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Abstract: Pilger rolling process has a specific influence on the mechanical properties and texture of zirconium alloy cladding tube. 

Due to its complexity, experimental research on the Pilger rolling process would be very costly. Therefore, a 3D finite element 

model was built to simulate Pilger rolling with ABAQUS/standard package. Simulation of a full pass of Pilger rolling of Zr-4 alloy

tube, including a series of forward strokes and backward strokes, was carried out. The results show that the predicted tube sizes

agree well with the experimental results. Additionally, the simulated rolling force also matches well with the force calculated by 

classic empirical formula, which validates the accuracy of the proposed model. The simulation results show that the stress and strain 

states in groove-side are different from that in groove-bottom. Moreover, large shear deformation happens in the rolled tube. The 

simulated shear strain displays substantial fluctuations during rolling, which are attributed to the cyclic position change of element 

(material point) with respect to the groove-side.
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Due to their good corrosion resistance and low neutron 

absorption, zirconium alloys are widely used in the field of 

nuclear energy

[1-4]

. Zirconium alloy (zircaloy) cladding tubes 

are generally fabricated by Pilger rolling process, in which the 

material undergoes a series of small deformations and 

alternated stress states. In the past several decades, researches

on the Pilger rolling explored its influence on the 

microstructure and mechanical properties of zircaloy cladding

tube. Montmitonnet et al.

[5]

 investigated the evolution of the 

internal surface topography (plateaux and valleys) of cold 

pilgered zircaloy tube and found that the higher the rolling

force (or contact stress), the higher the proportion of plateaux

for a given tool and lubrication. Girard et al. 

[6] 

carried out 

experimental and numerical research on the effect of plastic 

shearing on damage and texture of Zr-4 cladding tube. By 

tracking the microstructure of zirconium alloy tubes subjected 

to interrupted pilgering with electron backscattered diffraction 

(EBSD), Allen et al. 

[7] 

analyzed the influence of Q-factor (the 

ratio of the reduction in thickness to reduction in diameter) on 

the evolution of texture. Based on a series of experiments and 

numerical simulations, Abe et al.

[8,9]

 reported that 

circumferential-direction compression was an effective 

method to evaluate the cold workability of Zr-4 tube in cold 

Pilger rolling. Mukherjee et al.

[10]

characterized the grain size, 

micro-strain and dislocation density of Zr-2 fabricated by 

Pilger rolling with X-ray diffraction line profile analysis.

Since varied three dimensional stress states are involved in 

Pilger rolling, it is not easy to use experiments to investigate 

the material deformations as in Pilger rolling, and thus 

numerous numerical simulations were carried out. Aubin et al.

[11]

proposed a three dimensional analytic model to describe the 

Pilger rolling, in which the stress and strain field can be 

quickly calculated. Mulot et al. 

[12]

performed finite element 

modeling of Pilger rolling based on rigid plasticity model and 
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pointed out that the predicated stress field was more accurate 

than the result calculated with analytic model. Montmitonnet

et al.

[13]

carried out elastic-plastic modeling of cold Pilger 

rolling of zircaloy tube and reported that one stroke of 

simulation was sufficient to analyze the whole process in the 

case of non-work hardening material. Lodej et al. 

[14]

developed a post-processing tool to compute the successive 

positions of material point by cumulating the single-stroke 

displacements and the rigid body motions (feeding and 

rotation) between  strokes. Gurao et al. 

[15]

studied the 

evolution of crystallographic texture during pilgering of Zr-4 

by experiments and crystal plasticity modeling.

However, most of the aforementioned numerical researches

on Pilger rolling only carried out one or several strokes. 

Moreover, the backward stroke (return stroke) was generally

ignored, thus leading to sever limitation in description of the 

stress and strain states. Therefore, in this work, three 

dimensional (3D) elastic-plastic modeling, including more than 

70 forward and backward strokes, was performed to analyze the 

stress and strain states of Zr-4 tube, from mother tube to final 

tube. Different stages of deformation were investigated. Cyclic 

shear strain were first observed and discussed.

1  Finite Element Model

1.1  Model's geometry

The principle of two-rollers Pilger rolling has been detailed by 

Huang et al.

[16]

. Based on ABAQUS/standard package, the built 

model is shown in Fig.1. Three kinds of components are 

included in the model: one tube, one mandrel and two rollers. 

The initial tube size is Φ17.78 mm×2.30 mm and discretized by 

7448 C3D8R elements. The rollers and the mandrel are assumed 

to be rigid body. During rolling, with the rotation of rollers, the 

elliptic groove of the roller becomes smaller and smaller and 

forces the reduction of tube's outer diameter. The diameter of the 

mandrel is gradually decreased along the longitudinal direction, 

which controls the evolution of tube's inner diameter.

1.2  Movement of rollers and tube

There are four kinds of movement in Pilger rolling: the 

translation and the rotation of the rollers, the feeding and the 

rotation of the tube. The translation of the rollers is driven by 

a slider-crank system, as shown in Fig.2. There are two limit 

locations for the roller's translation, namely the forward and

Fig.1  Finite element model for pilgering rolling of Zr-4 alloy

backward limit locations. When rollers move from forward to 

backward limit location, it is forward stroke. Inversely, when 

rollers move from backward to forward limit location, it is 

called as backward stroke. According to the principle of 

slider-crank system, we can calculate the displacement-time 

curve of the rollers, as displayed in Fig.3a. There are 

cooperating-gears on the slideway and the axis of the rollers. 

The translation of the rollers will cause their rotation. Therefore, 

the rotation has a specific relationship with the translation:

ω

rotation speed

R

Pitch radius

=V

translation speed

So, based on the displacement-time curve of the roller, the 

rotation-time curve can also be computed, as shown in Fig.3b.

For the tube, the feeding rate is 2 mm/stroke. The feeding 

occurs once when the rollers are at the forward limit location. 

While, there are two rotations in each stroke, by 31

o

 and 26

o

when the rollers are at forward and backward limit location, 

respectively. The displacement-time curve and rotation-time 

curve of the tube are shown in Fig.3c and Fig.3d, respectively. 

It is worth noting that Fig.3 only shows movement-time 

curves during the first ten strokes, for the sake of clarity. In 

the simulation, movement-time information of more than 80 

stokes has been calculated and implemented in ABAQUS/

standard package in order to achieve representative modeling 

of Pilger rolling.

1.3  Material properties

To obtain the elastic and plastic properties of Zr-4 tube, 

uniaxial tensile tests along the longitudinal direction were 

carried out. The tests were quasi-static and repeated three 

times to ensure the reproducibility of the data. The true 

stress-true strain curve is displayed in Fig.4. Obvious necking 

appeared at 20% elongation, preventing getting true 

stress-strain data at higher strain. However, during the rolling 

pass from Φ17.78 mm×2.30 mm to Φ10.02 mm×0.72 mm, the 

wall thickness and outer diameter reduction reach 68% and 

44%, respectively. Mechanical data at larger strain are needed; 

so linear extrapolation based on the experimental data was 

made, as shown in Fig.4. The Young's modulus is 92.6 GPa

and the Poisson ratio is 0.31. 

In the current model, the effects of temperature and strain 

rate were ignored. Coulomb friction model, with friction 

coefficient of 0.06

[17]

, was employed in the simulation.

2  Model Validation

After about 70 strokes of rolling, the elements at the front 

end of the tube reach the area of size fixing (near the end of

Fig.2  Schematic illustration of the Slider-crank system that drives 

the translation of rollers during Pilger rolling
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Fig.3 Typical amplitude-time curves describing the movement of roller and tube: (a) translation-time curve of roller, (b) rotation-time

curve of roller, (c) translation-time curve of tube, and (d) rotation-time curve of tube

Fig.4 True stress-true strain curve of Zr-4 alloy

the mandrel), which means part of the tube reaches the target 

size and representative Pilger rolling simulation is achieved. 

The profiles of tube before and after rolling are displayed in 

Fig.5. For the sake of convenience, the deformed tube is 

divided into three areas. The area where the main deformation 

is diameter reduction is denoted AI. While, the region where 

diameter reduction and wall thickness reduction occur

simultaneously is marked AII. The size fixing area is called 

AIII. These three areas are schematically shown in Fig.5.

Fig.5 Profile of tube before and after partial (or interrupted) rolling

To evaluate the accuracy of the built model, the simulated 

tube sizes were compared with the experimental results. The 

simulated sizes, including outer diameter and wall thickness, 

were measured four times along different directions as shown 

in Fig.6. The predicted and experimental sizes are summarized 

in Table 1. It indicates that the deviations of the simulated 

sizes from the experimental results are very small (0.4% and 

6.4% for the diameter and wall thickness, respectively).

The rolling force can not be directly measured with the 

current Pilger rolling machine due to the lack of space for 

pressure sensor. Therefore, we compared the finite element 

simulated rolling force with the value calculated with a classic

Fig.6  Cross section of tube before and after rolling

Table 1  Experimental and simulated sizes of the final tube

Outer diameter/

mm

Deviation/

%

Wall thickness/

mm

Deviation/

%

Experiment 10.0±0.035 0.70±0.04

Simulation 10.04±0.02 0.40 0.745±0.03 6.40
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empirical formula. The used empirical formula

[18]

is�

( ) ( )

σ b 50 0 1 0 1 d g

/p K K D D m S S L

α

σ λ ρ

Σ Σ

′

= + −

where: K

α

-taper influence coefficient, when tanα<0.02, K

α

=1; 

K

σ

-work hardening coefficient, for zirconium alloy, K

σ

=1.1; 

b 50

σ -flow strength of material at 50% deformation; D

0

, 

D

1

-initial and final diameter of the tube; m-feeding distance; 

λ

Σ

-total extension coefficient; S

0

, S

1

-initial and final wall 

thickness of tube; 

d

ρ - averge radius of groove-bottom, 

( )

d 0 0 1

0.5 R Rρ ρ= − − ; R

0

, R

1

-initial and final radius; 

g

L

′

-

length of groove.

With the corresponding parameter values, the average 

rolling force of forward stroke calculated by the empirical 

formula is:

( )

( )

1.0 1.1 777 17.78 10.02

       2 5.32 2.3 0.72 96.05/ 250

    60.3 kN

p

Σ

= × × × + ×

× × − ×

=

The rolling force simulated by the finite element model at 

different rolling time is shown in Fig.7. With more and more 

material going in deformation area (AI and AII), the peak 

rolling force increases gradually due to the material hardening 

at large strain. Moreover, when material goes to deformation 

area AII, the inner surface of the tube starts to contact with the 

mandrel. The frictional force between the tube and the 

mandrel also causes higher rolling force. To evaluate the 

average rolling force, the force-time curve of the last two 

strokes is used, as indicated in the enlarged view of Fig. 7. To 

obtain the average rolling force, the area covered by the 

force-time curves is firstly calculated and then divided by the 

time period. According to this method, the average rolling 

force is 55.0 and 35.6 kN for the forward and backward stroke, 

respectively. By comparing the rolling force by empirical 

formula and that by finite element simulation, we conclude 

that the built finite element model can describe the rolling 

process very well.

3  Deformation Behavior

3.1  Stress and strain state

As indicated in Fig.5, there are three areas in the 

deformation region of the tube. Material points in different 

areas experience different stress states. For the material in AI, 

where diameter contraction is the main deformation, the 

distribution of stress and strain in a typical cross section are 

shown in Fig.8. Note that all the stress or strain components 

are expressed in a cylindrical coordinate. "1", "2" and "3" 

represents the radial direction, tangential direction and 

longitudinal direction, respectively. S11, S22 and S33 stand 

for normal stress component along radial direction, tangential

direction and longitudinal direction, respectively. While, LE11, 

LE22 and LE33 means normal true strain in radial direction, 

tangential direction and longitudinal direction, respectively.

Fig.7 Simulated rolling force during the Pilger rolling of Zr-4 alloy

Fig.8  Distributions of strain and stress in the area of diameter reducing (AI): (a) normal stress component along radial direction, (b) normal 

stress component along tangential direction, (c) normal stress component along longitudinal direction, (d) normal strain component along 

radial direction, (e) normal strain component along tangential direction, and (f) normal strain component along longitudinal direction
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As can be seen in Fig.8, the material in groove-side endures 

compressive tangential stress and tensile longitudinal stress. 

The stress along radial direction is very small. On the outer 

surface of groove-bottom, all the stress components are 

compressive. While, tensile longitudinal stress is applied to 

the material on the inner surface of groove-bottom. 

Compared with the stress state, the strain state in AI is 

relatively simple, as displayed in Fig.8d~8f. The wall 

thickness and the length of the tube are increased (tensile 

strain in radial and longitudinal direction) while the diameter 

is reduced (compressive strain in tangential direction). 

The distribution of stress and strain on a typical cross 

section of AII, where wall thickness and diameter are reduced 

simultaneously, are displayed in Fig.9. For material in 

groove-bottom, all the stress components are compressive. 

However, the tangential stress component is compressive and 

the longitudinal stress component is tensile for material in 

groove-side. As shown in Fig.9d~9f, compressive strains are 

along radial and tangential directions while tensile strain is in 

longitudinal direction, which means the wall thickness and the 

diameter are reduced while the length is elongated. 

3.2  Normal strain history 

Elements at the front end of the tube have experienced all 

the stages of deformation, including diameter contraction, wall 

thickness reduction and size fixing. By analysing the 

deformation history of these elements, the deformation of the 

tube during Pilger rolling is followed. The evolution of normal 

strains of one typical element at the front end of the tube was 

exported and displayed in Fig.10. It is found that the tangential 

strain (LE22) and the longitudinal strain (LE33) gradually 

increase (in absolute value) during rolling until the element 

reaches the size fixing. However, the radial strain is firstly 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Distributions of strain and stress in the area of diameter & thickness reducing (AII): (a) normal stress component along radial direction,  

(b) normal stress component along tangential direction, (c) normal stress component along longitudinal direction, (d) normal strain 

component along radial direction, (e) normal strain component along tangential direction, and (f) normal strain component along 

longitudinal direction 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Evolutions of various strain components during Pilger 

rolling of Zr-4 alloy 

tensile and becomes compressive. As mentioned before, the 

Q-factor is defined as the ratio of radial strain on tangential 

strain and has a great infulence on the texture of the rolled 

tube. Judging by the initial (Φ17.78 mm×2.30 mm) and the 

final (Φ10.02 mm×0.72 mm) tube size, the total Q-factor is 

larger than 1 (Q>1). However, according to the deformation 

history shown in Fig.10, the Q-factor is not always larger than 

1. Actually, the Q-factor is firstly smaller than 1 (Q<1) in AI 

and becomes larger than 1 (Q>1) in AII. As reported in 

previous studies

[7]

, the main texture of the tube is a radial 

texture (with the basal plane almost perpendicular to the radial 

direction) if Q>1 while it will be a tangential texture if Q<1. 

Therefore, with the current rolling process, the tube will firstly 

develop a tangential texture and then a radial texture if the 
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initial orientation is random.  

3.3  Shear strain 

Fig.11a shows the morphology of the deformed tube after 

Pilger rolling. Mesh distortion can be observed in the 

deformation area, which is the result of shear strain. Fig. 11b 

displays the shear strain of one element at the front end of the 

tube as a function of time. With increasing rolling time, shear 

strain generally increases. However, obvious fluctuations 

(cyclic shear deformation) exist. The maximum shear strain 

can reach 0.17 and has a final stable value of 0.12. As reported 

by Girard et al.

 [6]

, shear strain has a significant influence on 

the damage and texture of the tube. The cyclic shear 

deformation that appears in Fig. 11b may cause more severe 

damage on the tube, fatigue damage for instance. For clarity, 

one of shear strain cycle is amplified and presented in the 

upper left corner of Fig.11b. Each inflection is numbered. 

To explore the underlying principle of fluctuations of the 

shear strain, the spatial location of the element was analyzed. 

Fig.12 shows the spatial location of the element when the 

shear strain changes. In Fig. 11b, the shear strain is increased 

from "1" to "2". At this time, the element is located at the 

up-right part of the groove-side, as shown in Fig.12a. We can 

speculate that there will be counterclockwise flow for this 

element when roller passes due to the oval groove. From "5" 

to "6", the shear strain decreases, as indicated in Fig.11b. At 

this time, the element lies in the low-right part of the 

groove-side and clockwise flow will occure if the roller passes. 

That implies that counterclockwise flow corresponds to the 

increase of shear strain while clockwise flow corresponds to 

the decrease of shear strain. The same observation is made 

when the element is located at other place, as shown in Fig. 

12e and 12f. Therefore, we conclude that the fluctuations of 

shear strain are caused by the variations of the relative position 

of element (material point) with respect to the groove-side. The 

variations of element's relative position result from the cyclic 

rotations of the tube during Pilger rolling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Shear deformation of the tube after Pilger rolling: (a) the 

distorsion of mesh and (b) shear strain evolution as a 

function of time 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12  Location evolution of the element shown in Fig. 11b at different rolling time 

 

4  Conclusions 

1) A finite element model for Pilger rolling of Zr-4 tube was 

built and simulation of a full pass of rolling, including more 

than 70 forward and backward stokes, was carried out. The 

built model was validated by comparing the predicated tube 

sizes and the rolling force with experimental sizes and 

analytically calculated rolling force, respectively. 

2) In different deformation areas, material undergoes 

different strain states. The area of diameter reduction is 

characterized by tensile strain in radial and longitudinal 

direction while compressive strain in tangential direction. In 
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the area of diameter & wall thickness reduction, material 

elements endure tensile strain in longitudinal direction while 

compressive strain in radial and tangential direction.  

3) In different parts, material experiences different stress 

states. In the groove-bottom, compressive stresses are along 

three directions while in the groove-side the longitudinal 

direction is under tensile stress and the tangential direction is 

in compression.  

4) Obvious fluctuant (cyclic) shear strain is predicted for 

the element (material point) at the front end of the tube. The 

fluctuations of the shear strain are caused by the variations of 

the relative position of the element with respect to the 

groove-side. The variations of element's relative position 

result from the cyclic rotations of the tube during Pilger 

rolling. 
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