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Kurzfassung

Lineares Reibschweifsen (LRS) ist ein Festphasen-Fiigeprozess, bei dem die Verbindung zweier Kompon-
enten durch ihre relative Hin- und Herbewegung unter axialen Druckkréften erfolgt. Die an der Grenzfliche
erzeugte Reibungswirme in Verbindung mit der aufgebrachten axialen Kraft und der relativen Bewegung be-
wirkt, dass sich eine plastifizierte Schicht bildet, die die stoffschliissige Verbindung der beiden Teile fordert.
Gegen Ende des Prozesses wird die Relativbewegung beendet und die Teile werden iiber das plastifizierte
Material zusammen geschmiedet, wobei sich an der Fiigestelle ein Wulst ausbildet,.

Bis in die letzten Jahre wurde das Verfahren ausschlieflich in der Luft- und Raumfahrtindustrie kommerzi-
ell zur Herstellung von Aeroengine-Blade-Scheiben aus Titanlegierungen (auch "Blisks" genannt) verwendet.
Das Potenzial des Prozesses hat sich jedoch auch auf andere industrielle Anwendungen wie die Kettenherstel-
lung, das zentrale Thema dieser Dissertation, ausgeweitet. Obwohl das Abbrennstumpfschweiffen (ABS) nach
wie vor das hauptsichliche Fiigeverfahren fiir Ketten ist, wurde das lineare Reibschweifsen als praktikables
Verfahren beim Kettenschweifien eingefiihrt, da fehlerfreie und reproduzierbare Schweiffndhte mit hervorra-
genden mechanischen Eigenschaften hergestellt werden kénnen. Im Gegensatz zum ABS | bei dem es sich um
ein Schmelzfiigeverfahren handelt, treten beim LRS keine Schweififehler wie Segregation oder Heifsrissbildung
auf. Zudem hat das ABS im Vergleich zum LRS relativ geringe Produktivitét aufgrund zusitzlicher Sch-
ritte wahrend der Herstellung, wie z. B. der Warmebehandlung nach dem Schweifsen als Folge der erheblich
breiteren Warmeeinflusszone.

Die in der vorliegenden Dissertation behandelten Themen sind Teil eines Folgeprojekts und behandeln
im Wesentlichen die numerische Modellierung des LRS im Rahmen der Kettenfertigung. Daher wurden
thermomechanisch gekoppelte Finite-Elemente-Modelle unter Verwendung der kommerziellen Software DE-
FORM entwickelt, um den Prozess zu verstehen und einige der dazwischen liegenden physikalischen Grofien
vorherzusagen, wie z. B. Temperaturverteilung, Gratbildung, axiale Verkiirzung.

Die Modellierungsarbeiten wurden auf die bereits gut untersuchte Hero Kette mit einem Querschnitt
von 22x24 mm angewendet, die fiir Schwerlastanwendungen (Férdern und Heben) eingesetzt wird. Zusétz-
lich wurden kleinere Stifte mit einem Durchmesser von 10 mm mit Hilfe der statistischen Versuchsplanung
systematisch untersucht, um die Anwendbarkeit, Reproduzierbarkeit und Stabilitdt des Verfahrens zur Her-
stellung von Ketten fiir weniger anspruchsvolle Anwendungen zu beurteilen. Diese Untersuchung sah als
priméres Ziel die Erreichung exzellenter mechanischer Eigenschaften vor, um die Anforderungen der Indus-
trie zu erfiillen, was erfolgreich durchgefiihrt wurde. Der Schwerpunkt dieser Dissertation liegt jedoch auf der
numerischen Simulation. Daraufhin wird ein eigener Entwurf vorgestellt, der experimentelle und numerische
Ausgaben miteinander verbindet.

In beiden Fallstudien wurden Validierungsversuche durchgefiihrt, um die Angemessenheit der entwickelten
Modelle zu bewerten, aus denen eine gute Ubereinstimmung mit den relevanten Prozessergebnissen erzielt
wurde. Dies ermdglichte die sichere Verwendung des Modellierungsansatzes zur Vorhersage von Daten, die

experimentell verglichen werden konnen.

Schliisselworter
Linearreibschweissen von Kettenglieder
Numerische simulation

DEFORM
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Abstract

Linear friction welding is a solid state joining process in which the bonding of two components is ac-
complished by their relative reciprocating motion under axial compressive forces. The mechanical energy
applied in terms of dislocation and axial force is transformed into frictional heat dissipation and elastoplastic
deformation. Then, the plastic deformation contributes as additional heat power source and generation of
new chemically active surfaces. Towards the end of the process, the relative movement is ceased and the
parts are effectively forged together with some plasticised material remaining at the weld interface.

Up until recent years, the process has been commercially used solely in the aerospace industry for the
production of titanium alloy aeroengine bladed disks, also known as “blisks”. However, the potential of the
process has been spreading to other industrial applications, such as chain manufacturing, which is the central
topic of this dissertation. Despite the fact that flash butt welding is still the main chain joining process, linear
friction welding has been introduced as a viable process in chain welding due to the ability of producing clean
and reproducible welds, with exceptional mechanical properties. Contrarily to flash butt welding which is a
fusion joining process, welding defects such as, segregation or hot cracking are not prone to occur. Another
contrasting characteristic is the relatively low productivity of flash butt welding compared to linear friction
welding, due to additional steps during manufacturing, such as post-weld heat treatment as a consequence
of the significantly wide heat affected zone.

The subjects discussed in the present dissertation are part of a follow-on project, and deal essentially
with numerical modelling of the linear friction welding process within the scope of chain manufacturing.
Thus, thermo-mechanically coupled finite element models were developed, using the commercial software
DEFORM, to comprehend the process and predict some of the intervening physical quantities, such as
temperature distribution, flash formation, axial shortening, among others.

The modelling campaign was applied to the already well investigated 22x24 mm cross-section Hero chain
used for heavy duty applications (conveyor and lifting). Additionally, smaller cross-section pins with 10
mm in diameter were systematically investigated experimentally using Design of Experiments to assess the
applicability, reproducibility and stability of the process for the production of chains to be applied in lesser
demanding applications. This investigation envisioned as primary objective achieving excellent mechanical
properties to meet industry’s demands, which was successfully accomplished. However, the focus of this
dissertation is toward numerical simulation, thence a dedicated design coupling experimental and numerical
outputs will be presented and discussed.

Validation experiments were carried out in both case studies to evaluate the adequacy of the developed
models, from which good agreement was obtained for relevant process outputs. This enabled the modelling
approach to be confidently used to predict data which is able to be compared experimentally.

Keywords

Linear friction welding of chains
Numerical simulation
DEFORM
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Chapter 1

Objectives

The aim of this thesis is to investigate process characteristics associated with the LFW process and
increase the existing understanding via numerical analysis, namely the finite element method (FEM). The
importance of a greater understanding of the process may enable on development and optimisation of the

process for chain applications. To achieve these aspects the following objectives have been established:

e Understand and predict the relevant physical quantities related to the pewag Hero chain using an
already optimized parameter combination; and the applicability and the gathering of knowledge of the

LFW process to join chains with smaller cross-section.

e Improve the predictive ability of previously developed models with an innovative modelling approach.
Validate the models envisioning their use to predict outputs non-amenable to experimental measure-

ment.

e Establish a conceptually straight forward and physical based modelling approach to be integrated in

chain manufacturing.
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Chapter 2

Introduction

The history of the chain dates back to the Bronze Age (37¢-1°* millennium B.C.) and was most commonly
used for jewellery items, namely necklaces. Over time, it has been recognized that the chain could also be
used for technical purposes. A chain is a serial assembly of connected pieces, called links, typically made of
metal, with an overall character similar to that of a rope in that it is flexible and curved in compression but
linear, rigid, and load-bearing in tension. A chain may consist of two or more links, and further categorized
by their design, which is dictated by their use. Those designed for lifting, such as when used with a hoist;
for pulling; or for securing, such as with a bicycle lock, have links that are torus shaped, which make the
chain flexible in two dimensions (the fixed third dimension being a chain’s length.) Small chains serving as
jewellery are a mostly decorative analogue of such types. Moreover, those designed for transferring power
in machines have links designed to mesh with the teeth of the sprockets of the machine, and are flexible in
only one dimension. They are known as roller chains, though there are also non-roller chains such as block
chain2%,

The pewag group is one of the oldest chain manufacturers in the world and has become one of the leading
chain manufacturers. Its history dates back to 1479 with first documented references of a forging plant in
Briickl. In 1787 a chain forge was founded in Kapfenberg and few years later another one was founded in Graz,
in 1803. Approximately 30 years later an iron casting plant was established in Briickl but it was not until 1912
that the first snow chain in the world was produced. After 10 years, the plants in Graz and Kapfenberg were
merged and the name “pewag” was created. In the 1970s a sale company was established, both in Germany
and the United States. In 1994, exactly one year after the foundation of pewag Austria GmbH, the first
subsidiary was established in the Czech Republic. In 1999 the Weissenfels Group was acquired, although an
early separation was issued four years later. In 2005 the group was reorganiyed into Schneeketten Beteiligungs
AG, which is producing snow chains, and pewag Austria GmbH, which is manufacturing technical chains. In
2009 Chaineries Limousines S.A.S. was acquired®.

In 2006 the cooperation between the pewag group and the Institute of Materials Science, Joining and
Forming (IMAT) - TU Graz began within the scope of the project JOIN (2006-2010); followed by JOIN 4+
(2010-2014) and metalJOINing (2014-2018), in which this dissertation is inserted. The subject of interest
is related to basic research of chain welding, with special interest over feasibility studies, machine design,

parametric design and advanced modelling.
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2.1 Reading guide

This section aims to describes the various subjects covered in the chapters of this dissertation.

The Linear Friction Welding - State-of-the-art presented in chapter 3, will support and framework
the study described in this report. The literature study is divided in eight distinct parts: 1) An introduction
- the basic principles of the process are introduced along with the industries where LEFW is already a well
established technology. 2) History of LFW - overview of historic elements related to the process such as,
origin of the first existing patents, research dissemination around the world and companies pioneering the
successful implementation the process. 3) LFW operation - the elementary principles behind LFW machines
and its principles. Furthermore, the sequence of operations from clamping until release phase are described.
4) Welding parameters - the intervening parameters in the welding process are listed and analysed in terms of
their influence in the mechanical and metallurgical behaviour of linear friction welded joints. 5) Characterist-
ics of LEFW - An overall discussion on the microstructure of various linear friction welded alloys is presented.
Moreover, a follow-up is given on the mechanical properties achieved throughout various studies, in terms
of tensile strength, hardness, fatigue testing, and residual stresses. 6) Process modelling - An overview on
the analytical and numerical efforts is carried out. 7) Advantages and disadvantages of LFW - The major
benefits in using LFW as a rapid, repeatable and flexible manufacturing process are presented, as well as the
main shortcomings of the process. 8) A new era in chain manufacturing - the leading research developments
within the scope of chain production using LFW is covered.

The Model description is reported in chapter 4 provides the explanatory remarks regarding the de-
veloped of the FEM models; and is composed by twelve subchapters: 1) Introduction - introductory remarks
and highlights on the modelling case studies covered by the present thesis are presented. 2) Modelling strategy
- . 3) Components of the model - comments on the components used to build-up the thermal and thermo-
mechanical models. 4) Geometries - Geometrical detailing on the components assessed in the previous point
concerning the case studies in hand. 5) Meshing characteristics - explanatory remarks on the choice of mesh
for the 2D and 3D models. 6) Mathematical formulation - constitutive equations which describe the thermal
and thermo-mechanical problems. 7) Energy input analysis - describes the methodology used to substitute
a friction model by a power model at the weld surface. 8) Material model - . 9) Loads and boundary con-
ditions - mechanical load and movement, thermal dissipation and initial conditions are prescribed to 2D /3D
thermal and thermo-mechanical models. 10) Solving strategy - the computational solvers used to resolve the
numerical problem are described. 11) Mesh control and distortion - time step choice to keep the mesh in
check under severe distortion. 12) Model limitations - the main shortcomings of the developed models are
discussed.

The Procedure implemented for numerical validation chapter given in chapter 5 is divided in four
parts, providing procedural details carried out to assess the adequacy of the developed models. 1) The RSM-
1 machine - a brief introduction to the LFW research-purpose machine, installed at pewag GmbH facilities
in Kapfenberg, is made. 2) Thermal measurements - thermocouple apparatus is described to validate the
thermal histories yielded by the models. 3) Residual stress measurements - the experimental procedure around
the installation of the hole-drilling strain gauges is described, as well as their positioning. 4) Mechanical
and metallurgical characterization - the equipment and methods used in the mechanical and metallurgical
characterization of the process are bestowed in this subchapter.

Chapter 6 is the prominent section of this thesis dealing with the Results and discussion, and comprises

2 main subjects: 1) Numerical analysis of LFW applied to pewag Hero chain - highlights the results obtained
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for the commercially used Hero chain under different perspectives using 2D /3D modelling approaches; namely
on thermal histories, flash formation mechanisms and morphology, burn-off rates, mechanical and thermo-
metallurgical analysis. 2) Numerical analysis of LFW applied to small cross-section - the statistical results
towards the influence of process parameters on several experimental and numerical outputs is discussed.
Moreover, the validity of the yielded statistical models is appraised.

Finally, the Summary in chapter 7 gathers the relevant remarks on the performance and major findings
of the developed models and some future challenges that might traduce in added value to the subjects covered

in this dissertation.
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Chapter 3

Linear Friction Welding - State-of-the-art

This literature study aims to provide an up-to-date review of the published works on the linear friction
welding so that the current “state-of-the-art” may be identified and the process better exploited. The basics
of the process will firstly be described followed by a description of the workings of linear friction welding
machines and their operation. The typical microstructure characteristics of LEW joints are discussed, along
with mechanical properties, such as tensile strength, hardness measurements and fatigue life assessment.
Additionally, residual stresses, welding defects, followed by tooling effects on the properties of LEW joints
are identified. Next, the work on process modelling is discussed in terms of analytical and numerical analysis.
In the latter analysis, the main modelling approaches and validation campaigns are described. Finally, a
dedicated section to the main developments of LEW employed specifically to chain manufacturing is presented.

3.1 Basic fundaments

Linear friction welding (LFW) is a solid state joining process® consisting of two parts where one them is
stationary and forced against another that is reciprocating in a linear motion in order to generate frictional
heat”, The heat combined with force perpendicular to the weld interface, causes the material to deform,
plasticise and expelled from the weld interface in the form of flash, ultimately causing the workpieces to
shorten (burn-off)™. In the flash, the initial surface-oxides along with other impurities are extruded, allowing
a clean metal-to-metal contact between the parts and subsequently form a joint®1Y. The expulsion of such
artefacts are of utmost importance as they affect mechanical propertiest*12,

LFW is an established technology for the manufacture of titanium alloy integrated bladed disks (blisks)
for aero-engines®. However, owing to the many benefits of the process, the opportunity to use this process
to manufacture components in aluminium and steel alloys is receiving active consideration within industries,

such as automotive® and chain manufacturing 42/
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Figure 3.1: (a) LEW process schematic and (b) a completed weld showing the expelled flash, with oscillatory
motion in the z-direction (based on McAndrew et al.18).

3.2 History of LFW

The first existing patent describing the LEW process appeared in 1929 by Walther Richter (Germany)m.
However, no actual application or research activity was developed as the description of the reciprocating
motion was very vague and the process was labelled as “very doubtful” by Vill (Russia) in 1959519 In
1969 The Caterpillar Tractor Company (Peoria, IL, USA) filed a patent describing a machine capable of
reproducing the reciprocating motion required for the process??. The process was studied more systematically
in the UK in the 1980s at The Welding Institute (TWI), the University of Bristol and Rolls-Royce plec.
Despite the reduced availability of research machines and the high costs required for industrial machines,
some industrial countries have research groups which produced an increasing number of research papers.

In Europe, particularly in the UK, TWI and Rolls-Royce plc play an important role in research and
information dissemination on LEFW, through university based research from mathematical modelling to mi-
crostructural investigation in Cranfield, Herriot-Watt, Bristol, Birmingham, Manchester and Cambridge. In
Italy the universities of Bologna and Palermo have contributed actively for the research in LFW with sev-
eral publications. ACB (Cyrill Bath) in France designs and manufactures LFW machines for research and
production purposes®L.

In Asia, the Northwestern Polytechnical University (NPU) has contributed for research advances for the
last decade having built and operating its one LFW unit. Also, the Beijing Aeronautical Manufacturing and
Technology Research Institute (BAMTRI) performs research on the process.

In the USA, companies, such as Manufacturing and Technology Inc. (MTI) and the ACPI Company have
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been investing on development and design of LFW machinery2Y.

Although the LEW process has been available for three decades, the commercial applications of the process
are vastly reduced to titanium alloy “blisks” for aerospace engines, in firms such as Pratt & Whitney, Rolls-
Royce, MTU Aero Engines and General Electric. This arrangement allows considerable weight savings when
compared to conventional “fir-tree” blade-disc assemblies2Z., Boeing Company proposed a concept of near-
net-shape using the LEW process allowing structures to be assembled from simple shaped parts (figure|[3.2)23.
Note that if the part from figure were to be machined from a solid part either time and material would
be wasted; and near-net-shape forgings on the other hand would be very expensive for most applications.
Moreover, LFW traduces in a material cost saving of up to 90% when compared to traditional machining

operation and a promising method for low volume near-net-shape component manufacturing®L.

(a) initial stage (b) final bridging weld
Y il

?* A B

\
|
J @

Figure 3.2: Near-net shape components manufactured with LEW a-c23.
3.3 LFW operation

The elementary principle of LEFW machines involve two mechanisms: one responsible for the oscillatory
movement, of one of the workpieces and a further mechanism that allows the remaining workpiece to be
pushed against the oscillating one. The force application is dealt by means of a hydraulic ram, whereas

oscillation is either through mechanical or hydraulic means.

3.3.1 Machine variants

Figure[3:3]shows a basic schematic diagram of the oscillating mechanism of an hydraulic-type linear friction

welding machine. The components of the system consist on: a pump, which supplies high pressure hydraulic

9
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fluid into a stack of accumulators; a valve, which allows the high pressure fluid from the accumulators to be
alternately transferred into each end of the hydraulic cylinder and piston assembly creating the reciprocating
motion2,

g

Pump

Accumnulator
stack

Retum

Piston and cylinder assembly

Figure 3.3: Schematic diagram of the oscillation mechanism of a hydraulic-type LEW machine. The spool
valve in the figure oscillates in and out, which allows hydraulic fluid to be alternately forced into the top and
bottom of the cylinder and piston assembly, which in turn creates the reciprocating motion. The tooling to
hold the parts to be welded is attached to the piston.

For the mechanical variant schematically shown in figure [3.4] a common assembly involves a drive motor,
which rotates two shafts that are linked to one another. The crankshaft closest to the drive motor is solid,
while the one furthest is hollow and has a mechanism that allows it to be phase shifted with respect to first
crankshaft. To each of the crankshafts a crank is attached, and a whipple beam is in turn attached to the
cranks. The cranks are connected to the whipple beam by way of flexible elements and the tooling to hold
the reciprocating part is attached to the whipple beam. The flexible elements are weighted with balance
weights to help stabilise the reciprocating motion. It is necessary that parts used in the machine are either
machined from solid or are forged as they are subjected to cyclic loads, and these loads can be high when
the machine is used at high frequencies and amplitudes?4,

The maximum stroke of the cranks, and the maximum amplitude achievable by the machine is reached
when the two crankshafts are rotated in phase. When the crankshafts are rotated 180° out of phase the
whipple beam rocks so that its centre remains stationary, giving an amplitude of zero. To obtain an amplitude
the phase between the two shafts must be less than 180°, or greater than 0°. The oscillation frequency is
dependent on the rotational speed of the crankshaft?%.

The tooling for the reciprocating part is attached to the centre of the whipple beam. The left-hand image
shows the crankshafts moving in phase so that the centre of the whipple beam reciprocates at the maximum
amplitude. The right-hand image shows the crankshafts moving 180° out of phase so that the centre of the
whipple beams remains stationary, giving a zero amplitude. The assembly also has four flywheels to stabilise
the motion of the crankshafts®4.

10
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Figure 3.4: Schematic diagram of the oscillating mechanism of a mechanical-type LEW machine?,

3.3.2 Sequence of operations

Linear friction welding is a process where the frictional heat is produced as one component is moving in
a direct reciprocating manner relatively to another under pressure. The process can be divided in the six

following steps.

1) Part Clamping

The parts are held using a clamping system designed to withstand the forces experienced during the
process. Specimen and tooling preparation is critical to the process in order to guarantee a tight fit needed
between the tool and specimen. Hence, the tooling must be custom built to accommodate particular specimen
geometries.

2) Initialization and retract

The machine starts the reference point acquisition by bringing the clamped parts together under a small
compressive force, thus setting the machine datum to zero. Subsequently, the apparatus retracts slightly,
leaving a small separation between the workpieces. At this point positioning and machine calibration are

done and the actual process ready to start®2L.

3) Conditioning phase

The oscillatory motion of one of the workpieces is increased and and stabilized very quickly and the parts
are brought together under a small force for a predetermined time. This phase is within the period comprising
the ramp-up time, delimited by A in figure .

11
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Figure 3.5: Schematic diagram of the parameter traces that are obtained during the linear friction welding
61
process®.

4) Frictional phase

The frictional phase (B in figure can be categorized in three sub-phases which are determined by the
material behaviour, as depicted in figure [3.62>29.

Phase I, the initial phase: The two parts are brought in contact under pressure and heat through friction

is generated. The rubbing of the two parts causes the asperities from the surface to wear out, increasing
significantly the contact area. There is no axial shortening of the workpieces at this phase. The compromise
between rubbing speed and axial load should be spot on in order to generate enough heat to compensate for
the losses in conduction and radiation. If not, the lack of heat will lead to insufficient thermal softening and
the following phase will not occur228,

Phase II, the transition phase: If sufficient heat has been generated from the previous phase to soften

the material, particles submitted to large wear are expelled from the interface. Also, the heat affected zone
expands from the interface to the bulk material. The true contact area is considered to be 100% of the
cross-sectional area and plastic deformation starts to occur since the soft plasticized layer formed between
the two surfaces can no longer withstand the axial load2526,

Phase III, the equilibrium phase: Axial shortening of the workpieces begins as a result of the expelled

material in the interface. The heat generated as a result of breaking and formation of new bonds is conducted
away from the interface and a plastic zone develops. The stress state on the plasticized layer at the interface
combined with the oscillatory movement causes the material to be extruded in the form of flash.
Instabilities may occur at this stage due to uneven temperature distribution, i.e. if temperature increases
excessively away from the centreline of oscillation, the plasticized layer becomes thicker in that region, causing
more plastic material to be extruded. This can result in rotation of the interface from the original plane.

This might be due to initial misalignment of the specimens?5.

12



Chapter 3. Linear Friction Welding - State-of-the-art 3.4. Welding parameters
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Figure 3.6: Frictional phases of the LFW process22.

5) Forge or deceleration phase

The relative motion is stopped abruptly, in a predetermined time to ensure the correct alignment of the
workpieces. Thereafter, a forge force is applied and held for a set time to consolidate the joint, given by C
in figure The forging force can either be the same or higher than the friction force®.

6) Release phase

The forging load is stopped and the joined parts are released from the clamps and removed from the
machine. When releasing the component from the clamps there is a slight decrease in upset due to elastic

recovery. These features are presented by D in figure 3.5

3.4 Welding parameters

The mechanical and metallurgical structure/appearance in a LFW joint is determined by several para-

meters® 72527 The main input variables are:

e Oscillation frequency: represents the number of sinusoidal oscillations (of the reciprocating part)

completed in one second.

e Oscillation amplitude: defined as the maximum displacement of the oscillating sample in relation to
the reference position, i.e. the displacement between the oscillating and stationary parts are zero (fully

aligned).

e Ramp-up time: the time required for the welding parameters to reach steady state levels (see figure
3.5).

e Friction pressure: the pressure applied perpendicular to the weld interface, during the frictional

phase of the process. Pressure is obtained using the nominal area of contact at zero amplitude.

e Burn-off: the shortening of the workpiece in the direction of the applied force. This factor, along
with teéme or number of cycles are used to control the progress of the process in the equilibrium

phase and trigger the forging phase.

13
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e Decay time: the time required to bring the amplitude to zero at the beginning of the forging phase.
e Forge pressure: pressure applied during the forging phase of the process.
e Forge time: the amount of time that the forging pressure is applied.

However, there are other important variables which result from the main input variables and cannot be easily

changed through the variation of the main variables. These are®21:

o Upset: the total loss of length throughout the process. The upset exceed the burn-off distance mainly
because of the loss in length due to the forging force.

e Shear (or in-plane) force: the force parallel to the oscillatory movement.
e Burn-off rate: the rate of shortening, i.e. the gradient of the burn-off curve.

o Welding time: the total amount of time to weld a specimen.

Many author consider the oscillation frequency, oscillation amplitude and friction pressure to be the
process inputs of primary importance, as their are related to the amount of heat input provided to the
weld2873L - Although the frequency and amplitude of oscillation are two separate process inputs it has been
shown by McAndrew et al.22:33l that they may be considered as a single input — an average rubbing velocity —
as varying either while keeping the average rubbing velocity constant has relatively little effect on the results.

The average rubbing velocity v,. is defined as:

v,=4-a-f (3.1)

where a and f are the amplitude and frequency, respectively.

3.4.1 Effects of welding parameters

Various authors studied the effect of the process parameters in the properties of linear friction welded
joints.

When studying the effect of friction time on the flash formation shape and axial shortening of linear
friction welded C45 steel, Li et al.** concluded that sound welds could be achieved if the friction time stays
above 3s. Also, the axial shortening increases exponentially with the increase in welding time.

The same author reported in®Y that as the oscillation frequency increases, the interface temperature
reaches more quickly up to a high temperature and the axial shortening also increases to a larger value at
a faster rate. The same holds for the increase of both amplitude and friction pressure. These effects do not
act independently, instead they can be integrated into one factor of heat input.

In the work conducted by Bhamji et al.*® to AISI 316L austenitic stainless steel, an analysis was under-
taken into the effects of welding parameters on weld microstructure. In particular the variation of weld line
d-ferrite fraction was observed with different welding parameters, and it was shown that at higher burn-off
rates a lesser amount of delta ferrite was formed at the weld interface. This was attributed to the quicker
expulsion of hot plasticised material from the weld, which did not allow enough time at temperature for large
amounts of delta ferrite to form. Conversely in low burn-off rate welds a slow moving layer of hot plasticised

14
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material was present which did allow time for delta ferrite formation and therefore much greater amounts
than in the parent material were present at the weld line. The highest burn-off rates occurred at mid-range
frequencies and amplitudes and high pressures as shown in figure These findings contradict literature
and are believed to be associated to the fact that this material essentially lubricates the joint and is very

hard to remove, which causes the low burn-off rate.
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Figure 3.7: Effects of pressure, frequency and amplitude on burn-off rate®5.

Romero et al.B8 acknowledged, due to evidences in the microstructure and residual strain in Ti-6A1-4V,
that an increase in welding pressure led to “colder” welds in comparison with lower pressures. Although the
increase in pressure might suggest an increase in power input, it also resulted in a decrease in welding time
and acceleration of material flow, which could lead to a decrease in total thermal exposure.

Wanjara and Jahazi'2 investigated the influence of four process parameters, namely, frequency, amplitude,
friction pressure and axial shortening on the size of recrystallised S grains in the WZ of Ti-6A1-4V. This work
gives a good insight as to how the interface temperature varies as welding parameters are changed, as the
B grain growth will be dependent on it. According to figure 3.8(a) and (c), an increase in frequency or
pressure increases the size of the prior b grains. This is believed to be associated with the increase in power
input, along with an increase in frequency or pressure, leading the temperature at the interface to be greater.
However, the increased prior 8 grain size could also be related to low cooling rates when high parameters
were used. Furthermore, an increase in oscillation amplitude results in a reduction in the prior § grain size
probably due to the fact that large amplitudes expose a considerable amount of materials to the surrounding

atmosphere, resulting in increased convective heat dissipation.
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Figure 3.8: Effects of (a) frequency, (b) amplitude, (c) pressure and axial (d) shortening on the average
grain size in the WZ Ti-64 linear friction welds™2.

These parameter studies clearly demonstrate that the welding temperature can be controlled, to some
extent, through the control of welding parameters. Minimising the peak welding temperature is an important
objective, particularly when attempting to join highly dissimilar materials (e.g. aluminium to copper) by
LFW. In such cases, the formation of intermetallics is usually a major obstacle. Therefore, minimising the
welding temperature aims at avoiding the formation of detrimental intermetallic phases at the weld line.

3.5 Characteristics of LFW

The action of rubbing mating surfaces on one another is of a molecular and mechanical nature. The
molecular action is a result of the attraction of two parts to one another; the mechanical action is generated
by the pieces entering one another as they rub together®. As result, these two effect combined dictate the

microstructural and mechanical characteristics of linear friction welded joints.
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3.5.1 Microstructure

The temperature at the interface during LEFW is not expected to exceed the melting temperature of the
material. However, the peak interface temperature is very high and can be close to the solidus temperature®Z,
thus, along with the high pressures involved in the process, significant microstructural changes occur close
to the weld interface. To characterize the different microstructural regions, the widespread nomenclature of
friction stir welding was adopted=8.

The base material (BM) is at some distance form the weld line, and is characterized for suffering no plastic
deformation, nor alteration in the microstructure since it is not subjected to the weld thermal cycle3859,

The heat affected zone (HAZ) lies closed to the weld line and experiences the effect of the weld thermal
cycle, responsible for modifying the microstructure of the material and its properties. Withal, there is no
optically visible plastic deformation®83%,

In the thermo-mechanically affected zone (TMAZ) moderate plastic deformation and thermal cycle are
responsible for the microstructural changes in this region, although recrystallisation does not occur. The
grain is more elongated and highly deformed when compared to those in the HAZ and phase transformations
can also occur, in some materials. Changes in this region are in general more evident than in the HAZB859,

In the immediate vicinity of the weld line, in the weld zone (WZ) the material is subjected to intense
plastic deformation and high temperatures due to heat generated by friction. These conditions lead to
dynamic recrystallisation of the material, which produces a region consisting of very fine equiaxed grain and
often an order of magnitude smaller than those of the BM38439,

Figure 3.9: Micrographs of the different weld zones: a) WZ; b) TMAZ; c) HAZ; and d) BMB2,
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3.5.1.1 Titanium alloys and aluminides

Microstructure investigations of linear friction welds in bimodal « and g structures titanium alloys, as
shown in figure a) and (b), has been carried out by several researchers™40*2 Tt is evident that during
LFW the material adjacent to the weld line surpasses the -transus temperature, transforming the a-grains
into B-grains. A fine grained structure is expected in this region, which is related to the material being
exposed to high temperature and strain resulting in dynamic recrystallisation®3#5, The fully S-transformed
microstructure cools rapidly after the oscillatory phases of the process, preventing S-grain coarsening, result-
ing in a Widmanstéatten microstructure®® of o and § plates delineated by prior b grain boundaries, as shown
in figure c), or even Martensitic microstructures®?, The difference, according to Ahmed and Rack®®, is
due to the rate of cooling from the single S-phase. If the weld cools at a rate faster than 410°Cs~'then a
diffusionless transformation occurs resulting in Martensite.

In the non-recrystallised TMAZ, the S-transus temperature is not reached, as fragments of the a-grains
from the parent material are still present, although deformed, elongated and reoriented towards the direction
of oscillation®¥50 (see figure d)). Titanium wleds do not display a prominent HAZ, thus a direct
transition from TMAZ to BM is possible™2,

Reciprocating
(oscillation)
direction

uopoa.p (asiay

peydde) ey

N y ) i AdLEAS . P
SEI 10.0kY 2um e SEI 10.0kV 20um ———— iy

Figure 3.10: Microstructure of Ti-64 linear friction weld: (a) and (b) BM; (¢) Widmanstitten microstructure
in the WZ; and (d) non-recrystallised region of TMAZ showing deformation of the base microstructure’2.

Successful linear friction welded joints were obtained for a titanium aluminides®. At high cooling rates,
the relatively slow 3 to « transformation causes a microstructure of retained 3, which has low notch toughness,
or ao martensite, which is very brittle. To avoid such undesirable microstructures very low cooling rates are
needed. Hence, welding parameter optimisation was suggested, with a regime of low forces and amplitudes

and high frequencies. Despite these difficulties crack free welds have been produced in as titanium aluminide.

3.5.1.2 Steel alloys

The microstructure of LEW C45 steel, from the weld centre to the parent metal, were determined as
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superfine ferrite(a) + perlite (P) in the weld centre, deformed fine o + P in TMAZ, tempered sorbite
(TS) in HAZ, tempered troostite (TT) in HAZ, tempered martensite (TM) in HAZ, respectively. Coarse
a + P was obtained in the flash. The fine a + P structures were formed through the recrystallization of the
deformed grains at the friction interface, while the coarse a4 P structures in the flash were attributed to the
grain growth because of the relatively long time at high temperatures. Moreover, the microhardness of the
joint decreased gradually from the parent metal (789 + 23 HVO0.2) to the weld centre (248 + 5HV0.2) and
is attributed to the microstructure evolution throughout the joint experiencing different thermal histories
during the process®?,

Successful welds were obtained for AISI 321 stainless steel. Via phase fraction maps it was possible to
acknowledge that ferritic phases were no longer present on the WZ. This is, on the one hand, because the
ferrite in the WZ is broken after extrusion and deformation, thus forms dispersed microstructure; on the

other hand, part of ferrite decomposes into v (austenite) and o phase during the process®?.

3.5.1.3 Nickel based superalloys

The presence of oxide particles in LFW IN718 aligned around the weld interface were reported by Mary
and Jahazi®”. Their concentration and distribution, varying with process parameters, affect the weld integrity.
The TMAZ characterised by a global loss of strength (from 334 HV to 250 HV) is associated with temperatures
exceeding 800°C and causing fy' and 7” dissolution.

This dissolution effect of strengthening precipitates at the weld line of linear friction weld was also found
for other nickel alloys®¥. Effects of crystal orientation on weldability and microstructural evolution occurring
during linear friction joining of single crystal nickel-base superalloy to polycrystalline nickel-base superalloy
were studied. The materials were easiest to weld when the primary slip system of the single crystal was
favourably orientated to give a high Schmid factor. Other than this orientation the LFW process proved to

be unsuccessful.

3.5.1.4 Aluminium alloys

During LFW process of AA2139, heating combined with plastic deformation can lead to change in the
phase composition at the expense of dissolution or precipitation of different phases. As a result microhardness
reduces by 30 HV on the average during transition to the TMAZ and weld centre zone®>. A similar behaviour
was reported when joining Al-Fe-V-Si 8009 aluminium alloy which showed a decrease in strength at the WZ

compared to the BM due to overaging or dissolution of hardening particles®%,

3.5.2 Mechanical properties

Linear friction welding is particularly suitable for joining materials that have high heat resistance and
low thermal conductivity. The high heat resistance allows a high frictional heat to be generated while the
low thermal conductivity helps to concentrate the heat around the weld. These characteristics allow welded
joints of titanium and nickel alloys to be made with low power input. In order to weld materials such as
aluminium, which have a low heat resistance and a high thermal conductivity, a high power input is necessary.

Ultimately this leads to a limited parameter window in which good welds are possible®Z.
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Table B.1] summarizes the results of the tensile strength of the linear friction weld joint and welded joint
efficiency factor of different alloys. The joint efficiency indicates the ratio of the tensile strength of the weld
to the tensile strength of the BM, e.g. weld factor 1.0 means that the weld is warranted to have the same
strength as the BM.

Material ouyrs of BM (M Pa) opyrs of the weld (M Pa) Efficiency
Ti-6412 1030.6 1078.6 1.05
Titanium Ti1758 1120.2 1079.3 0.96
Ti-55535% 1108.2 1058.4 0.95
AA2024-T460 469.7 434.6 0.93
Aluminium AA800958 469.3 404.9 0.86
AA2124-T461 659.1 542.5 0.82
21Mn62 530.4 592.1 1.11
Steel C4554 698.3 718.1 1.03
ATST 316L5% 602.5 610.8 1.01
Nickel Waspaloy (PWHT)™! 1374.8 1342.1 0.98

Table 3.1: Tensile strength and joint efficiency for different materials.

Hardness and microhardness investigations of linear friction welded joints have been performed by a
number of researchers, mostly in Ti-643641163:64]

The investigation of the microhardness of linear friction welded Ti-64 alloy is shown in figure a). The
observed symmetry in the hardness profile, starting from the centre of the weld, indicates that the joining
partners are thermo-mechanically influenced in the same way during the process, irrespective of whether it
is the stationary or movable joining partner. An identical course of hardness could be confirmed in several
works concerning this alloy, with the highest hardness values always occurred in the weld zone. This was
attributed to the phase transformation and grain refining induced by recrystallization in this zone. The weld
pressure had a very significant effect on the width in which the material seems to have exceeded the -transus
during welding, and the width of the TMAZ/WZ. In addition, the internal stresses in the weld zone also
contribute to the increase in hardness®9.

HVO0.5

g

-1.0 -0.5 0.0 0.5 1.0
distance to the weld centreline [mm)]

Figure 3.11: HV 5 hardness profiles as function of the distance from the weld line considering different weld
pressures=®,
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Regarding aluminium matrix alloy a contrary behaviour was acknowledged with a decrease in the welded
zone by approximately 10% in respect to the BM. An important role is played by the concurrent effect
of severe plastic deformation, recrystallization and presence of Cu—-Mg co-clusters, which explain the lower
hardness in the weld centre in respect to the TMAZ. The local strain hardening of severely deformed material,
on the other hand, could be the reason of the hardness fluctuations in the joint, especially in the TMAZSL,

The fatigue behaviour of linear friction welded joints has been investigated for a number of stress amp-
litudes in either low cycle fatigue (LCF) and high cycle fatigue (HCF)20:61i65,

Stinville et al.” performed fatigue life assessment at nine different stress levels corresponding to maximum
stresses of 550, 600, 650, 700, 725, 750, 800, 925 and 1000 M Pa, covering the LCF and HCF domains.
Coupons were machined with special attention given to their orientation in the as-received rolled plate of
Ti-6A1-4V. Specifically, 50% of the blocks were machined with their length along the rolling direction (RD)
and the other 50% with their length along the transverse direction (TD) of the hot-rolled bar. Under the
conditions in this work, crack nucleation never occurred in the WZ or TMAZ, regardless of the frictional
pressure and the maximal stress level applied. The location of crack nucleation depended on the applied
stress level. For an applied stress higher than or equal to 725 M Pa, all tested specimens failed on the RD
side. In contrast, all specimens tested at a maximum stress equal to or lower than 700 M Pa exhibited crack
nucleation sites on the TD side.

Rotundo et al.“* investigated the HCF life of silicon carbide particle reinforced (25 vol. % SiC) aluminium
alloy. Fatigue strength at 107 cycles was equal to 289 M Pa with a 50% probability of failure, which is
78% in respect to the fatigue strength of the base material, tested at R = 0.1. The high resistance was
attributed to the absence of welding defects. Furthermore, failure was located in the TMAZ. The crack
initiation mechanisms of metal-matrix composites (MMCs), in the HCF regime, are usually associated with
imperfections in the material, such as porosities, reinforcement clusters or weak interface.

Little work was reported regarding impact toughness (IT) of linear friction welded joints. Ma et al.4?
investigated a total of five blocks of the Ti-6Al-4V. The same welding parameters were used for all five
samples: amplitude 4 mm, frequency 33 Hz, friction force 17.9 kN, friction time 8 s, forging force 36.8
kN and compression time 4 s. The axial shortening is thus dependent on the aforementioned combination.
Standardized U-notch specimens in the centre of the weld were made and tested destructively at room
temperature.

Table summarizes the results of the experiments for the tested samples. The results yielded an average
value of 61.3 + 5.8 J/cm?. Sample 2 exhibited the lowest value and crack initiation in the BM, due to the
lower toughness of the base material. On the other hand, Sample 3 reached the highest value. In this case,
the crack initiated from the WZ, via the TMAZ, into the BM, finally fracturing at the BM. It has been

reported that the fracture behaviour of Samples 1, 4 and 5 is similar to that of Sample 3.

Sample no. 1 2 3 4 5
IT 60.1 52.0 67.1 624 64.9

Table 3.2: Impact toughness values of LFW Ti-64 specimens“?.
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b Crack Weld line

a Crack Weld line

Figure 3.12: Macrographs of the fractured samples after impact test. (a) Sample 2; and (b) Sample 3%,

3.5.3 Residual stresses

The residual stresses are generated via two mechanisms: plastic deformation experienced by the workpieces
at elevated temperatures®7; and thermally induced strain??, which results from the difference in thermal
expansion and contraction of the material during heating and cooling. The primary mechanism is due to the
thermally induced strain that occurs during the post-oscillatory motion cooling?%.

Residual stress measurements were carried out mainly for titanium alloys using either high energy synchro-
tron X-ray or neutron diffraction, and each relies on calculating strains and stresses from changes in lattice
parameter223666168  The results of these investigations are in close agreement and show tensile stresses in
all three directions, close to the weld line. The tensile stresses were highest in the transverse direction (z-
direction), i.e. in the welding plane perpendicular to the direction of the vibration, and smallest in the axial
direction (y-direction), as illustrated in figure

The development of the residual stresses shown in these studies may have an adverse effect on the overall
life, permanent deformation and especially on the fatigue strength. In?2%68 it was successfully demonstrated
that by using a suitable post weld heat treatment (PWHT), the residual stresses in a linear friction welding
joint can be reduced by 75-90%. An important dependence of residual stress relief on specimen size has
been reported in Ti-64%2. Hence, on small laboratory scale linear friction welded sample evidenced negligible
residual stresses after PWHT, unlike a full scale “blisk”, where significant tensile stresses were still present
after a comparable PWHT.

It has also been suggested that residual stress development can be minimised by optimising welding
parameters, namely higher frictional and compressive forces leads to a considerable reduction of residual
stress. The low residual stresses in the welded joint were explained by the lower peak temperature, which

occurs during welding with high forces,
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Figure 3.13: Stress as a function of position along the weld line: (a) x stress, (b) y stress, and (c) z stress.
The shaded band centred at y = 0 represents the nominal HAZ%S,

3.5.4 Welding defects

In general linear friction welded structures comprise a repeatable, high quality joint, although some
defects may occur. One of the most common area for defects is in the extremities of the weld, as these
areas experience greater heat loss due to convection, relative to the central region, and are exposed to the
atmosphere when the oscillating part is reciprocated. L,

For welds with bifurcated flash lack of bonding can be found running from the flash towards bulk along
the weld line. However, this lack of bonding usually only penetrates small distances and can be sorted as
they are within machining tolerances. For extreme cases, particularly when brittle materials are welded,
the lack of penetration can reach larger distances, as depicted in figure ). Moreover, cracking in the

heat affected zone can also occur if the amplitude is decayed too quickly at the end of the welding cycle, as
illustrated in figure [3.14|(b)7L.
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Corner defects caused by a lack of flash extrusion from the corners of the welds can also occur, affecting
drastically the mechanical properties. These features were observed when welding Ti-641321 The unbonded
regions can be eliminated with a burn-off increase, since the heat from the flash and interface conducts into
the corners causing them to soften and plastically deform. This results in the corner material merging with

the rest of the interface.

(a) (b)

Figure 3.14: Defects in linear friction welds: (a) weld in Ti-48A1-2Cr-2Nb showing a crack penetrating into
the parent material geometry from the flash; and (b) weld between a martensitic (top) and stainless (bottom)
steel showing cracking in the heat affected zone of the martensitic steel as a results of rapid amplitude decay ™.,

3.5.5 Tooling effects

The effect of LEW tooling, namely the clamping system has been scarcely investigated on the processing
of linear friction welds. However, during a recent LFW experiment, Li et al. 7 identified through high-speed
photography that the reciprocating specimen does not move rigidly in the oscillation direction, but has a

“micro-swing” relative to the oscillation plane, as shown in figure [3.15]

(a) Oscillation

(b) t (e) i @

c) () (h) Z
I ¥ v

Figure 3.15: Movement of the oscillating workpiece (a); (b) and (c) ideally without; and (e)-(h) in reality
with micro-swing™3.

Consequently, a model was created to investigate the effect of different swinging angles on the flash
formation and temperature fields, and concluded that the burn-off rate increased with larger angles of micro-

swing, which was due to one workpiece digging further into the other and extruding more material per cycle.
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On the other hand, the different micro-swinging angles had negligible effect on the interface temperature
histories.

The positioning of the clamp in relation to the weld line proved to have a significant effect on heat
generation and, as a consequence, temperature distribution™. Whilst comparing Ti-64 and AA2024, a
change in the fixing height by 2 mm gave large qualitative and quantitative differences in the temperature
and stress field. For the titanium alloy fixation at 10 mm of free length was preferable to avoid gradients
in the middle of the contact zone and to provide symmetry in the stress and temperature fields which will
produce a uniform output of flash. The aluminium alloy is more forgiving allowing a wider range of fixing

height, 6 to 15 mm, for a uniform distributions of temperature along the contact line.

3.6 Process modelling

Experimental observations can be of limited use in LFW due to non-linear effects in a narrow weld zone,
such as the variation of thermo-physical properties under high temperature gradients and the change of
mechanical properties with deformation conditions (temperature and strain rate). The very complex thermo-
mechanical nature of LFW makes it difficult to reveal the bonding nature and predict various properties of
the joints. Numerical analysis using advanced computational tools can therefore play an indispensable role
in providing insight into the rapidly evolving nature of the process#2%30, This section divides the modelling

efforts of the process into analytical and numerical.

3.6.1 Analytical modelling

Despite its importance, the number of papers presented on the subject of mathematical modelling of

a5

LFW is limited, as is the progress made in constructing satisfactory analytical models Reason for this

27128 Moreover, In

are the simplifications involved, such as constant material properties and 1D heat flow
most of the papers, sliding friction at the rubbing interface has been used to model heat generation. As this
occurs during the early stage of the initial phase, the material close to the interface gradually softens and
heat is generated not only through sliding friction but by mechanical dissipation throughout the plasticised
material©®. Therefore, sliding friction is not suitable to model all stages of the process.

Although the literature related to analytical modelling of LEW is sparse when compared to experimental

and numerical investigations, the key finding are reported below.

3.6.1.1 Thermal modelling

Vairis and Frost*? proposed a heat generation model for LFW (see figure [3.16). The heat generation rate
per unit interfacial area (¢) is written as:
Fg uFn

g=TV= V=15 (L —asin (wt))aw |cos (wt)] (3.2)

where 7 is the shear stress, v the sliding velocity, u is the coefficient of friction, Fgs is the shear force, Fiy

is the normal load, a is the amplitude of oscillation, w is the angular frequency, t is the time instant, L is
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the length and W the width of the specimen (weld area = L - W). The contact area term W (L — asin (wt))
changes with time to reflect the true area of contact:.
The average heat generation rate can be determined by integrating equation [3.2] over a cycle, or as the

oscillatory motion is symmetrically cyclic, integrating four times a quarter of the cycle

1 (T 4 [T/4 4 [T/4 4 [T/4 2
qo = f/o qdt = ?/0 qdt = f/o uPnvdt = ?/0 uPyaw cos (wt) dt = ;uPNaw (3.3)

where Py is the constant friction pressure and 7T is the oscillation cycle period.

Lo

o"“.

——

w

Figure 3.16: Analytical model: o amplitude of oscillation; L specimen length; Ly overhang of specimen from
specimen holder; Pfriction friction pressure; and W specimen width) z1

To yield the temperature at the initial phase, Vairis and Frost“? employed a 1D thermal model based on
the “heat flux being applied to a solid bounded by two parallel planes” approach, described by Carslaw and
Jaeger™. This allowed for the temperature T, at any distance back from the interface x, as a function of

time ¢, to be determined, according to equation.

2m+1 lt"Hrl I“ 1 1 > 2 1)Ly — 2 1)L
T, = goozt™z I' (3m+1) Z TinleTfCM + Ti’ﬁlerfcw (3.4)
a — 2(at)2 2(at)?

where « is the thermal diffusivity, I" the Euler gamma function, Lg is the overhang of the workpiece, m is
a constant, go is the heat flux, T;_; is the temperature from the previous iteration, and the term er fc(z) is
the complementary error function.

This model involved simplifications, such as 1D heat flow, heat loss to the surroundings was neglected,
coefficient of friction linearly increased as a function of time from 0.25 to 0.55, true contact area was linearly
increased with time from 0% to 100%, and the model is static, hence no traverse movement was considered.
The results of the model, with linear (constant) and non-linear (temperature dependent) material properties,
were compared with thermocouple recordings. Constant material properties did not yield a satisfactory result
as the temperature deviated significantly in the first 2 s. For non-linear material properties, on the other
hand provided a better temperature prediction??,

Although this effort is suitable for thermal modelling in the initial phase, questions of applicability must

be raised regarding the equilibrium phase, since the model does not account for burn-off. The latter is an
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important asset regarding the self-regulatory properties of the process. Wen et al.™ proposed a phenomeno-
logical approach that accounts for the constant axial shortening in the equilibrium phase and allows to back
calculate the interface temperature via two known temperatures elsewhere, for dissimilar LFW of Til7 and

Till. The following one dimensional Fourier heat conduction equation was solved:
d*T ar
Y2 " Var T

where « is the thermal diffusivity and v is the burn-off rate. Solving equation [3.5)

0 (3.5)

T = 2K exp (Bx) Koy (3.6)
v (0%

where K7 and K are constants. The constants are easily computed since the temperature results at distinct
positions are known from the thermocouple measurements. The obtained results were comparable to the

experimental ones and the highest temperature reached at the weld interface was 1280°C.

3.6.1.2 Material flow modelling

Vairis and Frost25 adapted an already existing rotary friction welding mathematical model from Midling
and Grong™ to predict the material flow at the interface of linear friction welded Ti64. The model predicted
that the strain rates appeared to be largest at the weld interface in the direction perpendicular to the
reciprocating movement, decreasing further back as depicted in figure Furthermore, the strain rates
seem to decrease with the increase in the frequency of oscillation, however, the computed peak values are

much lower when compared to the ones predicted by numerical models®%8Y,
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Figure 3.17: Predicted HAZ strain rate distribution during linear friction welding of Ti-6Al-4V for different
oscillation frequencies (amplitude of oscillation: 0.92 mm; and friction pressure: 25.9 M Pa)25.

3.6.2 Numerical modelling

Analytical models often employ many simplifications, such as constant material properties and one di-

mensional heat low®2; thus affecting the accuracy of the information provided, specially in complex process
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situations?83, Finite element analysis (FEA) is therefore used for welding simulations as it discretises com-

plex problems into more manageable sub-problems, approximated at finite time steps®485]

Modelling has been used to characterise various welding outputs, such as thermal fieldss®

flash morphology and formation rates® 86 contaminant expulsion®*89 microstructural character-
isation®, residual stresses22194 4 strain ratesB38081,

Several FEA packages have been used to model the LFW process, such as Abaqus?®, Ansys® DE-
FORM®7, Elfen?? and Forge®0.

3.6.2.1 Modelling approaches

Various authors developed 2D and 3D computational models®278U3380OIMSWTHI00  Degpite this, 2D

modelling has been of preference for the majority of published work, regarding the fact that it provides
considerable information on LEW process, without the significant computational effort drawback experienced
in 3D modelling. Hence, being more suitable for parametric studies. Nonetheless, 2D models are unable
to replicate the flash formation in the direction perpendicular to the oscillation direction®?. As a result,
significant effort has been done in recent years to develop 3D models as they provide important insight into
the full multi-directional flow behaviour of the process. This is particularly useful to understand the material
flow and thermal cycles at the corners of the workpieces™®.

According to literature the LEFW process can be modelled by three different approaches, as shown in figure

BI8

Non-deformable Forging Forging
object tool tool

Temperature

! /

Oscillating and Oscillating Oscillating
forging tool tool tool

(a) (b) (c)

Figure 3.18: Modelling approaches: (a) one plastic workpiece and a non deformable tool; (b) two plastic
workpieces; and (c) a single body representing two workpieces??.

The first approach consists in modelling a single plastic workpiece that oscillates against a non-deformable
object, as presented in figure a). Nevertheless, the friction coefficient needs to be known in
order to reproduce accurately the thermal aspects in the initial phase of the process. In addition, due to only
one workpiece being modelled, it is impossible to model the flow behaviour after the two workpieces merge

to each other.
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The second approach is a result of the increase in computational power. Thus, many authors expanded

on the early approach to create a model composed by two plastic workpieces2* 4209195102010

, as depicted
in figure b). Once more, this approach requires information on the friction conditions on the interface
and additionally does not consider mechanical mixing expected in transition and equilibrium phases.

The third approach depicted in c), was developed by Turner et al.®”, who noticed that prior to the
workpieces merging there is negligible macroscopic plastic deformation. Once a viscous layer is formed a
single body representing two workpieces can be considered, since sticking friction takes place and 100% of
true contact at the interface. A temperature profile needs to be put onto the single body that accounts for
the heat generated by sliding friction. The high temperatures in the interface results in high viscosity of the
material in the weld interface of the model. By considering the continuity in this region, the model is able
to account for the joining of the separate workpieces. Thus, better modelling of the flash formation and its
morphology is achieved 28537280 However, the limitations inherent to this approach have to do with the fact
that all stages prior to sticking conditions are not able to be modelled.

The type of modelling analysis can be selected between purely thermal, thermo-mechanical and thermo-
metallurgical. For the last two analysis, elastic-plastic or plastic properties can be prescribed®®. The purely
thermal analysis neglects the elastic and plastic effects, thus requiring very little computational time. The
elastic-plastic analysis allows for the inclusion of the elastic and plastic effects, therefore providing greater
accuracy and insight, however considerable computational time is added. Purely plastic models neglect the
elastic effects and assume incompressible flow, which is generally an adequate assumption when significant

plastic deformation occurst%¢,

As a result, purely plastic models require less computational effort than
elastic-plastic analysis. Several authors®3%86 have demonstrated that the use of a purely plastic analysis is
accurate to capture the experimental trends of the process during the oscillatory phase. However, according
to Turner et al.?” elastic-plastic analysis has to be used during the post-oscillatory motion cool down period
if the residual stress formation is to be modelled. Metallurgical aspects must also be taken into account when

dealing with residual stresses.

3.6.3 Validation

Validation is a critical task that has to be performed in order to assess the validity of a model™". Thus,
successful validation to a range of outputs enables the predicted data from the models to be trustworthy

concerning other outputs which are not measurable experimentally.

3.6.3.1 Analytical modelling

The Fourier heat conduction equation used by Wen“ to mathematically estimate the temperature history
of the joint during LFW and given by equation [3.5 was validated using two thermocouples 2 mm and 4 mm
from the weld interface. The calculated and the measured curves of the WZ have a similar profile, with
calculated values being a little higher than measured ones, as the temperature obtained by the infrared
thermometer was the flash surface temperature and not that of the weld interface. Nevertheless, calculated

temperature was comparable to recorded values.
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3.6.3.2 Numerical modelling

Some efforts on numerical modelling include thermal history2830833i808688 flash morphology® 8L burn-
off history, shear loads, residual stresses, and microstructural grain radius and spatial distribution. Some

validation results are presented in figures to [3.21] demonstrating the ability of some models to capture
experimental trends.
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Figure 3.19: Modelling validation displaying: (a) burn-off histories for Ti-6A1-4V workpieces®; and (b)
thermal profile at the end of the initial phase for a Ti-6Al-4V weld®2.
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Figure 3.20: Modelling validation displaying: (a) flash morphology for a Ti-6A1-4V weld®%; and (b) residual
stresses in an aluminium alloy weld®L,
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Figure 3.21: Modelling validation displaying the spatial distribution of the precipitate mean radius (in mi-
crons) over the mid-plane/contact surface of the LFW joint in a Carpenter Custom 465, H10009%,

3.7 Advantages and disadvantages of LFW

Linear Friction Welding provides a rapid, repeatable, and flexible fabrication process for manufacturers

in many industrial markets who produce parts with a variety of geometric shapes. Here are some reasons

why:

Superior joint quality: the properties of any friction welded joint, including linear, are superior to
traditional fusion based welded methods since the friction welding process does not actually melt the
parent material. Melting causes a drastic change in a material’s properties in the WZ. The HAZ of a
linear friction welded joint is narrow and fine grained with a smooth transition to the unaffected base

material.

Quick welding process: the LFW process is at least twice — and up to 100 times — as fast as other

welding techniques™,

Minimal joint preparation: Joint preparation is not as critical in the LFW process — machined,
saw-cut, and even sheared surfaces are weldable. Less joint preparation also lowers overall cycle time,

allowing greater throughput in a production process.

Energy € Cost efficient: the process is energy efficient and power requirements for an LEW machine
are as much as 20% lower than those for conventional welding processes. Additionally, using LFW to
join near net shape parts with geometries designed to use expensive material only where needed provides

a faster, much less expensive alternative to machining parts from solid blocksT%8,

Ecologically friendly: LFW is an ecologically clean process that requires no consumables, flux, filler
material, or shielding gases to run, like conventional welding methods. It also does not emit smoke,

fumes, or gases that need to be exhausted on the back end?.

However, the following disadvantages have been recognized:

Heat conductivity: materials with high heat conductivity end up demanding a higher energy con-
sumption from the machine, in order for it to provide the necessary heat at the interface to enable an
acceptable joint.
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e Low portability: the maximum weld size is limited by the size of the machine and is typically limited
to several hundred millimetres square. The greater the weld size, the bigger the machine to ensure

rigidity, compromising its portability for in loco service.
3.8 LFW in chain manufacturing

Steel chains have been manufactured with the same methodology since the beginning of the 20" century.
This involves cutting steel wire or bar, bending them into the desired link shape and welding them together
with energy intensive processes like resistance or flash butt welding (FBW). Most commonly, FBW for higher
diameters. In flash-butt welding, the components to be joined are brought together end-to-end and a flashing
voltage is applied. Where small contacts are made between the components, there is a high current density
and the material resistance heats, melts and blows out of the joint in a shower of melted particles, giving
the characteristic flashing action. This flashing progressively introduces heating and a softened zone at the
component ends, while eliminating oxides and contaminants from the interface. After a pre-set burn-off
length of the parent material, a forge force is applied to the parts to consolidate the joint. This produces a
forge butt weld with no melted metal remaining in the joint. The process can be subdivided in three phases:
preheating, flashing and upsetting or butting0%419,

For a long time FBW is the process of preference regarding chain welding™”, and despite being a resistance
welding process, good quality welds can be achieved for a number of materials. However, it is not without
its drawbacks since FBW is a fusion process. Therefore, welding defects related to fusion joining processes

LOIL Other limiting factors of this conventional

such as, segregation or hot cracking are prone to appear
technology are the shape of the chain links (round) as well as the weldability of the steel grade, which very
much depends upon the carbon content and alloying elements.

To overcome the aforementioned shortcomings of resistance processes, LEFW has been a subject of research
in chain welding over the recent years, since it provides very clean and reproducible welds, comprising

14

exceptional mechanical properties™*. This section therefore provides some of the most relevant milestones

and research achievements in LEW of chains to this date.

3.8.1 Chain link design

One of the limitations associated to FBW is the geometric restrictions imposed by the process, i.e. pre-
bent links out of wire rods, meaning that only round cross-section are produced. On the other hand, the
LFW chain has no geometry boundaries, since the components are dropforged. Hence, the geometry can be
adjusted for every special demand, with special focus on reduced surface pressure and increased wear volume.
Figure shows schematically the differences of interlink contact of a conventional round link and a LFW
Hero geometry. The load specific geometry of pewag Hero chain has increased interlink contact area and
more than twice the wear volume of a conventional chain. This leads to significantly reduced contact and

maximum stress, better performance and approximately 30% longer service life.
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Pewag

Figure 3.22: Comparison between round and Hero links in terms of wear volume increase and surface pressure
reduction™2.

3.8.2 Parameter optimization

A systematic analysis using factorial design was conducted to linear friction welded 30CrNiMo8 using as
main factors the amplitude, frequency, axial load, and forging load; in order to optimize the process regarding
to tensile strength, flash morphology and welding time™3 14 The results herein presented are normalized
and gathered in contour plots (see figure .

Regarding tensile strength, the amplitude and axial load proved to be the critical parameters. To guar-
antee exceptional mechanical properties, one can use any amplitude within the investigated range, as long
as the axial load is kept at its lower setting. Moreover, for high axial loads a high amplitude is necessary, as
depicted in figure (a).

The quality of a LEW joint for this particular material can be visually assessed by the morphology of the
flash™3114 Hence, the flash appearance was categorized in four types, from A to D, for low and exceptional
flash morphology, respectively. Once more, the parameters that influence prominently the flash formation
are the amplitude and axial load. From figure b) a quality flash can be achieved for amplitudes higher
than 0.5 at any axial load level.

The welding time is highly dependent on amplitude and frequency. However, unlike the previous outputs
the shortest welding time (<3 s) is only possible in a very small range, for high levels of amplitude and
frequency, shown in figure c).

Finally, the statistical results were evaluated to yield the optimum combination. The results predicted by

the optimum combination was successfully confirmed™?.
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Figure 3.23: Contour plots for: (a) tensile strength; (b) flash morphology; and (c) welding time™3.
3.8.3 Mechanical properties

Tensile testing was already reported in the previous section within the scope of the parameter optimization
process. For the optimized parameter combination a significant increase in yield and ultimate tensile strength
of 11% and 17.6% compared to the BM, was reported correspondingly. Also, the maximum elongation of the
welded joint exceed the BM slightly. The results are summarized in table

Sample o, (MPa) oyrs (MPa) € (%)
BM 1422.7 1516.5 5.75
Welded 1581.5 1783.8 6.14

Table 3.3: Tensile test results for BM and welded specimens™3.

Impact toughness (IT) was also investigated for temperatures between -60°C to 120°C for the base material
and -70°C to 150°C including the WZ, using notched specimens with a 45° angle. The superimposed results
results are shown in figure [3:24] From the analysis it was concluded that the specimens containing the joint
behaved considerably better to crack propagation at sub-zero temperatures. However, the opposite occurred
for temperatures above 70°C. A comparable IT was acknowledged for both conditions within 20°C and 50°C.
Further testes were conducted with notches specifically positioned in the different zones of the LFW joint.
According to table [3.4] the highest and lowest IT were recorded at the WZ and TMAZ, respectively. It is
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believed that the low toughness in the TMAZ is related to the highly elongated grain size, compromising the
hardness; or temper embrittlement due to slow cooling in the range of 450-650°C.
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Figure 3.24: Impact toughness comparison between BM and welded specimens™3.

Region 15" measurement 27 measurement Total
Mean Std. deviation Mean Std. deviation Mean

WZ 47.3 5.6 47.6 2.1 47.4

TMAZ 38.2 0.6 22.3 2.1 30.3
HAZ 32.3 2.5 36.7 5.7 34.5
BM 28.7 2.4 30.3 4.7 29.5

Table 3.4: Impact toughness results for the different regions of the LFW joint™ 3.

3.8.4 Process modelling

Finite element modelling has firstly been used by Fuchs et al.1t% using MSC Marc software to predict the
stresses involved when a reciprocating movement is prescribed to a conventional pre-bent round chain link

used in FBW (see figure a)). Figure b) depicts the model used where one end is firmly clamped
while the other has an oscillation movement.

(a) (b)

Figure 3.25: Schematic representation of: (a) conventional pre-bent link as used in FBW; and (b) bended
halved links™L%,
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The results show that localised stress occurs in two specific zones surpassing 140 M Pa, ultimately com-
promising the fatigue life. Based on this result a completely new concept for chain production has been
developed and patented™8. Thus, the conventional pre-bent link was substituted by two bent half links.

Later on, Lopera®™? investigated the thermo-mechanical and thermo-metallurgical outputs of linear fric-
tion welded chains, using DEFORM. Although the process consisted on the combined effect of relative motion
between the two workpieces, and the applied load, the models built in this work are static, hence there is
no oscillation applied. Furthermore, a heat flux function that integrates the effects of the frictional heat was

used, as shown in figure [3.26

Axial load F(t)

Heat flux q(t)

Contact BC

Figure 3.26: Chain model with applied boundary conditions™Z,

Heat was estimated via an inverse heat conduction problem (IHCP), from which temperature measure-
ments at different points of the workpiece and at different times during the process were performed, enabling
the heat flux to be “back calculated”. Moreover, the heat flux on the rubbing surface was determined using
a 1D transient heat conduction equation with axial shortening:

pCpE = % % —’U% (37)

oT 0 ( i 8T> oT

where p is the density, ¢, is the heat capacity, k is the heat conductivity and vg—g is the convective term

accounting for the effect of the axial-shortening v. The heat transfer equation was solved by discretizing the
domain using finite differences.

As a result, the developed model provided fairly accurate thermal results. Furthermore, a good agreement
was also obtained for the final burn-off between experimental and calculated. However, the burn-off in the
initial phase was underestimated due to the lack of plastic deformation exhibited by the model.

Contrastingly, due to the assumptions made, such as of not considering the oscillation movement, the
model could not capture the mechanisms and the flash morphology of an actual chain (see figure [3.27).
Additionally, this omition in the oscillating movent will have a toal on the strain and strain-rates developed
at the interface, as these will be underestimated. The highest values of strain rate are obtained were 30 s~ 1.
The model also does not account for the mechanical mixing, thus the flash in the two links appears separate,
instead of one single feature.

As mentioned in the objectives defined in chapter 1, the modelling campaign described in this dissertation

also aims to improve some of the shortcomings of these models.
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Figure 3.27: Comparison between experimental and predicted flash™17,

37



Chapter 3. Linear Friction Welding - State-of-the-art 3.8. LFW in chain manufacturing

38



Chapter 4

Model description

Commercial Finite Element Method (FEM) based software DEFORM@®) 11.1 SP1 was used to develop 2D
and 3D thermo-mechanically coupled models for transient analysis of LEFW process applied. In this chapter,

the fundamentals of the used approach are discussed.

4.1 Scope and plan

The development of the process model for Linear Friction Welding (LFW) was aimed to provide insight
to the process, regarding heat generation, interfacial conditions, and consequently predicting the material
flow phenomena.

In a more precise approach from the one presented in section the LFW process is a coupled
thermo-mechanicalmechanical-metallurgical problem, where the inertia effects associated with the mass of
components also play a relevant role in the energetic equilibrium. To conceptually understand the developed
model, figure shows a schematic representation on how thermal and mechanical components of the process
are related with material evolution behaviour, namely thermal softening, work hardening and metallurgical

aspects.
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Figure 4.1: Relation and mutual influencing of temperature field, stress and deformation field and micro-
structural state field'.

The modelling campaign presented in this dissertation is divided in two fundamental case studies:

1) pewag Hero

The first study focuses on the new commercially introduced pewag Hero linear friction welded chains,
where a 2D and 3D model was developed. The aim is to study the protruding particularities of the LFW
process when applied to chains. Hence, the advantages of each model serve as a complement for the analysis
and not for comparison amongst them, but rather with the experimental result.

The combination of parameters yielding the best mechanical properties was already optimized using a
systematic analysis, documented in previous investigationsl®. Hence, solely one combination is considered
in the present study. Due to confidentiality reasons, the absolute values of the welding parameters are not
presented.

Finally, the predicted results were evaluated and validated experimentally in terms of thermal histories,
flash formation, material flow and residual stresses. As already mentioned, one of the advantages of FEA is
that it provides further knowledge on the process. Therefore, the analysis was extended to stress and strain

fields, during the process, which cannot be tackled experimentally.

2) Small cross-section

The second study concentrates on the applicability and the gathering of knowledge of the LFW process
to join chains with smaller cross-section, mainly towards outputs that cannot be measured experimentally. A
systematic analysis using Design of Experiments (DoE) was performed to assess the influence of the process
inputs, combining experimental and numerical approaches. The use of DoE has grown rapidly, and a variety
of industries have employed this technique to improve products and manufacturing processes®L8,

The modelling approach and strategy used is in everything similar to the 2D modelling of the pewag Hero
that will be described in this chapter, apart from the welding parameters and geometrical characteristics.

The type of boundary conditions used are also the same, thus only changing in absolute value.
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Confirmation tests were carried out to test the adequacy of the developed models yielded by the DoE

study, when subjected to independent and random combinations within the evaluated parameter range.

4.2 Modelling strategy

The modelling campaigns of both aforementioned case studies were carried out using third approach
discussed in section [3.6.2.1] . Hence, the process was divided in two distinct stages, consisting of a purely
thermal and a thermo-mechanical model. Figure depicts schematically the modelling strategy used.

The calculation process begins with the setup of a purely thermal model, that represents the heating by
friction in the initial phase of the process, thus serving as an initial thermal boundary condition directly in
the thermo-mechanical model. Unlike other studies, the initial phase during the Hero chain welding has
considerable plastic deformation and is traduced in approximately 2 mm of burn-off. This has to do with the
fact that the interfaces of the chains are not flat. Due to the drop forging process the interface of the chain
has a ridge and the edges are round. However, for the sake of simplification the deformation on the initial
phase was not considered in both 2D and 3D models. The models were ran until a burn-off of approximately
3 mm, which represent the total upset in the equilibrium phase. Contrastingly, for the small cross-section

negligible plastic deformation was registered in the initial phase of the process.

Geometry
Geometry (single body)
| |
| ¥
Loads and Boundary Initial conditi > Thelm_o- Loads and Boundary
- — Thermal lal condition. _— mechanical -« "
Conditions Conditions
Calculation Calculation
Thermal history,
T(X, t) — flash formation,
burn-off rates
Temperature profile
Initial phase Transition phase Equilibrium phase

Figure 4.2: Schematic representation of the modelling strategy.

The thermo-mechanical model accounts for plastic deformation in the equilibrium phase, as the quasi-
steady state condition is a defining characteristic of this phase. Worth of mention is the “jump” from initial to
equilibrium phases, which is explained by the fact that in the transition phase the true contact area increases
gradually until total surface contact is established at the end of this phase, hence beginning of the equilibrium
phase. For this reason, the “single-body” approach cannot be applied to this stage of the process. As it turns

out, the duration of this phase, in comparison to heating and equilibrium phases, is small enough in order
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for its effect to be neglected.

4.3 Components of the models

There are three main components which intervene in the models, and these are:
¢ Plastic workpiece

e Rigid oscillating die

¢ Rigid forging die

However, the purely thermal model is carried out solely with a single plastic workpiece as there is no mech-
anical movement involved; whereas the thermo-mechanical model needs two additional dies to account for
the mechanical movements of the process. Both dies are modelled as rigid geometric entities to reduce com-
putational time. Additionally, to further reduce computational effort, the interaction between rigid dies and
plastic workpiece is done as what is called in DEFORM software as “sticking condition”. This entails that

the workpieces is rigidly “bonded” to the die in commonly shared nodes.

4.4 Geometries

The first step in model development was to define the geometries for the components of the model. Hence,
the geometrical characteristics used for the considered case studies are highlighted.

4.4.1 pewag Hero

Figure shows the geometrical characteristics of the used dropforged Hero half chain links with a cross-
sectional width and height of 22 mm and 24 mm, respectively; where x is the oscillation direction, y the forging
direction, and z the direction perpendicular to the oscillation. To develop models as efficient computationally
as possible, smaller portions of the overall geometry were selected. These are highlighted in red and blue for
the 2D and 3D models, respectively.
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83

Figure 4.3: Technical drawing of the used Hero half chain link, highlighting the portions of the geometry
used for the 2D and 3D models in red and blue, respectively.

The dimensional details of the 2D and 3D models are shown in figure and respectively. The
purely thermal geometries represent the mid-section portion of one half link , whereas the geometry of the
thermo-mechanical models is a product of simply mirroring the first one with relation to the interface.

The dies of 2D thermo-mechanical model are specifically designed to leave a free length before welding
of 16 mm, as encountered in the real clamping system of the LFW machine. Thin design of the dies was
considered to reduce as much as possible workpiece-die contact during the flipping movement of the flash,
thus impacting negatively the required computational effort, which is not representative of reality

The geometrical setup of the 3D models is slightly different from the 2D one. The extent of the plastic
workpiece in the y-direction was reduced to 16 mm, again corresponding to the free length mentioned pre-
viously. The dies sit flat to the upper and lower limits of the workpiece, with the same length and width as
the latter. Furthermore, the definition of the contact conditions is very difficult to describe. The process is
considered to be symmetrical in z-direction, hence the workpiece was reduced to 11 mm. Ultimately, this

configuration enables quicker computational times.
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Figure 4.4: Dimensional details of the 2D purely thermal (left) and thermo-mechanical (right) models.
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Figure 4.5: Dimensional details of the 3D purely thermal (left) and thermo-mechanical (right, exploded view)
models.

4.4.2 Small cross-section

The small cross-section specimen is composed by two rods with different diameters. One part of the rod
with 10 mm in diameter, where the actual weld will take place; and the other part with 26.5 mm in diameter
and 70 mm in length, purposely made to enable the use of the existing clamping device of the LEFW machine.
Figure illustrates the geometric details of such a sample, along with the portion selected to proceed
with 2D analysis is highlighted in red. It is unsound to reduce the present welding procedure to a 2D plain
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strain problem due to the circular cross section. Nevertheless, this was deliberated for FEA for the sake of

calculation time (approximately 14h for 2D versus 6 weeks for 3D) and amount of parameter combinations

produced by the DoE analysis.
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Figure 4.6: Technical drawing of the used small cross-section.

Although the geometry differs from that of an actual chain, it is not anticipated that this will have a
major effect on the process/thermal field due to short process duration which results in the thermal field
being confined to near the weld interface. The dimensional details of the 2D model are shown in figure 4.7
Similarly to the previous section, the purely thermal geometries represent the mid-section portion of one half
link, whereas the geometry of the thermo-mechanical models is a product of simply mirroring the first one
with relation to the interface.

The extent of the plastic workpiece in the y-direction is 30 mm, again corresponding to the free surface

of the workpiece, “sticking-out” from the clamping system. The dies have the a width and height of 26.5 mm

and 0.5 mm, respectively.
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Figure 4.7: Dimensional details of the 2D purely thermal (left) and thermo-mechanical (right) models.

45



Chapter 4. Model description 4.5. Meshing characteristics

4.5 Meshing characteristics

In LFW most of the heat generation and plastic deformation throughout the process occurs along the
weld interface. Thus for the 2D purely thermal models, an average element size of 0.2 mm was used within
a 4 mm band around the interface. Outside this region, the element size was gradually increased using 4
additional meshing windows (2 above + 2 below the interface). The mesh of the thermo-mechanical model
is obtained by merging and mirroring the purely thermal model along the interface. The mesh appearance is

illustrated in figure a) and (b) for pewag Hero and small cross-section, respectively.
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Figure 4.8: Illustration of the mesh used for the 2D thermo-mechanical models: (a) pewag Hero (b) small
cross-section.

The 3D purely thermal and thermo-mechanical models were discretized using 4-node tetrahedral elements,
which besides fitting better the geometry, are more stable for problems dealing with high deformations. Again,
the mesh was refined in the areas of interest such as in the vicinity of the welding interface. Hence for the
purely thermal model a width band with 3 mm close to the interface was considered, using elements with
an average size of 0.5 mm. Similar element sizes were used by Gao et al.™ and Pashazadesh et al.”20 when
modelling friction stir spot and friction stir welding, respectively. The approach described in the 2D model
was also carried out to the 3D one. Hence, the mesh used on the thermo-mechanical model is a result of

mirror merging the purely thermal model at the interface, and is illustrated in figure [£.9]
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Figure 4.9: Illustration of the mesh used for the 3D pewag Hero thermo-mechanical model
4.6 Mathematical formulation

The thermal analysis is governed by the heat equation with a thermo-mechanical heat source term and is

given by equation .

pep,T = (KT;) ; + moijéis (4.1)
where ¢, is the specific heat capacity, k the thermal conductivity, o;; the stress tensor and &;; is the strain
rate tensor. The terms pcpT and (kT ;) , represent the internal energy and heat transfer rates, respectively.
“

,©" denotes the differentiation in i-direction. The term 7 is the related to the fraction of mechanical work
that is converted into heat. The energy balance can be rewritten in the variational form as®3:

/ KT ;0T ;dV + / pe, TOTAV — / 4n0TdS — / n0ijéi;0TdS = 0 (4.2)
14 \4 S 14

where ¢, is the heat flux over the boundary surface S. The term 7 in the case of the purely thermal model

is not considered since there is no plastic deformation. Thus, equation [£.2] reduces to:

/ kT ;0T ;dV + / pe, TOTAV — / 4,0TdS = 0 (4.3)
14 \%4 S

However, 7 is taken into account in the thermo-mechanical model and assumed to be 0.9. The fraction of the
remainder plastic deformation energy is associated with changes in dislocation density, (sub-)grain boundary
generation and migration, and phase transformation and evolution™2,

In an FE framework, the energy balance can be discretized into:

C{7} + KI{T} = {Q} (4.4)

where [C] is the heat capacity matrix, [K] the conductivity matrix, {Q} the vector accounting for all thermal
sources in the system,{7'} and {T} are the nodal temperature and rate of temperature change, respectively.
The temperature rate at the beginning of a time increment can be obtained according to equation
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{T} =117 (@} - [KI{T}) (4.5)

Deform uses a implicit dynamic numerical method designed for metal forming processes. Thus, the temper-

ature vector can be given by equation22423|

(W= 1)+ 8t (1= {7} +5 {7} ) (45)

where ( specifies the time integration factor, which is the forward integration coefficient for temperature
integration over time. Its value should be between 0 and 1. The default value of 0.75 is adequate for most
simulations*24.,

Regarding the mechanical analysis, rigid-viscoplastic finite element approach was considered using the
variational principle.

The rigid-viscoplastic material is an idealization of an actual one, by neglecting the elastic response.
The rigid viscoplastic material, which was introduced for the analytical convenience, simplifies the solution
process with less demanding computational procedure. Moreover, it seems that the idealization offers excellent
solution accuracies due to the negligible effects of elastic response at large strain in the actual material. Hence,
this simplification is especially suitable for metal forming analysis at high temperatures, in which LFW is
included'22,

The variational approach requires that among admissible velocities u; that satisfy the conditions of com-
patibility and incompressibility, as well as velocity boundary conditions, the actual solution gives the following

functional a stationary valuet2¢:

\% Sk

where P; represents surface tractions, and E (&;;) is the work function expressed by*%Z:

B() = /0 " odi (4.8)

where & is the effective stress, and £ is the effective strain-rate. The solution of the original boundary-value
problem is then obtained from the solution of the dual variational problem, where the first-order variation of

the functional vanishes, namely,

1% SF

with & = 7 (&) for rigid-viscoplastic materials. The incompressibility constraint on admissible velocity
fields is removed by introducing a penalized form of the incompressibility in the variation of the functional.

Therefore, the actual velocity field is determined from the stationary value of the variation as follows,

S = / G6ZAV + K / ,820dV — | PowidS =0 (4.10)
v 14 Sk

where K is the penalty constant, which should be a large positive value for incompressibility; and is the

volumetric strain-rate.
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4.7 Energy input analysis

Determining the energy given to the welding interface is of utmost importance to account for the friction
component during the initial phase of the process. To that end, a similar approach to the one reported by
Ofem et al.2% is used, provided the fact that the machine is fully instrumented. Using the recordings of
in-plane load and displacement recorded by the machine, the energy input can be obtained. However, the
load cell does not measure the in-plane load directly at the sample but rather between the clamping and
servo-hydraulic system, as depicted schematically in figure [£.10] The instantaneous heat flux at the interface
can be computed by,

Fhgt () v ()

q'(t) =~

10 (4.11)

Where F'5t (t), v (t) and A (t) is the in-plane load, velocity at the interface and contact area between the

nt

half links, at a particular time step, respectively. Applying free body analysis to the system presented in
figure the load in the interface can be computed by,

Eret(t) = Flotal (t) — Ma (4.12)

wnt wnt

total
Fi‘nt

Tooling with mass M
and acceleration a

net
T Fint

Sample

Figure 4.10: Schematic diagram of the oscillating clamping system of an LFW machine?.

Notwithstanding, the mass M of the oscillatory clamping system is unknown. Hence, the LFW machine
was subjected to an unloaded run to account for the inertial movement and internal friction of the tooling
system F,,. The load registered was then subtracted from the results obtained when the machine is loaded
with a sample and equation is rewritten as:

Fit (8) = Fii! (t) = Fiy (1) (4.13)

wnt wnt

The preceding analysis requires an estimate of the velocity. This can be achieved numerically since the
position at discrete values in time is known and the frequency of data acquisition times is approximately 7
times higher than the frequency of oscillation. Thus, the central finite difference is used for the first order

derivativel28

Ti+At — Tt—At
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where z;_a; and 2,1 A, denote the positions at a previous and future time levels, respectively; and At stands
for the time step size.
Finally, the total energy applied at the interface during a certain phase can be obtained as a result of the

integration of equation over the phase duration ¢,y,.
tph "
By = / § (At (4.15)
0

4.8 Material model

The material used in the present study is a medium carbon 30CrNiMo8 high strength steel. The nom-
inal chemical composition and mechanical properties at room temperature are given in table [£.1] and 2]

respectively.

Elem. C Si Mn Cr Mo Ni Fe
% 0.30 0.30 0.50 2.00 0.35 2.00 Bal.

Table 4.1: Chemical composition of 30CrNiMo8 (wt%)%22.

E (GPa) oy (MPa) oyrs (MPa) e (%)
210 1050 1250 9

Table 4.2: Mechanical properties of 30CrNiMo8 at room temperaturet2?,

4.8.1 Flow stress data

To describe the material behaviour in the 2D and 3D models, the tabular format provided by DEFORM
software was used, due to its versatility and ability to represent any material. The material flow stress is

given as a function of strain, strain-rate and temperature24,

5=f(5T) (4.16)

Stress-strain curves were obtained using JMatPro for temperatures, strains and strain-rates up to 1400°C, 4
and 1000 s—!, respectively. Logarithmic interpolation was considered between the defined flow stress data
points. Temperature dependent thermal conductivity and heat capacity were also obtained via JMatPro and

are also graphically shown in Annex 1.

4.8.2 Phase transformation

Medium carbon steels undergo solid state phase transformations during the heating and cooling cycle

LU During heating,transformation from the base ma-

which it experiences during the welding process
terial of tempered martensite to austenite happens, in the approximate temperature range 830-900°C (at
representative heating rates). The material transforms back to (quenched) martensite on cooling, beginning

at around 300°C. These transformations are shown schematically in Figure .11} where Ac; and Acs are

50



Chapter 4. Model description 4.8. Material model

the start and finish temperatures of the transformation to austenite on heating and M, and My are the

marstensite start and finish temperatures.

Heating

Dilation

L )
v Cooling
¥

Mg vl A
Temperature

Figure 4.11: Schematic diagram of volume change/dilation due to phase transformations.

In order to predict the thermo-metallurgical changes, phase transformations have been included in the
finite element model of the LEW process using the DEFORM-HT add on to the base software to create a triple
phase material (martensite, bainite & austenite) that will be used to investigate the transformation between
the phases during the weld. After performing a Q& T operation to the half links, the actual 30CrNiMo8 steel
is roughly composed of 60% Bainite and 40% Martensite. This composition was employed in the model as
the starting structure at room temperature.

In the present study, two phase transformation possibilities were considered:

Bainite & Martensite to Austenite

The transformation kinetics is modelled with a simplified diffusion function based on Johnson-Mehl-

Avrami-Kolmogorov (JMAK)"#2 and is defined by the following equation:

D
§Jlezp{A <§_§) } (4.17)

The coefficients of the function, A and D set by dilation-temperature diagrams, along with T and T, the

transformation start and end temperatures respectively, have been carried over from literature’®2 and are

summarized in table 1.3

Parameter Value

A -4
D 2
Ts 600
T, 900

Table 4.3: Coefficients to define solid state phase transformations used in the simplified diffusion function3,

Austenite to Martensite
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The transformation kinetics to martensite during cooling are modelled using Magee’s martensitic trans-

formation function:

Em=1—exp{1T + 13 (C — Cp) + V310 + V325 + 4} (4.18)

where o, and ¢ are the mean and effective stresses, respectively. For the purpose of this work it is assumed
that there is no dependency on the carbon content, due to the short time at high temperatures during the
welding, or stress on the martensite transformation and therefore 15, 131 and sy take a value of 0 and
equation @ reduces to:

Em =1 —exp{1T + Ya} (4.19)

11 and 14 are identified, provided the fact that the temperatures for for 50% and 90% martensite are known.

Parameter  Value
P 0.0191
Yy -5.7308

Table 4.4: Coeflicients to define solid state phase transformations used in the Magee’s function.

4.9 Loads, boundary and initial conditions

The main prescribed loads, boundary and initial conditions intervening in the 2D /3D thermal and thermo-
mechanical models are summarised in this section, solely for the pewag Hero case study. The reader should
bare in mind that the loads and boundary conditions applied in the small cross-section case are analogous to
the 2D pewag Hero case. Notwithstanding, the key differences from one to the other are pointed out through

this section.

4.9.1 Thermal model

The thermal models account for the effect of frictional heat during the initial phase of the process. The
developed 2D and 3D models are analogous, differing slightly in the way heat input is applied at the interface.

In either models the heat flux is computed using equation presented in section [£.7]and is referred in figure
a) as ¢ . The heat flux is uniformly applied across most of the interface and lineally reduced to 50% of
this value from a distance away from the edge, corresponding to the amplitude, as depicted in figure 4.12|(b).
This reduction represents the effect of the oscillatory movement, where the offset between the workpieces
means a lower heat input in the regions of the edges.

Emissivity was kept at default setting in both models, hence 0.7. The convective heat transfer (h) between
the workpiece and the surroundings assumed to be 20 W/m? K*? consistent with free convection in air. An
initial condition of 20°C was set for the bulk temperature (Tp,;). The medium temperature (7;,,) was also
given the same temperature.

The purely thermal model does not possess self-regulatory properties, hence a truncation temperature
had to be applied to avoid the temperature of the elements at the interface climbing over the melting point,

as a result of the applied heat flux. The model was ran until 1.5s, which corresponds to the end on the initial
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phase and all interface elements reached 1000°C. The resulting thermal profile is shown in figure [£.13] and
will be used as an initial condition for the thermo-mechanical problem.

v T,, = 20°C
Tpun: = 20°C
=07

y,
(h =20 W/m?K /

/ 0.5¢"

-12 -12+a 12-a 12 X

_ =
v

(a) (b)

Figure 4.12: . (a) 2D thermal model boundary conditions; (b) and heat flux profile applied and the weld
interface.

Temperature (C)
1000 I

878
755
633
510
388
265
143 I
200

Min 20.0
Max 1000

Figure 4.13: 2D thermal profile generated in the end of the initial phase, serving as initial condition for the
thermo-mechanical model.

Similarly to the 2D model, the heat flux was uniformly applied across most of the interface, represented
by the surface on the underside of the workpiece in figure (a). Notwithstanding, the heat flux was not
linearly reduced away from the edges, corresponding to the amplitude a. Instead, a single step approach was
used, where 50% of the value of (q) was used for half the amplitude near the edges. In order to maintain the
mean energy due to contact/no-contact condition, 100% of (q) was considered for the remaining half of the
amplitude value. Thus, the heat flux was applied as illustrated in Figure b). Another simplification to
the thermal model was considered by not assuming the influence of the rounded edges in the overall interface
contact throughout the process, hence the same heat flux profile was used in every point in the direction
perpendicular to oscillating movement.

Due to the considerably smaller extent of the workpiece in the y-direction compared to the 2D model,
conduction heat transfer (k (7)) is allowed on the upper surface of the workpiece. The change in thermal
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conductivity as a function of temperature is shown in Annex 1.

The convective heat transfer (h) between the workpiece and the surroundings is highlighted in green,
wrapping all around the lateral surface of the workpiece. Its value, along with emissivity, bulk and medium
temperatures remain the same as in the 2D model.

The model was ran until 1.5s and the appearance of the generated thermal profile is depicted in figure

0.5¢

AJ

-12+a 12-a 12 X

(a) (b)

Figure 4.14: (a) 3D thermal model boundary conditions; (b) and heat flux profile applied and the weld
interface.
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Figure 4.15: 3D thermal profile generated in the end of the initial phase, serving as initial condition for the
thermo-mechanical model.

4.9.2 Thermo-mechanical model

The thermo-mechanical models are set up using a plastic workpiece and two rigid dies. As previously
mentioned, the temperature profile obtained from the thermal model described in the previous section was
mapped onto the plastic workpiece, and serves as an initial boundary condition. This is pictorially demon-
strated in figure

The reciprocating movement is defined for the upper die by means of what is called in DEFORM as a

“path function”. This allows to describe the velocity of the harmonic movement in discrete time steps. Thus
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Vs = aw cos (wt) (4.20)

where a is the amplitude and w the angular frequency, which can also be written as w = 27 f being f the
frequency.

In DEFORM, 2D plain strain is modelled considering 1 unit length in the thickness direction (z—direction)m,
thus 1 mm. Thus, the axial load had to be readjusted accordingly to the geometric characteristics of the 2D
model, i.e. an interface with a surface area Sop = 24mm?. After some mathematical manipulation, the axial
load assigned to the lower die is denoted by F, as shown in figure a).

[

Ux

T, = 20°C
— 200

le

(a) (b)

Figure 4.16: Thermo-mechanical model showing a plastic single workpiece with a mapped thermal profile
and applied boundary conditions: (a) 2D model; and (b) 3D model.

Natural convection (h) between the workpiece and the surroundings was assumed to be 20 W/m?K for
the sake of simplicity. This is a rough assumption since this is a forced convection problem, with temperature
dependence near the weld interface. However, the equilibrium phase lasts approximately 0.9s, hence its
influence is considered to be negligible. Additionally, due to the extent of the workpiece, brevity of this phase
and the heat being largely concentrated near the weld line, conduction heat transfer between workpiece and
dies was not considered. The medium temperature (T5,) is set to 20 °C.

The 3D thermo-mechanical setup is analogous to 2D, apart from the fact that in the lower die the
experimental data of burn-off movement (¢) is used rather than load, as shown in figure b). This
approach enables the possibility to exploit the advantages of the Conjugate Gradient Solver, which, according
to the DEFORM users’ manual, computationally more advantageous in terms of reduction of simulation time
and storagem. Thermal symmetry and no material flow was assumed at the mid-section of the workpiece,

hence %LZM =0 and @ =0.
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4.10 Solving strategy

Selecting the appropriate solver is an important task when working with FEM to guarantee a smooth
convergence of the solution within acceptable computational time and effort. Hence, the solving strategies
used for 2D and 3D modelling, along with some pithy explanatory remarks on how they work, are herein
presented.

4.10.1 2D model

Regarding 2D modelling DEFORM provides two solvers for temperature and deformation calculation:
Sparse and Skyline. The Skyline method was used as solving method for both thermal and deformation
calculations as it provides significant storage and processing advantages over the Sparse solver. This method
is useful for banded symmetric matrices, which are commonly seen in the FEA with an appropriate node
numbering form. The scheme stores the non-zero cells of a matrix entry at the beginning and end of each
column in the second-line array. However, in the case, the non-zero elements are located around the main
diagonal, and the global stiffness matrix is created in a certain numerical order; an arithmetical logic can
be proposed, in which the second-line array could be removed. Consequently, one can apply a series of
simple mathematics rules when solving linear equations while keeping the self-determining property of the
computational process. According to the following example, here the stiffness matrix K can be stored in a
single-dimensional array or in a single column vector. To do this, the diagonal entries of the matrix must be

stored in an array**4.

ail 0 aiz 0 0 0
a9g2 0 ay O 0
K = s 000 (4.21)
G44 Q45 0
symm ass Q56
L a66 .

Next the envelope of K is defined as follows. From each diagonal entry move up the corresponding column

until the last non-zero entry is found. The envelope separates that entry from the rest of the upper triangle.

The remaining zero entries are conventionally removed:

ai1 a3
a22 0 az
ass 0
K= (4.22)
A44 Q45
symm ass ase
L a66 -

What is left constitutes the Skyline profile or Skyline template of the matrix. A Sparse matrix that can be

profitably stored in this form is called a Skymatriz for brevity. Notice that the skyline profile may include

zero entries.
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Finally the one dimensional Skyline array can be written as:
s = [ a1 aze a3 0 agz azu 0 ass ass ass ase  Gee } (4.23)

4.10.2 3D model

As highlighted previously, the DEFORM user’s manual highly recommends the use of the Conjugate
Gradient (CG) Solver for 3D simulations, since it is computationally more advantageous in terms of reduction
of simulation time and storage. This solver is usually implemented as an iterative algorithm and applicable
to sparse systems which are too large to be dealt by direct implementation or other direct methods, being

effective for systems of the form'#k

Ax=b (4.24)

where z is an unknown vector, b is a known vector, and A is a known matrix, square (n x n), symmetric
(AT = A), and positive-definite (xTAx > 0) for all non-zero vectors x in R”™.

By selecting carefully the conjugate vectors py a good approximation to the solution x, can be obtained.
Starting with x( as an initial guess for x,, one needs a metric as a way to assess the proximity to the actual

solution, which is also the unique minimiser for the following quadratic function:

f(x)= 5>JAX —-x'b, zcR" (4.25)

The existence of a unique minimiser is likely as its second derivative is symmetric positive-definite matrix.

2
@l =A (1.26)

Furthermore, the first order derivative solves the initial problem, such as

4
dx

This implies taking the first basis vector pg to be the negative of V f at x = x(, where x is an initial guess,

[f (z)] = Ax — b, when % [f(x)]=0 (4.27)

and hence pgp = b — Axg. The other vectors in the basis will be conjugate to the gradient. Moreover, pg is
also the residual provided by this initial step of the algorithm.
Let the residual r;, at the k*" step be given by:

ry = b — AXk (428)

From previous reasoning, ry is the negative gradient of f at x = x, so the gradient descent method would
suggest to proceed in direction ri. However, in the CG method one insists the directions p; to be conjugate
to each other. This condition can be enforced by requiring that the next search direction be yielded from the

current residual and all preceding search directions. Hence,

p;rArk

T )
i<k Pi Ap;

Pr =T — Pi (4.29)
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~

Considering this direction, the upcoming optimum location is given by:

Xpy1 = Xg + Qg Px (4.30)

where

_pp(b—Axp)  piri

— (4.31)
p; Api P, Apy,

€73

and the second term follows the definition of r. «j can be obtained substituting x;41 into f and minimizing

with respect to ay.

Figure 4.17: Schematic example of the method of Conjugate Gradients.™35

4.11 Mesh control and distortion

DEFORM is able to automatically remesh the deformed regions of the domain whenever the solver cannot
converge to a solution in a time step. This is particularly useful when coping with the problems of large
plastic strain, for instance, the heavy plastic deformation near the weld interface.

Each model was given a time-step, At, to ensure only a half of the element length was travelled during
the reciprocating motion, per iteration.

le

At = — 4.32
> 1ol (4.32)

where [, is the element length and |v_z> | is the absolute velocity of the reciprocating movement.

Lagrangian incremental formulation was used for 2D and 3D modelling.
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4.12 Model limitations

The quality of a FEA model is equivalent to the level of detail with which a certain system is described.
Despite the considerable effort to replicate the maximum amount of intervening aspects of the LFW process,

the developed models hold a number of limitations, some which are listed below.

e Deformation in the initial phase: although the “single body” approach provides a more realistic
output toward the material flow behaviour in the equilibrium phase, its limitation lies on the lack
of information prior to mentioned phase. This issue is crucial specially for the pewag Hero chain
since there is plastic deformation during the initial phase of the LFW process, which was not captured.
Furthermore, not considering the flash formation in the initial phase will traduce on the thermal balance

at the start of the modelling of the equilibrium phase

e Plane strain condition: this assumption used in the 2D models of both case studies hinders the
material flow behaviour in the third direction. Furthermore, and particularly with respect to the
small cross-section case study which deals with circular geometry, this assumption is unsound from a

theoretical stand point.

e Heat flux: the energy was delivered to the weld interface in a very simple and convenient manner.
However, it is a product of experimental data limiting its applicability when investigating other para-
meter combinations. Moreover, regarding the 3D Hero chain model, the procedure used to apply the
heat flux to the weld interface will generate errors, as it was applied through the whole length of the

interface without considering the rounded edges.

e Thermal losses: admittedly using constant thermal boundary conditions, such as convection heat
transfer, may deviate the results of the numerical analysis, regardless of the quick nature of the LFW

process.
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Chapter 5

Procedure implemented for numerical

validation

In this chapter a brief introduction to the LFW research-purpose machine, installed at pewag GmbH
facilities in Kapfenberg, is made. Additionally, procedural details of the experiments carried out to test
the adequacy of the developed models are presented. These include thermal measurements, residual stress
measurements, mechanical and metallurgical characterization, all of which carried out at the Institute of
Material Science, Joining and Forming (IMAT) - TU Graz.

5.1 The RSM-1 machine

The welds were carried out in a prototype machine fully developed by pewag Engineering GmbH, dis-
played in figure [5.I] The design and development of machine was based on the required welding parameters
obtained during the preliminary investigations at The Welding Institute (TWI) and Schweisstechnische Lehr
und Versuchsanstalten (SLV). In addition to very high forces (about 300 kN) and the ability to perform a
reciprocating motion, the machine was developed with a very high degree of accuracy for the straight align-
ment of the component axis, before the forging phase. Moreover, the system is fully instrumented and allows
the measurement of both normal and in-plane forces, as well as displacements during the process®!3.

The four main components of the RSM-1 are namely the pulsator, two clamping actuators and upsetting

actuator, meet the following technical specifications:
e Maximum amplitude: 3 mm

e Maximum frequency: 100 Hz

Adjustable friction and forging force of up to 300 kN

Clamping system with four jaws, whereby the half chain links are held during welding. This system

enables the use of machine for a variety of welding tasks, just by changing the clamping jaws.

Controllable adjustment of the axial shortening of the chain links.
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Clamping actuator

Clamping actuator

Pulsator
Upsetting actuator

Figure 5.1: RSM-1 Linear friction welding machine™3,
5.2 Thermal measurements

Thermocouple measurements were performed to validate the data provided by the thermal model. To
install the k-type thermocouples (¢0.3mm), one of the links was cut in half and three channels (¢2.5mm) were
milled perpendicular to the oscillation direction and parallel to the axial loading direction, to accommodate
the wiring. The equally distance channels were milled until 3.6mm, 4mm and 4.8mm from the interface.
To secure the terminals in place, epoxy resin was used. The described setup is shown in figure [5.2] Finally,
the two halves were joined together and locally TIG welded as far away as possible from the weld interface,
to avoid subjecting regions around the interface to thermal cycle and ensure their alignment throughout the

process.

1|

Bildbreite: 157.92 mmy; (Brenmweite/ Blende/Bel.Zeit: 105; 22; 1.3s) —
Bildname: join2_3_12v1379.jpg ﬂl-u ’MAT_

Figure 5.2: Macrograph with the positioning of the K-thermocouples: 3.6 mm (left), 4.0 mm (centre) and
4.8 mm (right) from the interface. The tack welding position is indicated by the white line.
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5.3 Mechanical and metallurgical characterization

The Vickers hardness profiles were drawn in the cross section of the joints to evaluate the variations in
hardness in the different welding regions. According to the standard ASTM E384-11%#%/ the indentations
were performed at the mid-section, along the axial load direction (y-direction) passing through the welded
chain links, with spacing of 0.2 mm between them. The load applied was 1 kgf (HV 1) during 10 s. In order
to cover all the microstructural regions, hardness profiles were plotted along an extension of 14 mm or 7 mm
for each side of the weld. The measurements were made using an EMCO Duravision G5 machine linked to
a dedicated data acquisition software.

Metallurgical characterization was carried out to evaluate the weld quality and geometrical characteristics
of the flash using macrographic images light optical microscope (LOM), and ultimately compare with the
results yielded by the numerical model. The metallographic procedure here described was carried out in both
case studies described in this dissertation.

The welded samples were cut carefully as possible to avoid microstructural modifications and to assure
that the cut is made exactly in the centre of the weld. The cutting machine used was a Struers Sectotrom-
50®). The samples were hot embedded using Struers DuroFast@®), grinded using SiC papers from grade 120
to 4000 and polished with diamond suspension, DiaPro 3um®) and 1um@®), using a Struers Tegramin-30®)
machine. Moreover, the Struers Teyraforce-5®) and Struers Teyrapol-31®) holders were used for grinding
and polishing, respectively. The samples were rinsed with ethanol to remove the remains of the polishing
suspension. Finally, the samples were etched using Nital 5%.

For macroscopic images, the setup at the IMAT Metallography Lab with a special lighting arrangement
and 5X magnification capable optical lens was used. The microscopic studies were carried out in a Zeiss
Observer — Z1m, paired to a dedicated Zeiss Application Software.
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Chapter 6

Results and discussion

This chapter includes all the relevant results from numerical and experimental work for this thesis with
reference to the aim of the study, which was the development of numerical models using finite element analysis
to provide further insight to the LEFW process, specifically applied to chain welding. To that end the two case
studies aforementioned will be addressed separately, and thus divided in two main subchapters corresponding
to the case studies in hand: pewag Hero chain and small cross-sections. Herein are the concluding remarks

comprising the main findings and shortcomings.

6.1 Numerical analysis of LFW applied to pewag Hero

The present subchapter focuses on the results of the coupled numerical model as a way to comprehend the
welding process applied specifically to the Hero chain. The importance of this study lies in the advantage of
predicting the intervening physical quantities of the process such as temperature distribution, flash formation,
burn-off rate, mechanical and metallurgical properties; all of which will be herein discussed. The numerical
results were compared and validated for relevant and possibly relatable physical aspects comprised in the
analysis.

Worth of mention is the fact that the results of either models were conveniently used to tackle different
subjects of the analysis. Hence, the purpose of the 2D and 3D models is not to compare the capabilities of

each setup, but rather to complement each other in the analysis.

6.1.1 Thermal analysis

The thermal histories were recorded every 0.5 s at the corresponding upset position to assess the adequacy
of the developed models. The experimental upsetting position was used to withdraw the temperature in the
models to avoid further uncertainty provided by the slight misfit between experimental and modelled burn-
off rate, covered in the upcoming section. The predicted temperatures are presented until the end of the
equilibrium phase, as presented in figure [6.1

From figure a) it can be acknowledged that the thermocouple 4 mm from the interface registered

higher temperatures than the one closest to the interface. Although the thermocouples are mounted on the
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stationary part of the chain, they are under high cyclic stress due to the reciprocating movement and in-plane
load. As a result, it is believed that one has moved in relation to the other.
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Figure 6.1: Comparison of the thermal histories between: (a) thermocouple measurements; and experiment
and models: (b) 3.6 mm; (c) 4.0 mm; and (d) 4.8 mm.

For the thermocouple closest to the interface, good agreement was obtained in relation to the FE models,
as shown in figure b). Fromt =1 stot =25 s, the 3D model overestimated the temperature, and
a maximum temperature difference of approximately 100°C registered at the beginning of the equilibrium
phase (¢t =1.5 s). Adequate results were also obtained between the thermocouple initially at 4.0 mm and the
models, as illustrated in (c) Both models underestimated the temperature at t = 2.5 s. However, the
highest discrepancy is acknowledged in the thermocouple furthest from the interface, although the 3D model
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was able to predict more accurately the temperatures throughout the process, despite the differences at the
end of the equilibrium phase.

Finally, two effective conclusions can be made from the analysis: i) the temperature trend i.e. the curve
gradients are similar; and ii) towards the end of the analysis in all cases the models underestimate the
experimentally measured value. This might related with the loss of accuracy for the material model at higher

temperatures and strain rates.

6.1.2 Burn-off rate

The interest in studying and predicting the rate of material expelled as flash is of great importance, as
it is related to the upsetting process. To that end, a burn-off rate analysis was solely carried out to the 2D
model since it is load controlled, whereas the 3D model is stroke controlled (see section . Hence, in the
latter case makes no sense to study the burn-off rate.

To evaluate the burn-off throughout the process, point tracking was used, as shown in figure specified
by P;. The model predicted a linear axial shortening, typical of the LFW process in the equilibrium phase,
where quasi-steady state conditions are achieved in steel. A comparable result is acknowledged, with an

average experimental and predicted burn-off rate of 3.08 mm/s and 3.13 mm/s, respectively.
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Figure 6.2: 2D FEA axial displacement in the equilibrium phase with point tracking P;.

Despite the good agreement, it is clear that in the initial instants of the equilibrium phase the model
does not upset in the same rate as experimentally, which suggests that the prescribed interface temperature
resulting from the purely thermal model is low. Hence, the material flow until 0.25s was underestimated.
Steady state burn-off is observed throughout the remainder of the equilibrium phase and comparable upset
was reached between model and experiment.

This outstanding result supports the adequacy of the developed model in terms of setup, material model

and properties, loads and boundary conditions used.
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6.1.3 Flash formation

The morphology and formation of the flash is directly related to the mechanisms driving the plastic
deformation. Thus, the viscous material is expelled according to two main mechanisms: (i) the axial load
steadily extruding the viscous hot layer of material form between the workpieces; and (ii) the oscillatory
motion dragging material from the weld line in each stroke of the oscillation. The prevailing effect is linked
to the process parameters used, namely amplitude. Thus (i) is associated with low amplitudes, whereas (ii)
with high amplitudes. Furthermore, larger oscillation amplitudes produces larger ripples in the flash. The
rippling effect is a result of the interaction between viscoplastic material and vertical surface of the workpiece.
The vertical surface therefore drags the viscoplastic material during the reciprocating movement, creating a
distinct rippleB2,

6.1.3.1 2D model

In the present case the amplitude value is not high enough to shear the viscous material. Hence, mechanism
(i) occurs and the extruded material remains in constant contact with the upper and lower workpiece during
oscillation. Also, the thermal profile is wide enough to accommodate the difference in strain rates, and flow
stresses associated, between the interface and material being sheared by the edge. As a result, a smooth
flash without rippling is formed. Figure depicts the comparison between the experimental and modelling
results for the flash morphology. The experimental flash is characterized by a smooth surface regardless of
the small rippling which has not been reproduced by the model, since the element size used is not small

enough to capture these features.
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Figure 6.3: Flash morphology comparison between the (a) experimental and (b) model.

The flash deflects upwards and downwards with the reciprocating movement, reaching its maximum height
when the amplitude is at its maximum value. At a certain length, the experimental flash contacts the tooling,
causing its tip to divert downwards as shown in figure a). This behaviour was not observed in the model
since there is no tooling interacting with the flash.

A relatively good agreement was obtained for the flash extrusion thickness, with 4.14 mm and 3.88 mm

for the experiment and model, respectively. This difference might be due to model related assumptions, such
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as meshing characteristics, heat input data; and material related, like flow stress and heat conductivity data.
Worthy of note, the model showed that the boundary temperature between flash formation and negligible
material flow is approximately 810°C, as shown in figure b). This temperature corresponds to the Ac3
temperature of this material.
Moreover, the calculated flash shoes a rounded edge, in contrast with the sharp edge obtained in the
experiment. This difference can be explained by the geometric properties of the chain links, as they are not
completely flat as shown in figure As a result, in the initial phase of the process this traduces in higher

pressure and local heat input, consequently plasticizing locally the material in the interface.

Figure 6.4: Schematic representation of the evolution of the flash formation at the interface of the chain due
to the surface of the forged chain link.

6.1.3.2 3D model

Analogous to the 2D flash formation, the extruded material remains in constant contact with the upper and
lower parts of the workpiece during the oscillation movement, which characterizes welds with low amplitude,
unable to promote shearing. The 3D model is invaluable to understand the multi directional material flow
behaviour of the process, and figure [6.5] shows the morphology of the flash mirrored in the z-direction at
different time steps.

Figure [6.5(a) shows the flash appearance in the early stages of the process. Also, until approximately ¢
= 0.35s , the flash distorts severely upwards and downwards with the oscillating movement. However, at
a certain point despite the flipping movement of the flash, a preferential flow towards the moving part is
acknowledged and is shown in figure (b) This tendency might be related due to the constant constraints
imposed on the flash by self-contact and tooling contact, promoting local shearing on the base of the flash,
which coupled with the pressure increase at high amplitudes redirects the flash to the moving side. Fur-
thermore, the deflection of the flash might also be a product of the tooling effect entitled “micro-swinging”.
Hence, the moving part of the chain does not move rigidly in the oscillation direction, but has a micro-swing
relative to the oscillation plane instead. According to Li et al.™ micro-swinging has a significant effect of the
extrusion manner, as the swinging part ends up digging into the other promoting deflection of the flash from
its centre point. On the other hand, negligible effect on the interface temperature at the centre of the weld.
This phenomena can also be observed in the experimental flash, according to figure [6.3{(a). Notice that the
flash near to the extrusion zone also diverts upwards.

A further consequence of the flash extrusion evolution has to do with the self-contact observed at a certain
point of the simulation process as the flash contacts the workpiece. As a result, conduction heat transfer
occurs locally, causing the uneven cooling of the flash as shown in figure [6.5|c). Moreover, by the end of the
equilibrium phase ¢t = 0.90s illustrated in figure d), one can intuitively acknowledge that the flash further

away from the extrusion zone is locally colder when compared to other regions due to convection and the
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influence of conduction from earlier stages.

Temperature(°C)
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Figure 6.5: Appearance of the formed flash through different time steps: (a) t = 0.25 s; (b) t = 0.5 s; (¢) ¢
= 0.75 s; and (d) t = 0.90 s. “S” denotes the stationary and “M” the moving component.

6.1.4 Mechanical analysis

One of the advantages of computational modelling is that it enables the possibility to assess the mechanical
behaviour of the chain in terms of stress, strain and strain rates, at any given moment of the process. The
analysis was conducted for a single time step ¢ = 0.80 s, just before the end of the equilibrium phase.
Additional time steps were not considered as the behaviour and magnitude of these three state variables
remains virtually unchanged at equivalent time steps throughout the simulation process, due to the periodic
characteristics of the oscillatory movement.
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6.1.4.1 Stresses

The stress fields were evaluated in terms of effective stress or Von Mises stress o.sf, and principal stresses
o, and oy, presented in figure and Due to the coarser mesh used in the 3D model the stress field
lacks detail compared to the 2D, although qualitatively a good agreement can be acknowledged. The 810°C
isothermal dashed lines denote the boundary between regions with plastic flow (WZ) and without (HAZ), as
previously stated in subsection The effective stress is given as"*:

1
Ocff = \ﬁ\/(om — Oyy)

The stress distribution reveals roughly a symmetrical behaviour along the weld line, although inverted
according to the axial direction y. This is explained by the inherent property of the LEW process, in which
the relative movement from upper and lower parts of the workpiece occurs in different directions, with same
relative speed. Intuitively, the stresses present on the left of the upper part will be present in the lower part
on the right and vice versa.

At the WZ, an average compressive stress in the z-direction of 40 M Pa was registered, as shown in
figure b). The low stresses in these regions is related to the viscoplastic condition of the material due
high temperatures, which consequently implies lower loads to induce plastic deformation. Furthermore,
considering the upper workpiece, the viscoplastic material upstream and downstream from the vertical mid-
plane is being “pulled” and “dragged”, respectively, by colder regions of the workpiece; resulting in the tensile
and compressive stresses towards the TMAZ and HAZ, accordingly. Due to the relative speed between
workpieces the opposite happens in the lower workpiece.

According to figure and c) a relatively uniform compressive stress distribution of 27 M Pa was
obtained in the y-direction, consistent with the forging load acquired experimentally.

From the experimental point of view, the expected stresses imposed by the tooling on the workpieces are
of compressive nature solely. At the evaluated time step, the reciprocating tool is moving from left to right.
This explains the compressive stresses found on the left of the upper workpiece at the contact edge where
die meets the workpiece, as shown in figures b) and (c). Predicted compressive stress of approximately
390 M Pa and 440 M Pa was predicted for z and y directions, respectively. On the other hand, a tensile
contribution is visible in the opposite side for both directions. Additionally, an analogous behaviour can be
observed for stresses in the z-direction, according to figure (d) This is a direct consequence of the rigid
coupling (sticking condition) between die and workpieces selected in DEFORM, which is not representative

of reality. Thus the tensile stresses arisen are an artefact related to the modelling set up.
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Figure 6.6: 2D stress fields at t = 0.80 s: (a) effective stress ocys; (b) in the reciprocating direction o4,; and
(c) in the forging direction oy, (dashed lines delimit the WZ).
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Figure 6.7: 3D stress fields at ¢ = 0.80 s: (a) effective stress o.¢¢; (b) in the reciprocating direction o,,; (c)
in the forging direction o,,; and (d) in the forging direction o, (dashed lines delimit the WZ).
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6.1.4.2 Strains

Strain is a measure of the degree of deformation in an object!38120 The measure of strain used in large
deformation analysis, including DEFORM is Hencky strain or true strain, which differs slightly from the
well known engineering strain presented in typical engineering applications. Engineering strain is defined as

change in length (Al) by original length (Iy) and is suitable for low deformation applications™L,

N

e= T (6.2)

For large deformation analysis, it is better to use true strain, which is defined as the sum of a large series
of arbitrarily small strain increments integrating this over the total change in length gives®42:

!
e=lnt (6.3)

where [y is the final length.

Through various mathematical techniques which are beyond the scope of this discussion, it is possible to
define so-called “principal axes” on which all components of shear strain are zero. The strains measured along
these axes are termed “principal strains”. It is frequently useful to have a single characteristic strain value to
describe the degree of deformation. DEFORM uses a value common to metal forming analysis known as the

effective or Von-Mises straint22H4:3.

V2
Eeff = ?\/(Qw - Eyy)Q + (eyy — £22)" + (€22 — €20)° (6.4)

where €,,, €yy and ¢, are the principal strains.
The effective strain at ¢ = 0.80 s is shown in figure [6.8 and It is clear that the strain is concentrated

within a narrow band with its border no more than 2 mm from the weld line.
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Figure 6.8: 2D effective strain e.f; distributions at ¢ = 0.80s.
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Figure 6.9: 3D effective strain e.f; distributions at ¢ = 0.80s.

Due to the steep temperature gradient near the weld interface the material in this region is soft enough
and undergoes severe plastic deformation, where a maximum effective strain of 170 and 180 was registered

for 2D and 3D models, accordingly.

6.1.4.3 Strain rates

Strain rate is a measure of the rate of deformation with respect to time. The components of strain rate
are defined in the same manner as the components of strain. Strain rate is defined as the instantaneous
plastic strain rate.

The effective strain rate at ¢ = 0.80s is shown in figure[6.10]and a maximum of 1700 s~ and 2000 s~ was
observed on the weld interfaces of the 2D and 3D models, respectively. The predicted values of two normal
strain rate components €,, and €,, were evaluated along the two vertical lines L; and Lo passing through
the weld interface.
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Figure 6.10: 2D effective strain rate €.y distributions at ¢t = 0.80s.
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Figure 6.11: 3D effective strain rate .77 distributions at ¢ = 0.80s.

According to figure [6.12(a), the z-component of velocity v, in L; starts to increase at y = —1.5 mm

until it reaches a maximum speed of approximately 865 mm/s, at y = 1.5 mm. The velocity gradient %“;‘,

i.e., the strain rate component, €,., is positive in the stationary side of the workpiece as the viscoplastic
material is sheared and forced to accelerate?*#. This trend is visible until y = —0.75 mm where a maximum
strain rate of 100 s~! is reached, as depicted in figure (b) From this point onward the velocity profile
starts to decay, passing through zero at the weld line, on to a negative strain rate of approximately -120 s~ 1.
The negative values of €,, are related to the flow deceleration in the z-direction of fast moving viscoplastic
material probably due to viscosity effects from slower moving adjacent material. Moreover, the viscoplastic
material downstream from the fast moving colder edge of the upper worpiece is under compression, also
explaining the negative €., above the weld line. A similar interpretation can be done for Lo , although the

region of interest for strain rate analysis, i.e. the WZ, is narrower.
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Figure 6.12: Predicted values of velocity and strain rate component in the x-direction: (a)v, and (b)é.;
along two vertical lines L, and Ly at ¢ = 0.80s.
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Theoretically, at ¢ = 0.80s where the stationary and moving part are perfectly aligned, the velocity and
strain rate profiles should be symmetric around the weld line. However, this behaviour was not obtained by
the models and are likely related to numerical artefacts such as, too coarse mesh size and long time steps.

Regarding the velocity in y-direction in L; depicted in figure a), the movement near the edge of
the upper workpiece from left to right combined with the axial pressure drags the material on its path and
pushes it downwards with a velocity at the weld line of approximately 100 mm/s. As there is material being
forced down the velocity gradient %—Uyy related to the strain rate component ¢, is positive, as shown by figure
b). Naturally, this downward material flow has to be counteracted by the stationary workpiece, hence
the velocity gradient decreases and é,, is negative between y = —1.5 mm and the weld line. In L, the effect
of axial pressure from the stationary workpiece is predominant and forces viscoplastic material in the moving
side to flow with positive velocity v, and €,,. The magnitude of v, in L, is negligible compared to the flow

velocities expected in the process.
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Figure 6.13: Predicted values of velocity and strain rate component in the y-direction: (a) v, and (b) &,y;
along two vertical lines L; and Ly at ¢ = 0.80s.

From the L, analysis the combined effect of positive v, and negative v, explains the downward movement
of the flash during the flipping movement, which can be visually assessed from figure

Finally, the analysis conducted in the present subsection is valid solely to ¢t = 0.80 s distanced by 27k
with k € Z, where only the width of the WZ is expected to vary slightly with each period.
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Figure 6.14: Vector plot for material flow velocity at ¢ = 0.80s.

6.1.5 Thermo-metallurgical analysis

An interesting outcome of the thermo-metallurgical model is the prediction of the width of the heat affected
zone (HAZ). Figure [6.15|(a) illustrates the distribution of martensite after friction welding and cooling in the
weld centre, HAZ and base material (BM). The width of the predicted HAZ is approximately 5 mm, taken
by an average along the weld line. This is in good agreement with the measured hardness data shown in
figure (b) According to Maleekian et al.’3 this agreement is expected if the model is able to predict
accurately the temperature gradient (figure , thus leading to the precise prediction of the HAZ.
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Figure 6.15: (a) Predicted final volume fraction of martensite after linear friction welding and cooling; and
(b) graphical representation of hardness and volume fractions as a function of the distance from the weld
line.

Figure b) also shows the predicted volume fractions of martensite and bainite as a function of
longitudinal distance from the weld line. The volume fraction of martensite decreases from 96% in the centre
of the WZ to 40% on the BM. The high heating rate during LFW and the consequent fast cooling rate after
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welding accounts for the high amount of martensite™9, Correspondingly, the volume of bainite increases
from 3.7% on the WZ to 60% on the BM. The remainder fraction 0.3% predicted by the model at the WZ,

is retained austenite.

6.1.6 Modelling applications

In previous subsections, experimental validation was carried out to a range of outputs, which resulted in
very good accuracy between experimental and computational campaigns. This allowed the data predicted
by the models that was non-amenable to experimental observation to be trustworthy such as, the partial

unbonding phenomena or self-cleaning effect.

6.1.6.1 Partial unbonding

The partial unbonding phenomena was observed in the developed 3D model at low burn-off values, as
depicted in figure This particularity was also reported by McAndrew et al.” and Addison?Y, and is
known to compromise mechanical properties, ultimately leaving a notch that acts as a crack initiation site.
Unbonding was observed solely in the corners of the cross-section with lower radii, suggesting that there
might be a critical radius at which partial unbonding is prone to occur. Nonetheless, as the model progressed
the heat provided to these regions by the flash and interface due to conduction, caused the corners to soften
and plastically deform, thus resulting in a defect free bond.

unbonded —

Figure 6.16: FEA appearance of partial unbonding at the interface.

6.1.6.2 Self cleaning effect

To determine whether the present combination of welding parameters provides a weld free of surface
contaminants, point tracking provided by DEFORM was used along the interface. Weld line self-cleaning is
an important matter since the present of surface oxides or other contaminants compromise the mechanical
properties of the welded chains. Figure (a) shows the displacement of the tracking points, each separated
by 1 mm. The unwanted contaminants are expelled, providing that a sufficiently large number of oscillations
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and burn-off is used. Contaminants close to the centre of the workpiece are expelled at a very slow rate

since there is almost null flow in such regions, as shown in figure c) and (d). However, according to

figure [6.17|(e), the minimum number of oscillation required for total expulsion of contaminant, once in the

equilibrium phase, is approximately 126.

(d) (e)

Figure 6.17: Evolution of the surface contaminants using point tracking: (a) initial positioning of the points
on the weld line; points are being extruded through the flash: (b) ¢ = 0.25 s and approximately 36 oscillations;
(c) t =0.50 s and 70 oscillations; (d) ¢ = 0.75 s and approximately 104 oscillations; and (e) ¢ = 0.90 s and
approximately 126 oscillations.

6.1.7 Summary

This section described the combined use of 2D and 3D modelling approaches to evaluate and predict the

intervening physical quantities of the LFW process when joining 30CrNiMo8 high strength steel half chain

links. The key findings and advances are listed below:

A 2D and 3D finite element modelling for the LEW of 30CrNiMo8 high strength steel chains has been
formulated, using an optimized welding parameter combination, in order to predict the thermal and
mechanical characteristics. This was achieved by means of a purely thermal and thermo-mechanical
model. A good agreement between reality and model was achieved without application of a single fit

parameter.

The uneven interface surface of the chains is responsible for the plastic deformation present in the initial

phase of the process. This phenomena is not reproducible in the purely thermal model.

Flash showed a smooth morphology much in accordance with experimental observation apart from
the slight rippling effect of this last one. This smooth pattern is related to low process parameters
which yield low energy input. The local plasticisation of the material due to the uneven surface of the
interface meant that the morphology of edges between experimental and predicted flash did not match.
The mechanism that prevails for the set of parameters in this study, is dictated by the forging load,

steadily extruding viscous material from the interface.

The burn-off rate in the equilibrium phase yielded from the model is in good agreement with the

experiment, with a burn-off rate of 3.08 mm/s and 3.13 mm/s, respectively. In the early instants of
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the equilibrium phase, the predicted burn-off is underestimated, which might be explained by the fact
that the temperature profile carried over from the thermal model is low. Hence, not promoting the
adequate viscoplastic flow.

e The stress distribution reveals roughly a symmetrical behaviour along the weld line, although inverted
according to the axial direction y. The strains and strain rates are concentrated within a narrow band
with its border no more than 2 mm from the weld line for both 2D and 3D models with an effective
maximum value between 170-180 and 1700-2000 s~!.

e Partial unbonding was observed for low burn-off values in the cross-section corners of lower radius. The
model showed that sufficient heat was provided to soften and plastically deform the regions.

o Self-cleaning study using point tracking proved to be a relevant tool to characterize the flow and

expulsion of surface debris in LEW of a chain.
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6.2 Numerical analysis of LFW applied to small cross-section

A parameter investigation on 30CrNiMo8 cross-section with 10 mm in diameter was conducted experi-
mentally and numerically, using DoE, namely a factorial design. Factorial designs are an effective technique
for various technologies in investigating the effect of process parameters on the weld integrity™7, and was
therefore used to characterise the influence of the welding parameters by means of experimental and numer-
ical quality outputs. Ultimately the models provided by the factorial design were validated with a random
set of parameter combinations.

Figure illustrates the welded appearance of a small cross-section specimen.
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Figure 6.18: Appearance of a welded small cross-section sample.

6.2.1 Experimental design

The welding experiments were based on a 2* full factorial design and Minitab 16 ®) statistical software was
used to yield the design matrix and analysis of the experimental data, where k is the number of input factors.
Three welding parameters such as, amplitude (A), frequency (B) and burn-off (C) were considered as influ-
encing factors, since they represent the main input variables of LFWS. Hence, k = 3. Other authors®48149
considered axial load as an influencing factor. However, for the present investigation, a prescribed burn-off
rate of 7 mm/s was set as a boundary condition in equilibrium phase. Therefore, the loads during the
equilibrium phase are time dependent in order to keep the prescribed burn-off, regardless of the welding
parameters. Each factor was evaluated at two levels. The welding parameters are kept confidential, and thus
are presented by the table of signs shown in table where (—) and (+) represent the low and high level
configuration for each factor, respectively. Experimental (EXP) and numerical (FEA) outputs where used as
quality characteristics such as, burn-off rate (b'o), extrusion zone thickness (§), interface temperature (73)
and interface strain rate (£,,q4.). These last two were evaluated solely with FEA.
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Weld Factors
Amplitude (4) Frequency (B) Burn-off (C)
1 - ¥ -
2 - - -
3 - + +
4 + - +
5 - - +
6 + + +
7 + - -
8 + + -

Table 6.1: 23experimental design matrix (table of signs) generated randomly by Minitab 16 ®).

6.2.2 Effects of the parameters

The results obtained for the EXP and FEA outputs and mean effect plots are presented in table and
figure [6.19] respectively.

Responses
Weld EXPby, FEAby |EXPS FEAGS | FEAT, | FEA o

[mm/s|  [mm/s| | [mm| [mm]| [C] [s]
1 6.80 6.97 2.16 1.93 1020 1136
2 6.25 6.69 2.47 2.04 973 740
3 7.32 7.05 2.47 2.39 1015 1250
4 6.83 7.79 2.49 2.11 1001 1052
5 7.12 6.59 2.41 2.03 978 771
6 7.47 8.54 2.51 2.38 1038 1879
7 7.03 6.95 2.23 1.82 1001 1031
8 7.12 8.16 2.52 2.37 1039 1880

Table 6.2: Results of EXP and FEA responses.

A fairly good agreement was obtained between experimental and modelled burn off rate by. A comparison
of the mean effects of EXP and FEA by is shown in figure (a). Notwithstanding, welds with high heat
input tend to overestimate the upset rate, which suggest that the model is comparably hotter or softer
compared to the experiment. Naturally, a hotter weld coupled with the axial load will result in higher bo:
Qualitatively, the trends in responses are identical, i.e. a higher bo is expected for high levels of A, B and C,
for both experiments and models. However, the welding parameters clearly have a more prominent effect on
the responses of the FE models, particularly the amplitude. Both frequency and burn-off have equal effect
on the upset rate of EXP which can be acknowledged by their equal slope.

Regarding 4, relatively similar results were obtained, although underestimated by the FEA. This can also
be seen in figure[6.19(b), where for any given parameter at any given level the flash thickness is always lower
than EXP. Once more the trend of the mean effects of EXP and FEA is comparable. Hence, a positive effect
in § is expected if amplitude, frequency and burn-off are set to higher levels. Notwithstanding, the variation
of these factors affect the response more significantly the response in the FEA case due to their higher slope
compared to EXP.

Finally, amplitude and frequency have a significant effect in 7; and &,,4,, whereas the influence of the
burn-off is negligible, as depicted in figure[6.19|c) and (d), respectively.
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Figure 6.19: Mean effects plot: (a) bo; (b) &; (¢) Tj; and (d) &maq-

6.2.2.1 Correlation analysis

To evaluate the relation between comparable EXP and FEA outputs, the Pearson’s product-moment
correlation was used. This method measures the strength of a linear association between two variables and
is denoted by r. Basically a Pearson’s product-moment correlation attempts to draw a best t trough the
data of the two variables, and the coefficient r indicates how far away all the data points are to this line.
Coefficient r varies from -1 to 1 and the larger the absolute value of r, the stronger the relationship. If r > 0.5
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or r < —0.5 the correlation between EXP and FEA outputs can be considered to be strong. The Pearson’s

correlation is given by:

_ cov (X,Y) Z:L 1 (@ =) (g — 7))
\/var(X)~var(Y) \/Zl (2 —7) \/El 1 (i —

where x1, o,..., T, and Y1, y2,..., Y, are the measured values of both EXP and FEA variables, respectively,

(6.5)

within the output being evaluated by or 0; and T and ¥ are the mean values. Furthermore, n is the number
of measured values, which in this case is 8.

The correlation for experimental and numerical burn-off rate is r,; = 0.5. Furthermore, in terms of flash
thickness 5 = 0.8 was obtained. The positive value in correlation suggests that as one value of one variable
increases, so does the value of the other variable. This can easily be seen from the mean plots in figure [6.19
In both cases a strong association can be established between EXP and FEA for both outputs, although bo
show higher scattering. This is also relatable to figure since a positive variation in EXP by traduces in
larger variation in FEA by. On the other hand, and despite § EXP and FEA having slightly different values,

the increase in one value will affect the other in almost the same manner, thus the higher correlation factor.

6.2.3 ANOVA and regression analysis

The statistical technique analysis of variance (ANOVA) has been applied to identify the significant input
parameters which are expected to influence the output responses. Thus, the ANOVA tables 6.8] sum-
marize the results in terms of sum of squares (SS), mean squares (MS), F-value and P-value. According

L5081 if the P-value is lower than o = 0.05 one can assume that a particular factor has stat-

to literature
istical significance. Additional statistical indicators are presented, such as R?, Adjusted R? and Predicted
R? to assess the fit of the obtained regression models. A significance test was carried out to eliminate the

insignificant contrasts, although the appropriate ones were kept to achieve better regression characteristics.

6.2.3.1 Burn-off rate (50>

All welding parameters have a significant and synergistic effect in EXP b'o, presenting very similar P-values.
Furthermore, the interactions, apart from B-C, also proved to be significant towards EXP by, according to
table This might be explained by the fact that all parameters try to balance each other in order
to maintain the specified burn-off rate. On the other hand, statistical results of FEA suggest that only
amplitude and frequency are the prominent factors influencing FEA bo, highlighted in table This has to
do with the fact that, when the amplitude reaches maximum displacement, a pressure increase occurs due
to the decrease in contact area at the interface. As a result, cooler material ploughs into the highly viscous
material. With the retracting movement of the workpieces to the aligned position, the viscous material shears
past the cooler edge of the workpiece. Hence, for high levels of A and B the shearing process is faster and
consequently by increases. This remark is also valid for EXP.

Despite the statistical significance of C, in reality it is believed that once in steady state conditions, the

30195

influence in plastic deformation and thermal profile is independent of this latter factor . Thus, serves the

purpose of enhancing model fitting characteristics.
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The estimated coefficients by Minitab 16@®) for the EXP and FEA by using data in coded units were
drawn out to yield the mathematical models given by equations [6.6] and

Source Sum of squares d Mean square F-value P-value
Main effects  0.6855 3 0.2285 4570 0.011
A 0.1152 1 0.1152 2304 0.013
B 0.2738 1 0.2738 5476 0.009
C 0.2965 1 0.2965 5929 0.008
A.C 0.1922 1 0.1922 3844 0.010
B-C 0.0050 1 0.0050 100 0.063
A-B-C 0.1013 1 0.1013 2025 0.014
Residual 5e-5 1 5ed

Total 0.9840 7

R?=99.99%  Adj. R>=99.96% Pred.R?=99.67%

Table 6.3: ANOVA table for EXP by.

Source Sum of squares d Mean square F-value P-value
Main effects  3.2337 3 1.0779 35.34 0.028

A 2.1425 1 2.1425 70.24 0.014

B 0.9113 1 09113 29.88 0.032

C 0.1800 1 0.1800 5.90 0.136
A-B 0.1861 1 0.1861 6.10 0.132
A-C 0.1922 1 0.1922 6.30 0.129
Residual 0.0610 2 0.0305

Total 3.6729 7

R?=98.34%  Adj. R>=94.19% Pred.R?=73.43%

Table 6.4: ANOVA table for FEA by.

bo(EX P) =6.9925+0.120- A+0.1850- B+0.1925-C' —0.1550- A-C' +0.0250- B-C'+0.1125- A- B-C' (6.6)

bo(FEA) = 7.3425 + 0.5175 - A+ 0.3375 - B4 0.150 - C — 0.0153 - A- B4 0.1550- A - C (6.7)

In order to study the progress of material flow and consequently axial shortening, the relative burn-off
history (bf) of the welds considered in the DoE were analysed in intervals of 0.05s. b is obtained by the
relation between the burn-off at a particular time step ¢ and the specified burn-off according to the design

matrix at ¢ finq, given in equation @

pr —  bo(®)
O bo(tfinal)

The results are depicted in figure and relate solely to the equilibrium phase of the process. In general,

(6.8)

very good agreement can be observed between EXP and FEA burn-off histories, despite some discrepancies
which are more prominent for high heat input welds, such as 6 and 8 depicted by figure [6.20(f) and (h)
respectively. For welds 2 and 3, illustrated in figure [6.20(b) and (c) respectively, the burn-off was clearly
overestimated in the initial 0.1 s of the equilibrium phase. This suggests that the heat provided by the
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thermal model is excessive. Nonetheless, the time dependent axial load ended up compensating this effect

for the remainder of the equilibrium phase.
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Figure 6.20: Comparison of the burn-off histories between EXP and FEA: a) weld 1; b) weld 2; ¢) weld 3; d)
weld 4; e) weld 5; f) weld 6; g) weld 7; and h) weld 8.

6.2.3.2 Extrusion zone thickness (0)

The experimental flash thickness is strongly influenced by C and interactions A-B and A-B-C, according

to table[6.5} The strong influence with C might be due to the additional welding time in order to achieve the

designated burn-off, once by is to be kept at constant rate throughout the equilibrium phase. As consequence,

conduction heat transfer will extend further from the interface, meaning that wider regions reach viscoplastic

condition. Unlike in EXP, B is also significant in FEA flash thickness. This discrepancy might be due to

model related hypothesis, such as plain strain assumption, friction conditions which are modelled using a

power law, and material model, as flow stresses and thermal properties. Thus, further research has to be

conducted to assess the influence of such assumptions on the comparative analysis of EXP and FEA.

Source Sum of squares d Mean square F-value P-value
Main effects  0.0389 3 0.0130 20.75 0.046

A 0.0072 1 0.0072 11.52 0.077

B 0.0005 1 0.005 0.72 0.486

C 0.0313 1 0.0313 50.00 0.019
AB 0.0392 1 0.0392 62.72 0.016
A-B-C 0.0512 1 0.0512 81.82 0.012
Residual 0.0013 2 6.25e-4

Total 0.1305 7

R?-99.04%  Adj. R?>=99.65% Pred.R?>—84.68%

Table 6.5: ANOVA table for EXP 6.
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Source Sum of squares d Mean square F-value P-value
Main effects  0.2239 3 0.0746 20.38 0.047
A 0.0105 1 0.0105 2.87 0.232

B 0.1431 1 0.1431 39.08 0.025

C 0.0703 1 0.0703 19.20 0.048
AB 0.0406 1 0.0406 11.09 0.080
A-B-C 0.0703 1 0.0703 19.20 0.048
Residual 0.0073 2 0.0037

Total 0.3422 7

R?=97.86% Adj. R>=92.51% Pred.R?=65.75%

Table 6.6: ANOVA table for FEA §.

d(EXP)=24075+0.030 - A+ 0.0075- B+ 0.0625-C —0.070- A- B —0.160- A-B-C (6.9)

0(FEA) =2.1338+40.0363- A+ 0.1338 - B+0.0938 - C —0.0713- A-B—-0.1875-A-B-C (6.10)

Figure [6.21] depicts a comparison between EXP and FEA flash of three welds with different heat inputs
(low, medium and high given by welds 2, 3 and 6, respectively). Morphologically, the FEA flash is highly
deformed in comparison to EXP. This can be explained by the fact that no material flow occurs perpendic-
ular to the oscillatory direction in FEA. Hence, a higher amount of material is expelled in the oscillatory
direction, which eventually contact the surface of the outer rod due to the flipping movement of the flash.
Notwithstanding, the predicted flash was able to capture the rippling features present in EXP for the medium
and high heat inputs shown in figure b) and (c), respectively. Whereas for the low heat input, despite
there being ripples in the EXP, the FEA was not able to captures them as illustrated in figure a). The
reason behind this result is likely due to the element size selected for the models, which prove to be suitable
for medium and high heat input welds. Moreover, the amplitude also plays an important role since high level
amplitudes are related to a more distinct ripple formationS0/86 (see table [6.1)).

I 2.04 mm

WAy IMAT=
(a)
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Figure 6.21: Comparison between experimental and modelled flash: (a) low heat input - weld 2, (b) medium
heat input - weld 3; and (c) high heat input - weld 6.

6.2.3.3 Interface temperature (7;)

Regarding T;, frequency is the most significant main effect followed by the amplitude, resulting in a hotter
weld 1ine®?. On the other hand, the burn-off has no significance towards the temperature at the interface.
Besides the fact that low levels of A and B yield low heat inputs, the axial load during equilibrium phase
required to ensure 7 mm/s burn-off rate has to be higher, for comparable C. According to®®, this can be
explained by the relationship between the power input and by. Since the upset rate is virtually the same for
all welds, a reduction in the force results in a larger amount of heat conducts back from the interface, for
high heat input compared to low heat input welds. The outcome is the broadening of the region of heated
material. This effect combined with the heat generated by plastic deformation at the interface results in a
higher T2,
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Source Sum of squares d Mean square F-value P-value
Main effects 4243.68 3 1414.56 2102.50 0.016
A 1064.91 1 1064.91 1582.81 0.016
B 3178.44 1 3178.44 4724.19  0.009
C 10.67 1 10.67 0.50 0.608
AB 7.57 1 7.57 11.25 0.184
B-C 13.73 1 13.73 20.41 0.139
A-B-.C 10.67 1 10.67 15.86 0.157
Residual 0.67 1 0.67

Total 4276.32 7

R?=99.98%  Adj. R>=99.89% Pred.R?=98.99%

T,(FEA) =1008.22 4+ 11.54- A+19.93-B—-020-C—-097-A-B—-131-B-C+116-A-B-C

Table 6.7: ANOVA table for FEA T;.

6.2.3.4 Interface strain rate (£,,4:)

(6.11)

The main and interaction effects between amplitude and frequency are significant to €,,,4, increasing the

required flow stress. Nonetheless, for higher A and B the heat input at the interface will also be higher,

resulting in an increase of T}, and consequently lower flow stress1®2. Notice through table that high €44

is associated to high T;, suggesting that both previously mentioned consequences cancel out. Such result was

also reported in®3,

Source Sum of squares d Mean square F-value P-value
Main effects 1.29e6 3 4.30e6 898.16 0.025
A 4.73e5 1 4.73e5 988.37 0.020
B 8,12¢e5 1 8.12¢e5 1698.91 0.015
C 3400 1 3400 7.19 0.227
AB 80254 1 80254 167.72 0.049
B-C 1992 1 1992 4.16 0.290
A-B-C 1339 1 1339 2.80 0.343
Residual 478 1 478

Total 1.37e6 7

R?2-99.97%  Adj. R?=97.77% Pred.R?—96.76%

Table 6.8: ANOVA table for FEA ¢£,,4.-

Emar = 1217.31 4+ 243.14- A+ 318.77- B+ 20.74-C +100.16- A- B—15.78 - A-C —12.94- A- B-C (6.12)

6.2.4 Validation of the developed models

The obtained mathematical models (equations [6.616.12) indicated fairly good regression characteristics
(see tables 6.8), apart from the model concerning FEA §, with a Predicted R* of 65.75%.
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Confirmation tests were carried out to test the adequacy of the developed models when subjected to
combinations within the evaluated parameter range, other than the eight combinations given by the design.
To that end, two tests were considered, using random parameter combination. Table summarizes the
obtained results for the considered confirmation experiments. Once more, each parameter value is given
in coded units. The mathematical models obtained in the previous section seem to predict appropriately
the outputs with a maximum error of 12.2% for FEA &,,,,. Although the Predicted R? of FEA § was

low according to ANOVA, the model was able to adequately forecast the response for both confirmation

experiments.
Experiment Parameters Responses
P A B C EXPby FEAby EXPS§ FEAS FEAT, FEA ¢,

Expt. 1 0 0 +1 Result 7.53 791 2.45 2.05 1011 1087
Predicted* 7.19 7.49 2.47 2.23 1008 1238
Error (%) 4.7 5.6 0.8 8.1 0.26 12.2

Expt. 11 +1 -1 0 Result 7.62 7.59 2.39 2.00 1001 1052
Predicted* 6.93 7.51 2.36 1.96 1001 1042
Error (%) 10 1.1 1.3 2.0 0 1.0

*based on equations derived from statistical evaluation

Table 6.9: Confirmation experiments.
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6.3 Summary

The process parameters of linear friction welded small cross-sections was studied, from which the following

conclusions can be drawn:

e A 2D finite element model for the LFW of 30CrNiMo8 high strength steel 10 mm cross-section pins has
been formulated and compared to experiments to evaluate the influence of different welding parameters
on the final joint. A systematic experimental approach using full factorial design was used and outputs

evaluated experimentally and numerically.

e Relatively good agreement was obtained between experiments and modelling. However, some differences
in the statistical effect of the parameters was observed from one to the other, particularly regarding
burn-off rate, where main and interaction effects exhibited a similar contribution to EXP, in contrast

with FEA where solely amplitude and frequency have a significant effect.

e Burn-off is the contrast affecting prominently § due to the additional welding time, and consequently

heat conducted back from the interface, in order to achieve the designated upset.

e Statistical discrepancies between EXP and FEA might be attributed to model related assumptions,
such as plain strain which excludes the possibility of material flow in the perpendicular direction; heat

input (friction) model and material model are further sources of uncertainty.

e Amplitude and frequency are the most significant factors on either T; and €,,,,. A balancing effect
between required flow stress and interface temperature related to high amplitude and frequency was

observed when analysing €,,4-

e The mathematical models proved to be reliable for the investigated parameter window, with the actual
values of the confirmation experiments matching fairly well the predicted ones. A mismatch regarding
the morphological characteristics of the flash was observed. FEA shows high deformation compared to

EXP due to the modelling assumptions made.
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The main findings and advances in LEFW of chains, followed by an outlook for further research within
this subject, is presented in this section. This should allow the reader to appreciate the benefits of numerical
modelling in LEFW process for joining 30CrNiMo8 high strength steel chains, envisioning further process
development and exploitation.

Numerical modelling, particularly the finite element method was used by means of the commercial software
DEFORM®) 11.1 SP1. At the centre of this study were two distinct case studies: one focusing on the
well established pewag Hero chain using a single optimized parameter combination; and the other on the
applicability and the gathering of knowledge of the LFW process to join chains with smaller cross-section,
using Design of Experiments.

Naturally, the numerical effort presented carries a number of limitations, resulting from the different
modelling assumptions discussed throughout. The most prominent assumption was neglecting the plastic
deformation in the initial phase of the pewag Hero case study, as a result of the modelling approach used,
i.e. purely thermal for the initial phase and thermo-mechanical for the equilibrium phase. Consequently, this
hindered the understanding of viscoplastic phenomena happening in the initial phase.

Experimental validation was carried out to a range of outputs, which resulted in very good accuracy
between experimental and computational campaigns. This allowed the data predicted by the models that
was non-amenable to experimental measurement to be trustworthy, such as stress, strain, and strain rate
analysis.

This study concludes that modelling can indeed support continuous knowledge build-up towards LEW of
chains, without the need of exaggerated experimental campaigns. For this reason, the successful numerical
investigation comprised in this research has resulted in the direct implementation of FEM in the pewag Hero
chains production line.

Despite the advances in modelling reported in the present dissertation, as a tool to analyse comprehensively
the linear friction welding process applied to chains, there are still several knowledge gaps that need to be

tackled. Some of which are:

1. Influence of interface geometry: most of the modelling effort has been put into planar interface
geometries. However, the influence of the interface geometry (e.g. bevels angles) on LFW chains
should be assessed and optimized to reduce flash formation and ultimately curtail the amount of scrap

generated during production.
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2. Microstructure modelling: models could be used to investigate the impact of the processing condi-
tions on the microstructure evolution. This would allow for the effects of the processing conditions on

different phases, average grain size and their spatial distribution.

3. Flash formation: the models can be enhanced to provide an even more accurate flash formation and
final shape. The use of smaller elements in the interface coupled with higher computational power and

efficient solvers is key to capture even more detail and important features related to the flash formation.

4. Residual stress analysis: modelling can be used to predict the impact of the processing conditions,
such as the workpiece geometry, amplitude, frequency, axial load, on the formation and magnitude of
residual stresses in linear friction welds. Figure [7.1] shows some preliminary results on residual stresses
after cooling and before PWHT. The predicted results were compared with the hole-drilling method.
However, this method only accounts for the stress state near the surface. Hence, a further step is
to compare the predicted results using other residual stress measurement techniques, such as neutron

diffraction or contour method.
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Figure 7.1: Residual stresses in: (a) o,; (b) oy; and (c) 0.

5. Extension to other materials: Although the focus of this article is on 30CrNiMo8, there is still a
need to understand the effects of the LFW process on the joining of other high-value materials, such as
aluminium alloys, aluminium-lithium alloys and nickel-based superalloys, even if not within the scope

of chain welding.

6. Tool wear: the clamping system of a LFW machine is subjected to high cycle fatigue (HCF) due to
the reciprocating motion and loads involved during the process (axial and in-plane). As a result the
clamping systems geometric features can surpass the acceptable clearances. FEA is therefore a powerful

tool to conduct a predictive analysis of tool wear and assist in a “real life” maintenance plan.

7. 3D modelling of small cross-sections: in the present study a 2D analysis was deliberated for the
sake of calculation time. However, it is technically unsound to reduce a circular cross-section to a plain
strain problem. Despite the adequate results obtained, for the best parameters yielding from the DoE
analysis, a 3D analysis should be considered as a future step to understand how much a difference

exists.
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Chapter 8

Annex

A. Thermo-mechanical properties of 30CrNiMo8

This section gives an overview of the thermo-mechanical properties implemented in DEFORM FEA.
Hence, the flow stress curves are illustrated for a range of temperatures between 25°C and 1400°C. For
temperatures above 500°C, the shape of the curves start to change due to softening effect, being more
pronounced when the temperatures go beyond austenization.

Further thermo-mechanical properties are included, such as Young modulus, Poisson ratio, thermal con-
ductivity, specific density, specific heat, and specific heat capacity; as a function of temperature and all of

which calculated using JMatPro.

i. Flow stresses
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Figure 8.1: Flow stress-strain curves for 30CrNiMo8 at 25°C.
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Figure 8.2: Flow stress-strain curves for 30CrNiMo8 at 100°C.
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Figure 8.3: Flow stress-strain curves for 30CrNiMo8 at 200°C.
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Figure 8.4: Flow stress-strain curves for 30CrNiMo8 at 300°C.
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Figure 8.5: Flow stress-strain curves for 30CrNiMo8 at 400°C.
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Figure 8.6: Flow stress-strain curves for 30CrNiMo8 at 500°C.
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Figure 8.7: Flow stress-strain curves for 30CrNiMo8 at 600°C.
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Figure 8.8: Flow stress-strain curves for 30CrNiMo8 at 700°C.
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Figure 8.9: Flow stress-strain curves for 30CrNiMo8 at 800°C.

111



400

350

300

250

Stress (MPa)
(]
=]
(=]

—
wn
(=]

100

50

250

200

—
n
(=]

Stress (MPa)

—
(=1
(=]

50

—1000/s
—100/s
— 10/s
— s
—0.1/s
—0,01/s
— 0,001

Strain

Figure 8.10: Flow stress-strain curves for 30CrNiMo8 at 900°C.
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Figure 8.11: Flow stress-strain curves for 30CrNiMo8 at 1000°C.

112



Stress (MPa)

Stress (MPa)

125

100
—1000/s
75
—100/s
—10/s
—1/s
50
K —o.ls
—0,01/s
—0,001
s T
0
0 1 2 3 4
Strain
Figure 8.12: Flow stress-strain curves for 30CrNiMo8 at 1100°C.
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Figure 8.13: Flow stress-strain curves for 30CrNiMo8 at 1200°C.
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Figure 8.14: Flow stress-strain curves for 30CrNiMo8 at 1300°C.
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Figure 8.15: Flow stress-strain curves for 30CrNiMo8 at 1400°C.
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ii. Young modulus
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Figure 8.16: Young modulus as a function of temperature.

iii. Poisson ratio
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Figure 8.17: Poisson ratio as a function of temperature.
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iv. Thermal conductivity
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Figure 8.18: Thermal conductivity as a function of temperature.

v. Density
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Figure 8.19: Density as a function of temperature
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vi. Specific heat
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Figure 8.20: Specific heat as a function of temperature
vi. Specific heat
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Figure 8.21: Heat capacity as a function of temperature, including transformation enthalpy
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