem is 
considered to be axisymmetric and have one plane of symmetry. The loading consists of symmetric 
boundary condition on the bottom edge and vertical displacement on the top edge of the model. A total 
number of 780 linear axisymmetric quadrilateral elements (CAX4R) are used in the discretisation of the one 
quarter model. This experiment was carried out by Gouveia et al. [18] for a UNS L52905 lead alloy and the 
related material properties are E = 18 GPa, v = 0.4, s = 1.0, r = 1.5 MPa and h = 0.2. In this case hardening 
curve of the material is as follows: 
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In the first simulation Lemaitre model without crack closure (h = 1) is used to predict damage 
evolution in this test. Figure 6 shows the predicted damage distribution by this simulation at reduction of 27 
percent. As it can be seen in this figure by this model a high level of damage is predicted that localize in top 
right of the specimen. This result is not in agreement with the experimental observations of Gouveia et al. 
[18], which predict fracture initiation in the external surface near the equator. Figure 7 shows damage 
distribution predicted by Lemaitre model with h = 0.2 for reduction of 65 percent. In this simulation damage 
variable is considerably less (Fig. 8) than the previous one and the maximum value occurs in the external 
surface near the equator as observed in the experiments [18, 19]. 

 
Fig. 2 – The geometry, boundary conditions and 
adopted finite element mesh of pre-notched bar 

subjected to axial stretching.  
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Fig. 3 – Damage-displacement curve and damage distributions 
predicted by Lemaitre model of pre-notched bar subjected to axial stretching. 

Comparing these two simulations it can be concluded that if crack 
closure effect be considered in Lemaitre model it can well predict damage 
distribution in compressive loading. 

4. NUMERICAL SIMULATIONS 

After investigation of capability of the Lemaitre model in various 
simulations, in this section this model is used in cold pilgering process 
simulations. Numerical simulations of the pilger process are performed using 
Abaqus software package. Complicated tools of the process including rollers 
and mandrel instructed by Catia software and then imported into this 
software. The mandrel is a conical part with larger diameter of 27.6 mm and 
19 mm the smaller one with length of 510 mm. Rollers have outer diameter of 
320 mm with a groove that its larger diameter is 25 mm and end with 35 mm 
diameter circle. The initial tube is 200 mm, 40 mm and 6.2 mm in length, 
outside diameter and thickness. Figure 9 shows pilger process model and 

adopted mesh for all parts. As tools’ deformation is negligible comparing with tube deformation, tools are 
assumed to be rigid. This assumption causes a considerable decrease in computational costs. Tube material 
properties are considered to be the same as section 3.1. To solve the task, the explicit numerical method was 
used, characterized in that the calculation results are obtained by explicit integration method. Throughout the 
model, mass scaling was applied, which made it possible to reduce the computational costs. 

         
Fig. 5 – The geometry, boundary conditions and adopted finite 

element mesh of the conical specimen subjected to axial pressure
Fig. 6 – Damage distribution predicted by Lemaitre model (h = 1) 

after 27 percent reduction 

D
 

Vertical displacement (mm) 

Fig. 4 – Fracture initiation in the 
center of the bar, observed in 

Hancock and Mackenzie 
experiments [16]. 
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Fig. 7 – Damage distribution predicted by Lemaitre model 
(h = 0.2) after 65 percent reduction. 

Fig. 8 – Fracture initiation in the external surface 
near the equator of the conical specimen, 

observed in Li et al.[19] experiments. 

Penalty method is used to apply all contacts -rollers/tube and tube/mandrel- in the process. The 
coefficients of friction throughout the model are set at 0.05 or 0.1 as will be discussed later. Tube mesh 
consists of 14 508 reduced integration linear hexahedral elements (C3D8R). Mandrel and a roller's mesh 
consist of 5 599 and 1710 R3D4 mesh respectively. Study of mesh dependency showed that the mesh size is 
sufficiently small to lead to the reasonable results. Twelve increments of the process with tube feed rate of 
10mm and tube rotation of 60 degree per increment are modeled. Each increment consists of tube movement 
and forward and backward rolling. Figure 10 shows initial and deformed tube after 12 increments. The 
deformed tube is about 32 mm longer and 1.6 mm smaller in thickness comparing with the initial one. 

Figure 11 shows equivalent Misses stress, equivalent plastic strain and damage parameter of a material 
point vs. time. The selected point located below one of the rollers center at the first increment. This figure 
shows 12 increments of the process. Equivalent plastic strain and damage parameter diagrams consist of 
some horizontal segments accompanying with a sharp slope. There is an increase in equivalent stress beside 
each of sharp slop. The sharp slopes relate to the time that rollers are in vicinity or right on the top of the 
selected point. At these times, stresses will increase and the point experiences a considerable deformation 
and consequently damage growth. After passing the rollers from the material point there is no deformation 
and damage growth in this point until next increment. A distinguished growth is also observed in every three 
increments in equivalent plastic strain and damage parameter diagrams. In the other words in increments 3, 
6, 9 and 12 a bigger growth in these diagrams is observed comparing to the reminders of the increments. This 
is due to the location of the point relating to rollers. In the mentioned increments the point is near the rollers 
edges and experiences a tensile stress. 

  

Fig. 9 – Pilgering finite element model 
and adopted mesh for parts. 

Fig. 10 – Comparison between initial and deformed tube 
after 12 increments. 
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Fig. 11 – Equivalent Misses stress, equivalent plastic strain and damage parameter 

of a material point vs. time in 12 increments. 

In the first simulation damage distribution was predicted without considering crack closure (h = 1) and 
friction coefficient of 0.05. It is observed that damage parameter will rapidly growth and reach to the value 
of 1 in a few increments of the process that is against practical observations. As it is mentioned earlier 
Lemaitre model with h = 1 do not distinguish between compressive and tensile stresses therefore its 
prediction in this process with compressive stress is more than actual damage growth. In the reminder of the 
paper only predictions of Lemaitre model with h = 0.2 will be discussed.  

Damage distributions predicted by Lemaitre model (h = 0.2) in conjunction with different hardening 
behavior are compared in Fig.12. In these simulations also friction coefficient is 0.05. This figure shows that 
damage predicted by different hardening rules are close together but is much less than damage predicted by 
Lemaitre model without considering crack closure (h = 1). This figure also suggests that outer and inner 
surface of the tube experience the highest value of the damage parameter in this process.   

5. EFFECTS OF PROCESS PARAMETERS 
ON DAMAGE EVOLUTION 

In this section, effects of various parameters of the process including friction coefficients and tube feed 
rate on damage evolution and distribution are investigated.  

5.1. Friction conditions 

In this section effects of tube/mandrel and tube/rollers friction coefficients are investigated. Friction 
coefficients are set to one of the 0.05 and 0.1 in each contact pairs [1, 5, 20]. At first tube/mandrel and 
tube/rollers friction coefficients are considered to be equal and are changed simultaneously. Figure 12 shows 
damage distribution for friction coefficients of 0.05. The same damage distribution is observed for friction 
coefficients of 0.1. Regions with the maximum damage growth are tube internal and external surfaces in this 
case too but damage value is slightly bigger in higher friction coefficients as is observed in table 1. 
Examining friction coefficient with the value of 0.07 also resulted to the same concluding. 

 
Fig. 12 – Damage distribution predicted by Lemaitre model considering crack closure 

(h = 0.2) and: a) isotropic hardening; b) combined hardening. 
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To investigate effects of different friction coefficients on the damage evolution, at first tube/mandrel 
friction coefficients of 0.1 and tube/rollers friction coefficients of 0.05 is examined. In this case also a 
damage distribution the same as Fig. 12 is observed with a slight decrease of the values that is shown in 
Table 1.Then the simulation is repeated with friction coefficients of tube/mandrel 0.05 and tube/rollers 
0.1.The resulted damage distribution is shown in Fig. 13. Comparing this figure with Fig. 12 a different 
damage distribution with an increase of the values is observed especially in the case of the combined 
hardening rule. Damage distribution predicted by combined hardening suggests that internal surface of the 
tube is the most probable zone for crack initiation in this circumstances of friction coefficients. Increasing of 
microcracks in this friction condition has been experimentally observed by Abe and Furugen [20]. Therefore 
it can be concluded that Lemaitre model with considering crack closure in conjunction with combined 
hardening has the best predictions among others as it was expected. To explore what causes damage 
localization in internal surface, principal stresses of the two later friction conditions have been compared and 
it has seen that when internal friction coefficient is smaller than external one, a bigger value of stresses are 
applied to this zone that causes more damage growth. 

Table 1 
Maximum of damage parameter obtained with various friction coefficients 

 
Isotropic  hardening Combined hardening                      Tube/rollers friction              

.                                 coefficients 
Tube/mandrel  
friction coefficients 
 

 
0.05 

 
0.1 0.05 

 
0.1 

0.05 0.2551 02785 0.2464 0.3573 
0.1 0.2675 0.2903 0.2463 0.2545 

5.2. Tube feed rate 

In this section in all of the simulations tube rotation angle is 60 degree, friction coefficient is 0.05 and 
the rolled tube length is 120 mm. In previous sections we used 12 increments and tube feed rate of 10 mm 
that result in 32 mm elongation in tube length. Rolled tube length in different simulation should be equal to 
gain a comparable results therefore for different tube feed rates, number of increments differ from one 
simulation to another. At the first simulation tube feed rate is set to be 5.79 mm that needs 20 increments to 
have a rolled tube length of 120 mm. The resulted tube elongation and thickness reduction in this case are 
32 mm and 1.6 mm respectively the same as previous simulations. Figure 14 shows calculated damage 
distribution in these circumstances. This figure depict that damage will increase by decreasing feed rate. 
Figure 15 shows damage distribution when tube feed rate and increments numbers are 8 mm and 12.2 mm 
respectively. Result of the case with tube rate of 10 mm is also investigated and the conclusion that damage 
will increase by decreasing feed rate is repeated. This result has been previously seen in experiments by 
Girard et al. [6]. They have shown experimentally that axial-radial shear strain is the main parameter that 
increase probability of microcracks and this parameter will decrease by increasing feed rate. 

 
Fig. 13 – Damage distribution predicted by Lemaitre model with considering crack closure and friction coefficient 

of tube/mandrel 0.05 and tube/rollers 0.1: a) isotropic hardening; b) combined hardening. 
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Fig. 14 – Calculated damage distribution in the feed rate of 8 mm per increment: 

a) isotropic hardening; b) combined hardening. 

 
Fig. 15 – Calculated damage distribution in the feed rate of 12 mm per increment: 

a) isotropic hardening; b) combined hardening. 

6. CONCLUSIONS 

In this paper Lemaitre damage model with and without considering crack closure effect in conjunction 
with isotropic and combined hardening rules were used to predict damage in cold tube pilgering. Predictions 
of provided codes were compared with experimental observations in two benchmark tests including: notched 
specimen tensile test and cold upsetting of a conical. Then sufficient steps of cold tube pilgering process 
were simulated to investigate damage evolution in this process. Comparing results of the above mentioned 
damage models it is shown that Lemaitre model with considering crack closure can be used successfully to 
predict damage distribution in this process. This model predicts that regions with the maximum damage 
growth are tube internal and external surfaces that is in agreement with experimental observations. Effects of 
process parameters on damage evolution are also investigated and it is concluded that:   

• Increasing friction coefficients between tube/mandrel and tube/rollers simultaneously will result in a 
slight increase in damage growth with a similar damage distribution.  

• If tube/mandrel friction coefficients be larger than tube/rollers friction coefficients the same damage 
distribution with a slight decrease of the values will be observed.  

• If tube/mandrel friction coefficients be smaller than tube/rollers friction coefficients a different damage 
distribution with an increase of the values will be observed. Internal surface of the tube is the most 
probable zone for crack initiation in this circumstances this conclusion has been experimentally 
observed before. 

• Damage growth will increase by decreasing tube feed rate between process's increments, this result has 
also been previously seen in experiments. 
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