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ABSTRACT

The work is dedicated to the investigation of the forming process in joining thin-walled
stainless steel pipes by application of plastic deformation. The study focuses on the
possibilities of using finite element tools in modeling the forming process and determining

the influencing parameters for joining the pipes.

I modeled and ran simulations of the models that demonstrate the joining process under
different parameters like forming velocity, thickness of the formed joint and distance set
between the top and bottom die before the forming process. Also, | performed experimental
tests on stainless steel pipes to justify the formed joints from the models run from the finite

element program.

Finally, the work run experiments based on the tensile tests to evaluate the mechanical

properties and microscopic investigation to evaluate structural integrity of the formed joint
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1.0 INTRODUCTION

1.1 Background of the study

Thin-walled pipes find application in many industrial areas, including marine, aerospace,
construction, oil and gas, food and pharmaceutical, and automotive industries [1]. Thin-
walled pipes are made from different materials, including aluminum, copper, stainless steel,
etc. Stainless steel materials find more application in these areas because of their excellent
corrosion resistance, high strength, and durability that facilitate the manufacturing of high-
performance parts or components. Different methods have been used in joining thin-walled
pipes that include traditional methods like welding, threading, and brazing. The welding
process is the most used method in joining stainless-steel pipes, for example, the electric arc
welding (EAW) that needs special preparations of the pipe ends and specialists to perform the

welding process, and it results in thermal distortion, oxidation, and residual stress on the joint

[2].

In recent years, studies have tried to showcase the use of the forming process in joining pipes.
Plastic deformation offers great potential to join pipes and trusses while reducing the
fabrication costs, high productivity, and environmental friendliness [3]. The forming process
of stainless steel thin-walled pipes is among the methods that can be applied in these
industries to join pipes. Application of plastic deformation in joining pipes offers various
potential advantages compared to other applied methods, including welding, such as no heat-
affected zone and material degradation since it’s the cold-working process. The literature
review on the use of plastic deformation in joining pipes (stainless steel material) remains
limited as there is no documented modeled forming process and their parameters that can be
employed directly in joining the pipes. There is limited information in the suggested methods
and their processes for joining the thin-walled stainless steel pipes by plastic deformation that
creates the existing gap in understanding how plastic deformation principles can be applied in
joining the thin-walled pipes. The forming process is also very critical in such a way it
presents challenges during the process because of the materials cracking, distortion, or
forming unwanted deformation. This study will focus on modeling of the process in software
by determining the suitable models and parameters for joining thin-walled stainless steel
pipes by plastic deformation and running experiments to justify the methods suggested [4].

The project intends to advance knowledge in plastic deformation methods, including reducing
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production costs, improving the pipe joints strength, removing the need for specialists in

joining the pipes, and enhancing the manufacturing processes.

1.2 Problem statement

Lack of enough information in forming process applications for joining thin-walled stainless
steel pipes makes the use of plastic deformation processes difficult to implement. The
forming process is very critical in such a way that it presents challenges during the process
because it results in materials cracking, distortion, or forming unwanted deformation when it
is not well researched. This project intends to study and develop forming models and
parameters reliable for joining pipes to facilitate the high-quality joints of pipes for industrial

applications.

1.3 Objectives of the study
1.3.1 Main objective

The main objective of this study is to examine by modeling the forming processes and

parameters for joining thin-walled stainless steel pipes by plastic deformation.

1.3.2 Specific objectives

a) Analyzing the factors influencing the plastic deformation process. The analysis will
include the material properties, die design, forming pressure or force selection, and
boundary conditions that affect the process. To run the material characterization
experiment to determine the actual properties of the stainless-steel pipe material that
will be used in the study.

b) To study the possibilities of connecting thin-walled stainless steel material with
plastic deformation using finite element program/tool. To create different models in
the software and run their simulations to predict the behaviors of the pipes during the
deformation process in consideration of different boundary conditions. Also, the study
intends to analyze different forming process parameters such as die design and
spacing, pipe preparation angle, forming pressure, deformation speed and come up
with reliable model and parameters.

c) To run experiments. The study intends to run experiments in the number of specimens
to validate the models and parameters chosen in the real world. Several experiments
will be run to join the pipes. To evaluate the mechanical properties and structural

integrity of the formed joint I will run tensile tests and microstructure analysis.



2.0 LITERATURE REVIEW

2.1 Material (Stainless steel EN 1.4301) properties and application

Stainless steel material has been used in different engineering applications. Stainless steel
material has different grades that consist of different alloying elements. The material EN
1.4301 falls under the category of Austenitic stainless steel Of the 300 series [5]. EN 1.4301 is
equivalent to AISI 304 which has been considered as a universal solution for many
applications that need corrosion resistance in aggressive environment with simple production
process [6]. The following is the chemical composition by mass content in % of EN 1.4301

can be found on Table 1.

Table 1: Typical chemical composition of EN. 1.4301, mass content in % [7]

GRADE Cr Ni Mn | C Si |N P Fe

AISI 304 (EN 1.4301) | 17.5-19.5 8-105 (2.0 |0.07|10|0.1 |0.045 | Balance

The properties of EN 1.4301 material are affected by alloying elements, impurities and heat
treatment. EN 1.4301 materials consist of 17 — 19.5% of Chromium, 8 — 10.5% of nickel and
less than 2% of manganese [8]. Additions of these alloying elements play a great role in the
properties of this material that include high corrosion resistance and easy formability. The
addition of Nickel helps in promoting austenitic microstructure and increases the ability to
absorb energy, ductility and corrosion rate reduction [8]. The following are the physical
properties of EN. 1.4301 materials that can be found on Table 2.

Table 2: EN 1.4301 material physical properties [7]

PROPERTY VALUE

Density 8,000 Kg/m?®
Melting point 1450 °C
Thermal expansion 17.2 x 10° /K
Modulus of elasticity 193 GPa
Thermal conductivity 16.2 W/im.K
Electrical Resistivity 0.072x 10° Q .m




This material finds widely engineering application due to their mechanical properties, good
corrosion resistance. EN 1.4301 finds application in equipment for foodstuff industry,

pharmaceutical production equipment, and oil industry, chemical and petrochemical industry

[11]. Mechanical properties of EN 1.4301 can be found in Table 3 below.

Table 3: Mechanical Properties of EN 1.4301 [9,10]

Mechanical properties Metric value English value

Hardness, Brinell 123 123

Hardness, Knoop 138 138

Hardness, Rockwell B 70 70

Hardness, Vickers 129 129

Tensile strength, Ultimate 505 MPa 73200 psi

Tensile strength, Yield 215MPa 31200 psi
@ strain 0.2% @strain 0.2%

Elongation at Break 70% 70%

Modulus of Elasticity 193 GPa 28000 ksi

Poisson’s Ratio 0.29 0.29

Shear Modulus 77.0 GPa 11200 ksi

Izod Impact 150 J @temperature 105°C 111 ft-1b @temper -319°F
150 J @temperature 210°C 111 ft-Ib @temper 69.8°F

Charpy Impact 352 240 ft-Ib

2.2 Overview of pipes joints and manufacturing methods

Manufacturing processes in joining pipes ends utilize different methods and techniques that
facilitate the manufacturing of joints in pipelines as shown in figure 1. These methods help in
joining different pipes’ thickness and material properties. Different methods and techniques

have some advantages and disadvantages over joint production and the process involved.

2.2.1 Crimped joints

This type of joint is produced by the crimping process in which two tubes or metal sheet are
pressed together by force using crimping tool. The process includes cutting and deburring the
pipe, inserting the pipe into crimping fitting and pressing the pipes by using crimping tool.
Advantages of this process include free of thermal distortion and heat, no chips and fumes

produced, and no pre or post processing required [12]. Studies show crimped joints obtained
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from reduction, swaging [13] that suggest the use of rotary swaging in joining pipes and
electromagnetic forming [14] that showcase the form fit and interference fit produced from
the electromagnetic forming. The methods involved in manufacturing crimped joints have
some drawbacks, including limited in required mechanical strength and limitation in
application in some pipe materials like aluminium, copper and its alloys in case of

electromagnetic forming due to high electrical conductivity requirements [15].

2.2.2 Weld seam joint

These are types of joints made on the pipes by welding process. Welding is one among of the
most traditional methods employed in joining parts including tubes. Welding offers both
longitudinal and annular seams on the cylindrical parts. The welding process is determined by
the change in phase composition and structure during the process. Welding process find
difficulties in joining pipes with different material properties, small thickness and costs
involved in preparation of material before and after welding [16].

2.2.3 Threaded joint

These are kind of joints that employe threads and screws to connect tubes [17]. These kinds
of joints find application in many areas that do not need special treatment because they are
easier to design, easier to assemble and disassemble. These kinds of joints have limitations in
areas that need air tightness joint, and which are not exposed to wet environment when pipes

and joints are of dissimilar materials.

2.2.4 Filler metal or adhesive joint

These joints use brazing and adhesive bonding for joining two parts (pipes). These kinds of
joints are produced by using a filler material which has a small melting point compared to the
joined pipes. These joints are not good for application in high temperature environments and
in joining dissimilar materials due to differences in thermal expansion rate and mechanical
strength. These joints face also distortion during heating cooling cycle which can change the
shape of the joint [18].



Weld seam

(b)

Filler metal or adhesive

Bead

(@) (a)

Figure 1: Types of convectional joints (a) crimped joint, (b) welded joint, (c) threaded joint,
(d) filler metal/adhesive joint [15]

2.3 Plastic deformation in joining parts

Mostly plastic deformation has been used in forming processes to produce different
mechanical parts with various shapes. Currently, plastic deformation can be used in joining
parts without external heat application. The processes involved in joining parts by plastic
deformation can be termed metallurgical joining process and mechanical joining process. The
process works by using force which exceeds the yield strength of the material that results to
permanent deformation of the parts. Metallurgical joining processes include friction stir
welding, resistance welding, friction welding, cold welding by rolling, extrusion, forging etc.
mechanical joining includes self-pierce riveting, mechanical clinching, joining by forming
e.g. hydroforming, electromagnetic forming or incremental forming, and fastening e.g.

hemming, seaming and staking.



2.3.1 Metallurgical joining process

In metallurgical joining process, the interface between joining parts is broken by plastic
deformation leaving the clean surface that join by high interfacial pressure. The joining parts
are always heated internally by interfacial slipping [19]. Methods involved here can join a
range of materials including dissimilar material. For example, cold pressure welding is
carried out at ambient temperature in which dissimilar material like Al-Cu, Al-Ti can be
joined [20]. Most of the methods under metallurgical joining processes need surface
preparation of joining parts that can be done by mechanical cleaning or chemical cleaning
[21], [22]. Studies suggest that normal pressure on the weld interface has an influence on the
weld strength [23]. Drawbacks of cold pressure welding include less preference in joining
large components, high stress environments and in metals with oxide layers. This method
makes it difficult to implement efficiently in joining tubes.

Friction stir welding uses friction and plastic deformation in which materials of the joining
parts on the interface are heated by friction and then mechanical force is applied to cause
plastic deformation for bonding [24]. Different techniques have been developed for this
method that include rotary, orbital and linear friction welding process. This welding process
finds application in many areas like automobiles, buildings, industries, transportation for
example joining of aluminum material by spot welding in automobile. This method also
encounters some limitations in joining pipes that includes some difficulties with curved

surfaces and high equipment cost.

2.3.2 Mechanical joining process

In mechanical joining processes only the pressure and interlocking are used without heat
application during parts joining. In this process, the contacting surface of the joining parts are
not bonded hence no need for the high temperature or breaking the oxide layers on the joining
surfaces. Joining dissimilar materials that have different melting points creates a challenge in
using methods like resistance spot welding, for example joining aluminum and high strength
steel. Methods like self-piece riveting and mechanical clinching are used. In self-pierce
riveting, parts especially sheet metals are pieced with a rivet skirt without a pre-drilled hole
through the upper sheet to lower sheet and flaring it to form an interlock as shown in figure 2.
This technique is mostly used to join parts (sheets) of aluminum, coated steel, copper and
sandwich materials [25]. Some limitations with this method include less control of pipe

deformation, limitations to curved surfaces, high costs and material thickness limitations.



(a) (b) (c)

Figure 2: Self-pierce riveting tubes (a) start, (b) driving through outer tube, (c) formation of
interlocking [26]

Mechanical clinching, parts (sheets) are joined by hemming with a punch and die without
using rivet. Forming the two joining parts and form interlock by controlling the plastic
deformation of the sheets, preventing excessive thinning of the upper sheet at the neck and
fracture of either sheet as indicated in figure 3. Methods under mechanical joining processes
have some drawbacks like large joining force is required, formation of bulges and indents in
joints, and access required from both sides of joints with punch and die. This method is less
practical in joining pipes as it cannot meet the requirements in areas that need pressure, air

tightness and sealing.

Punch
(a)

: @ Sheet

.| holder

- Upper sheet
Lower shect

Figure 3: Joining of sheets by mechanical clinching. (a) Start, (b) bulging, (c) compression
and (d) formation of interlock. [27]

Die

2.3.3 Joining by forming

The forming process comprises of different methods that can be used in joining parts such as
forging, extrusion, sheet metal forming and tube forming. Application of forming process in
joining parts is achieved using plastic deformation [28]. Joints can be achieved in tubular
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parts by compression or expansion of the joined workpieces. In forming we can achieve
different joints such as interference-fit joint based on difference of elastic recovery of joining
workpieces [29]. Form-fit joints based on the additional geometrical elements [30]. Methods
like die-less hydroforming use a pressurized hydraulic fluid to join workpieces in which a

ring is aligned coaxially with the tube and hydro-probe set inside the inner joining workpiece.

Some studies have been performed in this area of joining pipes by forming process with the
help of plastic instability. Kovacs showed in his paper how EN AW 6060 pipe can be joined,
and he developed a way for joining the pipes [31]. Also, his findings suggest the best pipe
end angle preparation is 20° for smooth joining process of the pipes. Also, the study done by
Carlos, et.al suggest the name of the joint made on two tubes at room temperature by forming
as tubular lap joint [15]. Joining pipes by this kind of method tries to solve the limitations

offered by many methods as mentioned above.

2.4 Modeling forming processes methods and software’s

Joining pipes by plastic instability can be modeled in finite element tools before running
experiments. Studies show various software can be used in modeling and simulation in
engineering with mostly two FE tools that can model forming and joining process in case of
pipe joining by plastic deformation. These FE tools are Simufact forming and DEFORM.

Simufact forming is among the specialized FE tools for comprehensive process simulation,
multistage processes and material behavior. This tool provides also an opportunity and option
for calculation of welding processes [32]. Simufact forming covers the spectrum of working

with forming processes such as rolling, forging and sheet metal forming [33].

DEFORM is another FE tool designed for manufacturing processes involving plastic
instability. It provides both 2D and 3D simulation options for extrusion, bending and
mechanical joining [34]. The software also offers material flow and forming analysis in
which it is easier to predict how material will behave during the joining process. It’s also
possible to simulate the tool and die design with this FE tool that can be used during the
experiment. The program works in such a way that five components are fed in the program as

shown in figure 4 that include.

e Die design (Top and bottom die)

e Joining workpieces (Top and bottom pipes)



e Aninsert

The materials for the workpiece are specified in the program and boundary conditions are set.
Then, simulation is run to simulate the joining process of the pipes. During the first step the
upper pipe is pressed and forced against the end of the bottom pipe which is chamfered at an
angle to expand and produce overlap between the joining pipe ends surfaces. At this point the
bottom pipe tapered end acts as a tapered punch and the depth of insertion can be controlled
by the distance available between them. On the second step, it involves axisymmetric
compression beading leading to plastic instability of the two joining pipes subjected to axial
compression and results in locking between their adjacent surfaces [15]. The insert used
during the process is to ensure the compression beads are formed outward and maintain the
inner diameters of the joining pipes.

Upper tube

Upper die

Insert

Bottom die

Bottom tube

Figure 4: Joining process of two pipes by plastic deformation. [15]
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3. METHODOLOGY

3.1 Research design

The study will start with the material characterization for determining the material properties.
The modeling and experiments will be run on the workpiece, which is EN 1.4301 (TP 304L)
pipe of 630 mm x 1.5 mm thickness. Running the material flow experiment by using the MTS
machine to determine the actual properties of the stainless-steel pipe material that will be
used in the study. Designing the experiment set up in the DEFORM that includes the die
design, insert, and joining pipes. Insert the material properties, set the different boundary
conditions that will be tested, and run the simulation. Choosing the best models and

parameters for testing in experiments.

The study will run experiments in the number of specimens to validate the models and
parameters chosen in the real world. Several experiments will be run to join the pipes and
form joints. The study will run tensile tests and virtual tests to evaluate the shape, mechanical
strength, durability, and reliability of the joints compared to the joints made by other

methods.

3.2 Materials and tools used

3.2.1 Materials characterization

The study was carried out on EN 1.4301 HEAT N.0538901 tubes with an outer diameter of
30mm and a wall thickness of 1.5mm. A piece of material was cut 50mm length to determine
the material flowability by the compaction of a flat specimen by deformation (Watts-Ford
method as shown in figure (5). The equipment’s that was used is Bernardo MBS 300DG for
cutting a workpiece, and MTS for compaction to determine the material flowability. The

operations were as indicated in figure 6 below.
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test specimen N

——

* a—Pressing tool thickness

* b—Length of the workpiece S0mm
* F—Force applied by MTS machine
* h—Final thickness of workpiece

* Sp - Original thickness

Figure 5: Watts-Ford method

{.Jgn ’ \ ATIO”
’ e

Figure 6: MTS operations and data recording for material characterization

The obtained data were analyzed by using the following formular (i) and (ii) below to plot the
flow curve of the material. (Analyzed data from TMS 250 Machine).

12



V3 F

Forming strength, k; = g e e s ()
C £ trai 2 I So (ii)
omparative strain, @ = —=In— ... ... . e cev e wee e (00
V3 h

Table 4: MTS compaction data based on watts-Ford method

b (mm) a (mm) ho (mm) F (kN) h (mm) [0) Kf (N/mm2)
49.82 3 15 89.09396 1.36 0.113138 516.24
49.82 3 1.5 125.0999 1.35 0.12166 724.87
49.83 3 1.5 150.6023 1.32 0.147609 872.47
49.93 3 15 163.019 1.23 0.229151 94251
49.98 3 15 174.6743 1.17 0.286898 1008.9

50 3 1.5 186.4653 1.13 0.327066 1076.6
50.04 3 15 197.9413 1.07 0.390065 1141.9
50.08 3 15 207.9163 1.02 0.445325 1198.5
50.15 3 1.5 217.6767 0.97 0.503362 1253

50.2 3 15 2215177 0.92 0.564472 1273.8
50.24 2 15 152.081 0.87 0.628997 1310.8
50.28 2 1.5 160.6594 0.8 0.725855 1383.6
50.34 2 15 161.5787 0.64 0.983519 1389.9
50.38 2 15 161.9988 0.58 1.097188 1392.4
50.38 2 1.5 163.1648 0.55 1.158513 1402.4

Figure 7 below shows the material flow curve of EN 1.4301and the material properties

obtained were fed into the DEFORM 2D — 3D tool for modeling the joining process of the
pipes.
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Figure 7: Flow curve of EN 1.4301

3.2.2 Tool design

Before performing the experiments, the tools to be used in the process were developed. Tools
were developed based on the forming process to join the pipes. The overall requirement of
the forming tool of this forming process was designing tools and the insert that support the
inner surfaces of the pipes during forming process. The dies must provide the connecting
options to the testing rig of the MTS 250 machine. The forming tool for this process as
indicated in figure 8 was modified and fabricated for running experiments in which tolerance

was maintained between £0.01 to *0.03 with surface roughness set between Ra 0.2 to 0.6um

Figure 8: 2D drawings of the tools and the manufactured tool elements
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3. 3 Finite element modeling

3.3.1 Parameters
There were several parameters required to be modeled in the FE tool. Parameters included
thickness of the joint formed, initial gap set between the joining pipes die tool, pipes end

chamfered angle and forming without an insert.

From the study done by Kovacs, it suggests that 20° chamfered angle on the pipe end is the
best angle for best results although other literature suggest any angle between and up to 75°
can be used and provide better results with small difference. For optimum and small initial
gap force requirement to start the expansion. The modeling and experiments will be run on

the specimen with end chamfered angle of 20°.

Other parameter is the initial gap set between the joining pipes die tool (L;). For this project
model will try to simulate the results of L; = 30 mm, 40 mm, 50 mm, 60 mm, and 70 mm.
From the simulation results, the experiments will be conducted on the die gap distance that

provided best results.

Another parameter will be running the forming process with the chosen model without an

insert to know how the joint will be without use of the insert.

The last parameter is the thickness of the joint formed. The experiments will be run on the
chosen die gap distance and see the results on the joint of 5mm, 7mm, and 9mm thickness.
Other joint thickness can be considered after the deform simulation is done.

3.3.2 DEFORM 2D-3D modeling

The simulations were run on the Finite element tool after feeding the tool designed, materials
specified of the workpiece, and boundary conditions. Boundary conditions that were set
during the simulation involved, die tool and an insert are rigid, meaning they will not deform
during the process. The workpiece (pipes) was assigned plastic properties. The upper die is
the only part of the tool moving downward while pressing the top pipe workpiece and it was
set on the translation speed of 5mm/s. simulation control was set with the number of
simulation steps to 230. Inter-object relation of all the parts were set defining the contact
relationship of every part to each other and defining the contact friction of coulomb 0.1 as

shown in figure 9 below.
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Figure 9: (a) set up of the simulation (b) Contact relation of the parts (inter-object relation)
The following are the simulations results of the forming process
The forming tool was set at the distance of 30 mm between them and pressed for forming, the

joint was recorded at the thickness of 5.0504 mm after 125 steps, 7.0077 mm after 115 steps
and 9.0058 mm after 105 steps as shown in figure 10.
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Figure 10: joints formed by the initial die distance of 30 mm
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The forming tool was set at the distance of 50 mm between them and pressed for forming, the
joint was recorded at the thickness of joint of 5.0865 mm after 227 steps, 7.19625 mm after

215 steps and 9.00751 mm after 206 steps as shown in figure 11.

Step 206 215
Lte] A
L 50 !
L 9.00751
' ! O
[ 5
3

Figure 11: Joint of 5 mm, 7 mm and 9 mm formed by the initial die distance of 50 mm

L 5.0865

wuw §

alp wonog

The forming tool was set at the distance of 60 mm between them and pressed for forming, the
joint was recorded at the thickness of 3.23257mm after 287 steps, 4.0041 mm after 283 steps,
5.1159mm after 276 steps, 7.13876mm after 265 steps and 8.13876mm after 260 steps as

shown in figure 12.
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'-3 L 7.13876
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Figure 12: Joints formed by the initial die distance of 60mm
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The forming tool was set at the distance of 70 mm between them and pressed for forming, the
joint was recorded at the thickness of 5.01219 mm after 332 steps, 7.01mm after 320 steps,
9.0058 mm after 308 steps and 4.82008 mm after 333 steps as shown in figure 13.

L 9.00685

Bottom die

Insert

Figure 13: Joints formed by the initial die distance of 70 mm

The forming tool was set at the distance of 50mm in between, the insert was not used, and the
tool was pressed for forming, the joint was recorded at the thickness of 3.91508mm after 231
steps, and 7.11507mm after 215 steps as shown in figure 14.

L 7.11507

Top die Bottom die

Without Insert

Figure 14: Joints formed by the initial die distance of 50 mm without using an insert

3.4 Experimental work.

3.4.1 Introduction

The investigation was performed on thin-walled EN 1.4301 pipes with outer diameter of
30mm, length of 100mm and wall thickness of 1.5mm. The forming tool was installed in the
electrohydraulic testing machine (MTS 250) for running the joining process of EN 1.4301
thin-walled pipes as shown in figure 16 below. The model run on DEFORM 2D-3D was used
as a baseline in running experiments. Data for the 5.0865 mm joint simulation was fed to the
computer system of the MTS 250.

e Crosshead speed of the testing machine set to be 2 mm/s
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e Final thickness joint 6mm
e Preparation made on the pipes ends 20° chamfered angle

e Starting initial gap of the joining pipes 50 mm

The pipe was cut into pipe pieces of 100mm length and preparation on the ends of the pipes
was done. A chamfer angle of 20° was cut on the outside surface of one pipe and on the
inside surface of the other pipe as shown on figure 15.

Inside 20° chamfered angle Outside 20° chamfered angle

Figure 15: End pipes 20° chamfered angle preparation

At this stage, we fabricated the forming tool and mounted it in the MTS 250 machine for
joining the pipes. The figure 16 shows the joining process experiment setup. The joining

process followed the following steps.

e Experiment setup, | fixed the forming tool on the MTS 250 machine test rig by using
bolts. | applied lubricant in the parts and mount pipe specimens in the forming tool
and ensured alignment between them to prevent uneven deformation during the

joining process.

e Compression process, | applied force on the upper die of the forming tool to induce
plastic deformation at the pipe interface. At this step, monitoring of force and
displacement data was done and recorded for further evaluation of deformation

behaviour and joint formation.

e Initial joint assessment, | examined the formed joint for alignment, absence of defects
and presence of uniformity by visual inspection and measurement tools like vernier

calliper with the intention of understanding the thickness of the pipe joint formed.
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Top pipe workpiece

Bottom die

Bottom pipe workpiece

MTS 250 testing rig

Figure 16: Setup of the experiment

3.4.2 Joint formed
During the experimental work, lubricant was applied on the internal surfaces of the pipes and

the process of joining pipes was recorded and data from MTS 250 was saved. | performed a
joining process in 4 pipe pairs in which 4 pipe joints were obtained. Joint 1 and 2 showed a 6
mm joint where pipe joints 3 and 4 measured to 8 mm thickness refer to the figure 17. The
analysis on the relationship between the compression force during the forming process and

the axial displacement of the workpiece was done as indicated in figure 18 below.

Figure 17: Joints of 6 mm and 8 mm thickness formed at 50 mm die gap distance
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Figure 18: Force — displacement diagram variation during the forming process for 6 mm and
8 mm joint

3.4.3 Tensile test

The tensile test was done on the joint of 5.8mm by using MTS 250 machine and results were

recorded for analysis. The following was the setting of the experiment.

6 mm joint

8 mm joint

(a) (b)

Figure 19: (a) Tensile test setup, (b) Sample 1 & 3 after tensile test
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4.0 RESULTS AND DISCUSSION

4.1 simulation results (Load prediction)

From the model’s simulation in DEFORM 2D-3D, the best parameters that showed best
results was the model set with the die distance between of 50mm and 60mm as indicated in
figure 9 and 12. The following is the simulation result of load prediction during the forming

process for the model set with the die distance gap of 50mm as shown in the figure below 20.

Load Prediction

Y Load (N)
1.73e+006
i T T T T T T T T T T T T T T T T T T T T T T T T ]
- = Lemez_1 I
- Top die T
1.39e+005 — Bottom die |
— Lemez_2 ]
— Insert
10464006 | )
6.03e+005 | h
i (414, 153e+05)
0 b 'wf’.:
0.000 9.74 195 29.2 390 487
Stroke (mm)

Figure 20: Load prediction during the forming process at die initial distance of 50mm

From the figure 16 above it shows during the forming process around 183.35 x 10°N is
required.

4.2 Experimental results

4.2.1 Joining process
Experimental results show the best result of forming process in joining the thin-walled pipes

by plastic deformation results to 6 mm and 8 mm joints by using the initial die gap distance
of 50mm for the fed data of 5 mm and 7 mm thickness joints respectively from the
simulation, 20° chamfered angle of the tubes end, and using an insert during the process as
portrayed in figure 16.
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The maximum recorded forming force as recorded in figure 17 is around 220KN, which can

deform the EN 1.4301 pipes without breaking the material.

4.2.2 Tensile test
Tensile test results as shown in figure 21 show that the 6 mm joint can withstand the force of

around 72 kN and 8 mm joint can withstand a force of around 52 kN

80

70 8 mm joint

* 6 mm joint

60

40

Force [KN]

30

20

10

0 2 4 6 8 10 12 14 16 18 20
Displacement [mm]

Figure 21: Tensile test (Force — displacement diagram) for 6 mm and 8 mm joints

4.2.3 Microscopic investigation of pipe joint

The microstructure analysis was necessary to analyze the tightness of the joining surface of
the pipes and compare them with the sections of the simulations results. The microstructure
section was performed by cutting specimen 1 and 4 joints and analyzing their sections by
using visual microscope by 2 mm magnification after etching. The following were the results
as compared to simulation pipe section result as shown in figure 22.

The result shows that the pipe joint appears to be consistent with no thinning and the
comparison between the results obtained from the experiment and simulation look alike with
the existing of a small gap between the joining pipes.
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Figure 22: Pipe microstructure section results (a) from simulation (b) from microscopic
investigation

4.3 Conclusion

This proposed method of joining pipes provides a simple way and is effective compared to
the most traditional solutions like welded joints, brazed joints, and threaded joints. The
numerical solutions show the impact of parameters over the joint formed, as when one
parameter is changed, it changes and affects the final joint formed. The study achieved 6 mm
and 8 mm pipe joints from the experiment that demonstrated the possibility of using this
technique in industrial applications. More experiments are expected to be done. including
microstructure analysis under high magnification to observe grain boundaries and phases and
to determine the hardening of the formed joints. More experiments on tensile tests will be run
for different thicknesses of formed joints and compare their results with the mechanical

properties of the same joints made from other methods like welding.

As a conclusion, for future work, further investigations will be made to cover the project
objectives and provide an industrial framework for applications that will include a simple
way of joining a long pipe without using an insert, joining dissimilar material pipes, and
demonstrating the application of elevated temperature of the forming tools on the efficiency
of the joining process.
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