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Abstract

Flow forming process is used to produce axis symmetric cylindrical parts with high
precision. In the Aerospace sector, the flow forming method is employed extensively,
particularly in the manufacture of missile casings and rocket motors. The nature of the process
of flow forming is usually complex with high deformations with nonlinear behavior.
Essentially, there are two processes of flow forming i.e. The forward flow forming and
backwards flow forming. In this investigation the forward flow forming strategy was applied
in which the roller and preform extrudes in the same direction. The present investigation will

discuss the flow forming o Q\-ZRRAblBYesh Al DEHBARASKERI &AL {iRte 1§ BeRtRgodel for
forward flow forming gfocgysﬁir?é)irri]g%g' workpiece of AI7075 alloy was developed in
ABAQUS/Explicit Software. In order to correctly predict forces, instead of stress strain curve,
the Johnson Cook material failure for AI7075 was used and its parameters were considered.
The research work verified the experimental data with the Finite element analysis results.
Changes in mandrel and feed speed were also examined for flow formation purposes.
Additionally, the findings of the experiments were compared to the theoretical results. It was
determined that the greatest force generated was axial, followed by radial and finally
circumferential. In addition, the feed impact was investigated, and it was shown that an increase

in feed also increases the axial force.

Key Words: Flow Forming Process, Finite Element Analysis, Manufacturing, Forming
Process, Spinning.
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CHAPTER 1: INTRODUCTION

To make thin-walled precision tubes over a rotating mandrel, the incremental metal
forming technique known as "Flow forming" uses one or more rollers. While the metal is being
pushed axially, the mandrel's internal diameter remains constant. Preforms, also known as
initial blanks, may either be shaped like a cup or like a sleeve. Deep drawing, spinning, or
forging may all be used to create the preform, which is then machinable. Preform metal is
flexible because of the rollers' focused, strong compressive stresses. These compressive
stresses cause the material to thin down the wall and mold to the mandrel's shape.

1.1 Background

Forming process are existent since the industry made significant advancement in the
manufacturing technologies. Initially the metal spinning process was used to make the round
cylindrical parts. One of the earliest chips-less forming techniques is metal spinning, although
over time, deep drawing and ironing have gained ground on this technique. CNC machines are
now often employed in the production of high-quality items. Recently, spinning has had a
revival, emerging into a versatile method for producing lightweight components. Near-net
shape manufacture of thin sectioned lightweight components is becoming more popular in
modern industries because to the inherent advantages of this method, such as reduced forming
loads and easy tooling [1].
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Figure 1 Conventional Spinning Process_[1]

Precision metal spinning is still used in the industrial spinning sector today, along with
flow forming, a closely related technique. Flow forming is a specialized kind of spinning.
Spinning was done manually on devices like a basic turning lathe until the 1950s. The amount
of deformation that could be achieved was, by today's standards, limited due to a lack of
controllability and a poor tool load capacity. Shear forming and flow forming processes were
made viable and developed, however, with the introduction of spinning machines with
mechanical propulsion.



Thicker sheets needed to be rolled to produce components with better dimensional
precision later in the middle of the 20th century. As a result, spinning machines started to take
on new forms and varieties that had increased power and automation. The aviation and
aerospace industries in nations like the UK, USA, Germany, and Sweden were one of the
driving reasons behind this growth. Components for rocket nose cones, gas turbine engine
parts, and dish aerials are examples of the kind of components often manufactured by
mechanically driven spinning machines, that were actually the flow forming process. So, as a
result better parts with uniform dimensional accuracy were formed and ultimately helped in
improving the overall manufacturability of components.

1.2  Aims and Objective

The aim and objective of this research is to develop a thermomechanical FEA model
for flow forming of Al 7075. The main goal will be to perform simulations based on changing
the feed rates and mandrel speed. The effect will be studied and further compared with the
experimental results.

Also, the effect of flow forming forces particularly the axial, radial and circumferential forces
will be observed and compared with the experimental results.

The two parameters considered for this study is
1. Feed Rate
2. Mandrel Speed

The model for flow forming will be prepared in Abaqus Explicit software. The
technique will be first validated with the already carried out simulation for different material.
And then material properties of AL 7075 will be inserted and simulation results will be
compared. The simulation will give the Von misses effect and flow forming forces. The defects
produced during experimentation will also be explained using the simulated model to predict
the failure limits. The results will further help and forecast best suitable parameters for the
flow forming using the Aluminum alloy 7075.



CHAPTER 2: LITERATURE REVIEW

2.1 Flow Forming Process

As a metal forming technique, flow forming is progressively being employed to
produce axisymmetric engineering components in small to medium batch sizes. A locally
plastic deformation technique called flow forming is used to create seamless tubes with thin
walls and very accurate measurements. These are all essential in the vehicle industry because
they enable consumers to optimize design, decrease weight, and lower costs. Cu, Mg, Ti, and
other hard-to-deform materials are primarily utilized for this, including alloys. [2]

2.2  Types of Flow Forming Process

In most cases, the process of flow forming may be broken down into two distinct
categories. that is, Forward Flow Forming and Backward Flow Forming respectively. In
forward flow forming, the roller moves and the material extrudes in the same direction. While
in the backward flow forming, the roller moves and the material extrudes in the opposite
direction. Both the strategies are used in producing the thin seamless parts.

Both the processes, used the rigid roller and mandrel while the preform extrudes
following the shape of the mandrel. The roller moves over the perform in repetitive manner
until the desired shape is obtained keeping the constant pressure and forces to obtained uniform
dimensional accuracy and smoothness. [3]

(a)

V

A
('./Dololmatm |
\\Jk —
Mandrel

Figure 2 Forward and Backward Flow Forming Process [3]

Research was carried out to compare both the forward and backward flow forming
techniques. Understanding the pressures and strain distributions encountered throughout the
process is essential for effective and successful product manufacture since flow forming is a
non-linear plastic deformation process. Even if the process of plastic deformation is nonlinear,
it is still impossible to anticipate the distribution of force and strain. The FEA based tool
Abaqus was used to develop the model and the material was AA 6063. The effects of flow



forming forces, von misses and equivalent plastic strain on both the strategies was observed.
Along with the strain distribution in the length and thickness, the axial, radial, and
circumferential forces that were acting throughout the process have been acquired and
presented. In forward flow forming, it was discovered that the axial and radial forces are much
greater than in backward flow forming. When flow is formed in a backward direction, there is
a greater circumferential force. In addition, the plastic strain distribution was found to be
greater along the thickness in forward flow forming, but in backward flow forming, it was
found to be higher along the length. Before beginning real production, it will be easier to
establish a viable approach for a variety of material and process circumstances. [2]

2.3 Advantages of Flow Forming Process

The fundamental benefit of the process is precise and accurate production with
increased mechanical characteristics. Other benefits include efficient material use, chip-free
manufacturing, quicker processing times, and elastic production processes. The thickness of
the wall may be precisely regulated. As a consequence, the thickness of the wall is uniform.
Flow forming's control of tolerances to within the range of machinable components extends
throughout the component's length, across a variety of shapes and wall thicknesses. [2]

2.4  Applications of Flow Forming Process

Various researchers have mentioned the significant applications of Flow Forming
Process. [2] [3] Due to its high accuracy and precise production it is widely used in the making
a. Aircraft Fittings
b. Automotive Industry (Tire Rims, Shafts, Gears)
c. Regulating Valve Parts
d. Aerospace and Defense Industry (Rocket Motor Case, Rocket Nose Cones, Missile
Casings, Cartridge Casing)
Gas Turbine Components
. Pressure Gas Bottles
g. Tubes and Closed end cylinders for Pharmaceutical, Chemical, Nuclear, Food and
Beverage Industries.

=h @D

2.5 Parameters in Flow Forming Process

The operational factors that have the most impact on the forming process for the
material Al 6063 are discussed in this study. The factors that had the most influence was
discovered to be feed rate and friction coefficient. It was also discovered that the axial force
was the greatest force generated. Radial force was the second most dominating. The least
prominent force was the circumferential force. Many variables influence flow forming,
including operation settings, material qualities, and the geometry of the rollers themselves.
Controlling the operating variables is simple, but manipulating the material qualities and the
geometrical parameters of the rollers is more challenging. because different batches and lots of
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the same material may have different material qualities. Furthermore, experimenting with
different roller configurations is challenging because to the increased material consumption
and inventory costs associated with using several rollers and workpieces. Since the cost of raw
materials for the workpiece and the tooling may be reduced by changing the operating
conditions, a FE-based tool is preferable. [4]
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Figure 3 Parameters effecting Forces, Von Misses & Plastic Strain [4]

In order to investigate the consequences of employing miraging steel MDN 250, a
backward flow forming was carried out using the explicit programmed Abaqus. Researchers
have investigated the effects that flow forming process variables like feed rate and reduction
ratio have on stress/strain distribution as well as roll forces. When the feed rate is raised from
1 millimeter per second to 2.33 millimeters per second, there is a 7 percent rise in the effective
plastic stress. If the reduction ratio is increased from 23 percent to 33 percent, then the
corresponding plastic strain will increase by 72 percent. Adjusting the feed rate, reduction ratio,
and roller Z attack angle are the three variables that have the most impact on the tube's ability
to maintain its circular shape. It has been shown that, out of all the process parameters, the
reduction ratio is the one that is the most critical. In addition to this, it was found that the
accumulation of material is to blame for the significant magnitude of equivalent strain that may
be seen near the front of the roller. [5]

Aiming to reduce the axial force and material buildup during flow formation, the author
carried out the investigation. A strong axial force was measured over the course of the research.
Bulge and buildup of material beneath roller. This is why FEM modelling was utilized
successfully to anticipate the resulting forms, specifically the buildup of material and the spring
back. The axial force rises as the attack angle widens, resulting in material accumulation. [6]
Experimental study was carried out for AISI 321 Steel tube for the flow forming process. The
setup was established by the changes in Lathe machine. The roller and mandrel were fixed into
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the lathe machine setup and preform of AISI 321 was introduced into the process for its
extrusion. The main goal was to study the parameters effecting the quality and dimensional
precision of the tubes. Feed rate, depth of cut and attack angle were the parameters that were
considered for the experiment. It has been discovered that the depth of cut is the most
significant process parameter that affects the degree to which an object is out of round. As the
depth of cut is increased, the out-of-roundness will decrease, but it will grow as the feed rate
and roller attack angle are increased. [7]

Experiments were performed by the author on annealed AA6082 alloy tubular pre-

forms in order to generate thin-walled seamless tubes using a CNC flow forming machine with
a single roller. These tubes were then tested. For the purpose of this investigation into the
manufacturing process, the roller radius, the mandrel speed, the roller feed, and the thickness
reduction were selected as the process parameters to investigate. The following characteristics
of flow-formed tubes have been prioritized for selection: ovality, mean diameter, thickness
variation, and surface quality. Research has been carried out to study the effect that these
process parameters have on the functional aspects of flow-formed tubes as well as the surface
quality of these tubes.
It was discovered that the radius of the roller had a substantial influence. When the radius of
the roller is increased, the tube will become more oval in shape. When the speed of the mandrel
is slowed down, the surface of the tubes produced will have scratch marks. The surface
imperfections are covered up as the speed rises, which resulting in a smoother finish. The finish
is excellent up to a certain limit when the speed is increased to a higher value; however, the
finish deteriorates with further increases in speed owing to the vibrations that occur at greater
speeds. The ovality of the flow-formed tubes first rises when the feed is added, and then it
begins to diminish. Deformation in the radial direction is brought on by lower feed rates., which
leads to increased ovality in the finished product. It has been noted that producing tubes with
desirable surface characteristics may be accomplished by combining a high speed with a
reduced feed rate. [8]

2.6  Forces in Flow Forming Process

In present work, an experimental examination of the flow forming of Al7075-O preform
was explored. Flow forming is a process in which the material is formed by flowing. During
the course of this inquiry, the thickness reduction was altered on many occasions, and its
influence on the flow forming forces as well as the increase in temperature of the work piece
was analyzed. A dynamometer was used in order to get information on the forming forces. The
formation of the flow is associated with a complex state of stress, which in turn produces a
complex state of force. In the course of the procedure, the material is subjected to both
compression and elongation as it passes under the roller. Because of this, the forces may be
broken down into three distinct types: the axial force, the radial force, and the circumferential
force. The stretching of the material that had been distorted as a result of the axial movement
of the roller was what ultimately led to the generation of the axial force. The compression of
the material that was located underneath the roller was the source of the radial force that was
created. The material that has been deformed goes through a rotating motion as a result of the

6



rotation of the mandrel, which is what gave origin to the circumferential force. Based on the
results of the real-time force measurement, it was determined that the axial force is the most
significant contributor to flow forming, followed by the radial force. When compared to the
other forces, the contribution of the circumferential force to the formation of the flow is the
least significant. This is most likely the result of a smaller deformation zone as well as a slower
mandrel speed. [9]

In this research the forces during the flow forming process were studied using the FEA.
Al 6063 was the material used in this investigation because of its superb corrosion resistance
and low weight. Along with flow forming forces, variables such as the roller's rotating speed,
the depth of the form, and the axial feed were taken into account. Among the other forces, axial
feed was determined to be the strongest. The second dominant was the radial force and lastly
the radial force. It was also found that the rotational speed has a high influence on the forming
forces. [10]

Figure 4 Forces During Flow Forming Process [10]



2.7 Foundation Paper for Research

Flow formation of AI7075 is the subject of this study. Flow formation forces are

affected by feed and mandrel speed variations, which have been studied in detail. Changes were
made to a traditional lathe machine in order to conduct the experiment.
During the flow-forming process, rollers are used to create a distortion in the preform.
Throughout the whole of this process, a solid mandrel was used to support a hollow preform.
The mandrel was propped up by the headstock of the instrument. After that, one of the forming
rollers will pass it over the item of work being done. It is through this gap that the distorted
material flows when the preform is deformed. It was decided that the roller attack and relief
angle would be 30 degrees each. The preform was extruded using forward flow forming. With
a feed rate of 0.04 and 0.08 mm, the trials were carried out at speeds of 250 and 420 RPM.

A Lathe dynamometer was used to measure the flow formation forces in three different
directions: axial, circumferential, and radial. A SAE 4340 alloy mandrel was used. According
to the findings, changing the feed rate had a greater impact on average forces than did altering
the mandrel rpm.

As feed is increased, the forces on all three dimensions grow simultaneously. The forces
are also increased when the mandrel revolutions per minute (rpm) are increased; however, this
increase is not as significant as the rise in forces that occurred when the feed rate was altered.

viangrel

& ;

Figure 5 Experimental setup for Flow Forming [11]

Dimensions of Preform Dimensions of roller
Internal Diameter ~ Thickness of wall ~ Original length ~ Diameter  Attack angle  Relief angle  Feed rate Reduction ~ RPM (Mandrel)
31 mm 1.5mm 40 mm 63 mm 3 30° 004 mm, 008 mm 0.5 mm 250,420

Figure 6 Process Parameters During Experiment [11]

Chips, fractures, and ruptures were also detected throughout the testing. There was a problem
with either the roller design or the bearing choices that resulted in chips. When the roller is
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loaded, it continues to slide over the workpiece. In addition, the cracks formed as a result of
material inhomogeneity and a probable increase in stress at the roller front. [11]

The experimentation of AL 7075 alloy for flow forming, is the main foundation paper
for this Present investigation. Many researchers have worked on different materials both
experimentally and on several fea tools. However, No FEA modelling of AL7075 using
ABAQUS has been reported yet to best of Author knowledge. So based on this
experimentation, the FEA model will be developed and the effect of forming forces and
possible defects occurred during experimentation will be studied.

2.8 Simulation Approach using ABAQUS

The ABAQUS software was used so that the simulation procedure could be carried out.
In order to complete the finite element analysis, firstly assign appropriate component types
when creating solid Parts. This is the first step. Then second step is to define the Material
Models and then to allocate the material to the appropriate section. In step three, you will
position the tool by utilizing the translate option once you have created instances in the
assembly. Create stages, specify interactive attributes, contact control, and boundary conditions
in the fourth phase of the process.
In the fifth step, when the task has been created and submitted, the results are analyzed by
utilizing the visualization window.

The modelling of the flow forming process is challenging because of the localized
deformation that occurs because only a small portion of the workpiece is in contact at any given
time, the rotation of the workpiece causes a change in volume, and fine meshing can only be
implemented using a three-dimensional model. Therefore, in order to save time and cut down
on the cost of calculation, the roller and the mandrel should be regarded to be rigid, whereas
the workpiece should be considered a deformable body. It is important to provide axial feed
and rotation to the rollers.

The study also explores whether or not Abaqus Explicit dynamics need to be regarded
rather than implicit dynamics, given that the process need to follow a quasi-static response, and
its K.E should be lower than 5 percent of the total internal energy. Because the implicit code
in Abaqus demands a significant amount of processing time, convergence is not guaranteed for
nonlinear flow forming models that are very discontinuous. Consequently, because this is the
case, explicit dynamics is the most appropriate method, and its mass scaling will both save time
and solve effectively. [12]



2.9 Material Properties for AL 7075 Alloy

Due to its low density, high strength, ease of processing, corrosion resistance, and other
exceptional features, aluminum and its alloys are among the most essential and commonly used
materials in the world today. In the aerospace and defense sectors as well as in general, the
7xxx family of aluminum alloys is the preferable material because to its great strength. Zinc is
the major alloying element in Aluminum 7075 Alloys. In cold working operations, they are

frequently utilized and suited for forming workpieces. [13] [14]

Elements in AL 7075

Percentage (%)

Copper Cu 1.2-2
Chromium Cr 0.18-0.28
Manganese Mn 0.3
Magnesium Mg 2.1-2.9
Silicon Si 0.4
Titanium Ti 0.2

Zinc Zn 5.1-6.1
Iron Fe 0.5
Aluminum Al Balance

Table 1 Aluminum 7075 Chemical Composition [15]

Density 2.81 gl/cc
Hardness, Vickers 175 HV
Ultimate Tensile | 572 MPa
Strength

Modulus of Elasticity | 71.7 GPa
Thermal Conductivity | 130 W/m-K
Melting Point 635° C
Inelastic Heat Fraction | 0.9

Table 2 Mechanical Properties of Al 7075 [15] [16]
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2.9.1 Johnson Cook Model Properties of AL 7075

The investigation carried out to calculate the constant for Johnson Cook for Al 7075.
The constitutive models help in accurately predicting the flow stress. Physical,
phenomenological, and artificial neural network models are all examples of constitutive models
used to predict high-temperature material behavior. Phenomenological models, on the other
hand, have fewer constants that must be determined, and their calculation procedure is less
complicated and time-consuming than in physically based models. Many phenomenological
equations, such as the Johnson—Cook equation, may be used to characterize constitutive
behavior. There are less constants and fewer experiments required to compute the constant
values of the JC model, which explains alloy deformations at extreme temperatures and high
strain rates, as compared to other constitutive models. [17]

The formula for Johnson cook is as following,

o=(A+B")(1+Cln&")(1—-T")

Equation 1 Johnson Cook Equation [17]

Where,
A (Yield Stress) 198 MPA
B (Hardening Modulus) 268 MPA

n (Hardening Coefficient) 2.43
m (Thermal Coefficient) 0.49
C (Strain Rate Sensitivity) | 0.26
Tm (Temperature Melting) | 635°C
Tr (Temperature Reference) | 1° C

Table 3 Johnson Cook Constants for Al7075[17]
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CHAPTER 3 RESEARCH METHODOLOGY

3.1 Methodology Flow Chart

Forward Flow . .
. . Collecting Selecting
Literature Forming .
. . Experimental Process
Review Experimental
Data Parameters
Approach
Assigning Applying
Boundary Material Preparation
Conditions « Properties - for Simulation Abaqus Model
and and Model in Literature
Generating Parametric Abaqus
Mesh values
Running Updating Comparison of
Simulation Benchmarking ‘ Process experimental
And of Abaqus Parameters and
Generating technique and running simulation
Results simulations results

Table 4 Methodology Flow Chart

The investigation on the experimental approach started with the literature review of
previous related works done in flow forming. Initially the experimental work based on forming
processes, its critical parameters, forming setup and extrusion techniques were studied to have
better understanding of procedure. Then based on that the foundation paper, the condition of
the experimental setup was analyzed and possible conclusion based on the foundation paper
results were understood. Possible causes highlighted during the experiment were highlighted.
Based on the FEA approach, further literature was carried out to learn and understand the
modelling of flow forming using the ABAQUS software. Once the literature view concluded,
the modelling in Abaqus was started. Initially the flow forming process was modelled in
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Abaqus by creating the roller, preform and mandrel and then creating the assembly from it.
Then the material properties and boundary conditions were applied. Once the setup was
completely modelled and parameters applied, the simulations were performed. In order to
validate the setup, the simulations result of previously done literature simulations were
compared by inputting their boundary conditions. The results were benchmarked. Now the
foundations paper boundary condition was applied to the model and the simulations were
performed. Lastly the results were compared with the experimental work and conclusions were
made based on experimental and fea results.

3.2 Parameters Selections
Following are the parameters selected for this Study
3.2.1 Feed Rate

Despite the fact that the influence of feed rate has been spoken about in great detail in
the reviewed literature. Increases in feed rate result in increases in all three of the forming
forces: axial, radial, and circumferential forces. Feed rate has a greater influence on the
formation of forces than any other factor.

3.2.2 Mandrel Speed

Mandrel speed also has significant effect on the forming forces. However, its change in
effect is less as compared to the feed rate change.

3.3 Design of Experiments

No of Simulations Feed Rate Mandrel RPM
Simulation 1 0.08 250
Simulation 2 0.08 420
Simulation 3 0.04 250
Simulation 4 0.04 420

Table 5 Design of Experiments

13



CHAPTER 4 MODELLING IN ABAQUS

4.1  Model Development for Al 7075 O Alloy

In order to perform the FEA analysis, A thermomechanical model of flow forming was
developed in ABAQUS. Abaqus is an advance FEA tool that is used to perform simulations
that are nonlinear and contain high deformations. It was can solve the parameters based on its
equations. As suggested by the literature [12] the methodology to model the forward flow
forming has been selected. Explicit Dynamics was used to simulate flow forming. While
experimental setup and parameters for this research has been taken from [11] i.e., Foundation

paper.
4.1.1 Part Modelling

a. Roller

Roller was modeled in Abaqus as 3D Rigid Part with the diameter of 63mm and attack
and relief angle of 30°

& Edit Part X

Mame: Roller

Modeling Space

Type Options
() Deformable
@ Discrete ngid
N None available
(J) Analytical rigid
() Eulerian
0K Cancel

Figure 7 Modelling of Roller in Abaqus
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b. Mandrel

The mandrel was modelled in Abaqus as 3D Rigid part. As the preform will deform
over it so it is made rigid with the size of radius 15.5mm as that of preform. The length of
the mandrel was kept double as that of preform. i.e., 80mm

S Edit Part X

Mame: Mandral

Modeling Space
@3[} (0 20 Planar Ohxisymmetric

Type Options
() Deformable
®) Discrete rigid
N MNone available
(O Analytical rigid
() Eulerian
oK Cancel

Figure 8 Modelling of Mandrel in Abaqus

c. Preform

The Preform is the main Part in flow forming on which the result of the simulations
depends. Based on the literature, in order to study the forces and other effects it is always
modelled as deformable solid. The preform was modelled with internal diameter 31mm
with addition of thickness 1.5mm. The length of the preform was specified as 40mm.
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o Edit Part X

Mame: Preform

Modeling Space

Type Options
(®) Deformable
() Discrete rigid
- . Mone available
(O Analytical rigid
() Eulerian
0K Cancel

Figure 9 Modelling of Preform in Abaqus

4.1.2 Material

As the roller and mandrel are made rigid so the material is not assigned to them. The
preform has been assigned a material property of AL 7075 Alloy. Abaqus has no units. So,
care must be taken in properly inserting units. If the geometry is in SI (mm) then all units
should be converted into SI (mm). The units for this research were kept in mm

[Quantity| SI || SI(mm) |[US Unit (f1)[US Unit (inch)
Length | m | Lmm | | ft If in |
Force | N | N || Ibf || Ibf |

| Mass |[ kg |tonne (103kg)|| slug || ibfsZin |
Time | s | s | s | S |
Stress |[Pa (N/m?2)||MPa (NNmm?2)|[ b2 || psi (Ibfin2) |
Energy J mJ (103 J) ft Ibf in Ibf
Density kg/m? tonne/mm?> slug/ft3 Ibf s2/in® J

Figure 10 Units Conversion in Abaqus

So, the properties of Al 7075 were incorporated into the Abaqus with the Johnson cook
model in order to accurately predict the forces and stresses acting on the preform.
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% Edit Material % o Edit Material %
Mame: Material-1 Neme: Material-1
Description: » Description: 5

Material Behaviors Material Behaviors

Conductivity ~ Conductivity A

Density Density

Elastic
Inelastic Heat Fraction

Plastic v

General  Mechanical Thermal Electrical/Magnetic  Other ¥ General  Mechanical Thermal  Electrical/Magnetic ~ Other 4

Elastic Plastic

Type: | lsotropic ™ ¥ Suboptions Hardening: | Johnson-Cook | ¥ Suboptions

[[] Use temperature-dependent data Data

Nurmber of field variables: 0= Melting Transition

A B n m
Temp Temp

Meduli time scale (for viscoelasticity): | Long-term I 1 1% 26878 4 049 08 2

[ No compression

[] Mo tension

Data
Young's Poisson's
Modulus Ratio
1 71700 03
0K Cancel oK Cancel

Figure 11 Material Properties of Al 7075 Incorporated into Abaqus

Similarly, all the properties were incorporated into the Abaqus after conversion into Sl
(mm) units. All the values are referred from literature of Al 7075 material. [15] [16]

[17]

4.1.3 Assembly

In the next phase the roller, mandrel and preform are assembled together to create an
instance. The mandrel is fixed while the preform is placed on it. The roller is aligned with
the preform so that when the roller moves, it can precise extrude the preform to the desired
reduction ratio. According to the experimental setup the roller is just translating and the
mandrel is rotating on which the preform is rotating. But in simulations in order to save the
computational cost and time, the roller is given the rotation as well as the translation. In
this way significant time is reduced as well as the volume of the preform is also controlled.

[12]
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& Create Instance X

Create instances from:
) Models

Parts

Mandral
Preform
Roller

Instance Type
(C) Dependent {mesh on part)
O] Independent (mesh on instance)

Note: To change a Dependent instance's
mesh, you must edit its part's mesh,

[ Auto-offset from other instances

Apply Cancel

Figure 12 Assembly Creation of Flow Forming Setup in
Abaqus

414 Step

The next phase in Abaqus modelling is defining the step. For the step the explicit
dynamic approach was selected. As per the simulation requirement, the roller, mandrel
and preform initial and final conditions have been applied.
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a. Roller

The roller is given the displacement as well as the rotation in Z direction only. As the
roller will move and rotate in z axis it will extrude the preform over the mandrel and process
will be completed.

% Edit Boundary Condition b4

MName: Roller_fixed

Type:  Displacement/Rotation
Stem Initial

Region: (Picked) [

CSYS: (Globaly [ L
U1

uz

Cuz

UR1

UR2

Jurz

MNote: The displacement boundary condition
will be reapplied in subsequent steps.

QK Cancel

Figure 13 Roller Displacement and Rotation along Z Axis
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b. Mandrel

As the mandrel is fixed according to the modelling in Abaqus so it is bound to remain
constant in all x, y and z axis displacements as well as rotation. According to the simulation
modelling, the preform will place over it and the roller will further move on the preform to
extrude it to shape of mandrel. So, it must be fixed in all axis to efficiently and effectively
perform the process.

% Edit Boundary Condition x

MName:  Mandral_fixed

Typer  Displacement/Rotation
Step:  Initial

Region: (Picked) [}

CSYs: (Glebaly [3 L
U1

U2

U3

UR1

UR2

UR3

Note: The displacement boundary condition
will be reapplied in subsequent steps.

0K Cancel

Figure 14 Mandrel Fixed along all Axis

20



c. Preform

As the preform is a deformable solid, it is placed over the mandrel and the roller will
move over it to extrude it according to shape of the mandrel. The preform inner edge is
encastered so that the roller can extrude it properly.

& Edit Boundary Condition X

Name:  Preform Edge Encaster After Partition
Type:  Symmetry/Antisymmetry/Encastre
Step:  Initial

Region: Set-17 [

CSYS: (Glabal) [y L

() XSYMM (U1 = UR2 = UR3 = )

(O YSYMM (U2 = UR1 = UR3 = )

() ZSYMM (U3 = UR1= URZ=10)

() XASYMM (U2 = U3 = URT = 0y Abaqus/Standard only)
() YASYMM (U1 = U3 = URZ= 0y Abaqus/Standard only)
() ZASYMM (U1 = U2 = UR3 = 0 Abaqus/Standard only)
(O PINNED (U1 = U2 = U3 =10)

(8 ENCASTRE (U1=U2=U3= UR1 = UR2 = UR3 = ()

0K Cancel

Figure 15 Preform encastered along inner edge

After assigning the conditions to the flow forming assembly, the field and history outputs
were inserted. As per the conditions the stresses i.e., Von misses, Plastic strain, contact and
reaction forces were inserted. In order to validate the energy conservation and mass scaling
parameters, the all energies in the history output are also incorporated into this research.

As the explicit analysis is used so it is very important to check the nature of the process. As
flow forming is a high deformation process, the mass scaling should be applied with proper
properly. For process to be in following quasi static response, the Kinetic energy should be
with 5-10% of total internal energy. If it is following within this limit, the mass scaling factor
can be applied. [12]

The mass scaling factor applied in the simulation was 200 which was applied at the start

throughout the simulation.
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=+ Edit Step =
Mame: Feed
Type: Dynamic, Explicit

Basic  Incrementation Mass scaling Other

'S Use scaled mass and "throughout step” definitions
from the previcus step

@) Use scaling definitions below
Data

Frequency/ Target Time
Interval Factor Increment

Region
Whole En.-_-glnmng 200

Create...| |Edit...| |Delete

QK Cancel

Figure 16 Mass Scaling applied during Simulation

4.1.5 Interaction

The general contact form of interaction was used while the simulation was being carried
out. The general contact explicit method was used in each and every area. In the flow forming
process, the precise friction coefficient is extremely difficult to measure due to the intricate
interaction and coolant, and as a result, a modest friction factor of 0.1 was estimated to exist
between the contacting surfaces. This is because the precise friction coefficient is extremely
difficult to measure.

Figure 17 General contact interaction used in Modelling
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2= Edit Interaction >

Mame: Int-1
Type: General contact (Explicit)
Step:  Feed (Dynamic, Explicit)

Centact Domain

Included surface pairs:

() Selected surface pairs:s Mone |~
Excluded surface pairs: Mone _7*

= AN includes all exterior faces, feature edges, beam segments,
and analytical rigid surfaces. It excludes reference points,

Attribute Assignments

Contact Surface Contact
Properties  Properties  Formulation

Global property assignment: | IntProp-1 M =

Individual property assignments: Mene 7

oK Cancel

5 Edit Contact Property X

Mame: IntProp-1
Contact Property Options

Tangential Behavior

Mechanical Thermal Electrical 4
Tangential Behavior
Friction formulation: | Penalty ™

Friction = Shear Stress  Elastic Slip

Directionality: ® Isotropic () Anisotropic (Standard enly)
[] Use slip-rate-dependent data

[] Use contact-pressure-dependent data

[ Use temperature-dependent data

MNumber of field variables: 05

Friction
Coeff
041

Figure 18 Interaction properties and coefficient of friction

4.1.6 Boundary Condition

Once the boundary conditions of roller, mandrel and preform are incorporated into the
Abaqus, the parameters selected during the flow forming process are incorporated. The feed
rate and the Mandrel speed. For that purpose, the feed rate and the mandrel speed parameters
both are added into the boundary condition of roller as suggested by the FEM modeling in [12]

% Edit Boundary Condition X

MName: Feed_Rate

Type:  Velocity/Angular velocity
Step:  Feed (Dynamic, Explicit)
Region: (Picked) [

CS¥S: (Global) [3 L

Distribution: | Uniform | i

Qv

Ova

Vi 0.33

CIvR1: radians/time
L] vR: radians/time
VR3: 26.1 radians/time

Amplitude: | (Instantaneous) 4 Pb

0K Cancel

Figure 19 Velocity and Angular velocity incorporated into the Model
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As the initial feed and mandrel speed were given in the experiment, they were converted
into the Abaqus units format and hence were incorporated into the model.

So initially the feed was in mm/rev while the mandrel speed was in rev/min. That were
converted respectively into mm/sec and rad/sec

Parameter Experiment Simulation

Feed 0.04mm/rev 0.17 mm/sec
Feed 0.08 mm/rev 0.33 mm/sec
Mandrel 250 rev/min 26.1 rad/sec
Speed
Mandrel 420 rev/min 43.9 rad/sec
Speed

Table 6 Parameters incorporated in Abaqus

4.1.7 Mesh

The model treated the preform as an elastic-plastic material while treating the rollers as
rigid entities. The discretization of the preform results in 4160, eight node linear brick
elements, with reduced integration, and hourglass control (C3D8R). The benefits of both
Lagrangian and Eulerian approaches were combined using arbitrary Lagrangian-Eulerian
(ALE) adaptive meshing. High-quality mesh is maintained because it can move
independently of the material.

% Element Type X

Element Library Family

d ® Explicit B
Acoustic

Geometric Order Cohesive

@ Linear (O Quadratic Continuum Shell v

Hex  Wedge Tet

Reduced integration [] Incompatible modes

Element Controls

Kinematic split: (®) Average strain () Orthogonal (O Centroid ~
Second-order accuracy: () Yes (@ No
Distortion control: (@ Use default () Yes () No

0.1
Heourglass control: (® Use default () Enhanced () Relax stiffness () Stiffness (C) Viscous () Combined
0.5 A

C3D8R: An 8-node linear brick, reduced integration, hourglass control.

Mote: To select an element shape for meshing,
select "Mesh-» Controls” from the main menu bar.

OK Defaults Cancel

Figure 20 Meshing with C3D8R elements
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Figure 21 Meshing of Flow forming model

4.1.8 Mesh Convergence

In Abaqus meshing is a very critical factor. Meshing divides the part into the small
elements. And these elements further study the impact of forces acting on them and give
the solution. It is very important to calculate the appropriate number of elements. i.e., the
mesh size that will be used to calculate the result. So, for this purpose the mesh converge
is always preferred to decide the appropriate mesh size. Based on that the mesh
convergence was established for the model in order to further pursue with the final
calculations.

Mesh convergence is done in such a way that one output parameters is selected and the
various simulations are performed by changing the element size. So, for present research
the Von misses were selected and effects of changing mesh size were observed and value
was recorded at specific step time. Based on literature it was found that keeping the fine
mesh gives the accurate results. So, from 6mm to 2mm various mesh sizes were selected
and simulations were performed.

Finally, it was observed that the difference of Von misses at 2.5mm and 2mm were
much less and the value will not converge more. So, the element size of 2mm of preform
was opted for this research.
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MESH CONVERGENCE

450 423 421
389
400
350 338
350
300
[%2]
w
A 250
S
Z 200
o
>
150
100
50
0
0 1 2 3 4 5

MESH SIZE

Figure 22 Mesh Convergence Graph

The difference between the von misses at 2mm and 2.5 mm was only 0.4% which
shows that the results is in stable state. Therefore, 2mm mesh size was opted for this research.

ol e
-

Sizing Controls
Approximate gloebal size: |2

Curvature control
Maxirmum dewiation factor (0.0 < hy/L < 1.00: 0.1

(Approximate number of elermments per circle: 2)

FAinimum size control

(@) By fraction of global size (0.0 < min < 1.0) | 0.1

() By absolute value (0.0 = min = global size) 0.2

O Apply Defaults Cancel

Figure 23 Mesh Size of 2mm Incorporated in Abaqus Model

4.1.9 Validating the Mesh Convergence Model

Once the mesh convergence is accomplished, the model is further observed to verify that it
follows the quasi-static response as suggested it [12]. As the dynamic explicit is selected to
perform the flow forming analysis therefore it is necessary that the total kinetic energy of the
process should be less than 5-10% of the total internal energy. So, for this purpose the history
output of the Abaqus was selected with all energies measurements so that the phenomena can

be studied.
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Figure 24 Graph between Internal Energy and Kinetic Energy

Graph shows that the kinetic energy is much less or negligible as compared to the
Internal energy. So, the process follows the quasi-static response. And the mass scaling
factor of 200 can be used further to carry out the simulations.

4.1.10 Model Validation

The model validation is done based on the research [5]. Model was made and
parameters were inserted into the Abaqus. The Von misses and the Stresses were compared
with the results of the developed model. The results were in good agreement with the
simulation results performed in the research

Figure 25 a) Actual Model b) Model developed for Validation
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a. Von misses

According to the model, the Von misses achieved were 1082 MPA while the Von misses
achieved

1110

1105- -\-

11oo- \
1095 -
1090 -

1085 -

Maximum Von Mises Stress (MPa)

1080 ' . ' ' . .
2 3 4 5 6
Figure 26 Max Von mises graph [6]
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Figure 27 Max Von misses achieved for Validation

3

Von misses achieved for validation at 6mm mesh size were 1076 Mpa. The difference
between the fea conducted by [6] and fea for validation was just 0.5%
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b. Circumferential Stress
The other parameter that was compared is the circumferential stress. It was found that the
circumferential stress in the validation research [5] was 1027 Mpa while the circumferential
stress obtained through fea was 1038 Mpa. The difference in error was just 1%

+1.
+8.
+6.
+4

S, S22 (CSYS-1)
(Avg: 7596)

027e+03
391e+02
S12e+02

B632e+02
T E53e+02
7 3%9e+01
LO006e+02
.886e+02
.765e+02
H545e+02
S24%9e+02
O040e+03
e28e+03
A15e+03
SH0%9e+03

Figure 28 Circumferential Stress for both the models

5, §22

+1.038e+03
+7.963e+02
+5.545e+02
+3.128e+02
+7.108e+01

-1.706e+02
-4.124e+02
-6.541e+02
-8.958e+02
-1.138e+03
-1.379e+03
-1.621e+03
-1.863e+03
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CHAPTER 5: SIMULATIONS RESULTS AND CONCLUSION

5.1 Results

FEA Analysis was performed for the flow forming model developed in ABAQUS. As
per the design of experiments, the simulations were performed by changing the feed rates
and mandrel speed. The output parameters were calculated after the simulation was
performed. The flow forming forces were therefore calculated using the Abaqus field
output requests and trends were then compared with the experimental data. The VVon misses
and forming forces results for all simulations has been attached below.

5.1.1 Simulation 1

Simulation was performed with feed rate 0.08 mm and mandrel speed 250 rpms.

S, Mises

(Avg: 75%)
+6.403e+02
+5.890e+02
+5.376e+02
+4.863e+02

W)
+3.836e+02
+3.322e+02
+2.80%+02

- +2.295¢+02
+1.782e+02
== +1.268e+02
- 47.547e+01
—- +2.412e+01

Based on code 22 with changes in mesh, Casel
ODB: Casel1Code231661503175.194.0db  Abaqus/Explicit 6.13-1  Wed Oct 20 18:01:57 Pakistan Standard Time 2021

Step: Feed
Increment 47407743; Step Time = 30,00
Primary Var: S, Mise

Figure 29 Von Mises occurring in Preform Case 1
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CNORMF General_Contact_Domain, Magnitude

+6.582e+02
+6.034e+02
+5.485e+02
+4.937e+02
+4.388e+02
+3.840e+02
+3.291e+02
+2.743e+02
+2.194e+02
+1.646e+02
+1.097e+02
+5.485e+01
+0.000e+00

Based on code 22 with changes in mesh, Casel
Y ODB: Casel1Code231661503175.194.0db  Abaqus/Explicit 6.13-1 Wed Oct 20 18:01:57 Pakistan Standard Time 2021

L Step: Feed

Figure 30 Magnitude of Normal Force in Case 1

5.1.1.1 Forming Forces

Forming forces were obtained as the output parameter is the simulation. The axial, radial
and circumferential forces were calculated and compared with the experimental data.

TIME VS FORMING FORCES

Axial Exp Axial Sim Radial Exp Radial Sim  =——Circumferential Exp Circumferential Sim

200

150
wvy
3 100
-4
=]
[
o
=
2
o 50
'S

; /\
0 2 4 6 8 10 12 14 16 18 20
-50
TIME

Table 7 Graph in-between Time and Forming Forces (Casel)
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5.1.2 Simulation 2
Simulation was performed with feed rate 0.08 mm and mandrel speed 420 rpms.

S, Mises

(Avg: 75%)
+6.605e+02
+6.090e+02
+5.576e+02
+5.062e+02
+4.548e+02
+4.034e+02
+3.520e+02
+3.006e+02
+2.492e+02
+1.978e+02
+1.464e+02
+9.499¢e+01
+4.358e+01

Y Case2, Pc 5, Time 140, Length 10 B
8DB' ng%ZCodeM .odb Abaqus/Eprmlt 3DEXPERIENCE R2018x F

Figure 31 Von Mises occurring in Preform Case 2
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+4.027e+02
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+2.013e+02
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+0.000e+00
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Figure 32 Magnitude of Normal Force in Case 2



5.1.2.1 Forming Forces

Forming forces were obtained as the output parameter is the simulation. The axial, radial
and circumferential forces were calculated and compared with the experimental data.

TIME VS FORMING FORCES
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Table 8 Graph in-between Time and Forming Forces (Case?2)
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5.1.3 Simulation 3

Simulation was performed with feed rate 0.04 mm and mandrel speed 250 rpms.
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Figure 33 Von Mises occurring in Preform Case 3
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Figure 34 Magnitude of Normal Force in Case 3



5.1.3.1 Forming Forces

Forming forces were obtained as the output parameter is the simulation. The axial, radial
and circumferential forces were calculated and compared with the experimental data.

TIME VS FORMING FORCES
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Table 9 Graph in-between Time and Forming Forces (Case3)
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5.1.4 Simulation 4

Simulation was performed with feed rate 0.04 mm and mandrel speed 420 rpms.

S, Mises

(Avg 75%)
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Figure 36 Magnitude of Normal Force in Case 4
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5.1.4.1 Forming Forces

Forming forces were obtained as the output parameter is the simulation. The axial, radial
and circumferential forces were calculated and compared with the experimental data.

TIME VS FORMING FORCES

Radial Sim == Circumferential Exp == Circumferential Sim
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Table 10 Graph in-between Time and Forming Forces (Case4)

Time

5.2 Comparison with Experimental

No of Simulation Max  Axial
(Feed, Rpm) Force
(Simulation)
Simulation 1 (0.08,250) 180
Simulation 2 (0.08,420) 195
Simulation 3 (0.04,250) 164
Simulation 4 (0.04,420) 187

Table 11 Comparison with Experimental

12 14 16

Max Axial Force Difference in

(Experimental)
165
186
159

170

Error

7.8%

4.6%

3.0%

9.0%
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5.3

5.4

Conclusion

FEA Model for the flow forming of AL 7075 alloy was developed using the Abaqus
software. Forward flow forming was employed in the model. In order to reduce the
computational time and cost, explicit dynamic methodology was applied. Boundary
conditions of roller feed and its rotation was incorporated to the developed model and the
preform was encastered from its edge to the mandrel. Based on the experimental study the
simulation was carried out by changing feed rate (0.04mm,0.08mm) and mandrel speed
(250rmpm,420rpm). The model developed was benchmarked for von misses and
circumferential force. The results were in accordance with the benchmarked results and
hence the model was validated. As per the output parameters, the forming forces were
calculated. i.e., Axial force, radial force, and circumferential force. The results were
compared with the experimental results. It was observed that the Axial force was higher in
all the simulations, followed by the radial force and the circumferential force was the least
among all. The axial force is higher particularly due to the stretching of the material. Also,
the increase in the axial force was more significant when the rpm was increased from 250
to 420 rpm. The maximum axial force of 195Mpa was observed when the rpm was 420 rpm
and feed was 0.08mm. The difference in the experimental and simulation was very less.

The present result also showed the von misses occurred in each simulation.

Future Work

In future, this model can be used to study out the other operational parameters like depth
of cut, reduction ratio, radius of roller. These parameters will further help in selecting the
appropriate forming conditions so that better flow formed can be obtained. Further the
model can be used for other materials to simulate the effect of flow forming on them.
Different output results can be studied using this model created in ABAQUS for better
understanding defects and then optimizing them to achieve high precise and good finishing

flow formed parts.
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