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aDepartment of Aerospace Engineering, Middle East Technical University, 06800 Ankara , Turkey
bRepkon Machine and Tool Industry and Trade Inc., 34980 Şile, Istanbul, Turkey

Abstract

Flow forming is a metal forming technique used to manufacture hollow cylindrical tubes with favorable mechanical properties
and high surface finish quality. The current work is concerned with the effect of process parameters on ductile failure during
the forming process. The process is simulated using commercial finite element solver Abaqus/Explicit, and a user defined field
subroutine is developed for the implementation of damage into the finite element framework. Johnson-Cook plasticity model is
used to define the constitutive behavior of 4340 steel alloy. Modified Mohr-Coulomb damage model is utilized, and it is extended
to include temperature and strain rate effects. The model parameters are adopted from the literature. The effect of temperature on
damage evolution is studied through three different modelling approaches. Incorporation of temperature related parameters into the
constitutive framework changes both the maximum damage values and distribution of damage through the thickness. Furthermore,
the effect of roller feed rate and revolution speed on damage is examined. It is concluded that the feed rate has a stronger influence
on damage evolution than roller revolution speed. Increasing feed rate or revolution speed results in higher damage levels. However,
under a constant ratio of feed rate to revolution speed, the damage is found to be insusceptible to increase in feed rate.
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1. Introduction

Flow forming, sometimes referred to as tube spinning, is an incremental metal forming process which is used to
produce asymmetrical hollow tube-shaped parts. The method employs rotating and axially moving rollers to reduce
the thickness of the material. Flow forming processes are classified as ”backward” or ”forward” depending on the
material flow direction relative to the roller movement. In backward flow forming, the material flow is in the opposite
direction to the movement of the rollers. The process is widely used in automotive and aviation industries to manu-
facture asymmetric metal parts such as wheels, rocket cases, hydraulic cylinders and launcher tubes. Flow forming
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possesses many advantages over competing methods. It enables accurate control of the wall thickness with high ge-
ometrical accuracy. Due to the relatively smaller forming loads and simple tooling, the forming machine costs are
low. Additionally, it is regarded as eco-friendly due to the chipless nature of the process. Moreover, due to the pro-
cess’s cold working nature, the manufactured parts’ microstructure is affected and mechanical properties improve (see
Kocabıçak et al. (2021); Karakaş et al. (2021)).

Flow forming process results in a tremendous amount of plastic deformation since the thickness of the preform
can be reduced up to 70-80 %. Furthermore, due to the incremental nature of the process, the material undergoes lo-
calized complex stress states which might lead to material instabilities, surface defects and ductile failure. To prevent
such problems, it is desired to predict formability limits with theoretical and computational methods. Finite element
(FE) simulations with ductile failure models have been a common practice to predict formability of various form-
ing processes. Ductile failure models are usually implemented in coupled or uncoupled manner in FE simulations.
The uncoupled models do not incorporate the damage variable into the constitutive equations, and they utilize a phe-
nomenological failure criterion to predict the evolution of damage (e.g. Cockroft and Latham (1968); Johnson and
Cook (1985); Bai and Wierzbicki (2010)). The failure criteria are usually a function of plastic strain, stress state, tem-
perature and strain rate. On the other hand, in coupled approaches, the damage variable directly affects the constitutive
behavior (e.g. Gurson (1977); Tvergaard and Needleman (1984); Lemaitre (1985)), which results in stress redistribu-
tion and strain localization near the damaged region. Although coupled frameworks are computationally more costly
and harder to implement, they provide a more realistic approach to ductile failure.

Several computational attempts have been made to study the failure in flow forming processes with FE simulations.
One common approach is to use uncoupled ductile failure criteria to assess the formability limits (see e.g. (Depriester
and Massoni, 2014; Ma et al., 2015; Xu et al., 2018)). Several models, such as Phenomenological CL(see Cockroft
and Latham (1968)) and physically motivated RT (see (Rice and Tracey, 1969)) models, are commonly compared in
terms of damage prediction. These frameworks assign a maximum damage value to a single parameter for calibration.
More complex approaches are followed in Wu et al. (2019), Singh et al. (2021) and Gao et al. (2022) for the prediction
of damage in spinning and flow forming processes. Wu et al. (2019) extended the shear modified GTN model to the
negative stress triaxiality region by considering the fracture cut-off limit, and applied the model to tube spinning
simulations. The cut-off limit for ductile fracture has been discussed in Bao and Wierzbicki (2004) and Bai and
Wierzbicki (2010). This limit could be important for forming applications such as flow forming due to the compressive
nature of the process. In Vural et al. (2022) and Xu et al. (2018), it has suggested that the stress triaxiality value can be
less than the cut-off limit (T = −1/3) during the process. Singh et al. (2021) examined the effect of process parameters
on ductile failure with a coupled damage model. Their calibration test for the damage model includes experiments
with cyclic loading as well, which may possess importance to incremental forming applications.

The current study is concerned with the ductile damage evolution during a backward flow forming process with
three rollers. The process is modelled in commercial FE simulation software Abaqus. The FE model has been previ-
ously compared with the experimental results in terms of roller forces and cross section geometries after the forming
in Günay et al. (2022). The material of interest is AISI 4340, and the Johnson-Cook plasticity model is employed to
define the plastic flow rule. The modified Mohr-Coulomb (MMC) failure criteria, introduced in Bai and Wierzbicki
(2010), is incorporated in the FE framework with a user defined field subroutine (VUSDFLD). Parameters of the plas-
ticity model and MMC failure criteria are both adopted from Ghazali et al. (2020) for 4340 steel in HRC 16 hardness.
In a previous work of the authors (see Vural et al. (2022), the thickness reduction ratio and the different roller arrange-
ments were studied with a rate/temperature independent MMC model for 6016-T6 aluminum alloy. In the current
work, the plasticity and MMC models are extended to include the strain rate and temperature dependencies. Param-
eters related to strain rate and temperature are adopted from Johnson and Cook (1985). The effect of temperature is
studied through three finite element models: (1) without any temperature effect, (2) with adiabatic heating only, and
(3) adiabatic + friction heating and cooling effects with temperature-displacement coupled elements. Moreover, the
effect feed rate and the roller revolution speed in flow forming on ductile damage is investigated with the developed
framework.
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2. Methods

2.1. Material

AISI 4340 steel in HRC 16 hardness condition is considered in the numerical analysis. This is a medium carbon
high strength steel alloy frequently used in gears and shafts in the aerospace and automotive industries. The material
is modelled as isotropic elasto-plastic, and the constitutive model is governed by the classical von Mises plasticity
framework. The yield stress of the material is described by the Johnson-Cook plasticity as

σy =
[
A + B(ε̄p)n

] [
1 +Cln

˙̄εp

ε̇0

] [
1 − θ̂

]
(1)

where σy is the yield stress, ε̄p is the equivalent plastic strain, ε̇0 is the reference strain rate and A, B, C and n are
material specific constants. θ̂ is given by the following relation

θ̂ =



0, if θ < θtrans

(θ − θtrans)/(θmelt − θtrans), if θtrans ≤ θ ≤ θmelt

1, if θ > θmelt

(2)

where θtrans is the transition temperature and θmelt is the melting temperature of the material. Inelastic heat fraction
(χ) and specific heat (Cp) parameters are used for adiabatic heating effects. The material parameters are adopted from
Ghazali et al. (2020) and Johnson and Cook (1985) as shown in Table 1.

Table 1: Material parameters.

E (GPa) ν A (MPa) B (MPa) n C ε̇0 θtrans (K) θmelt (K) χ Cp (J/kg K)

208 0.29 250.9 624.5 0.2474 0.0014 1 298 1793 0.9 477

2.2. Damage Model

Modified Mohr-Coulomb model (Bai and Wierzbicki, 2010) is a widely used stress triaxiality and Lode angle
dependent damage model used for the FE simulations of ductile failure of metals. The model is extended to include
strain rate and temperature effects. The failure criteria in extended form is defined as

ε f =


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where T is the stress triaxiality, θ̄ is the Lode angle parameter and ε f is the strain value at failure. T and θ̄ are the two
dimensionless parameters that define the stress state and expressed as

T =
σm

σeq
, θ̄ = 1 − 6θL

π
, and cos(3θL) =

J3

2

(
3
J2

)3/2
(4)

where the mean stress is σm = tr(σ)/3 = (σ11+σ22+σ33)/3, σeq is the von-Mises equivalent stress and θL is the Lode
angle. J2 and J3 are defined as the second and the third deviatoric stress invariants, respectively. The MMC model
parameters are tabulated in Table 2. Damage evolution rule is expressed with the following integral
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Table 2: Calibrated parameters of the modified Mohr-Coulomb model.

Â Ĉ1 Ĉ2 Ĉ3 Ĉ4 Ĉ5 Ĉ6 n

1151 0.157 647 1.1 1.0 0.02 0.61 0.14

D =
∫ ε̄p

0

dε̄p

ε f
. (5)

Initially, the material is assumed to be undamaged, D = 0, and a material point is assumed to be completely failed at
D = 1.

2.3. Finite Element Modelling

The FE model of the backward flow forming process is shown in Fig. 1. During the simulations, rollers move
axially in −z direction while rotating with respect to the center of the mandrel. The preform is constrained from the
surface with a normal in the −z direction (see Fig. 2). Therefore, the material flows in the opposite direction of the
roller axial movement. The mandrel and the rollers are assumed to undergo negligible deformation during forming;
thus, they are modelled as rigid bodies in the FE model. Rollers are evenly placed around the mandrel with 120 degree
angle between them, and they are staggered in the z direction with a certain spacing as well (see Fig. 1). Thus, the
maximum thickness reduction ratio is achieved incrementally. Both tangential and normal contact is considered for the
contact between the rollers and the preform. The preform tube is discretized using hexahedral elements with reduced
integration (C3D8R and C3D8RT) and enhanced hourglass control. A mesh convergence study is performed to decide
the element size in the model. There are 7 elements in the thickness of the preform and the mesh density is decreased
at the right portion of the model to reduce the computation time as shown in Fig. 2. There are 168000 elements in
total. Rollers are arranged to obtain 40% thickness reduction ratio and the formed portion of the preform at the end
of the FE simulation is 24 mm. It should be noted that the maximum thickness reduction ratio in the current work is
not representative of the real forming process which is usually more than 50%. It is chosen based on the maximum
damage values and to avoid mesh distortion problems at higher deformations.

Rollers

Mandrel

Preform
Axial roller 
movement 
direction

Fig. 1: Finite element models of flow forming process.

Three different models are generated to study the effect of temperature in the FE simulations. The first model,
labeled as model 1 in the following figures, does not include any temperature effects in the plasticity or damage
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model. Model 2 only incorporates the adiabatic heating mechanism due to plastic deformation. Model 3 is a fully
displacement-temperature coupled model with cooling applied on the surface of the preform. It simulates the heat
conduction inside the preform and between different parts as well.

Material flow 
direction

𝑙𝑙 = 60 𝑚𝑚𝑚𝑚

𝑡𝑡 = 6 𝑚𝑚𝑚𝑚
Roller movement 

direction

Fig. 2: Mesh density at the cross-section of the preform. The location of the element outputs are shown with the dashed line.

3. Results and Discussion

The flow forming process is simulated using the explicit FE solver of Abaqus. The data are extracted from the
element integration points through the thickness (see Fig. 2). Distribution of accumulated plastic strain and damage
through the thickness is shown in 3 for the three models. 0 mm point refers to the outer surface and 6 mm is the
inner surface in contact with the mandrel. Model 1 underpredicts the damage compared to other two models. Since
adding the temperature softens the material on the surface, model 2 and 3 shows higher plastic strain accumulation.
Although the constitutive framework dictates higher failure strains with increasing temperature, the increase in plastic
strain overcomes this effect and yields in higher damage values. Furthermore, the maximum damage occurs close to
the inner surface in model 1 unlike models 2 and 3. Although there is a slight variation in the plastic strain distribution
between models 2 and 3, the damage values does not differ significantly. Note that using a temperature coupled
framework increases the computational time significantly. Thus, model 2 can be a more efficient alternative in terms
of damage predictions.

0.0 1.0 2.0 3.0 4.0 5.0 6.0

0.0

1.0

2.0

3.0

4.0

(a)

0.0 1.0 2.0 3.0 4.0 5.0 6.0

0.0

0.5

1.0

1.5

2.0

(b)

Fig. 3: Distribution of (a) accumulated plastic strain and (b) damage through the thickness for three FE modelling approaches. Model 1: No
temperature effect, Model 2: Adiabatic heating only, Model 3: Adiabatic heating + cooling effects with temperature-displacement coupled elements.

The deformation and failure mechanisms can further be investigated by examining the averaged stress triaxiality
and Lode angle parameter distributions. In Fig. 4, the distribution of stress triaxiality, T , and Lode angle parameter, θ̄,
through the thickness is depicted. As expected, the preform is mostly under compressive stress state with T < −1/3.
Distribution of T and θ̄ does not vary significantly with three models. Close to the outer surface, where the rollers
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are in contact with the preform, stress triaxiality increases. Near the surface, T ≈ 1/3 and θ̄ ≈ 0 which correspond to
a critical stress state region in the fracture locus. It can be concluded that the outer surface of the specimen is most
susceptible to ductile failure. Furthermore, as discussed before, using a cut-off value in ductile failure models could
be relevant for the simulation of flow forming process because the middle portions of the preform are mostly under
the cut-off value in T (usually taken as T = −1/3) during the deformation. It should be noted that maximum damage
values in the current study mostly exceed the value of 1, which correspond to failure in the current model. Since the
damage model is not tested with compression tests in the referenced paper, it might not be fully representative for a
compression and shear dominant forming process. Thus, the results should be interpreted qualitatively.

0.0 1.0 2.0 3.0 4.0 5.0 6.0

-1.0

-0.5

0.0

0.5

1.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0

-1.0

-0.5

0.0

0.5

1.0

Fig. 4: Average stress triaxiality and Lode angle parameter distribution through the thickness for models 1, 2 and 3.

Feed Rate = 1Feed Rate = 0.5 Feed Rate = 1.5 Feed Rate = 2

Fig. 5: Distribution of damage on the preform at 4 different normalized feed rates.

The effect of feed rate on damage is depicted in Fig. 5 and 6a. Feed rate corresponds to the axial velocity of rollers.
The values in the figures are normalized with a velocity around a design value used by the flow forming machine
produced by Repkon Machine and Tool Industry and Trade Inc. Simulations are performed with model 2. Feed rate is
found to have a significant effect on maximum damage levels and damage distribution. Decreasing the normalized feed
rate from 1 to 0.5, the damage on the outer surface decreases while the inner surface damage increases significantly
(see Fig. 5). Interestingly, the behavior of damage with respect to feed rate shows an adverse behavior near the inner
(6 mm) and outer regions (0 mm) of the model. Increasing the feed rate results in higher maximum damage values on
the outer surface while act it decreases in the inner surface. The analysis indicate that the normalized feed rate has an
optimum between 0.5 and 1.
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Fig. 6: Distribution of damage through the thickness at different (a) normalized feed rates (solved with model 1) and (b) normalized revolution
speeds (solved with model 2).

Fig. 6b shows the effect of roller revolution speed on plastic strain and damage. In this case, the model 1 is used
in the simulations. Similarly, the revolution speed is normalized with an approximate value around the speed of flow
forming machine. The damage evolution is less susceptible to revolution speed compared to feed rate. Nevertheless,
the maximum damage value increased with increasing feed rate at the inner section of the workpiece. In Singh et al.
(2021), a linear increase in formability is observed with decreasing revolution speed which is in good agreement with
the current findings.

Finally, combined effect of feed rate and revolution speed is studied with a constant ratio between them. This is a
more meaningful parameter for flow forming or generally in spinning processes because it defines the roller’s helical
path around the preform. Accumulated plastic strain and damage results are shown in 7. Intriguingly, the change in
maximum damage is insignificant at a constant feed rate to revolution speed ratio with increasing feed rate. It can be
concluded that the more important parameter is the ratio of feed rate to revolution speed rather than the isolated effect
of these two parameters.
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Fig. 7: Distribution of (a) accumulated plastic strain, (b) damage through the thickness at an increasing normalized feed rate and revolution speed
but at a constant feed rate to revolution speed ratio.
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4. Conclusion

This work is concerned with the estimation of damage during a backward cold flow forming process under different
process parameters and modelling approaches. The process is simulated using finite element analysis and the failure
is predicted with the MMC failure criteria. It is concluded that the modelling of temperature in the simulations affect
the damage evolution significantly. The model with no temperature dependency predicted smaller maximum damage
values. The stress triaxiality and Lode angle parameter distributions reveal that the surface of the workpiece is the
critical region in terms of ductile failure. The roller feed rate and revolution speed are examined in terms of the
damage evolution. Roller feed rate is found to be more prominent in damage evolution than the roller revolution speed.
Increasing feed rate or the revolution speed generally decreases the formability. Furthermore, simulations suggest that
the ratio of feed rate to revolution speed is a more meaningful parameter to optimize. It is shown that the damage or
plastic strain distributions are insusceptible to increase in feed rate and revolution speed at a constant ratio of these
parameters. It is worth noting that the current work includes a limited number of simulations and variations in the
parameters. A more throughout study is required confirm the outcomes. Moreover, to compare with the flow forming
experiments, ductile failure models are planned to be calibrated using with experiments and FE simulations.
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Vural, H., Erdoğan, C., Fenercioğlu, T.O., Yalçinkaya, T., 2022. Ductile failure prediction during the flow forming process. Procedia Structural

Integrity 35, 25–33.
Wu, H., Xu, W., Shan, D., Jin, B.C., 2019. An extended gtn model for low stress triaxiality and application in spinning forming. Journal of Materials

Processing Technology 263, 112–128.
Xu, W., Wu, H., Ma, H., Shan, D., 2018. Damage evolution and ductile fracture prediction during tube spinning of titanium alloy. International

Journal of Mechanical Sciences 135, 226–239.


