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Abstract

The difficulty in creating high-quality joints in high-strength/high-temperature materi-

als for aerospace applications fostered the interest in solid-state friction-based joining

techniques. Among these, inertia friction welding (IFW) found numerous industrial

applications to join axisymmetric components since highly repeatable and fully au-

tomated, does not require filler material, shielding gas or vacuum, produces a small

heat-affected zone and is not affected by bulk melting. Two workpieces, one rotating

and the other stationary, are pressed together and the frictional heat generated at the

weld interface causes a localised plastic deformation and their junction.

IFW found large interest among researchers and several studies focused on the

modelling of the thermo-mechanical evolution of the joint to predict the welding

response to changes in process parameters. To cope with the complexity of the

phenomena occurring during welding, these models usually rely on simplifications in

term of weld geometry, alignment and interaction between the workpieces, machine

behaviour, process loads and clamping conditions. In addition, despite many studies

showed that dynamic effects can deeply affect the process evolution and the quality of

the outcomes in manufacturing processes that share similarities with IFW, no study

presented a satisfactory dynamic analysis of IFW.

To fill these research gaps, three main objectives were addressed: (i) development

of a novel monitoring system for the in-process characterisation of the IFW machine

that can act as a diagnostic tool; (ii) investigate the machine response to the process
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conditions and assess the validity of the axisymmetric assumption conventionally

adopted to study IFW; (iii) modelling the effect of the imperfect contact between

the workpieces on the pressure distribution at the weld interface and the dynamic

behaviour of the system.

The monitoring system developed is a significant step forward from the existing

systems. In fact, the simultaneous measurement of complementary parameters related

to the weld evolution provided a holistic view of the process that proved fundamental

in giving physical meaning to the phenomena observed. From data extracted with

a set of rundown tests and steel welds, a non-negligible relative runout between the

headstock and tailstock was measured. The imperfect contact between the workpieces

caused by the runout was correlated to a pressure variation in the circumferential

direction at the weld interface and radial non-axisymmetric loads particularly evident

in the initial stages of the process. These findings are important because not only differ

from the idealised conditions conventionally assumed but also, when combined with

the compliance of the machine, can foster a larger misalignment.

This research allowed to shed light on the actual interaction between the workpieces

and point out that when local phenomena at the weld interface need to be evaluated,

the traditional axisymmetric assumption can fail in providing realistic results. In

addition, the versatility of the monitoring system makes it ideal as a research platform

for further studies and tool to assess the equivalency of different machines.
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Chapter 1

Introduction

1.1 Background

The rapid growth the aviation sector has experienced in the last fifty years due to

tourism, more affordable airfares, need to maintain communication routes in the current

globalised market and the push from emerging economies [1, 2] poses challenges for the

manufacturers which aim for improved performances, higher safety standards, reduced

downtimes, higher efficiency and smaller environmental footprint [3]. Manufacturers

are addressing these issues developing better materials and improved manufacturing

methods. In fact, while in the past aluminium was largely used and other materials,

such as composites and alloys, were used only in small percentages, nowadays the usage

of new materials has exponentially increased, e.g. CFRPs and honeycomb materials

for structurally non-critical parts and high strength/high temperature materials (e.g.

titanium and nickel-based superalloys) for the engine and critical components. This

can be seen in the drastic change in the material ratio used for the 7-series of Boeing

jet airlines, where the overall usage of aluminium dropped from the 70% of the Boeing

777, introduced in the 1995, to 20% of the Boeing 787, entered in service in 2011 [4].
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Among all the components of modern aircraft, the engine is one of those which

presents the biggest challenges for the constant strive to increase temperatures and

improve efficiency. Focusing on the hot section of the engine (Fig. 1.1), superalloys are

extensively used due to their capability to work at elevated temperatures for extended

periods of time while retaining high mechanical strength and good resistance to fatigue,

creep and corrosion. Restricting the study to nickel-based superalloys, which can

withstand the highest temperatures in the superalloy family, precipitation hardening is

the main strengthening mechanism, with the greatest contribution provided by the

intermetallic phase γ′ due to its characteristics of high temperature stability, ductility

and dispersion coherence in the matrix. While early superalloys had a limited volume

fraction of γ′ phase, companies are pushing for a higher content for higher strength,

e.g. Udimet 720 and RR1000. The biggest drawback in high γ′ content is the adverse

effect on production techniques like welding, which can suffer of two types of defects,

hot cracking and strain age cracking. To prevent these defects, bulk material melting

must be avoided and solid-state friction-based welding processes become an appealing

solution [5, 6].

Fig. 1.1 Trent-1000 turbo-fan engine illustrated cut-out (Credit: Rolls-Royce Plc.)
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Inertia friction welding (IFW) is a solid-state joining technique that belongs to the

rotary friction welding family, in which the kinetic energy stored in a spinning flywheel

is converted into thermal energy and plastic deformation through the friction generated

at the interface of two components in relative motion, one connected to the flywheel

and one clamped in a non-rotating collet or chuck actuated by a hydraulic piston that

presses the two parts together. When the process parameters are chosen properly, no

bulk material melting is generated and, overall, the process is repeatable and well

suited to automation. In addition, IFW is a self-cleaning process and does not require

filler material, shielding gas or a vacuum because of the ejection of plasticised material

in the form of flash at the interface between the two workpieces. This technique is

currently adopted by Rolls-Royce to join high alloy steels (e.g. Super-CMV and AerMet

100) and superalloys (e.g. Inconel 718 and RR1000) [7, 8].

1.2 Research problem overview

IFW has a long history, with the first commercial applications dating back to the late

1960s and early 1970s [7]. Over the years engineers and researchers have focused their

attention mostly on the choice of proper input parameters and specific aspects of the

process, which can be summarised in four macro-areas:

• Materials and metallurgical analysis of the weld

IFW can be used to join a great number of materials other than superalloys, for

this reason, several researchers studied how similar (i.e both workpieces produced

with the same material) and dissimilar welds (i.e workpieces of different material)

perform in term of joint strength and microstructural integrity. As seen in the

previous section, the microstructure of superalloys is of primary importance,

therefore, this aspect has attracted significant attention to assess macroscopic
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factors, like the width of heat affect zone (HAZ), and microscopic ones, like

phases composition, precipitates and grain structure; [9–13]

• Thermal and thermo-mechanical simulation of the process

Even before the adoption of numerical techniques to solve complex thermo-

mechanical problems, researchers addressed the solution of the thermal problem

in IFW with analytical approaches to try to predict the temperature evolution

during a weld, given the set of input parameters [14, 15]. Later, when numerical

codes capable of handling the complexities of the coupled thermo-mechanical

evolution of a weld were developed, a large number of studies addressed the

thermal and mechanical evolution of the process to understand how these affect

each other, with particular attention on aspects like the friction coefficient at the

weld interface and the flash formation, providing more realistic prediction of the

weld evolution; [16–24]

• Weld efficiency and influence of process parameters

Defining efficiency as the ratio between the kinetic energy stored in the flywheel

and the actual energy supplied to the weld, IFW is considered a process with

relatively high efficiency and in which this is scarcely affected by process param-

eters. However, when considering the chain of rotating elements that support

the spindle, e.g. bearings, it is possible to expect noticeable energy losses and

non-linear behaviour. For this reason, researchers characterised the efficiency of

the system for different input parameters to find the most convenient working

conditions and the efficiency evolution throughout the weld; [25, 26]

• Analysis of specific elements of the inertia welding machine

A few patents and research articles have addressed specific aspects of the system,

such as acoustic emission or hydraulic fluctuations in the piston, to monitor the

system performance and correlate these to the weld quality. [27–30]
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Even if a small number of publications acknowledged the effect of the tooling,

inducing deformations and residual stresses in the weld [7, 31–33] due to excessive and

uneven clamping forces, along with issues of repeatability because of the cumulative

impact of the tolerances in the elements of an inertia welder, all the remaining studies

disregarded the effects of tooling and machine, such as the compliance of the supporting

structure under the process loads, misalignment of the two workpieces, that can cause

the system to be not strictly axisymmetric. In addition, several patents were filed to

protect improvements to the inertia welding system against specific phenomena like

vibrations [27, 34, 35] and interaction of the workpieces [36], however, while they deal

with the specific symptoms, they do not address the problems themselves. When these

aspects are analysed from an industrial viewpoint, however, the machine behaviour,

the proper configuration of the tooling and the minimisation of misalignment between

headstock and tailstock are considered of primary importance to achieve high weld

quality and repeatability. Rolls-Royce, industrial partner for this research work, for

example, has specialised technicians and engineers that deal exclusively with the

maintenance, setup and optimisation of the inertia welder and related systems. Despite

their effort and expertise, areas where a more in-depth analysis would be beneficial for

the knowledge and understanding of the process can still be found.

It appears clear that studying the aspects of system setup and the non-ideal

interaction between the two workpieces would prove beneficial from both an academic

point of view, providing tools and techniques to give physical explanations to specific

phenomena and quantifying the error intrinsic in the current simplified models, as well

as from an industrial one, developing a device and a methodology that can improve

the production setup.
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1.3 Aims and objectives of the study

The analysis of the state of art presented hereinbefore showed knowledge gaps connected

to the inertia welding setup and its effect on the weld. For this reason, the main goal

of this research is to understand how the machine and the tooling affect the weld and,

in turn, how they react to the process loads by developing a novel monitoring system

and a supporting methodology. This information can be used to improve the design of

tooling and ancillary systems, develop more realistic numerical modelling of the process

and, consequently, obtain more repeatable weld outcomes. The specific objectives of

the research can be summarised as follow:

1. Initial assessment of the system with a pilot study to acquire an

understanding of its behaviour under default conditions

IFW is usually discussed in the literature using the axisymmetric assumption,

resulting in a simplified picture of the real conditions during welding. To gain

an understanding of the process evolution in non-idealised conditions, a set

of preliminary tests is required. The outcomes of these can provide valuable

information to drive the design of a novel monitoring system, the choice of the

instrumentation to be installed in it and the selection of most suitable material

and geometry for the workpieces to be used to characterise the system;

2. Development of a novel monitoring system able to analyse the response

of the IFW system to the process conditions and act as a powerful

diagnosis tool

While means of analysing the setup and workpieces before and after welding

already exist, being able to study the system throughout the weld is significantly

more complex for the relative motion of headstock and tailstock and the confined

space near the weld. To overcome these problems a novel system for in-process
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monitoring of IFW that can work as an instrumented interface between the

machine tooling and the workpiece is required. The system would represent a

significant step forward from the existing solutions for its capability to monitor at

the same time a large number of parameters (axial and radial runout, vibrational

behaviour, angular speed, torque and axial load) and, consequently, provide a

holistic view of the phenomena occurring during the process necessary to establish

the physical causes behind them;

3. Investigate the machine response to the process conditions and assess

the validity of the axisymmetric assumption with a methodology de-

vised to process the experimental data extracted with the monitoring

system

Once the monitoring system is developed, its capabilities need to be assessed with

a set of welds and free decelerations of the machine spindle. Then, a methodology

is required to process the large amount of data generated and provide an ap-

proach that can be applied for each test to generate coherent results. Comparing

the data from complementary sensors, it is possible to characterise the system

response and study the key phenomena related to the interaction between the

machine setup and the weld evolution. This can help to shed light upon the

physical causes behind the behaviour observed and understand which parameter

can be optimised to minimise undesired effects. Finally, applying the approach

to different machines and comparing the results, it is possible to extend it to

a means of assessing the equivalency of similar systems and understand which

phenomena is intrinsic to the process rather than connected to a specific setup;
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4. Analysis of the dynamic response of the system to non-idealised pro-

cess conditions and development of an inverse approach to obtain the

equivalent pressure distribution at the weld interface

The inertia welder is a complex rotordynamics system but despite many publi-

cations highlighted how the dynamic characteristics of machine tools can affect

the quality of the outcomes, no study addressed specifically IFW. To fill this

gap, an approach to calculate the equivalent contact pressure and process loads

from the data extracted with the monitoring system needs to be developed, then

the equivalent loads can be applied to a dynamic representation of the system.

From this, the impact of the system compliance to non-idealised process loads

and the influence of dynamic effects can be quantified. In addition, studying the

correlation between the misalignment of headstock and tailstock and the uneven

pressure at the weld interface can help to understand possible implications on

the temperature gradients at the weld interface, hotspots, uneven expulsion of

flash and, consequently, variation in the joint properties;

5. Formulate a set of guidelines to extend the monitoring system to

a platform for future research and a diagnostic tool for industrial

applications

The approach developed presents potential as a research platform for future

academic study, in which the design of the monitoring system can be adapted to

fit the desired combination of sensors. In addition, a simplified version of the

system can be used in an industrial environment by technicians and engineers

interested in characterising the performance of the machine, conduct periodic

inspections and compare different machines. A set of guidelines is formulated, in

which the details to be tuned for the different application is highlighted.
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1.4 Thesis structure

The research work accomplished during the doctorate in accomplishment to the ob-

jectives listed in the previous section was summarised in this thesis; this section will

outline its structure.

Chapter 2 presents an in-depth summary of the relevant literature. After the

description of the process key features, the conventional setup for IFW is presented,

highlighting the progressive evolution and improvements that it has undergone. Then

a review of the dynamic analysis of rotating systems for manufacturing applications

with similarities to IFW is presented, showing how this can improve the outcomes

quality and gain an understanding of the phenomena occurring.

In chapter 3, firstly, the characteristics of the two IFW machines used in this study,

MTI-300T and MTI-2000B, are described. Then, the results of a set of preliminary

tests conducted on the MTI-300T are presented to highlight weaknesses in the system

that needed to be addressed and to draw considerations useful in the development

of the monitoring system. Finally, the influence on the workpieces alignment of the

geometrical errors in the elements of the machine tooling is evaluated.

Chapter 4 introduces the two monitoring systems developed, a prototype system

for the MTI-300T machine and a validation system tested on the MTI-2000B. For

both systems, aspects like mechanical setup, instrumentation and assessment under

the expected process conditions are described. Finally, the details of the geometry and

material of the workpieces used for the welding trials are presented.

In chapter 5 and chapter 6, the results and discussion are presented. In chapter

5, a methodology for the analysis of experimental data extracted with the monitoring

system proposed is described and the results used to characterise the machine behaviour,

understand how this is affected by the process conditions, and assess the validity of
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the axisymmetric assumption. In chapter 6, the dynamic analysis of the system is

developed, presenting a novel approach to compute the equivalent contact pressure

at the weld interface and the equivalent process loads. Then, these are applied to

a rotordynamic model of the machine spindle to quantify the effect of the dynamic

components and compliance of the system on the runout behaviour during welding.

Finally, in chapter 7, a breakdown of the key steps for applying the novel ap-

proach developed to a generic industrial application or for further academic research is

presented. Then, the conclusions of the work are drawn to highlight the contributions

to the field.
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Literature review

Friction welding is a solid state joining technique used to create high quality welds

in a wide variety of materials. The two components to be welded are forced to rub

together causing the generation of a high amount of localised frictional heat, inducing

the material at the interface of the components to soften and become viscous. In the

meanwhile, the relative motion of the two workpieces mixes the softened material that

combined with diffusive phenomena creates the bond [37].

Several standards organizations formalised the key aspects of friction welding, for

example the ISO 15620:2019 Welding - Friction welding of metallic materials [38]

defines this as “a method for making welds in the solid phase in which one component

is moved relative to and in pressure contact with the mating component to produce heat

at the faying surfaces, the weld being completed by the application of a force during

or after the cessation of relative motion” and proposes a widely adopted classification

based on the different forms of supplying energy and the relative motion between the

components. As shown in Fig. 2.1, the first classification considers rotational, linear,

angular and orbital relative motion. In addition, the first category, commonly referred

as rotary friction welding, includes two subtypes, continuous or direct drive friction

welding (CDFW) and inertia friction welding (IFW). These two differ for the way
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in which the energy is supplied throughout a weld, in CDFW the energy input is

provided directly by an electric or hydraulic motor while in IFW the energy is stored

in a flywheel accelerated by a motor. In particular, the large amount of initial energy

that the flywheel can store makes IFW particularity suited to join large components.

Engineers, wanting to combine the advantages of the two, developed a third type,

hybrid rotary friction welding (HRFW), which can run in both configurations and even

combine the two in hybrid cycles. [38, 39]

Friction welding has found numerous applications since its introduction, from

aerospace components, automotive parts, agricultural machinery, military applications,

just to name a few. Rotary friction welding is the oldest and most common variant,

followed by orbital friction welding and finally linear friction welding, which proves

extremely useful for peculiar applications, such as the fabrication of titanium alloy

integrated bladed disks (blisks) for the aerospace industry.
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Fig. 2.1 Classification of friction welding processes [38]
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2.1 IFW key features

2.1.1 IFW process overview

Fig. 2.2a shows the system schematic for the IFW. An electric or hydraulic motor

accelerates the machine spindle that carries a set of flywheels used to store kinematic

energy, the majority of which is converted in frictional heat used to create the joint.

Two axisymmetric components are clamped by chucks or collets, one connected to

the spindle and the other to a non-rotating slide actuated by a hydraulic ram. The

process starts when the flywheels are accelerated to the initial angular speed, then the

motor is disengaged and the ram used to bring the two parts in contact, starting the

welding. While the process proceeds, the spindle angular speed gradually decreases for

the friction between the workpieces and energy losses into the system. The friction

causes a sudden but localised temperature increase at the interface of the workpieces,

which ultimately leads to the formation of a plasticised layer. The axial load exerted by

the ram causes an axial shortening of the two parts, termed upset, and the expulsion

of the plasticised layer in the form of flash. This allows the expulsion of oxides and

other surface contaminants, making the process self-cleaning [7, 40].

Fig. 2.2 compares the schematic diagrams of the setups used respectively in IFW

and a CDFW. Between the two, IFW is particularly suited for joining large components.

The first reason is the driving system, in fact while in IFW the motor is used only to

accelerates the flywheels and then is disengaged, in CDFW the motor drives the spindle

for the whole rotational phase, during which the ram applies a limited pressure, then

the motor is disengaged and the rotation stopped by a mechanical brake. The second

reason is the breaking mechanism, in IFW no mechanical brake is usually adopted

during the weld phase and the breaking occurs due to dissipation of the flywheel

kinetic energy. Consequently, in IFW it is possible to increase the available energy
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by simply increasing the inertia of the flywheels installed or the initial angular speed

and a relatively small motor is required only for the flywheels acceleration phase. In

CDFW, instead, the power rating of the motor represents the main limiting factor, not

allowing to weld parts of large dimensions [7, 40].

(a)

(b)

Fig. 2.2 Schematic diagram of a rotary friction welding system [7]: (a) IFW; (b) CDFW.
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2.1.2 Process parameters and efficiency

Once the geometry and material properties of the components to be welded are defined,

the process can be optimised using three control parameters: initial angular speed of

the spindle (ω0), flywheel inertia (I) and axial load exerted by the ram (P ), with the

initial speed and inertia determining the available energy for the weld (E0 = I ·ω2
0/2),

while the axial load the rate of energy input. A final aspect worth considering is the

power input provided to the weld throughout the process, in fact, defining the power

input as the product between the process torque and the instantaneous angular speed,

it varies during the welding with a maximum in the conditioning phase when both

angular speed and torque are high [7, 13, 40].

Numerous studies correlated the effect of process parameters to the mechanical

properties of the junction, e.g. tensile strength, hardness, fatigue resistance and

microstructural characteristics (grain size and precipitating phases) [11, 41–45]. Other

studies focused on the relation between process parameters and welding efficiency,

defined as ratio of the actual energy supplied to the weld (ES) and the theoretical

energy input (E0):

η = ES

E0
(2.1)

Conventionally, the efficiency in IFW has been considered constant and not dependent

on the process parameters. For example, Wang et al. [23] assumed a fixed friction

coefficient of 85% in a coupled thermo-mechanical FE model used to study the thermal

history, deformation pattern and final residual stresses of RR1000 nickel-base superalloy

tubes inertia welded. Mohammed et al. [46] developed an energy-based approach to

assess a realistic value of efficiency and validated the results experimentally in term of

upset and temperature. The researchers found good agreement between numeral and

experimental data for values of efficiency between 90 and 95%. Bennett [47] developed
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a 2D axisymmetric fully coupled thermo-mechanical FE model for the IFW of CrMoV

steel tubes, using the process efficiency to tune the heat input. A good match in terms

of temperature between the numerical results and experimental data was produced

assuming a 70% efficiency. To challenge this simplified view of the process efficiency,

Mahaffey et al. [48] expressed the efficiency in the form:

η = 1− EM

E0
(2.2)

in which EM represents the parasitic energy losses inside the welding machine, calculated

by the author with the sum of losses in the radial journal bearings and the thrust bearing

supporting the spindle shaft. It was found that, for constant values of theoretical energy

input, the efficiency increased with the flywheel inertia. Senkov et al. [25] proposed

a more advanced methodology to assess the energy losses into the system. First the

researchers studied the machine behaviour without the influence of the welding, to

do so the spindle shaft was accelerated to the initial speed and then let decelerate

freely, approach commonly referred to as rundown test. Then the relation between

the instantaneous parasitic frictional torque (TM ) and the angular deceleration of the

spindle (dω
dt ) was expressed in the form:

− dω

dt
= TM

I
(2.3)

in which I represents the combined inertia of flywheels, spindle shaft and tooling, while

the cumulative energy consumed by friction within the machine was calculated as:

EM (t) =
∫ t

0
TM ωdt (2.4)
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It was again observed that for a constant value of theoretical energy input, the energy

consumption occurred at a faster rate for higher initial angular speed and, consequently,

smaller flywheel inertia; in addition the major source of energy losses was located in

the radial and thrust bearings, as already observed by Mahaffey et al. [48]. Then the

efficiency of the system during welding was analysed using a more accurate evaluation

of the parasitic energy losses inside the welding machine obtained measuring the torque

in close proximity of the non-rotating workpiece with a torque cell and converting

it into energy with an integral formulation similar to Eq. 2.4. Finally, using Eq.

2.1, the authors were able to obtain values of efficiency ranging between 29 and 63%,

strongly related to the process parameters. In particular, the efficiency was seen to

decrease with an increase of initial angular speed (at fixed values of inertia and weld

pressure) or weld pressure (at fixed values of inertia and initial angular speed) and

with a decrease in inertia (at fixed values of initial angular speed and weld pressure).

This approach was expanded by Tung et al. [26] that, using a torque cell to capture the

process torque during the weld, was able to calculate the overall and the instantaneous

efficiencies, with the latter defined as ratio between the instantaneous weld torque (TS)

and instantaneous theoretical torque input (Ttot = I | dω
dt |):

ηI = TS

Ttot
(2.5)

The results of this study, in agreement with [13], showed that the process parasitic

losses were maximum at the beginning of the welding, when the spindle speed is high,

and gradually decreased, presenting a minimum in coincidence of the torque peak in

the consolidation phase. Finally, Tung et al. [26] proposed two additional approaches

to validate the results presented in the article. The first was based on the analytical

thermal energy required to heat the volume of material expelled as flash above the
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extrusion temperature, while the second made use of a FE thermo-mechanical approach

similar to the one proposed by Wang et al. [23].

2.1.3 Weld phases

IFW is traditionally considered a three stage process, as shown in Fig. 2.3, plus an

additional one before part contact, required to accelerate the flywheels to the desired

initial angular speed: 1) The first phase, called conditioning, starts with the two

workpieces coming into contact, an instant conventionally referred to as part contact,

causing a spike in frictional torque and a rapid spindle deceleration. This phase,

characterised by dry friction between the two workpieces, has the fundamental role to

remove imperfections and asperities from the weld interface. The steep and localised

increase in temperature causes the plasticisation of a thin layer of material at the weld

interface and, consequently, a drop in torque towards the end of the phase when the

frictional behaviour is controlled by the shear strength of the material; 2) The second

phase, called burnoff, presents a fully plasticised weld interface, with a temporary

steady state evolution of the weld, characterised by an approximately constant torque

and gradually decreasing spindle angular speed. The thermal energy provided to the

weld causes an extension of the plasticised zone, while the thrust exerted by the ram

induces the axial shortening of the weld, with a consequent expulsion of plasticised

material in form of flash; 3) During the third phase, called consolidation, the decrease

in angular speed causes the cooling of the junction and a consequent peak in torque to

overcome the material strengthening, while the ram thrust induces additional axial

shortening and expulsion of flash. When all the kinetic energy stored in the spindle is

consumed causing the shaft rotation to cease, the axial load of the ram is kept until

the weld cools and consolidates.
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Fig. 2.3 Schematic of the principal process variables and stages in IFW (Adapted
from [7])

2.1.4 Frictional behaviour

As previously mentioned, friction plays a key role since it controls the temperature

increase at the interface between the workpieces, allowing the conversion of kinetic

energy into heat. Despite a significant research effort, the extremely complex friction

behaviour of materials interacting in different conditions and the limited knowledge

about the weld interface make this one the most complex unresolved problems in friction

welding. The first approach developed used Coulomb’s model due to its simplicity and

proved validity in modelling dry friction. The model relates the friction force (Ff )

to the normal force between the contact surfaces (Fn) through a constant, called the
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friction coefficient, µ:

Ff = µ ·Fn (2.6)

and it results independent both from the contact area and the sliding velocity. Wang

and Nagappan [17] extended to IFW the approach proposed by Vill’ [49] in which the

friction coefficient was a function of the angular speed (ω(t)) and radial position (r):

µ(r, t) = KW

(ω(t) · r)2 (2.7)

in which the constant KW is determined experimentally. The changing conditions at

the weld interface make the assumption of a single friction coefficient for the whole

welding not verified. To solve this problem Moal [18] and D’Alvise [19] adopted a

Coulomb’s friction law for the first phase, in which the shear stress (τ) is proportional

to the applied pressure (p):

τ = −µp
∆Vs

| ∆Vs |
(2.8)

and a temperature dependant friction coefficient when the material starts to plasticise,

using a formulation based on a thin Norton-Hoff layer subjected to a shear stress:

τ = −µKM (T ) ∆Vs

| ∆Vs |
(2.9)

where ∆Vs is the sliding rotating speed and KM (T ) is the thermo-dependent material

consistency.

The difficulty in obtaining an empirical formulation for the friction coefficient are

connected to the lack of friction theories of general applicability [37, 50] and the

difficulty in assessing the transition from dry friction to viscous behaviour [37, 51].

For this reason, Balasubramanian et al. [52] proposed a methodology that combines

the experimental analysis of the temperature in close proximity to the weld zone and
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the numerical simulation of the process, introducing the concept of equivalent friction

coefficient. This was calculated by trial and error to have an energy input that allowed

the numerical results to match the experimental ones. Finally, the authors did a

regression analysis to determine the dependence of the equivalent friction coefficient

on sliding speed (V ), temperature (T ), and applied pressure p:

µ = α0 ·T α1 ·pα2 ·V α3 (2.10)

with α0...3 the linear regression coefficients. It was observed that the pressure has the

highest impact, while the impact of temperature and sliding velocity is lower. In a

following work [20] the same authors went a step further and proposed an energy based

approach, which completely removed the need for a friction coefficient, instead the

energy input was calculated from the experimental values of angular speed and inertia

of the spindle. This approach resulted particularly effective and a large number of

other researchers have made use of it [8, 21–24, 53]. It is important to underline that

also this approach presents drawbacks, in fact the models are no more predictive but

rather experimental based, requiring not only the weld’s temperature evolution for the

final validation but also the experimental angular speed of the spindle. In addition,

researchers have to estimate the process efficiency to calculate the actual portion of

kinematic energy converted into heat. In this case, the instantaneous equivalent value

of friction coefficient at the time step n can be obtained from the instantaneous input

kinetic energy (EI) and the process efficiency (η) [24]:

µ =
η ·
(
En+1

I −En
I

)
−ω ·∆t ·p ·

∫
A rdA

(2.11)

where ω is the rotational velocity, ∆t the timestep, p the weld pressure and
∫
A rdA the

integral to calculate the welding area.
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2.2 IFW setup

Inertia welding machines are conventionally classified according to the maximum axial

load that the ram can exert. This can range somehow from a few thousands of pounds,

for small parts like pistons and pipes, to 4.5 million pounds, for larger components like

compressor rotors and drum-drive cones for aerospace applications. Fig. 2.4 shows

three examples of industrial inertia welders belonging to different load classes.

2.2.1 Evolution of IFW machines

Understanding the evolution of IFW machines can be of great help in discovering

possible weak points that can affect the quality and repeatability of the process

outcomes. Even if the machine manufacturers carefully protect their know how, it is

still possible to gather useful information analysing the patents filed.

In the first design configurations proposed by Caterpillar and other pioneers of this

technology, the friction welders were modified lathes in which flywheels were connected

to the headstock and one of the two sides, usually the tailstock, was actuated to slide

axially by a ram [55–58]. In the prototype shown in Fig. 2.5a all the key elements are

visible; interesting to note is the position of the flywheels between the two ball bearings

that support the spindle, completely encased within the headstock body. Comparing

this configuration with Fig. 2.5b, it is possible to observe a different flywheel setup,

which are installed in a cantilever arrangement with regards to the spindle bearings.

On one hand, such a choice is beneficial in simplifying the replacement and accessibility

of the flywheels, minimising the production downtime, on the other hand, it can induce

sagging of the spindle structure due to the weight of the flywheels and, ultimately,

result in alignment errors between the two workpieces. Even if manufacturers tried to

limit the sagging of the spindle structure under the weight of the flywheels balancing
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(a)

(b)

(c)

Fig. 2.4 Example of industrial inertia welders for different axial load classes [54]: (a)
MTI 120B (28,000 lb); (b) MTI 250B (200,000 lb); (b) MTI 800B (4,500,000 lb).
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the machine, the problem cannot be completely avoided since the number and mass

of flywheels to be used depend on the size and material of the components to be

welded, inducing an error that varies from weld to weld. As shown in Fig. 2.4, modern

industrial welders, even if much more sophisticated, still present this issue and the

choice between the two configurations is guided by a compromise between productivity

and accuracy of the process outcomes.

While lathe machines are subjected to very limited axial reactions, the load required

to achieve a successful weld is relatively large and it increases with the workpieces size

and material strength. For this reason one of the first problems that researchers and

engineers had to face was the deflection of the system under process loads [59]. Jones

[60] proposed an updated machine design that included tie bars to connect headstock

and tailstock, this solution, still currently used in modern inertia welders, is shown in

Fig. 2.6 for two popular machine configurations. Tie bars mitigate the problem, even

if a certain level of compliance at the peak process loads should still be expected. In

addition, having two or more tie bars connected to the tailstock while this slides over

the linear guide rails towards the headstock (Fig. 2.6b) can cause over-constraining,

adding uncertainty on the final alignment of the two workpieces.

A final aspect of great importance for the machine performance are the bearings

that support the spindle shaft. As already discusses in section 2.1.2 they have a key

role in the machine efficiency, representing the major source of energy losses, however,

they are also of primary importance on the rigidity and dynamic performance of the

system under process loads. As shown in Fig. 2.5 the first configurations made use of

radial and angular contact bearings because of their compact design, good performance

and simple maintenance. However, the requirement of sustain very high loads while

rotating at high speed, make them an element particularly difficult to be optimised. In

fact, reducing the load capacity of a bearing would normally allow for higher angular
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(a)

(b)

Fig. 2.5 Examples of inertia welder prototypes patented by Caterpillar Inc.:
(a) Schematic of a machine with sliding tailstock and flywheels installed between the
spindle bearings (Adapted from [55]); (b) Schematic of a machine with stationary
tailstock, sliding headstock and flywheels cantilever with respect to the spindle supports
(Adapted from [56]).
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(a)

(b)

Fig. 2.6 Examples of inertia welders with tie bars to minimise the deflection under
process loads: (a) Box style inertia welder (Adapted from [54]); (b) Open top inertia
welder (Adapted from [54]).

speed but leads to an unacceptable wear under load, while having bearing with very

high load capacity makes them less suitable for high angular velocities and with poor

efficiency [61]. For this reason, manufacturers have tested several solutions, for example

Kashchenevsky [62] proposed the design in Fig. 2.7, in which the roller element bearings

were replaced by a radial journal bearing and a hydrostatic thrust bearing. For current

industrial machines, in particular for the ones designed for high forge capacity, the

configuration with one hydrostatic thrust bearing together with either rolling element

or journal radial bearings is usually adopted. In fact, even if hydrostatic thrust bearings

require an external pressurisation system and are more demanding from a maintenance

viewpoint, they are characterised by low friction and wear, high stiffness, good damping
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and high load carrying capacity [61]. The analysis and periodic maintenance of the

machine bearings are of primary importance for a proper behaviour of the machine

because alignment errors between the two workpieces, decreased stiffness and overall

reduced process repeatability can be experienced when the bearings start to wear.

Fig. 2.7 Schematic of the spindle supported by a radial journal bearing and a hydrostatic
thrust bearing (Adapted from [62])

2.2.2 Tooling

An aspect of great importance in every manufacturing processes is the capability to

accurately locate the workpiece and hold it in place throughout the operation, also

known as fixturing. While it is known that a poorly designed fixture can affect the

quality of the process outcomes significantly, if not turn them completely into scrap,

it does not usually receive the necessary attention. IFW does not make an exception

and while it is possible to find evidence in literature of the negative effect of a poorly

designed workholding setup, no in-depth analysis on the topic can be found.

Preuss et al. [10] mapped the residual stresses in RR1000 tubular components in the

as-welded and after postweld heat-treated (PWHT) conditions using neutron diffraction.

The researchers found significant residual stresses in the axial direction that speculated

being connected to a bending moment partially induced by the clamping action of
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the fixture and partially by uneven heating. These observations were confirmed by

Karadge et al. [32] who analysed the residual stresses in U720Li nickel-based superalloy

welds. Two different setups have been used, a laboratory inertia welder to weld small

tubular workpieces and an industrial machine to weld a full-scale compressor drum

assembly. The analysis of the residual stresses in the welds using neutron diffraction

showed a marked difference in the axial stresses that the researchers proposed being

connected to different clamping conditions in the two machines. In fact, while the

laboratory system used a non-optimised tooling setup, generating a strong radial grip

behind the weld interface and, consequently, inducing large residual axial stresses when

the clamping action was released, the industrial welder was optimised to minimise the

gripping force and cause much smaller residual stresses. Pang et al. [31] extended the

work of Preuss et al. [10] studying RR1000 tubular components with three different

techniques: neutron diffraction, X-ray diffraction and hole drilling methods. Also in

this case the researchers detected large axial residual stresses that were attributed

to the clamping action of the fixturing. In fact, as shown in Fig. 2.8, the bending

moment introduced by an excessive clamping action of the tooling elastically deforms

the unwelded parts and then, when the weld is removed from the fixture at the end of

the process, the constraining action of the weld just formed opposes to the elastic spring-

back, generating residual stresses. In addition, it is pointed out how thermomechanical

effects should be excluded from the causes of axial residual stresses due to the low

dependence with the axial position along the weld. Finally, the researchers stressed

the importance of optimising the fixturing setup to minimise residual stresses and to

include the effect of the tooling in the numerical simulation of the process.

Wang et al. [23] developed one of the first FE models that accounted for the tooling,

which was modelled as a rigid cylinder embracing portion of the workpiece. The

model was able to predict the formation of axial residual stresses that the researchers
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Fig. 2.8 Schematic diagram of the tooling effect on a tubular workpiece and of the
residual stresses induced [31]: (a) Deformation of the workpieces due clamping forces
before part contact; (b) Deformation of the workpieces during the welding; (c) Elastic
spring-back of the welded component when the clamping force is realised with generation
of residual stresses due to constraining action of the weld

attributed partially to the effect of the tooling and partially to other thermomechanical

effects not detailed. It is important to observe, however, that the representation of the

fixture is extremely simplified, with no clamping load included and the constraining

action workpiece-fixture most likely enforced with a sticking boundary condition, even

if no details were reported. Iracheta, Bennett, and Sun [33] improved the work of

Wang et al. [23] testing the effect of several fixturing parameters: clamping conditions,

clamping history and the workpiece stick-out length from the fixture, termed component

stick-out. Also in this case, a simplified representation of the fixture was used, which

was modelled as a rigid die that embraces the workpiece. Different clamping conditions

for the workpiece-die contact were tested, sticking condition and frictional contact; the

researchers found that no noticeable difference could be observed between the two. For

the clamping history, different duration of the cooling period after the end of the weld

were analysed but the researchers found no remarkable difference since the majority of

the residual stresses were generated in the initial instants of the cooling. Finally, the

component stick-out length was analysed and it was observed that a stick-out of half

the components length was optimal in term of residual stresses.
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The studies presented are of great importance because for the first time they

acknowledged in open literature possible issues arising from an improper fixturing

setup; however, they appear limited in focus, analysing only the effect on the residual

stresses and still heavily relying on simplifications and assumptions. In fact, it is logical

to assume that the tooling-workpiece interaction in IFW could be affected by additional

issues that can deeply affect the interaction between the two workpieces, such as non-

perfect alignment of the workpiece inside the tooling due to improper installation

by the operators or geometrical errors in the mating surfaces, and misalignment and

runout between headstock and tailstock, which already occurs in other manufacturing

processes like turning and milling [63, 64]. These aspects seem not to transpire from

the previous studies, which present the problem as perfectly axisymmetric, however,

if this assumption on one side greatly helped researchers in simplifying an already

extremely complex problem like IFW, on the other could hide additional phenomena.

For example, the disagreement regarding the uneven heating as a partial cause for

the residual axial stresses, supported by Preuss et al. [10] but refused by Pang et al.

[31], could be caused by the study of single sections of the weld rather than analysing

the whole circumference. In this case the quote by John A. Wheeler “Never make a

calculation until you know the answer” [65] could be playing against the researchers

and an analysis that challenges the conventional assumption of axisymmetry would

be of great interest. Similar considerations can be applied to the numerical modelling

presented in [23, 33], in which the axisymmetry assumption is combined with an

extremely simplified representation of the machine tooling that disregards clamping

forces, misalignments between the two workpieces and compliance of the machine

supports.
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2.2.2.1 Tooling configuration

To understand how these problems can arise, it is necessary to analyse the fixture setup

conventionally used in IFW. As previously discussed, IFW is used to weld parts of

axisymmetric shape, for this reason the first and simplest approach made use of chucks

similar to the ones adopted in lathe machines, either mechanically or hydraulically

actuated [55–57, 66]. The very high process loads, torque and thrust, typical of IFW,

however, make this solution suboptimal, in fact the only way to restrain the workpieces

would be to increase the clamping force of the chuck inducing undesired deformation

in the workpieces. For this reason, in modern industrial inertia welders a collet usually

replaces the chuck and an additional element, termed backstop or backup, is added to

the machine tooling.

Fig. 2.9a shows a section view of a collet assembly specifically designed for IFW

[67]. This includes a sleeve (3) which is actuated to translate along its axis, when

the drawbar pulls internally the wedge surface slides along a corresponding surface in

the housing (2) causing the sleeve to tighten on the workpiece, vice versa, when the

sleeve is pushed outside the housing, the collet releases the workpiece. A characteristic

detail of collets for IFW is the presence of one or more keys (5) that engage the sleeve

to avoid its rotation under the torque generated during the weld, as detailed in Fig.

2.9b. Finally, the backstop (1) works as a rear plate against which the workpiece sits

and absorbs the thrust exerted by the machine ram, partially helping, in addition, in

absorbing the process torque due to the friction generated between the workpiece and

the backstop itself. An interesting advantage of this configuration is the capability of

exploiting the process axial load to increase the clamping action of the collet. In fact,

if not actively repulsed by the collet’s actuator, the axial load would carry the collet’s

sleeve further inside the housing and, consequently, increasing the collet clamping

action. The configuration of the collet when allowed to exploit the process thrust is

sometimes referred to as thrust augmented.
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(a)

(b)

Fig. 2.9 Collet with backup used in IFW to clamp workpieces of axisymmetric geometry
(Adapted from [67]): (a) Section view of a collet with backstop: (1) Backstop; (2)
Collet housing; (3) Collet sleeve; (4) Workpiece; (5) Key; (b) Detail of the collet sleeve.

Even if the tooling setup with collet and backup has considerable advantage

compared to the original jaw chuck, it still presents drawbacks. The first issue is the

possible deformation and damaging of the workpiece when clamped tightly by the collet,

in fact even if the collet almost completely embraces the workpiece and, therefore, has

a better pressure distribution compared to a jaw chuck, it still can induce significant

deformations into the workpiece, in particular for thin walled parts, as already pointed

out [10, 31, 32]. In the attempt to solve this problem, solutions like the one presented

in Fig. 2.10 have been proposed, in which an expanding ring or collet sleeve opposes to

the deformation induced by the external collet. While this solution is very effective for

thin-walled components, it is worth noting that for workpieces of complex geometry,
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e.g. aeroengine compressor drum-drive cone, results in difficult implementation, not

considering the added complexity in the system. Furthermore, considering that IFW

is considered a near-net-shape process, scratching and indentation of the workpiece’s

external surface are usually not acceptable. When adding sacrificial material to be

removed post-weld is not feasible due to economical or technical problems, solutions

like the one in Fig. 2.11 can be adopted. In this configuration an elastomeric coating

is applied to the collet jaws to preserve the surface finishing of the workpiece and

to conform to its shape, avoiding distortion in the workpiece when the circularity of

either workpiece or collet is not perfect. The biggest drawback of this approach is the

significant loss in clamping action.

Fig. 2.10 Dual collet designed to limit the deformation in thin-walled components
(Adapted from [68]): (1) Collet housing; (2) External collet sleeve; (3) Expander; (4)
Inner collet sleeve; (5) Component.
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Fig. 2.11 Collet with elastomeric coating to reduce the damaging on the component
external surfaces (Adapted from [69])

Another option to reduce the collet clamping force whilst preserving the capability

of the system to withstand the process torque is the use of keys or grippers installed into

the backstop’s surface. Fig. 2.12 shows an approach in which several serrated circular

grippers are inserted in the backstops, the teeth of the grippers protrude between 0.1 to

0.5 mm and are built in a material harder compared to the one of the workpiece so that

when the axial load is applied they indent the back face of the workpiece. While the use

of keys can transmit a high torque, they require workpieces specifically designed with

a large shoulder for the key slots, which needs to be removed in the re-machining after

the weld. For highly expensive materials like high content γ′ nickel-based superalloys

is not economically convenient, therefore the solution with gripper is preferred even

if a smaller torque is transmissible, depending on the workpieces’ material strength,

number of grippers and their position. While both configurations are particularly

popular in large industrial welders, they can induce problems of overconstraining and

misalignment of the workpieces within the tooling. As shown in Fig. 2.13a, the optimal

clamping configuration for relatively short cylindrical parts considers to remove two

degrees of freedom (DoFs) with a radial locating element, in this case the collet, and

three degree of freedom with a planar locating surface, the backstop. Finally, the sixth

degree of freedom not shown in the picture, i.e. the rotation of the cylinders around
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Fig. 2.12 Tooling variation in which serrated round grippers are inserted in the backup
to provide additional grip on the workpiece (Adapted from [70])

(a)

(b)

Fig. 2.13 Schematic representation of the optimal configuration of the locators for
cylindrical components (Adapted from [71]): (a) Configuration for short cylinders;
(b) Configuration for long cylinders.
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its axis, is automatically removed by the friction between the collet and workpiece

[71, 72]. When keys are added, they add additional constraints that make the system

overconstrained, inducing problems of positioning and stresses in the component. When

instead grippers are used there is no way to ensure before the weld that the workpiece

has been fully indented, with the risk of a misalignment in the case where a partial

indentation of some of the grippers occurs.

The misalignment of the workpieces inside the tooling, combined with a possible

misalignment between the axis of the headstock and tailstock fixtures, would inevitably

result in a runout error on the final weld. This problem becomes even more significant

for long workpiece, in fact, as shown in Fig. 2.13b, the location of a long workpiece

considers four DoFs removed on the cylindrical surface and only one in the flat base

[71, 72]. However, as represented in Fig. 2.14, long components are clamped by an

additional second chuck to support the workpiece close to the weld interface. In this

case just the presence of the backstop, which as a plane removes multiple DoFs, is

sufficient to overconstrain the workpiece.

Fig. 2.14 Alternative machine setup to accommodate long components (Adapted from
[73]): (1) Headstock component (short); (2) Tailstock component (long); (3) Tailstock
chuck; (4) Tailstock backstop.
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2.2.3 The measurement and monitoring of IFW systems

The study of the system conducted in the previous section showed how several factors

could affect the interaction between the two workpieces during the welding and,

consequently, affect the quality of the outcomes and their repeatability. While the

parameters conventionally monitored by the machine control unit (spindle angular

speed of the spindle, upset, thrust exerted by the ram and few other parameters

connected to the hydraulic circuits existing in the system, e.g. hydrostatic bearing and

collets) are suitable to assess the overall health of the machine, they are not capable of

providing information about the weld evolution, due to the size of the machine and the

multitude of subsystems embedded. This makes measurements conducted far from the

weld zone not representative of the local welding conditions and the data extracted

corrupted with noise. To overcome this limitation researchers developed monitoring

systems able to investigate specific phenomena.

Wang, Reif, and Oh [28] installed a piezoelectric acoustic emission transducer on

the machine fixturing chuck and studied the correlation between the acoustic emissions

and the quality of ferrous welds. It was found that for a typical weld two sound bursts

can be detected: one during the process and a second one during the post-welding

cooling. The author concluded that the first event was caused by the large plastic

deformations during the process, while the second one originated from thermal and

metallurgical effects, in particular martensitic transformation. In addition, taking the

acoustic emission profile of a good weld as a reference, it was possible to assess the

quality of successive welds. Having sensors attached to the system, however, is not

optimal because the large oscillations generated by the process can cause the sensors

to detach [74, 75] and because the sensor, being directly connected to the tooling

risk to pick up lots of noise from the machine. Hartman et al. [76] improved the

monitoring setup proposed by Wang, Reif, and Oh [28] developing a ring array of
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condenser microphones surrounding the two specimens, as shown in Fig. 2.15. The

data collected by the monitoring system were used to train a probabilistic neural

network (PNN) that was able to classify the welds studied as acceptable, conditional

and unacceptable. The validity of the algorithm was verified with visual examination

and mechanical/microstructural characterisation of the welds. This work provides an

important basis for the non-destructive monitoring of the microstructural quality of the

weld, but does not provide any information about the way in which the two components

interact during the welding process. In addition, the observations stated by Hartman

could be biased by an undersampling in the measurements. In fact, trying to analyse an

ultrasonic frequency content with a sampling rate of 40/50kHz [29, 77] is not adequate

because, even when the frequency components respect the Nyquist theorem, such a

low sampling rate does not allow the spikes in the signal to be captured.

Grooms et al. [27, 78] acknowledged the problem of vibrations during the welding

due to the interaction between the two workpieces, detrimental for the weld quality

and possible damaging of the tooling. For this reason, they proposed a monitoring

system capable of extracting the pressure in the machine ram and use this data to

obtain information about vibrations and force fluctuations during the process. Zaeh

and Poehler [74] started from the observation that approach of Grooms et al. [27,

78] and similar studies that propose damping systems [34, 35, 79], even if effective in

detecting the problem of vibrations and try to reduce it, are not capable of providing

explanations regarding their possible causes and proposed a more academically sound

approach to investigate the problem. Analysing the experimental data obtained with a

radial fibre-optic vibrometer used to monitor the workpieces oscillations in proximity

of the weld zone, as depicted in Fig. 2.16, the researchers found two instants in which

particularly large oscillations were generated: the impact between the two workpieces

at part contact and the final instant of rotation of the flywheel. Simplifying the
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(a) (b)

Fig. 2.15 Monitoring system comprising a ring array of condenser microphones that
surround the workpiece and capture the airborne audio data from the weld (Adapted
from [75]): (a) View of both headstock and tailstock before they are brought in contact
to start the welding, in which it is possible to observe the monitoring system connected
to the tie bar; (b) Detail of the monitoring system.

Fig. 2.16 Welding setup with the radial fibre-optic vibrometer installed on a tripod
outside the machine to monitor the oscillatory behaviour throughout the process
(Adapted from [74])
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system with a spring-mass-damper model and studying the behaviour of the system

both in the axial and torsional directions, it was found that to reduce the oscillations

at the initial impact a more gradual load ramp from the machine ram was be beneficial

as well as increasing the damping of the system with an optimised design of the tooling.

To address the torsional oscillations at the flywheels stoppage, instead, the researchers

suggested a configuration with lower inertia and higher initial angular speed, a solution

not always possible due to the sensitivity of certain alloys to high speed and for the

efficiency problems motivated in section 2.1.2. A few shortcomings can be found in

this study, in fact, the analytical model is based on perfectly constrained cylinders

and is not able to take into consideration the real conditions during welding due to

the non-ideal characteristics of the workpieces and the machine. In addition, using

one single radial vibrometer makes it impossible to correctly decouple the torsional

vibrations from the axial ones [80, 81]. Finally, the vibrometer setup used, i.e. a

sensor installed on a tripod outside the machine, can provide good results for few

experimental welds, but does not seem suitable for a production environment. In

fact, the accessibility to the machine by the operators without obstruction to their

passage would require the sensor to be moved after each weld, with consequent need

for re-alignment, causing unacceptable delays to the production, while the need for the

laser to reach the workpieces surface can represent a serious limitation for the machine

in which objects or protections can obstruct the direct view of the weld.

Other examples of monitoring systems for IFW have been presented in section

2.1.2, where a few articles [13, 25, 26] proposed the use of a load cell to separate the

effective energy converted into heat from the losses into the machine. Fig. 2.17 shows

the details of a custom load cell, in which torsional and axial strain gauges are installed

on a cylindrical component, and the system works as an interface between the machine

tooling and the workpiece. Several drawbacks can be observed in this setup, in fact
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(a) (b)

Fig. 2.17 Monitoring system to measure the process torque throughout the welding
(Adapted from [26]):
(a) Schematic view of the load cell and the workpiece. The four torsional strain gauges
are installed ±45◦ with respect to the central axis, while the two axial strain gauges
are oriented along the central axis: (1) Workpiece; (2) Torsional strain gauges; (3)
Axial strain gauges; (4) Load cell body;
(b) Monitoring system installed into an inertia welder: (1) Headstock; (2) Headstock
workpiece; (3) Tailstock workpiece; (4) Load cell; (5) Tailstock.

even if the authors recognised the importance of tolerances in the repeatability of the

process, the transducer sticking out from the machine collet has a significantly high

length-to-diameter ratio. This is clearly undesired as any misalignment inserting the

transducer inside the collet would be magnified by the length of the system. The

slenderness of the transducer, then, would cause a non-negligible deflection when out of

axis loads were applied, producing an uneven stress distribution also in the workpiece.

The strain gauges configuration chosen makes this problem even worse, in fact with

the axial strain gauges used only for the calibration of the system and not activated

during the welding combined with presence of a single full Wheatstone bridge in the

torsional direction, no information about possible non uniform loading conditions

can be captured, leaving the researchers unaware of possible problems. Finally, the

workpiece-load cell interface requires workpieces designed ad-hoc and does not provide

any clamping action that can absorb the inevitable play between the mating surfaces,

leaving the workpiece inaccurately located.
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A few additional patents [82, 83] acknowledged the problem of concentricity and

angular alignment between the components and how their detection is on one side

fundamental to assess the system performance and on the other extremely time

consuming, due to the need to complete the manual measurement, saving the data

and forwarding it to the engineering department. For this reason, Yao et al. [82, 83]

proposed a system to automate and simplify the collection and remote transfer of the

data. Even if the two patents don’t go in the details of the invention, it is understood

that values of concentricity and angular alignment are supposed to be measured before

and after the welding, therefore, even if useful to establish the system performance,

are neither able to give an insight in the dynamic alignment of the two workpieces, nor

in the physical causes that induce it.

2.3 Dynamics of Rotating Systems

From the analysis conducted in the previous section, the IFW system can be schemati-

cally represented according to the diagram in Fig. 2.18. Analysing the headstock, it

is possible to observe how this represents a complex rotordynamic system, in which

the shaft (5), supported by a combination of radial and axial bearings (2, 4), carries

flywheels of large mass and inertia (3), rotates at relatively high and non-constant

angular speed and is subjected to high process loads. Starting from late nineteenth

century with the work presented by Rankine on the effect of centrifugal forces on rotat-

ing shafts [84], researchers started to gain interest in the complex dynamic behaviour

of rotating systems, usually referred to as rotordynamics [85]. Since then a significant

research effort has addressed the modelling of the two main elements of rotordynamic

systems, bearings and spindle.
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Fig. 2.18 Schematic representation of an inertia welder in which the key elements of the
headstock rotor-bearing system have been highlighted: (1) Motor; (2) Radial rolling
element bearings; (3) Flywheels; (4) Hydrostatic thrust bearing; (5) Shaft (Based on
an MTI’s proprietary design)

2.3.1 Modelling of rolling elements bearings

The main objective in modelling bearings is to obtain their stiffness, a factor which has

a great impact on the static and dynamic response of spindles systems. Restricting the

analysis to rolling elements bearings, which have found large success in many industrial

applications, five approaches can be used to describe their behaviour: lumped-parameter,

quasi-static, quasi-dynamic, dynamic and FE based. The lumped-parameter approach

represents the interaction of rolling elements/races and the effect of the housing with

spring-damper elements [86, 87]. The quasi-static approach is more advanced and is

based on the force and moment equilibriums for the rolling elements and the bearing

races, this method became particularly popular due to its relative simplicity and

capability to obtain an explicit formulation of the bearing stiffness. Jones [88] proposed

a very popular quasi-static model based on the assumption that the ball elements roll

without spinning around one of the two races, called the controlling race, while all spin

occurs with respect to the other race. Limitations of the model such as determining

which of the two races is the control one, the simplified motion of the balls and the
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absence of the cage effect have fostered further research. De Mul et al. [89, 90] proposed

a general model based on the load/deflection relationship in matrix form that allows

for a straightforward analytical calculation of the bearing stiffness matrix. Although

the model is easier to implement compared to that of Jones, it neglects the gyroscopic

effects. A significant step forward over Jones’ model has been accomplished by Harris

[91], in which different load conditions for the bearing are considered. In addition, the

model includes differential components in the equilibrium equation to account for the

motion of the rotating elements [92], in an approach normally referred as quasi-dynamic.

Models that make no use of static constraints but rather employ differential equations

to describe the translational and rotational motion are defined dynamic; an interesting

example of a dynamic model has been proposed by Gupta [93–96], with six DoFs,

which considers the interactions between the rolling elements, cage and races. Finally,

in more recent years, FE models become popular to study complex phenomena, such

as the contact stresses, fatigue life and bearing behaviour in the presence of defects

[85, 97].

2.3.2 Modelling of bearing-rotor system in manufacturing

application

The most basic rotordynamic system that can be studied is a Jeffcott rotor, in which

a large mass and inertia disk is installed on a massless flexible shaft supported by

rigid bearings. Although the simplicity of this model makes it particularly suitable

for analytical analysis [98, 99], it also limits its practical application, for this reason

more advanced and accurate approaches like rigid shaft, transfer matrix and FE have

been developed [85]. In recent years, with high performance computing systems more

broadly available, FE models have become increasingly attractive to obtain accurate

solutions for complex systems. Among these, beam element approaches have been
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widely used due to an excellent trade-off between accuracy and calculation time, while

3D solid element models have been reserved for particularly complex systems or when

dealing with asymmetric and anisotropic cases [85, 100].

An important category of rotordynamic systems with a deep industrial impact is

represented by machine tools, for which it has been long recognised how the quality

measures, e.g. dimensional accuracy and surface finish, are closely related to the

dynamic characteristic of the associated spindle-bearing system [101, 102].

One of the first machining processes studied in term of dynamic behaviour was

turning, where Bollinger and Geiger [103] presented a predictive finite difference model

for the analysis of the static and dynamic response of a machine tool spindle and applied

it to a lathe focusing on spindle behaviour, the influence of the bearings and effect of

the workpiece. Sharan, Sankar, and Sankar [104] studied the lathe spindle-workpiece

system shown in Fig. 2.19 with an Euler-Bernoulli formulation of the motion equation:

∂2

∂x2

(
EI

∂2U(x,t)
∂x2

)
+m(x)∂2U(x,t)

∂t2 +k(x)U(x,t)+ c(x)∂U(x,t)
∂t

= F (x,t) (2.12)

where x and t are the spatial coordinate along the beam and temporal coordinate

respectively, U the global displacement, E the Young’s modulus, I the moment of

inertia, m the mass per unit of length, k the stiffness, c the damping and F the external

loads. The vibrational behaviour of the system was analysed using the FE technique

and the differential equation of motion converted in the matrix form:

[M ]
{
Ü
}

+[C]
{
U̇
}

+[K]{U} = {F (t)} (2.13)

where [M ] the global mass matrix, computed as sum of the mass of the shaft and

additional concentrated masses, e.g. disks installed on the shaft; [K] the global stiffness

matrix, accounting for both the contribution of the shaft and the bearings; [C] the
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(a)

(b)

Fig. 2.19 Lathe spindle-workpiece system [104]: (a) CAD model; (b) Schematic used in
the FE study of the system.

global damping matrix, populated with the only contributions of the bearings; and

{F} the global vector of the external loads, accounting for the cutting loads. With this

approach, the researchers were able to obtain the natural frequencies of the system,

analyse the response of the workpiece to the process loads and understand the effect

of bearing characteristics and location. Reddy and Sharan [105] later extended the

approach of Sharan, Sankar, and Sankar [104] as a tool for the optimization of the

lathe design, aiming to minimise workpiece deflection and vibration damping. The

two works [104] and [105], even if particularly relevant in displaying the effectiveness

of dynamic modelling for manufacturing systems combined with numerical solution

techniques, present some major flaws. First a Euler-Bernoulli discretisation of the

shaft is not particularly accurate for beam elements not slender as the ones shown

in Fig. 2.19b, since they do not allow for transverse shear deformation; in this case
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Timoshenko beam elements should be preferred [106]. Then, both papers, even showing

the primary importance of the bearings on the system behaviour, adopted a simplified

model based on a spring-damper representation that does not account for the non-linear

behaviour of the bearings with radial displacement and angular speed [91, 107]. Finally,

gyroscopic and centrifugal effects due to the inevitable system unbalance are not taken

into account.

Altintas and Cao [108–110] analysed the natural frequencies, mode shapes and

frequency response function of the machine tool shown in Fig. 2.20 under simulated

cutting conditions (virtual cutting). Their model used Timoshenko beams for the

spindle, including both centrifugal forces and gyroscopic effects, while Jones’ approach

was used for the bearings, in which different values of constant preloads were considered.

To account for these additional contributions, the global equation of motion assumed

the form:

[M ]S
{
Ü
}

+([C]D −ω [G]S)
{
U̇
}

+
(
[K]S +[K(U)]B −ω2 [M ]C

)
{U} = {F} (2.14)

in which [M ]S represents the global mass matrix for the system spindle/housing, [C]D
the structural damping of the spindle obtained experimentally, ω the spindle angular

speed, [G]S the global gyroscopic matrix for the spindle, [K]S the global stiffness matrix

for the shaft, [K(U)]B the stiffness matrix for the bearings, [M ]C the mass matrix used

for the calculation of the centrifugal force and {F} the vector of the external loads, i.e.

cutting loads. It is worth noticing that despite the more accurate modelling approach

used for the bearings is able to provide a more realistic description of the bearings

behaviour, it complicates significantly the solution of the equation of motion. In fact,

the stiffness of the bearings becomes function of the displacement, among other factors,

but the displacement, in turn, is affected by the bearing stiffness and the external

forces, inducing nonlinearities in the model.



2.3 Dynamics of Rotating Systems 49

(a)

(b)

Fig. 2.20 Schematic of a milling machine spindle, including toolholder and cutting tool
[109]: (a) Section view of the system; (b) FE schematic of the system.
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Acknowledging the primary importance of bearings in the system behaviour, Cao,

Holkup, and Altintas [111] extended this analysis to compare the effect of different

types of preload for the bearings, namely rigid and constant, while Zhang et al. [112],

adopting a bearing formulation based on the Harris approach, analysed the stability of

a rotor–bearing system under three types of excitation: bearing waviness (both in the

races and in the rolling elements), the unbalance force due to rotor eccentricity and the

finite number of rolling elements. In addition, two recent studies [113, 114] analysed

the system response to race waviness, elastohydrodynamic lubrication and clearance

for rolling elements bearings. Namazi et al. [115] presented an interesting study that

connects the dynamic behaviour of a milling spindle to fixturing issues. In fact, it

was observed by the researchers how the interfaces tool holder–spindle and tool–tool

holder are the primary source of chatter vibrations in high speed milling due to their

flexible connections. Using a FE discretisation of the system based on Timosheko beam

elements and modelling the two interfaces with uniformly distributed translational

and rotational springs, as depicted in Fig. 2.21, the researchers observed that the

drawbar force and the total contact area have a primary effect on the connection

stiffness. Finally, the dynamic study of spindle-tool systems has proven particularly

important also for high-speed milling, for which several numerical models based on

the Timoshenko beam approximation and non-linear stiffness bearings have been

implemented to analyse the chatter stability of the system. These studies proved that

while negligible at relative low speed, gyroscopic effects and dynamic stiffness drop

due to centrifugal force become predominant at high speeds [116, 117].

From this analysis it appears clear how dynamic phenomena and transient process

conditions play a primary role for systems the dynamics of which closely resembles the

one of an inertia welder. This inevitably will affect the quality and repeatability of the

process outcomes. Nevertheless, it is not possible to find in literature any study that

addresses this problem for IFW.
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Fig. 2.21 Exploded view of the different elements composing the system for the study
of the tool holder–spindle and tool–tool holder interfaces ((1) Spindle; (2) Tool holder;
(3) Tool; (4) Assembly), with detail of approximation of the distributed translational
and rotational springs (Adapted from [115])

2.4 Summary of the literature

IFW presents a vast literature due its interdisciplinary nature, embracing aspects of

materials science, numerical modelling and manufacturing technologies. While the

first two aspects have already been comprehensively summarised in excellent review

articles [7, 12, 40], the manufacturing aspect received far less attention. This literature

review tries to fill this gap providing an in-depth analysis of the manufacturing aspects

connected to IFW, which will constitute the fundamental background for the research

work presented in the following chapters.

The historical summary showed how the technology development lies mainly in

the work of individual inventors and few corporations, aiming at finding solutions to

specific industrial needs rather than doing fundamental research. This on one side
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helped in keeping the technology relatively straightforward in its development but on

the other created a system particularly closed, in which large part of the technical

know-how is carefully protected as intellectual property by the owning companies and

not available to the public domain.

The system for IFW comprises two parts, the headstock and the tailstock. The

headstock includes a shaft carrying flywheels and one of the two workpieces to weld;

first the shaft is accelerated to the initial speed by an electric or hydraulic motor,

then the motor is disengaged and part of the kinetic energy stored in the flywheels

is converted into frictional heat to create the weld. The tailstock carries the second

workpiece and is pressed against the headstock by a ram to start the welding. Three

main parameters can be controlled to setup the welding: initial angular speed of the

spindle, flywheels inertia and axial load exerted by the ram. While it is known that

the bearings supporting the spindle are the main source of energy losses, the efficiency

for IFW was historically considered constant and relatively high. In recent years,

however, studies found that the efficiency can vary from 30 to 70% and that it is

deeply affected by the process parameters and the system, due to factors like different

assembly tolerances and machine build. IFW is classified as a three stage process,

passing from one to another the conditions at the weld interface vary significantly and

the Coulomb frictional behaviour typical of the initial phase changes to a shear based

approach when the material starts to plasticise. While it is known that the interface

conditions deeply affect the process evolution, these still remain an unresolved aspect

and the most common approach adopts approximations that try to capture an average

condition over the whole interface with an equivalent friction coefficient.

To overcome the lack of information about the setup of the IFW system caused by

the intellectual property protection measures taken by the machines manufacturers,

an in-depth study of the patents filed has been conducted and the key aspects in the
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development of modern inertia welders summarised. Even if this approach could seem

excessively practical and of limited academic interest, it provides an insight of the

system otherwise not achievable and represents the basis to understand possible research

gaps worth investigating. The first inertia welders were modified lathes, problems

of deflection under the weight of the flywheels and the high process loads represent

some the most critical issues in the alignment headstock/tailstock, therefore several

configurations for the flywheels and the addition of strengthening elements have been

tested to mitigate the issue. Also the fixturing has undergone several improvements,

nevertheless it is still possible to find evidences in literature of tooling-related issues

like deformation and residual stresses in the final weld. One of the biggest limitations

of modern inertia welders is extracting data from the process, the systems are equipped

with sensors but these usually are installed far from the weld zone and not capable to

capture reliably local phenomena. In the attempt of solving this issue few monitoring

tools have been developed but the number of phenomena they can capture is limited.

The dynamic analysis of manufacturing processes like turning and milling has long

attracted the interest of researchers and it is nowadays a topic of great interest. The

extremely complex behaviour of spindles rotating at high speed while subjected to

the process loads and supported by bearings, which add large nonlinearities to the

system, represent a challenge researchers are still tackling with more and more accurate

analytical and numerical approaches. However, despite the spindle in an inertia welder

is a complex rotordynamic system, rotating at angular speed while affected by the

weight and inertia of the flywheels, subjected to high process loads and supported by

a combination of rolling elements and fluid bearings, no study available in literature

address its dynamic behaviour.
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2.5 Research challenges

Based on the extensive review of the current literature, several aspects have been

identified as critical research gaps. These can be grouped in two macro-categories: the

experimental assessment of the actual welding conditions and the modelling of the

dynamic system response to the welding conditions.

2.5.1 Assessment of the actual welding conditions

When manufacturing processes are addressed from an academic viewpoint, the study

and the characterisation of the system is of primary importance because it can deeply

affect the process outcomes and, therefore, the conclusions of the study. In IFW the

research work completely disregards the experimental setup except when laboratory

machine are used, which, however, significantly differ from the industrial systems,

making the generalisation of the conclusions difficult. For this reason, the development

of a methodology to characterise the system results necessary to understand the actual

conditions in which the welding occurs, providing a tool to validate and assess the

error for the simplified studies so far developed.

• It is possible to find in literature hints that the system can deflect under the

weight of its own elements and the process loads, with a behaviour that is different

from system to system. Manufacturers tried to improve the inertia welders to

minimise these problems but no available study provides a scientifically sound

approach to quantify the impact of these on the welding conditions.

• Tooling and fixturing are aspects of primary importance in every manufacturing

process governed by rigorous and well defined principles. Nevertheless, it is

usually approached by rule of thumb, based on what works. This problem is
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present also in IFW, where it is possible find in literature examples of issues

connected to non-optimised tooling solutions. Engineers proposed improvements

but their analysis shows the need for a rigorous scientific study of the tooling

setup.

• The combination of the two effects previously mentioned, compliance of the

machine and fixturing issue, is in clear disagreement with the assumption of

perfectly axisymmetric welding conditions and lack of impact of the tooling that

is the base for the majority of published research. In addition, the majority

of the studies about IFW consider an extremely small number of repetitions,

causing a possible risk of confusing system induced effects with process features.

Therefore, it appears necessary to conduct additional analysis to assess whether

these assumptions hold and what magnitude of error they can induce.

• The only tools available to diagnose the system performance are the sensors

embedded into the machine, external sensors used to characterise the machine

when it is not running and a limited number of monitoring systems proposed in

literature. However, the sensors installed on the machine are far from the weld

zone and not capable to provide information about local phenomena. In addition,

assessing the machine in non-running conditions does not take into account all

the dynamic phenomena which, for a complex system like an inertia welder, is

logical to assume significant. Finally, the monitoring systems proposed measure

a very limited number of parameters, failing to provide a holistic picture of the

phenomena occurring during a weld, some of which potentially intercorrelated.

For this reason, a novel system capable to fill these gaps represents a pressing

need.
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2.5.2 Modelling of the dynamic system response to the welding

conditions

The spindle of an inertia welder is a complex rotordynamic system, however, even

if various manufacturing processes rely extensively on the dynamic analysis of their

systems, no available study addresses the dynamic response of the inertia welder to the

process conditions. Performing such an analysis would provide new important insights

on the process.

• A large number of studies focused on the behaviour of bearings showing how these

introduce large non-linearities into the system. For this reason, understanding

how these affect the dynamic response of the spindle is of primary importance.

• It has been observed that considering the system as perfectly stiff is not an

acceptable assumption and deflections should be expected. From a dynamic

point of view this corresponds to create an imbalance which, in turn, can induce

gyroscopic moments and centrifugal forces that can alter the dynamic of the

system. Quantify their influence is therefore necessary.

• Manufacturing processes with systems that recall the key elements of an inertia

welder have been subjected to a large number of studies that proved how significant

dynamic effects develop due to the transient conditions of the process and the

system layout. These studies allow a better understanding of the physical causes

behind the phenomena observed and make possible to propose solutions to limit

their effect. Even if problems of oscillations during the welding have been partially

addressed, no available study presents an exhaustive dynamic analysis of the

inertia welder.
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Initial assessment of the system

behaviour in default conditions

This chapter provides a brief introduction of the experimental setup used for this

research, analysing its behaviour in default conditions. In particular, two IFW machines

were used for the experimental tests, these will be described, paying particular attention

to their build, fixturing setup and sensors embedded into the system. Then, the

outcomes of a set of welds conducted to analyse the process efficiency and the system

behaviour will be presented. Finally, an investigation aiming to get an initial evaluation

of the misalignment that should be expected between the workpieces due to the fixturing

setup will be detailed. From this analysis, limitations to the default monitoring setup

and characterisation approach for IFW machines will appear evident, representing the

basis for the work developed in the following chapters.

3.1 Analysis of the inertia welders

Two IFW machines have been used in this research, the MTI-300T located at the MTC

(Coventry) and the MTI-2000B at the Rolls-Royce CRF facility (Annesley). In this

section the general schematic and tooling configuration for the two machines will be

presented.
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3.1.1 MTI-300T

The MTI-300T machine, available at the Manufacturing Technology Centre (MTC)1

has been used by Rolls-Royce to conduct part of their research and development work

in IFW. The machine is an advanced hybrid welder capable of exerting 300 tons of axial

load and that can be programmed to run in IFW, CDFW or hybrid configurations.

As shown in Fig. 3.1, the machine presents a box-style configuration in which

headstock and tailstock are connected by tie bars (6) and the spindle shaft is supported

on both ends. The radial supports include a cylindrical roller bearing on the rear side

and a combination of a deep groove ball bearing and a cylindrical roller bearing on

the front side (11), while a hydrostatic thrust bearing (12), installed immediately after

the front radial support, absorbs the thrust exerted by tailstock axial actuators (8).

Eight flywheels can be connected to the shaft to change the spindle inertia according

to the values reported in Table 3.1; this advanced rotary friction welder has a remotely

actuated system to engage and disengage the flywheels and a docking system to keep

the flywheels independent from the shaft when not engaged.

Table 3.1 Values of mass and inertia for the elements of the spindle

Element Mass [kg] Inertia [kg.m2]

Spindle shaft 1505 73
Flywheel attachment 801 346
Flywheel small 1 1378 523
Flywheel small 2 1388 522
Flywheel small 3 1393 521
Flywheel small 4 1401 520
Flywheel large 1 3866 2565
Flywheel large 2 3848 2572
Flywheel large 3 3928 2581
Flywheel large 4 3956 2587

1The MTI-300T has been purchased by the Advanced Forming Research Centre (AFRC) in 2019
and is currently in their research centre in Glasgow



3.1 Analysis of the inertia welders 59

Finally, the control unit and the sensors installed in the machine can provide few

diagnostic parameters useful to characterise the welding and the system behaviour: spin-

dle angular speed, tailstock actuator pressure, upset, pressure in the collets actuators

and lubricant flow rate and temperature for the hydrostatic bearing.

(a)

(b)

Fig. 3.1 MTI-300T hybrid rotary friction welder: (a) Picture of the machine after being
installed at the Manufacturing Technology Centre (Adapted from [118]); (b) Schematic
of the machine (1: Motor housing; 2: Flywheels; 3: Hydrostatic bearing housing; 4:
Tooling; 5: Tailstock sliding structure; 6: Tie bar; 7: Drawbar; 8: Ram; 9: Tailstock
support structure; 10: Hydraulic motor; 11: Radial bearings; 12: Axial thrust bearing)
(Based on an MTI’s proprietary design).
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3.1.1.1 Tooling

The fixturing setup used for the MTI-300T makes use of the conventional collet-

backstop configuration for both the headstock and tailstock, as shown in Fig. 3.2a.

From the exploded view in Fig. 3.2b, it is possible to observe how the collet sleeve (10)

is equipped with replaceable jaws of different inner diameter to clamp workpieces of

various size.

(a)

(b)

Fig. 3.2 Default tooling configuration for the MTI-300T machine (Based on an
MTI’s proprietary design): (a) Section view of the tooling; (b) Exploded view of
the fixturing setup (1: Workpiece; 2: Collet jaws; 3: Collet keys; 4: Backup keys;
5: Backup; 6: Backup extension keys; 7: Backup extension; 8: Master backup keys;
9: Master backup; 10: Collet sleeve; 11: Collet housing; 12: Backplate; 13: Drawbars)
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In addition, three backstops are stacked on top of the other (5, 7, 9), each connected

to the others with bolts and keys (6, 8). While the master backup (9) and backup

extension (7) are non-replaceable and always kept installed in the machine, three

different thicknesses for the backup (5) are available (30 mm, 75 mm, 120 mm) to

accommodate workpieces of different length. Finally, it is possible to observe how the

backup is equipped with two keys (4) to support the clamping action of the collet in

restraining the workpiece (1) against the process torque.

This machine has been used often by Rolls-Royce as a test system to conduct small

scale R&D welds, in these cases, however, a different backup is adopted to replicate the

setup used in their production inertia welder. As shown in Fig. 3.3, the backup with

keys is replaced by one carrying carbide serrated round grippers (5, 6). The carbide

pads indent the workpiece and restrain it from rotating under the process torque

but, differently from keys, do not require key slots in the workpiece, saving waste of

material and avoiding further post-welding machining operations. The expansion ring

(1) installed inside the workpiece is sometimes used to contrast the clamping action of

the collet that would tend to distort the workpiece.

Fig. 3.3 Fixturing configuration used by Rolls-Royce for the welding trials with the
MTI-300T (1: Expansion ring; 2: Workpiece; 3: Collet jaws; 4: Collet keys; 5: Serrated
round grippers; 6: Backup) (Based on an MTI and Rolls-Royce’s proprietary design)
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3.1.2 MTI-2000B

The MTI-2000B available at the Rolls-Royce Compressor Rotor Facility (CRF) is used

by Rolls-Royce for their production welds. This machine, similarly to the MTI-300T,

is characterised by a box-type configuration but it differs in term of size, being able

to exert 2000 tons of axial load, and configuration of the spindle. As shown in Fig.

3.4, in fact, the flywheels (3) are installed in a cantilever arrangement with respect to

the supports, which include two radial ball bearings (12) and one hydrostatic thrust

bearing (11).

(a)

(b)

Fig. 3.4 MTI-2000B inertia friction welder: (a) Picture of the machine (Adapted
from [7]); (b) Schematic of the machine (1: Motor and hydrostatic bearing housing; 2:
Radial bearings housing; 3: Flywheels; 4: Tooling; 5: Tailstock sliding structure; 6:
Tie bar; 7: Drawbar; 8: Ram; 9: Tailstock support structure; 10: Hydraulic motor; 11:
Axial thrust bearing; 12: Radial bearings) (Based on an MTI’s proprietary design).



3.1 Analysis of the inertia welders 63

This configuration, even if more convenient in term of flywheel access, can induce

sagging of the spindle structure. To mitigate this, during the machine setup and

maintenance, MTI pre-inclines the spindle structure (2) to compensate the weight of

the flywheels, however, since different welds require different inertia, this approach is

not perfect and a certain misalignment between the workpieces, variable from weld to

weld, should be expected.

Similarly to the MTI-300T, a control unit and a set of sensors embedded into

the machine can log some key performance parameters, such as the spindle angular

speed, the thrust exerted by the tailstock actuator, the travel of the fixture side, the

pulling force of the collets actuators and the hydrostatic bearing lubricant flow rate

and temperature.

3.1.2.1 Tooling

Fig. 3.5 shows the fixturing setup adopted in the MTI-2000B for the production

welds, which presents the same key elements of the MTI-300T tooling, a collet (9)

to locate the workpiece (1) and prevent it from rotating under the process torque

and a backup (2) to absorb the axial load exerted by the tailstock piston. Differently

from the MTI-300T tooling, a bearing (4), installed in the tailstock tooling, is used

to embrace the headstock during the welding and reduce the runout. The bearing

has a slight radial clearance with the spindle mating surface and its alignment can

be tuned with four actuators to localise the contact between the bearing rollers and

the spindle. This process gives the flexibility for technicians to compensate for runout

issues, but is extremely labour-intensive, requiring a trial and error approach. This

consists of consecutive iterations of welding, measuring the runout of the joint and

moving the bearing cage to compensate for the runout error until the desired alignment

is obtained. In addition, the bearing cage can be moved only during the setup of the

machine, making it not suitable to compensate for runout errors during welding.
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(a)

(b)

Fig. 3.5 Production tooling configuration for the MTI-2000B machine (Based on an
MTI and Rolls-Royce’s proprietary design): (a) Section view of the headstock and
tailstock tooling for the welding of a generic cylindrical component with detail of
the actuation principle for the tailstock external bearing; (b) Exploded view of the
headstock fixturing setup (1: Workpiece; 2: Backstop; 3: Bearing cage protection;
4: Bearing cage; 5: Collet housing; 6: Backplate; 7: Bearing rollers; 8: Collet’s keys;
9: Collet sleeve; 10: Drawbars).
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The machine is sometimes also used for R&D welds. In these cases, simpler and

less expensive ring components are welded, which still allow the machine behaviour

and the weld properties to be assessed without excessive waste of material or complex

manufacturing operations. To fit these test components, Rolls-Royce developed a special

backstop (PDX3) shown in Fig. 3.6, which extends outside the collet. Differently from

the conventional setup, the collet clamps directly the backup while the workpiece is

constrained completely by the backup itself.

Fig. 3.6 Backstops for test welds (PDX3) (Based on an MTI and Rolls-Royce’s propri-
etary design)

3.1.3 Conclusions

This section presented the details of the two IFW machines used during the PhD:

the MTI-300T available at the MTC, which was used to conduct the majority of the

experiential tests, and the MTI-2000B installed at the Rolls-Royce CRF, used for

the final validation of the research work. While both machines present a box-style
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configuration, the position of the flywheels differs. The MTI-300T has the flywheels

installed at the centre of the spindle shaft and supported on both ends by bearings,

while the MTI-2000B has the flywheels installed in a cantilever configuration. Despite

making the access to the flywheels more straightforward, this configuration can cause

sagging of the headstock, making the desired alignment of the two workpieces more

complex to achieve. The fixturing setup that equips the two machines is similar in

principle and includes a collet to locate radially the workpiece and restrain it against

the process torque and a series of backstops to absorb the axial load exerted by the

tailstock piston. In addition, the backstops are equipped with keys or grippers to absorb

part of the torque and allow a lower clamping force of the collet. Even if beneficial

in reducing the damaging, deformation and residual stresses induced by the collet to

the workpieces, the keys and the grippers could induce issues like overconstraining and

misalignment of the workpieces inside the fixture
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3.2 Machine performance under conventional weld-

ing conditions

Before this PhD, no monitoring system capable to characterise the overall performance

of the machine throughout the welding phase has been documented in public domain.

In section 3.1 it was observed that industrial inertia welders are usually equipped

with sensors; however, these tend to be far from the weld zone and, consequently,

not capable to capture local phenomena connected to the welding and affected by

noise induced by the multitude of subsystems inside an inertia welder. For this reason,

Rolls-Royce adopted an approach similar to what proposed in [25, 26, 48], in which

the experimental data were extracted using test components instrumented with strain

gauges or thermocouples. The data collected were then compared with the output

of the machine sensors, to draw conclusions on the weld efficiency and the machine

behaviour. This approach has been put to test with a set of welds in which workpieces

instrumented with strain gauges have been welded on the MTI-300T machine equipped

with the backstop using serrated grippers (Fig. 3.3).

3.2.1 Weld setup

Two geometries of steel rings (EN3B) with the dimensions summarised in Fig. 3.7a

were welded. For each set of workpieces, the one to be installed in the tailstock type

was instrumented with strain gauges in a configuration suitable to measure torque.

Two Vishay CEA-06-062-UM-120 rosettes were installed 180◦ apart and the 0◦ and

90◦ gauges connected in a Type I full bridge, as shown in Fig. 3.7b. Finally, a NI

SCXI-1520 strain-gauge input module, installed in a NI-SCXI 1000 chassis equipped

with a SCXI-1600 USB digitizer, was used for the data sampling.
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Geom. 1 [mm] Geom. 2 [mm]

A 97 153

B 119.5 169

C 137.5 187

D 145 198

(a)

(b)

Fig. 3.7 CAD representation of the workpieces welded and description of the strain
gauges configuration: (a) Section view of the workpiece with summary in tabular form
of the dimensions for the two geometries adopted; (b) Strain gauges configuration.
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Overall, four welds were studied, two of geometry 1 and two of geometry 2, Table 3.2

summarises the process parameters used.

Table 3.2 Process parameters for the welds accomplished

Geom. 1 Geom. 2

Initial angular speed [RPM] 416 354
Inertia [kg·m2] 500 500
Weld pressure [MPa] 70 70

3.2.2 Welding trial results

The results of these welding trials provided an invaluable insight into the system

performance in non-optimised conditions. In fact, to develop the instrumentation and

methodology presented in the following chapters, it was first necessary to analyse the

weak points of the system in the default configuration. Issues connected to the fixturing

system and the external monitoring setup appeared evident, confirming the need for

the research developed as part of this PhD.

3.2.2.1 Fixturing considerations

Three welds showed severe problems of slippage, with the combined action of the collet

and serrated grippers not capable of restraining the workpieces. The marks shown in

Fig. 3.8 suggest that, despite both collet and grippers were indenting the workpiece,

the non-optimised tooling conditions used in this development machine along with the

limited shear resistance of EN3B steel compared to Ni-based superalloys, conventionally

welded with this setup, were the causes of the unsuccessful welds. For the remaining

weld, a larger indentation depth of the grippers into the workpiece (0.3 mm) was

selected, allowing the weld to be successfully completed without slippage.
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(a) (b)

Fig. 3.8 Damaged welded components due to improper fixturing setup: (a) Marks
produced by the collet; (b) Marks caused by the serrated grippers.

Despite the workpiece slippage, it is clear that a clamping force of the collet high

enough to induce indentation in the workpiece is unacceptable in terms of surface

damage for a near-net-shape process like IFW and the deformation and residual stress

induced. For the serrated grippers, the situation was different, in fact, despite being

described as “high friction elements” in the patent that first proposed them for IFW

applications [70], it appears clear their restraining action relies on indentation depth

and material shear strength. When analysing the formula proposed in the patent [70]

for the calculation of the required friction coefficient that the grippers should be able

to provide (µ):

µ = T

P · r
(3.1)

where T is the process torque, P the forge load and r the radius at which the grippers

are installed with respect to the spindle central axis, therefore, µ should be considered

an apparent friction coefficient, i.e. a coefficient that allows the complex interaction

between the grippers and workpiece to be reduced to an ideal dry friction behaviour.
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The ploughing and adhesion for sliding metals have attracted the interest of researchers

since the beginning of the twentieth century, when indentation tests to characterise

material properties became popular [119–122]. After the success of Merchant [123]

and Merchant [124] in analysing the mechanics of metal cutting, studies like Moser

[125] started applying the theory of ploughing and adhesion to fixturing, with the

assumption that the results obtained for a single penetrator can be extended to an

array of penetrators, as in a serrated clamping element. Using the approach introduced

by Bowden, Moore, and Tabor [119], the apparent friction coefficient (µ) that affects

the interaction between a base material and a wedge-like penetrating element can be

written in the form:

µ = FT

FV
= µadh +µplo (3.2)

in which FT is the transverse load, FV is the vertical load, µadh the adhesive friction

coefficient and µplo the ploughing friction coefficient. From this formulation, it appears

clear that both the force required to shear the metallic junctions between the penetrators

and the base metal and the force required to displace the softer metal from the

path of the slider should be taken into account. The two contributes are usually

determined with simplified theories that, however, do not account for phenomena like

the interaction among neighbour penetrators [120, 125], with numerical models [126,

127] or experimentally [121, 122], for which great importance is put on the material

properties and the serrated grippers geometry.

A final aspect to take into account is the effect of the serrations when the fixturing

manages to constrain the workpiece successfully. In fact, even when no slippage of the

workpiece inside the tooling occurs, the simple indentation of the grippers serrations

causes part of the metal to flow on the side of the serrations causing a force that would

tend to push the workpiece away from the backup, causing possible detriment to its

alignment inside the fixture. This can be shown in Fig. 3.9a that represents the only
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weld accomplished without slippage, in which it is possible to observe indentation

marks similar in morphology to other examples known in the literature [120, 121, 125]

and summarised in Fig. 3.9b and Fig. 3.9c.

(a)

(b)

(c)

Fig. 3.9 Effect of serrations on the base metal indented: (a) Marks produced by the
grippers when no slippage between workpiece and tooling occurred; (b) Schematic of
the effect of a penetrator in the base metal in which the raise of plasticised material
on the side of the tool is predicted (Adapted from [125]); (c) Section view of the
indentation left by a cone in ductile steel in which the raise of plasticised material on
the side of the crater can be observed (Adapted from [120]).

3.2.2.2 Analysis of the monitoring apparatus

Applying strain gauges directly on the workpiece is a simple and inexpensive technique

to obtain information about the process. A similar approach in which thermocouples

are installed in the workpiece to measure the temperature at different locations in the
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workpiece during the weld is well documented in the literature [24, 52, 128]. Ideally,

the measurements would be conducted near the weld interface, however, the harsh

conditions of the interface, such as extremely high temperature, metal plasticisation,

large deformations and upset, do not make this possible. For thermocouples, two

approaches are possible, sacrificial thermocouples, which are installed close to the

weld interface and capture the temperature evolution only for a short while before

being destroyed, or thermocouples installed far from the weld interface, which can

monitor the temperature for the whole duration of the process but, for which a large

temperature drop from the weld interface should be expected. For strain gauges, a

few differences should be noted, in fact, while the closeness to the weld interface is not

so critical as for thermocouples, the geometrical shape of the workpiece is instead of

primary importance. In fact, while it is sufficient to keep the thermocouples in contact

with the base material, strain gauges are greatly influenced by geometrical features.

In the case analysed, for example, constraints in term of workpiece geometry and

the need to preserve the strain gauges throughout the welding, required the installation

of the sensors in the position shown in Fig. 3.7b. When the actual torque obtained

with the strain gauges was analysed and compared to the theoretical torque, product

of the angular deceleration and spindle inertia, it appeared clear that considerations

on the sensors location and signal processing techniques were of primary importance

to develop a monitoring system able to provide data easily understandable. In fact,

analysing Fig. 3.10 that compares theoretical and actual torque (values normalised

against the peak theoretical torque), it is possible to observe a large difference, resulting

in unrealistically low process efficiency. To understand the causes of this difference,

an FE model which simulate the tailstock workpiece subjected to the process torque

and a constant efficiency of 0.8 was developed. As shown in Fig. 3.11, the model,

which makes use of the axisymmetric assumption, replicated the fixturing conditions
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with a sticking boundary condition to a perfectly rigid die. Solving the model, the

results in Fig. 3.12a were obtained, in which a good match between numerical and

experimental data can be observed. To understand why the experimental data matches

the numerical torque but not the theoretical one, it is necessary to study Fig. 3.12b.

From this it is clear that the location in which the strain gauges were installed is

affected by geometry effects caused by the change in diameter, which affect the strain

field and, consequently, the torque derived.

This analysis showed that the location of the strain gauges is of primary importance,

this should be neither too close to the change in diameter, to avoid geometry effects,

nor too close to the collet, to avoid the clamping force to alter the strain field.

Fig. 3.10 Comparison between theoretical and actual torque (normalised against the
peak theoretical torque)
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Fig. 3.11 Details of the FE model developed to validate the output of the strain gauges

(a)
(b)

Fig. 3.12 Results obtained with the numerical model and comparison with the actual
torque: (a) Comparison between normalised actual torque and the one obtained from
the FE model; (b) Strain field obtained from the FE model in which it is possible to
observe the local effect induced by workpiece geometry and clamping action.



76 Initial assessment of the system behaviour in default conditions

3.2.3 Conclusions

This section summarised the outcomes of a series of welds conducted on the MTI-300T

development machine using the default setup to evaluate the system efficiency and

study the process behaviour. This makes use of a set of simplified steel workpieces

instrumented with strain gauges, the outputs of which are compared with the data

collected with the machine sensors. Issues connected to the capability of a non-optimised

tooling to constrain properly the workpieces were observed, while considerations on

the grippers and their clamping mechanics were proposed. The approach of installing

the sensors directly on the workpiece, despite being economical and simple, appears

suitable only when a very limited number of welds has to be accomplished, due to the

setup time and the risk of inconsistent results. In addition, strain gauges installed

directly on the workpiece can be greatly affected by the workpiece geometry, making

this approach not desirable. Finally, it was observed that the output of both machine

and external sensors are affected by large noise due to the transient conditions of

the welding and the multiplicity of elements coexisting in the friction welder, this

requires the definition of a standard procedure able to filter the signals and make them

comparable even when extracted from different systems.

3.3 Influence of the tooling’s elements on the weld-

ing surfaces alignment

In chapter 2 it was highlighted how the alignment between the two workpieces is of

primary importance in IFW, this aspect can be expressed in terms of relative runout.

In particular, using the ISO-1101:2017 [38] as the reference standard, the runout is

differentiated according to the oscillation direction, following the schematic in Fig. 3.13.



3.3 Influence of the tooling’s elements on the welding surfaces alignment 77

The radial runout is defined as the difference in radii of two coplanar concentric circles

which contains the profile of any cross-section with respect to the reference axis. The

axial runout, instead, is described as the axial distance between two circles, with axis

coincident to the selected datum, that contains the extrema of the cylindrical section

on which the tolerance is applied. Similarly to milling machines and lathes, the runout

of the spindle is affected by the coaxiality between casing and shaft, in which the

bearings play a fundamental role [102, 129, 130], and the stack-up of manufacturing

and assembly errors in the elements of the system [26]. While the effect of the first

contribution will be evaluated in the following chapters using a novel monitoring system

and methodology developed to characterise the machine behaviour, considerations

about the second contribution can be made knowing the key elements of the system

and, in particular, the tooling. Such analysis can be valuable in discerning the different

contributions to the alignment of the workpieces.

Fig. 3.13 Schematic representation of the axial and radial runout for the spindle
workpiece (a: Datum axis, t: Tolerance, p: Points measured) (Adapted from [38])
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Section 3.1 showed that both machines adopt a similar fixturing setup with a collet to

locate the workpiece in the radial direction and a series of backstops to locate it axially.

Collets are well established fixturing elements used in a multitude of manufacturing

systems and the concentricity accuracy they offer depends on the precision of the

wedge profiles on both the housing and sleeve. Specialised literature reports values

of concentricity ranging from few microns to 10-20 microns [131, 132]. The impact

of the backstops on the axial runout, fundamental to guarantee a flat-to-flat contact

between the two workpieces and, consequently, constant pressure around the weld

surface, is more complex to evaluate, since custom backstops are often manufactured

to accommodate the specific workpieces to weld.

Fig. 3.14 shows a schematic of the backstops for the MTI-300T machine tooling

in which it is possible to observe the three backstops (2, 3, 4) a reference surface (1)

with normal aligned in the X direction, which represents the backplate of the collet.

As represented in the figure, backstops are normally dimensioned paying particular

attention to the parallelism between its flat faces and their perpendicularity to the

central axis, in an attempt to have a good contact between the two workpieces. The

dimensional tolerances on the backstops length (∆l), on the other hand, are of secondary

importance since small deviations from the nominal value can be compensated by the

machine control system that adjusts the axial position of the tailstock to guarantee

contact between the two parts before each weld.

While the effect of dimensional tolerances is easy to understand and several ap-

proaches to stack-up their contributes exist [133], the situation is different for geo-

metrical tolerances. It was observed [134–136] that geometrical tolerances affect how

the elements in an assembly interact, in fact, as shown in Table 3.3, depending on

the kinematic connection between two interacting bodies, geometrical tolerances can

induce a combination of rotational and translational variations in their contact. It is
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possible to recognise that the mating conditions among the backplate, the backstops

and the workpiece can be approximated with a planar contact so that perpendicularity

and parallelism tolerances induce a pure rotation. Fig. 3.15 gives a schematic repre-

sentation of this concept for a flatness tolerance that, similarly to perpendicularity

and parallelism, induces rotation for a planar contact. Even if it is debatable whether

rotational variations should also include a translational component, the approach

assumes that this is automatically accounted for by the dimensional tolerance applied

to the element length (∆l). The rotation angle (±φ) can be calculated as the ratio

between the tolerance value (tol) and the characteristic length of contact (lc) [135]:

φ = arctan(tol

lc
) (3.3)

Fig. 3.14 Schematic representation of backstops for the MTC tooling including the
geometrical and dimensional tolerances that affect the axial runout (1: Reference
plane (backplate); 2: Master backup; 3: Backup extension; 4: Backup) (Based on an
MTI’s proprietary design)
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Table 3.3 2D rotational and translational variations associated with the geometrical
tolerances applied to various kinematic connections [135]

Fig. 3.15 2D effect of a geometric tolerance in the interaction between a block and a
planar surface [135]

Applying this methodology to the assembly in Fig. 3.14, in which the characteristic

length is assumed equal to the backstops diameter (lc = 260 mm), it is possible to

obtain an estimation of the axial runout magnitude. As a first approach, a worst

case scenario in which all the tolerances are their highest admissible value (0.03 mm)

is considered. Summing the rotation contributes for the three backups, calculated

using equation 3.3, an overall angular rotation of 0.020◦ is obtained. If this rotation

is applied to two workpieces introduced in section 3.2.1 of nominal dimensions listed

in Table 3.7a, using the simplified planar approach summarised in Fig. 3.16, an axial

runout of 0.095 mm for the workpiece of geometry 1 and 0.117 mm are for the one

of geometry 2 are obtained. A worst case approach is useful to obtain the upper

boundaries, however more realistic values of runout can be obtained using the Monte

Carlo approach and statistically distributed values of tolerances. It is commonly
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assumed that manufacturing tolerances follow a normal distribution with mean zero

and standard deviation equal to one third of the tolerance zone, which corresponds

to a 99.73% rate of acceptance usually accepted for the manufacturing of mechanical

components [135, 137, 138]. Fig. 3.17a and Fig. 3.17b show the axial runout for the

two workpieces obtained over one million iterations of the Monte Carlo approach and

compares it against the worst case scenario. The comparison shows that for normally

distributed tolerances mean values of 0.010 mm and 0.013 mm are obtained for the two

workpieces, which is significantly smaller than the values calculated with the worst case

approach and closer to the values reported by Rolls-Royce for their industrial machine.

Nevertheless, it is important to observe that even this second approach represents

a worst case scenario because, in reality, the problem is not planar and therefore

the angular rotation induced by the tolerances can have any orientation around the

circumference, which overall is expected to reduce the angular rotation of the workpiece.

In addition, as observed in Chase et al. [135], reducing perpendicularity and parallelism

to pure rotations is a simplified approach because in reality the waviness of the surface

can occur in such a way to cause just a partial tilt in the interaction with the mating

surface.

Analysing the tooling of the MTI-2000B shown in Fig. 3.5 and Fig. 3.6 to the one

of the MTI-300T, it is possible to observe that only one backup is used, for which, in

addition, tighter tolerances of perpendicularity and parallelism are used. Therefore,

despite the larger diameter of the backstops and of the workpieces welded, an axial

runout from a few microns up to a few tenths of microns should still be expected.
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Fig. 3.16 Axial runout (δ) connected to the rotation angle (±φ) calculated stacking up
the perpendicularity and parallelism errors in the faces of the backstops (1: Backstop;
2: Workpiece)

(a) (b)

Fig. 3.17 Comparison between the axial runout obtained stacking up the tolerances
calculated according to the worst case scenario and a normal distribution: (a) Workpiece
geometry 1; (b) Workpiece geometry 2.
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3.3.1 Conclusions

This section presented an analysis of the runout in radial and axial directions that it is

possible to expect due to the tooling setup. It was observed that in the radial direction,

the concentricity between the workpiece and the spindle is mainly guided by the collet

and values from a few microns to a few tenths of microns should be expected. In the

axial direction, the evaluation of the runout is more complex, but using an approach

based on the stack-up of the geometrical tolerances in the backstops, values of runout

similar to the ones in radial direction were obtained.

3.4 Conclusions

This chapter provided a description and analysis of the systems used during the research

activities in default conditions. Section 3.1 summarised the key details in term of

general build and tooling configuration for the two machines used during the PhD,

the MTI-300T available at the MTC and the MTI-2000B installed at the Rolls-Royce

CRF. Section 3.2 presented the results of a series of welds completed with the default

monitoring configuration used by Rolls-Royce to characterise the machine behaviour

during the welding. Finally, section 3.3 analysed possible issues of axial and radial

runout that can arise due to the tooling setup. This analysis allowed to draw some key

observations:

• Industrial inertia welders can present different configurations and each of these

has characteristics strengths and weaknesses. In addition, tooling related issues,

such as over-constraining and imperfect location of the workpiece, can affect the

quality and repeatability of the process. A means of comparison for different

systems would be useful to analyse the outcomes and explaining the variability

in the results;
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• Inertia welders are usually equipped with sensors embedded into the machine.

These, however, are positioned far from the weld zone and consequently are

not able to capture local phenomena occurring during the welding. In addition,

the data monitored by the sensors is affected by noise induced by the transient

conditions of the welding and the multitude of additional systems embedded into

the machine.

• The default approach to characterise the system using instrumented workpieces,

despite being inexpensive and easy to setup for a limited number of tests, is not

ideal for large studies because of the setup time and possible inconsistencies in

results. Moreover, the installation of the sensors directly on the workpieces can

induce inaccurate readings because the measurements are deeply affected by the

position of the sensors and the shape of the workpieces.

These observations suggested that problems of non-idealised contact between the

workpieces and repeatability in the process outcomes can occur due to the setup used in

IFW. In addition, neither the sensors installed into the machine nor other approaches

that make use of additional instrumentation mounted directly on the workpieces can

effectively characterise the system and be used to compare different setups. These

problems will be addressed with a novel monitoring system and methodology presented

in the following chapters.



Chapter 4

A novel approach for the in-situ

monitoring of IFW

Chapter 3 presented a detailed analysis of the key features and possible weaknesses of

the IFW system in default conditions. From this analysis, the need to develop a system

capable of characterising an IFW machine, with the flexibility to be used on similar

systems to compare their performance, emerged. However, only a limited number of

commercially available transducers can withstand the very high loads typical of IFW

and the few that can are either extremely specialised and only capable of measuring very

few aspects at the same time, or with form factors not suitable to be installed in an IFW

machine. Moreover, section 2.2.3 showed that the few examples of monitoring systems

for RFW described in literature present drawbacks and are extremely specialised and

not suitable to give a holistic picture of the phenomena occurring during the welding.

To fill this gap, a novel monitoring system was introduced, first the concept was

validated with a prototype tested on a MTI-300T machine, then a second system was

developed to validate the observations from the prototype on a larger MTI-2000B

machine. This ensured that the phenomena analysed were characteristic of the process

rather than artefacts caused by a specific system. In addition, cross comparing the data
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from the two systems it was possible to extend the approach developed to a method

to analyse the equivalency of similar systems to provide comparable outputs. This

chapter will present a detailed description of the mechanical setup, the instrumentation

installed and the workpieces welded for the two systems.

4.1 Generic concept of the application

The first step was the choice of the aspects to monitor. The efficiency is a useful

parameter that allows the machine performance to be characterised, the state of the

bearings to be determined and the performance of different machines to be compared.

Considering the formulation in Eq. 2.5, which expresses the efficiency as ratio between

the theoretical and the actual torque, two quantities were required: the angular speed of

the spindle for the theoretical torque, and the torsional strain in proximity of the weld

interface for the actual torque. Another aspect of interest was the interaction between

the two workpieces. It was observed in chapter 2 that IFW is conventionally studied

using the axisymmetry hypothesis, to understand the validity of this approximation,

the axial and radial runout (defined in accordance with the ISO-1101:2017 standard

[38]) were also included. In addition, to understand the effect of the interaction of

the workpieces in non-ideal conditions, the axial strain at multiple locations around

the circumference were monitored. Finally, the response of the system to the process

loads was characterised by studying the vibrational behaviour in the axial, radial and

tangential directions (assuming the axial direction is aligned with the spindle axis).

The second step was analysing potential constraints in the design arising from the

IFW setup. The rotation of the headstock made the installation of the sensors difficult

because no wired connection could be used and self-contained or wireless solutions were

difficult to install due to the limited space available. In addition, having sensors and

other equipment connected to the spindle represented a hazard for the personnel in the
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proximity of the machine that could get severely injured if any element detached and

got expelled at high speed. For this reason, instrument the tailstock was preferable,

even if some aspect still needed to be considered.

Firstly, the axial translation of the tailstock combined with additional moving

elements inside the machine made it necessary to have all the sensors installed directly

on the backstop and suitable cable management. Secondly, the limited clearance

between the tailstock and headstock required consideration of the form factor of the

sensors and on the fixturing setup for the workpieces.

4.2 Small scale prototype

Starting from the considerations in section 4.1 a prototype to fit the MTI-300T machine

was developed. The system was designed as an interface between the tooling of the

inertia welder and the workpieces, serving at the same time as the physical support for

the instrumentation and fixturing for the workpieces.

4.2.1 Mechanical setup

The need to bring the instrumentation close to the weld area made it necessary to

rethink the conventional fixturing approach and the two custom backstops showed in

Fig. 4.1 were developed to fit inside the machine tooling according to the schematic

in Fig. 4.1e. With this design, the machine collet clamped the backstop while the

workpieces were fully constrained by the backstops themselves. The front faces of the

backstops were used to axially locate the workpiece and absorb the thrust exerted by

the ram, while four keys (2 in Fig. 4.1a and 6 in Fig. 4.1c) constrained the workpiece

against the process torque and located it radially. Then, serrated fixed edge clamps (3

in Fig. 4.1a) on the headstock side and spring plungers (5 in Fig. 4.1c) on the tailstock
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side prevented the workpieces from moving before the part contact and allowed the

self-release of the weld at the end of the process. This last point, summarised in Fig.

4.1e, was particularly critical because, at the end of the welding, the two sides of

the machine are so close together that the technicians are not able to get close to

the weld to release it. In the conventional setup, this problem is circumvented with

hydraulic collets that can be actuated remotely; in this configuration, instead, the weld

was automatically released by the spring plungers in the tailstock backstop, while the

serrated fixed edge clamps in the headstock backstop refrained the workpiece from

falling when the sides of the machine were moved apart.
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(a) (b)

(c)
(d)

(e)

Fig. 4.1 Mechanical setup for the monitoring system prototype including two custom
backstop capable to carry the instrumentation and constrain the workpieces: (a)
Headstock backstop (1: Backstop; 2: Keys; 3: Serrated fixed edge clamps); (b) 2D
section view of the headstock backstop with key dimensions; (c) Tailstock backstop (4:
Plunger brackets; 5: Spring plungers; 6: Keys; 7: Backstop); (d) 2D section view of
the tailstock backstop with key dimensions; (e) Monitoring system inserted into the
MTI-300T tooling with a detailed view of the fixturing setup for the workpieces and
self-releasing mechanism (8: Machine collet; 9: Headstock backstop; 10: Workpiece).
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4.2.2 Instrumentation

As shown in Fig. 4.2, all the instrumentation was designed to fit into the tailstock

backstop. Four stacked 0◦/45◦/90◦ 3-element rectangular rosettes (5) were installed

equispaced around the circumference of a thinner neck section designed to provide

sufficient strain sensitivity while withstanding the process loads. The 0◦ and 90◦ gauges

for each pair of opposing rosettes (SG 1-SG 3 and SG 2-SG 4) were connected in a

full bridge configuration to capture the torque, while the 45◦ gauge from each rosette

connected in a quarter bridge configuration to measure the axial load. Vibrations were

measured with a triaxial accelerometer (2), while a bracket was designed to carry and

precisely locate two lasers displacement sensors (4) and a rotary encoder (3). The

laser sensors were installed with a relative angle of 90◦ to characterise the relative

runout between the headstock and tailstock. In fact, using this configuration it was

possible to get a direct measurement of the spindle displacement in two orthogonal

directions, while approximating the circumference of the backstop with a perfect circle,

an approximation that holds due to the negligible circularity tabulated in section 4.2.3,

it was possible to obtain the displacement of the centre of the headstock backstop

using the formulation for the centre of a circumference (Pc = (xc, yc)) given two points

(P1 = (x1, y1), P2 = (x2, y2)) and the radius (r):

q =
√

(x2 −x1)2 +(y2 −y1)2 (4.1)

xc = x1 +x2
2 ± y1 −y2

q
·
√

r2 −
(

q

2

)2
(4.2)

yc = y1 +y2
2 ± x2 −x1

q
·
√

r2 −
(

q

2

)2
(4.3)

Limiting the analysis of the behaviour to the radial direction, however, was not sufficient

because the lack of parallelism between the two workpieces could cause problems such
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as vibrations at the initial contact and localised heat input (hot spots) [36]. To address

this, the relative axial runout was measured with three LVDTs (1) installed 90◦ apart.

Knowing three points (P1, P2, P3) on the front face of the headstock backstop, allowed

not only the axial runout at different locations to be calculated, but also to acquire

information on the angular alignment of the two sides of the machine by fitting a plane

through the points. In fact, a normal to the plane (nv) can be calculated with the

cross product between two vectors parallel to the plane (v1, v2):

v1 = P2 −P1 (4.4)

v2 = P3 −P1 (4.5)

nv = v1 ×v2 (4.6)

It is worth noting that in contrast to strain gauges and accelerometers, sensors like

lasers, LVDTS and encoder require a reference surface against which to conduct the

measurements; for this reason, the headstock backup served the additional role of

reference surface for these sensors. Finally, the temperature in the proximity of the

sensors closest to the weld interface (LVDTs, accelerometer and strain gauges) was

monitored with thermocouples to make sure it did not exceed the temperature limit

for the sensors and ensure the consistency among different welds.

The instrumentation was connected to two DAQ systems: NI SCXI-1600 (modules:

SCXI-1540, SCXI-1520, SCXI-1102) and NI CompaqRio-9066 (modules: NI 9223, NI

9234 and NI 9403) synchronised via software. Table 4.1 summarises the details for the

monitoring setup.
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(a)

(b)

Fig. 4.2 Schematic of the monitoring system with sensors (1: LVDTs, 2: Triaxial
accelerometer, 3: Encoder, 4: Laser disp. sensors, 5: Strain gauges): (a) CAD
schematic of the rig with details of the sensors installed; (b) Image of the rig installed
on the machine.
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Table 4.1 Sensors and sampling frequency

No. Sensor type Sensor model DAQ module Sampling freq.

1 LVDTs RDP D5/400AG NI SCXI-1540 1kHz
2 Accelerometer Kistler 8792A100 NI 9234 50kHz
3 Encoder LCZ260-30 NI 9401 50kHz

4 Laser sensors Head: Keyence LK-G32 NI 9223 50kHzController: Keyence LK-G3001P
5 Rectangular rosette

(0◦/45◦/90◦)
MM 062WW (4 @ 90◦) NI SCXI-1520 1kHz

6 Tee rosette (0◦/90◦) MM 125LT (3 @ 120◦) NI SCXI-1520 1kHz
7 Thermocouples 5TC-TT-KI-30-2M NI SCXI-1102 1kHz

4.2.3 Assessment of the system geometry

In the previous section, it was shown that the sensors responsible to assess the alignment

tailstock-headstock were the laser displacement sensors, used to measure the radial

runout of the headstock custom backstop with respect to the tailstock, and the LVDTs,

used to monitor the axial runout between the two. According to the definition stated in

the ISO-1101:2017 standard [38], the runout is a composite measurement that includes

both geometrical errors in the monitored surfaces and the overall dynamic behaviour

of the component. In the radial direction, the runout accounts for both concentricity

and circularity, while in the axial direction for flatness and parallelism. Therefore, it

was necessary to distinguish which portion of runout was ascribable to dimensional

errors in the monitoring system from the dynamic behaviour of the machine spindle,

which represents the aspect to be investigated. For this reason, the actual geometry of

the headstock backstop was particularly critical. Fig. 4.3 and Table 4.2 summarise

the geometrical errors measured with a Mitutoyo Euro-C-A121210 CMM. For the

radial runout, it was necessary to evaluate the concentricity between the section of

the backstop clamped with the collet (1) and the surface monitored by the laser

displacement sensors (2), for which a value of 22 µm was obtained, and the circularity



94 A novel approach for the in-situ monitoring of IFW

of surface 2 itself, 2 µm. The combined value of concentricity and circularity errors

needed to be subtracted from the reading of the lasers during the welding to obtain the

actual runout of the machine spindle. For the axial runout, instead, the effect of the

flatness of the front surface of the backstop (A) and its parallelism with the back face

(B) were measured and values of 4 µm and 16 µm respectively were obtained. In this

case, however, the actual axial runout of the spindle could not be simply calculated

subtracting the planarity and parallelism errors from the output of the LVDTs but the

process upset needed to be subtracted as well.

Fig. 4.3 Schematic representation of
the key features inspected

Tolerance Measured value

Circularity section 2 2 µm
Concentricity 1-2 22 µm
Flatness A 4 µm
Parallelism A-B 16 µm

Table 4.2 Values monitored with a CMM with
respect to the schematic shown in Fig. 4.3

4.2.4 Validation of the mechanical setup under process condi-

tions

Analysing the geometry of the custom backstops it is possible to observe that the weakest

point is the neck section in the tailstock backstop. This was designed with an optimised

wall thickness to withstand the process loads and to provide enough sensitivity for the

strain gauges. To achieve this, an axisymmetric static FE representation of the system

was developed according to the schematic in Fig. 4.4. The two elements included in the

model, the backstop and the workpiece, interact with a sticking boundary condition,

while the clamping effect of the machine fixture is simulated by constraining all the
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DoFs on the external cylindrical surface of the backstop (boundary condition A) and

constraining the translation in Y direction on the back face of the backstop (boundary

condition B). Considering the low variability of Young’s modulus and Poisson’s ratio

for steel, values of 207 GPa and 0.3 respectively were assumed for both the backstop

(EN24T) and the workpiece (EN9) [139], while triangular quadratic elements were

used to mesh the two components. Finally, the response of the system to the process

conditions was simulated applying two loads to the weld surface1, a torque to simulate

the frictional torque and an axial load to represent the thrust from the ram. For both

loads, the magnitude was ramped from zero to the maximum value, 20 kNm for the

torque and 896 kN for the thrust.

Fig. 4.4 Axisymmetric FE model developed to analyse the stresses in the neck section
of tailstock backstop

Fig. 4.5 shows the von Mises stress in the neck section at the peak loads, revealing

how the peak stresses are localised at the rounds. Since the two backstops were
1Abaqus, the FE software used in this analysis, does not allow moments and concentrated loads to

be applied to surfaces. To achieve a similar effect, it is possible to create a reference point, connected
by a kinematic coupling to the surface to which the loads needs to be applied
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manufactured in EN24T, rated with a yield strength of approximately 650 MPa [140],

the design showed a safety factor larger than 1.5, confirming its suitability from a

mechanical standpoint. Chapter 3, however, showed that when strain gauges are

involved it is also important to make sure that the strain field where the strain gauges

are installed is not affected by stress concentration features or border effects. Fig. 4.6a

and Fig. 4.6c show the normal (σyy) and shear (τyz) stress fields, while Fig. 4.6b and

Fig. 4.6d compares the numerical stresses evaluated at the centre of the neck section

with the analytical values calculated using the formulation from classical mechanics:

σyy = P

A
(4.7)

τyz = T · ro

Jp
(4.8)

where P is the thrust, A is the area at the evaluation point, T the torque, ro the

outer radius of the neck section and Jp the torsion constant. The comparison between

analytical and numerical data shows an almost perfect match confirming the suitability

of analysing the output of the strain gauges with Eq. 4.7 and Eq. 4.8.

Fig. 4.5 von Mises stress field in the neck section at the peak loads
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(a)

(b)

(c)

(d)

Fig. 4.6 Comparison between the analytical and the numerical stress in the backstop
neck section: (a) Normal stress field (σyy); (b) Comparison between the analytical and
numerical normal stresses at the centre of the backstop neck for various level of thrust;
(c) Shear stress field (τyz); (d) Comparison between the analytical and numerical shear
stresses at the centre of the backstop neck for various level of torque.
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4.2.5 Dynamic response of the system to process conditions

IFW is a transient process characterised by decreasing speed of the machine spindle, non-

constant process loads and evolving conditions at the interface of the two workpieces.

Therefore, it was necessary to estimate the response of the custom backstops to the

transient welding conditions to guarantee the safety of the system and to validate the

readings of the sensors that rely on the stability of the support structure.

The first step was the analysis of the eigenfrequencies to ensure that even the

lowest of these were higher than the angular rotation of the spindle to avoid resonance.

Restricting the analysis to the portion of backstop sticking out from the machine collet,

the FE model in Fig. 4.7 was studied with a linear perturbation analysis (eigenvalue

extraction). Also in this study, for the backstop (1), the adaptor plate (2) and the

spacers (3), the typical values of Young’s modulus, Poisson’s ratio and density common

for steel were used (207 GPa , 0.3 and 7850 kg/m3 respectively [139]), while for the

bracket (4), machined in aluminium, 70 GPa , 0.32 and 2700 kg/m3 [139]. Finally, the

components were meshed with 3D linear hexahedral elements and an encastre applied

to the back face of the model to remove the six DOFs.

Fig. 4.7 Schematic representation of the FE model used to study the linear perturbation
analysis (1: Backstop, 2: Adaptor plate, 3: Spacers, 4: Bracket)
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Fig. 4.8 shows five eigenmodes corresponding to the lowest eigenfrequencies. The

lowest eigenfrequency obtained was 1180.3 Hz, a value noticeably larger than the peak

angular speed used for the tests (275 RPM ≈ 4.6 Hz).

(a) (b) (c)

(d) (e) (f)

Fig. 4.8 Eigenmodes for the tailstock backstop: (a) Undeformed system; (b) Eigenmode
1: 1180.3 Hz; (c) Eigenmode 1: 1195.4 Hz; (d) Eigenmode 1: 1297.2 Hz; (e) Eigenmode
1: 1729.1 Hz; (f) Eigenmode 1: 1861.5 Hz.

The second aspect to analyse was the effect of impulses induced by phenomena

like parts contact or the final flywheel deceleration. These effects, despite not being

dangerous in term of resonance of the system, could have induced vibration peaks

detrimental for the stability and repeatability of the sensors readings. To predict
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the behaviour in process conditions, the loads monitored in a sample steel weld run

on the MTI-300T machine were used as input loads for a dynamic study of the FE

models previously used in the eigenvalue extraction, as shown in Fig. 4.9a. To study

a worst-case scenario, the load characteristics were scaled so that the peak values of

torque and thrust were matching the ones used for the backstop validation (torque: 20

kNm, thrust: 896 kN), as shown in Fig. 4.9b. The study of the natural frequencies

showed that the largest oscillations should be expected in the bracket that supports

lasers and encoder, for this reason, reference points with associated the mass of the

respective sensors (laser heads: 0.28 kg, encoder: 0.3 kg) where connected to the

bracket in the designated locations of these sensors.

Solving the dynamic model, the radial and axial displacement for the three reference

points are shown in Fig. 4.10. The graphs show similar behaviour, with both the axial

and radial displacement that gradually increase with the load. In particular, it appears

that the deflection of the system induced by the thrust has the dominant effect, while

the impulse at part contact and at the final instant of rotation of the flywheel do not

induce significant vibrations. The magnitude of oscillation is negligible considering the

values of runout expected or any oscillation that could negatively affect the contact

between the encoder and the spindle, in particular, considering that the case simulated

represents the worst-case scenario since, in reality, the contact with the headstock

workpiece would provide an additional constraint. Comparing the results for the three

points, it is possible to note a larger difference between the axial and radial behaviour

for the location in which the encoder is installed; this can be explained considering the

stiffness and constraining conditions of the bracket.
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(a)

(b)

Fig. 4.9 FE dynamic model for the study of the vibrational behaviour of the fixture
backstop considering actual process loads: (a) Schematic representation of the FE
model in which it is possible to observe the three reference points used to model the
sensors installed on the bracket and the applied loads; (b) Input loads for the FE model
calculated scaling values of thrust and torque monitored in a sample weld to the peak
admissible values used to dimension the system.
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(a)

(b)

(c)

Fig. 4.10 Radial and axial oscillations for the three points used to represent the sensors
installed on the bracket: (a) Oscillation of the left laser; (b) Oscillation of the right
laser; (b) Oscillation of the encoder.
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4.2.6 Validation of the fixturing configuration

As detailed in section 4.2.1, the application required a new fixturing setup for the

workpiece and a solution that made use of keys to locate and constrain the workpiece

was proposed. Keys are conventionally dimensioned with two approaches: shear

strength resistance and maximum allowable surface pressure [139]. The first ensures

that the shear strength of the keys is sufficient to withstand the shear load while the

second one verifies that the contact pressure at the interface key/keyway is lower than

the allowable contact pressure of the materials used.

For this application, four keys in EN9 steel with a cross section 36 mm x 22 mm

(width x height) and a length of 78 mm were selected; the suitability of this design

was validated with the FE model shown in Fig. 4.11. The system includes the front

face of the backstop (in this case the tailstock backstop is shown but since the key

configuration is analogous for both sides of the machine, the results can be extended

to the headstock as well), the four keys and the workpiece. Since all the components

were manufactured in steel, Young’s modulus and Poisson’s ratio were selected equal

to 207 GPa and 0.3 respectively [139], while 3D linear hexahedral elements were used

for the mesh. All six DoFs of the backstop were constrained to simulate the clamping

action of the machine collet, while a sticking boundary condition was applied between

the keys and the backstop; the contacts among the remaining surfaces were handled

considering a 0.3 constant friction coefficient [141]. Finally, similar to what already

done in section 4.2.4, the process loads were simulated by imposing a toque and a

thrust on the welding surface with an amplitude equal to the maximum rating for the

system (20 kNm for the torque and 896 kN for the thrust).

Solving the FE model and analysing the peak loads (worst-case scenario), the results

in Fig. 4.12 were obtained. For EN9 in the R heat treatment condition, a minimum

yield strength of 480 MPa was used [140] and analysing the von Mises stress shown
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in Fig. 4.12a it is possible to observe how this does not exceed the yield strength of

the material at any point of the keys. For the analysis of the contact pressure, Fig.

4.12b shows peak values below 400 MPa. The heat treatment condition R achieves

a surface hardness between 223 and 277 HB with a limiting ruling section of 64 mm

[142], which gives values of equivalent yield strength even higher compared to the core

value previously reported [143], confirming the suitability of the design also against

surface damage.

Fig. 4.11 FE model implemented to validate the design of keys and keyways in the
backstop (1: Backstop; 2: Keys; 3: Workpiece)
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(a)

(b)

Fig. 4.12 Values of stress and contact pressure in the keys obtained with the FE models:
(a) von Mises stress for the keys; (b) Contact pressure between the workpiece and the
lateral faces of the keys.
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4.3 Validation system

Using a design similar to the prototype, a second system was developed as an in-

strumented interface between an MTI-2000B machine and the workpieces, capable of

carrying the required instrumentation and serving as fixturing for the workpieces. This

section will detail the mechanical setup and the instrumentation installed.

4.3.1 Mechanical setup

The mechanical setup designed to fit the MTI-2000B started from the PDX3 configura-

tion described in section 3.1.2.1, to create a system that could comply with the severe

checks required by Rolls-Royce for their production machines. Also for this system, all

the instrumentation was installed on the tailstock side, leaving the headstock backstop

to hold one of the workpieces and only act as the reference surface for lasers and LVDTs.

Starting from this assumption, it was possible to modify and reuse the existing PDX3

headstock backstop to accommodate the precisely machined ring shown in Fig. 4.13c

and Fig. 4.13d, serving as a reference surface for the sensors. The custom tailstock

backstop was designed as a hybrid between the PDX3 backstop and the prototype

previously described. In fact, as shown in Fig. 4.13a and Fig. 4.13b, a neck section was

added to the design of the PDX3 to accommodate the strain gauges, while the front

face was customised to fit all the required instrumentation. Having already assessed

the capability of an alternative fixturing configuration with the prototype, in which

the collet clamps the backstop while the workpiece is constrained by a feature in the

backstop itself, the original configuration used for the PDX3 was preserved. This setup

is displayed in Fig. 4.13e and included four small keys to locate the workpiece (4),

carbide serrated grippers (3) to constrain the workpiece against the process torque and

radial elements to prevent the workpiece moving before part contact. These should
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ensure the self-release of one of the two workpieces at the end of the weld, for this

reason, set screws were adopted in the headstock backstop (1) while spring plungers in

the tailstock (2). Finally, the backstops were connected to the machine tooling using a

combination of screws (6) and keys (5).

This configuration has the advantage of being highly interchangeable with the

PDX3 system, allowing a straightforward switch from one system to the other; aspect

of primary importance for a production machine in which long downtimes are not

acceptable.
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(a) (b)

(c) (d)

(e)

Fig. 4.13 Mechanical setup for the validation system: (a) Tailstock backstop (1:
Backstop; 2: Collet ring; 3: Serrated grippers; 4: Keys; 5: Spring plungers); (b) 2D
section view of the tailstock backstop; (c) Headstock backstop (1: Backstop; 2: Collet
ring; 3: Reference ring; 4: Serrated grippers; 5: Keys; 6: Set screws); (d) 2D section
view of the reference ring; (e) Monitoring system inserted into the MTI-2000B tooling
with detail of the fixturing setup for the workpieces (1: Set screws; 2: Spring plungers;
3: Serrated grippers; 4: Workpieces; 5: Keys backstop/machine tooling; 6: Screws
backstop/machine tooling);
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4.3.2 Instrumentation

Given the good results obtained with the prototype, the same sensor configuration

was adopted, which is schematically represented in Fig. 4.14a and Fig. 4.14b and

summarised in Table 4.3. Three LVDTs installed 120◦ apart were used to monitor the

axial runout and a three axial accelerometer was attached radially to the front face

of the backstop. Four 0◦/45◦/90◦ rectangular rosettes were installed in the backstop

neck section, with the 0◦ and 90◦ strain gauges of opposing rosettes connected in two

full bridges (FB 1 and FB 2) to monitor the process torque and the 45◦ strain gauges

connected in a quarter bridge configuration (QB 1, QB 2, QB 3, QB 4) to capture

the thrust at four different locations. Finally, two laser heads (1) 90◦ apart, used to

measure the radial runout, and an encoder were installed on a bracket connected to the

front face of the backstop. The magnetic encoder used in the prototype was replaced

with an optical encoder encapsulated in a custom chassis (described in detail in section

4.4) to obtain a better resolution on the headstock angular speed.

Table 4.3 Sensors and sampling frequency

Sensor type Sensor model DAQ module Sampling freq.

LVDTs RDP D5/400AG AD598 / NI 9239 2kHz
Accelerometer Kistler 8764B050BB NI 9234 51.2kHz
Encoder Broadcom HETL-5540 NI 9401 1kHz

Laser sensors Head: Keyence LK-G32 NI 9223 2kHzController: Keyence LK-G3001P
Rectangular rosette
(0◦/45◦/90◦)

L2A-06-062WW-350 (4 @ 90◦)
C2A-06-125LT-350 (1 @ 45◦)

NI 9237 2kHz
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(a)

(b)

(c)

Fig. 4.14 Instrumentation used for the validation system (1: Lasers; 2: Encoder; 3:
LVDTs; 4: Accelerometer; 5: Strain gauges): (a) CAD model of the tailstock custom
backstop highlighting the instrumentation installed; (b) CAD model of headstock and
tailstock backstops with detail of the strain gauge configuration and description of the
key features in the headstock reference ring; (c) Picture of the custom tailstock backstop
installed on the MTI-2000B with the instrumentation connected to the respective power
supplies and control boards (A: Machine tooling; B: Instrumented custom backstop; C:
Power supplies and control boards).
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The custom ring was designed to fit the PDX3 headstock backstop and act as a

reference surface for the encoder, the lasers and the LVDTs is shown in Fig. 4.14b.

It was designed so that, after part contact, a portion of the tailstock backstop is

embraced providing an additional layer of safety, acting as a cage and preventing any

item detaching from the system during the welding from being expelled at high speed

towards the operators standing close to the machine.

Finally, a rack cabinet (C in Fig. 4.14c) was used to store all the power supplies and

control boards required by the sensors, improving the safety of the operators accessing

the machine and protecting the integrity of the instrumentation.

4.3.3 Assessment of the system geometry

Similarly to the prototype, it was necessary to assess the dimensional precision of the

spindle custom ring to evaluate its influence on the radial and axial runout monitored

with the lasers and the LVDTs respectively. Fig. 4.15 summarises the key geometrical

features inspected using a DEA Global Silver Advantage slant bridge CMM. A total

runout of 22 µm was obtained for section 1 with reference to spindle backstop axis

(A), while the parallelism between face 2 and the reference plane B was 19 µm.

Fig. 4.15 Schematic representation of the key features inspected to assess the influence
of the geometrical errors on the runout measured with lasers and LVDTs
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4.3.4 Validation of the mechanical setup under process condi-

tions

The design of the backstop was optimised to ensure a sufficient safety margin against

the expected peak loads and geometry suitable for strain gauges. Differently from

the prototype backstops, in this case, a large number of features made its design not

axisymmetric, for this reason, a 3D model was developed. As shown in Fig. 4.16, only

the portion of backup sticking out from the collet was considered and the constraining

action of the collet was accounted for removing all six DoFs from the back face of

the model. Since the backstop was manufactured in EN36 steel, Young’s modulus

and Poisson’s ratio equal to 207 GPa and 0.3 were selected [139], while 3D quadratic

tetrahedral elements were used to mesh the part. Finally, the process conditions were

simulated by applying an axial load of 3600 kN and a torque of 200 kNm to the front

face.

Fig. 4.16 3D FE model developed to analyse the stresses in the neck section of tailstock
backstop
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Fig. 4.17 shows the von Mises stress in the neck section at the peak loads, where

it is possible to observe peak stress of 250 MPa close to the rounds. Considering for

EN36 a minimum yield strength of 540 MPa [140], a safety factor larger than two was

ensured. As in the prototype, the strain gauges were installed midway along the neck,

to ensure that the strain field in that location was not altered by stress concentration

features or border effects the stresses in axial (σzz) and torsional (τzx) directions were

compared to the analytical values obtained from Eq. 4.7 and Eq. 4.8. Fig. 4.18 shows

an excellent match, confirming the design of the neck section.

Fig. 4.17 von Mises stress field in the neck section at the peak loads
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(a)

(b)

(c)

(d)

Fig. 4.18 Comparison between the analytical and numerical stress in the backstop
neck section: (a) Normal stress field (σzz); (b) Comparison between the analytical and
numerical normal stresses at the centre of the backstop neck for various level of thrust;
(c) Shear stress field (τzx); (d) Comparison between the analytical and numerical shear
stresses at the centre of the backstop neck for various level of torque.
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4.3.5 Dynamic response of the system to process conditions

To extract the eigenfrequencies and associated eigenmodes for the tailstock backstop,

the portion of system sticking out from the machine collet was analysed. As shown in

Fig. 4.19, the system is composed of a portion of the backstop (1) and the bracket

(2), in which the small features were removed, having a negligible effect on the system

response but a profound impact on the mesh size and, consequently, the computation

time. The values of Young’s modulus, Poisson’s ratio and density conventionally

adopted for steel were used for the backstop: 207 GPa, 0.3, and 7850 kg/m3, while for

bracket made in aluminium: 207 GPa, 0.32 and 2700 kg/m3. Finally, the components

were meshed with 3D linear hexahedral elements and the back surface of the backstop

was fully constrained removing all six DoFs.

Fig. 4.19 Schematic representation of the FE model used to study the linear perturbation
analysis (1: Backstop, 2: Bracket)
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Fig. 4.20 shows the first five eigenmodes. The lowest eigenfrequency is 696.88 Hz,

a value significantly larger than the maximum angular speed to which the MTI-2000B

machine is run, excluding the risk of resonance in the system.

(a) (b) (c)

(d) (e) (f)

Fig. 4.20 Eigenmodes for the tailstock backstop: (a) Undeformed system; (b) Eigenmode
1: 696.88 Hz; (c) Eigenmode 2: 1135.2 Hz; (d) Eigenmode 3: 1179.9 Hz; (e) Eigenmode
4: 1534.2 Hz; (f) Eigenmode 5: 2207.7 Hz.

To assess the vibrational behaviour of the backstop under process conditions, a

model similar to the one used for the eigenvalue extraction was adopted, as shown in

Fig. 4.21. In this case, the loads already used in the prototype system (Fig. 4.9b) were

applied to the front face of the backstop and scaled up to have peak thrust of 3600 kN

and peak torque of 200 kNm. Finally, reference points with associated the mass of the
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laser heads (0.28 kg) and the encoder (0.38 kg) were connected to the bracket where

the sensors would be installed.

The axial and radial oscillations of the three reference points are shown in Fig.

4.22; results analogous to the prototype were obtained, in which the axial and radial

displacement follow the deformation in the system caused by the thrust.

Fig. 4.21 Schematic representation of the FE model in which it is possible to observe
the three points used to model the sensors installed on the bracket and the applied
loads
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(a)

(b)

(c)

Fig. 4.22 Radial and axial oscillations for the three points used to represent the sensors
installed on the bracket: (a) Oscillation of the left laser; (b) Oscillation of the right
laser; (c) Oscillation of the encoder.
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4.4 Sensors theory of operation

LVDTs

LVDTs (Linear Variable Differential Transformer) are transducers that convert linear

motion into an electrical signal, making use of three solenoidal coils and one cylindrical

ferromagnetic core that slides inside the coils. The central coil, called primary, is pow-

ered with alternating current and causes a voltage in the two secondaries proportional

to the position of the core. [144]

LVDTs require a signal conditioner to provide an analogue output signal proportional

to the displacement of the central core. For this reason, starting from an Analog

Devices AD598 chip, the signal conditioning circuit shown schematically in Fig. 4.23

was developed. The circuit required a power input of 30 V DC and a maximum current

draw of 20 mA, which was provided with an external power supply, while the analogue

output was captured with a NI939 module sampling at 2 kHz. Finally, RDP D5/400AG

LVDTs were upgraded with high-accuracy roller tips characterised by lower friction

coefficient and lower wear impact on the mating surface compared to the standard

tungsten carbide tips.

Fig. 4.23 Schematic representation of an LVDT and of the signal conditioning circuit
developed to extract an analogue output from the sensor
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The LVDTs were added to the system to capture the macroscopic oscillations in

the spindle rather than high frequency effects, which, instead, were studied with an

accelerometer. For this reason, the output signals of the sensors were post-processed

in MATLAB to remove the high frequency-low amplitude noise using a Savitzky-Golay

FIR smoothing filter of polynomial order three, a technique that found numerous

applications because distortionless and more effective at preserving the shape of the

signal compared to other algorithms, such as moving average [145].

Accelerometer

Piezoelectric accelerometers convert a mechanical impulse in an electric signal exploiting

the piezoelectric effect, i.e. the capability of certain materials to generate an electrical

charge in response to mechanical stress applied. A popular variant of this technology

called IEPE (Integrated Electronics Piezo-Electric) presents a preamplifier used to

convert the conventional high impedance output into a low impedance signal, which

can be transmitted at relatively long distances and without the need of special low

noise cable. [146]

For this application, the triaxial Kistler 8764B050 IEPE accelerometer shown in Fig.

4.24 was used. This is characterised by a ±50 g acceleration range and 0.5 . . .10000 Hz

±5% frequency response (0.3 . . .15000 Hz ±10% frequency response). To guarantee

a non-invasive but stable installation, the sensor was installed with M2.5 screw to a

support base attached in a semi-permanent way to the backstop using high strength

epoxy glue. Finally, the sensor was connected to a NI 9234 input module using an

M4.5 4 pin to 3 x BNC fluoropolymer jacketed breakout cable (Kistler 1784B3K03).

The accelerometer was sampled at high frequency (50 kHz) to avoid aliasing and

the output of the sensor was post-processes with a band-pass filter to retain only

the frequency content within the ±5% response range of the sensor. The conversion

from time to frequency domain is a powerful technique to characterise the vibrational
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behaviour of mechanical systems. The most common approach makes use of the

Fourier transform, which, however, requires the system to be linear and the data to be

strictly periodic or stationary [147]. In IFW these conditions are clearly not respected

due to the decreasing angular speed of the spindle and transient phenomena, such

as the impact at part contact and the stick-slip at the weld interface. The simplest

solution to the problem is provided by the Short Time Fourier Transform (STFT) that

splits the signal into several “windows” and relying on the assumption of piecewise

stationary data applies a Fourier transform to each window. Despite its simplicity and

low computational cost, several drawbacks can be identified. Firstly not always the

signal when partitioned presents a stationary behaviour, secondly, even if the data

are piecewise stationary it is often difficult to found a window size that matches the

stationary time scales [147, 148]. For this reason, more advanced techniques have been

developed, such as the popular wavelet transform that can be seen as an adjustable

window STFT [147, 149]. In this research, the continuous formulation of the wavelet

transform (CWT) implemented in MATLAB was adopted.

Fig. 4.24 Kistler 8764B050 accelerometer installed on the backstop
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Encoder

Optical encoders are electromechanical devices that convert the position or motion of

a shaft into an electrical signal. A typical configuration includes a LED source that

shines through the gaps of a code wheel and a photodetector that reads the optical

pattern. The sequence of light and dark are then used to calculate the rotary position

and by successive differentiation the speed and acceleration. [150]

An Avago HEDS-9140, shown in Fig. 4.25a, was selected for this application due

to its good resolution, low noise and small packaging. The biggest challenge to be

faced using an encoder in IFW is the relative axial displacement (upset) of headstock

and tailstock. In fact, if the sensor was installed rigidly to the headstock it would be

either not in contact with the spindle or crashed when the two sides of the machine

approach. For this reason, the encoder (1) was installed on the custom chassis (2)

presented in Fig. 4.25b. An aluminium and rubber wheel (3) attached to a shaft

driving to the encoder stays in contact with the spindle and rotates alongside with it.

The shaft is supported by two bushings that protect the encoder against side loads

induced by the interaction wheel/spindle. The chassis slides axially on two shoulder

bolts (4) preloaded with compression springs (5), allowing to keep the wheel in contact

with the spindle while the tailstock progressively approaches the headstock.

The encoder was powered using a 5V power supply and the TTL digital output

captured with a NI9401 module. To reduce the undesired noise generated during the

differentiation of the encoder signal, the data of speed and angular acceleration were

processed with a Savitzky-Golay FIR smoothing filter of polynomial order three.
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(a) (b)

Fig. 4.25 Encoder and custom chassis developed to monitor the headstock angular
speed throughout the welding: (a) Detail of the Avago HEDS 9140 encoder; (b) Custom
chassis that allows keeping the encoder in contact with the spindle throughout the
weld (1: Encoder; 2: Chassis; 3: Wheel; 4: Shoulder bolts; 5: Compression springs).

Laser displacement sensors

Laser triangulation sensors are a type of laser displacement sensors in which a laser

beam is emitted by a light source, hits the target surface and part of it gets reflected

and collected back by a light-receiving element. When the distance from the target

changes, the laser beam moves on the detector, which then sends a signal used to

measure the relative distance from the target. [144]

The position of the spindle during the process was monitored using the two Keyence

laser heads (LK-G32 and LK-031) shown in Fig. 4.26a. The high resolution, repeata-

bility (0.05µm) and sampling frequency (up to 50kHz), in fact, make these sensors

an ideal candidate to capture a dynamic variable like the spindle runout. The two

laser heads were connected to the LK-G3001P and the LK-3100 controller respectively

shown in Fig. 4.26b, to convert the output from the lasers into analogue signals which

were then captured with a NI9223 voltage input module.

Despite having the potential to measure relatively high frequency phenomena, the

laser displacement sensors served a role similar to the one of LVDTs, capturing the

macroscopic behaviour of the system. Therefore, to produce a comparable output,
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the signals from the lasers were pre-processed with the same filter (Savitzky-Golay)

adopted for the LVDTs.

(a) (b)

Fig. 4.26 Encoder and custom chassis developed to monitor the headstock angular sped
throughout the weld: (a) Detail of the Avago HEDS 9140 encoder; (b) Mechanical setup
develop to hold the encoder and allow to monitor the angular speed of the headstock
throughout the weld.

Strain gauges

Strain gauges are sensors in which the electrical resistance changes proportionally to the

strain in the component which they are connected to. Strain gauges are characterised

by the gage factor (GF), which express quantitatively its sensitivity to strain and for

metallic strain gauges is approximately 2:

GF = ∆R/R

ϵ
(4.9)

where R is the electrical resistance of the gauge, ∆R its variation and ϵ the strain. The

values of strain are usually very small and consequently so are the changes in resistance.

To capture such minute variations a Wheatstone bridge is used. This consists of an

electrical circuit with four resistive arms and powered by a voltage, usually referred to

as excitation voltage (VEX), when the resistance in the four arms is equal, the output

voltage of the bridge (VCH) is zero and the bridge is said to be balanced; any change
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in resistance in one of the arms, on the other hand, causes a nonzero output voltage.

Therefore, if a strain gauge is connected to one of the arms of the bridge, any change

in the resistance of the strain gauge would induce an imbalance in the bridge and

consequently a non-zero output voltage proportional to the strain.

Depending on the number of active elements, i.e. strain gauges, it is possible to

determine three different Wheatstone bridge configurations: quarter bridge (one active

element), half bridge (two active elements) and full bridge (four active elements). As

detailed in the previous sections, the monitoring system developed includes full bridges

to capture the torsional strain in the system and quarter bridges for the axial strain.

Considering a component of cylindrical shape and installing the strain gauges according

to the schematic in Fig. 4.27a, it is possible to capture the output voltage from the

Wheatstone bridge with a bridge module like the NI9237, the connections of which are

shown in Fig. 4.27b. The torque (T ) applied to the component can be then obtained

as:

ϵ = −Vr

GF (4.10)

γ = 2× ϵ = τ

G
(4.11)

T = τ ·J
ro

(4.12)

where Vr = VCH(strained)−VCH(unstrained)
VEX

is the voltage ratio, γ the shear strain, τ the

shear stress, J second moment of area, G shear modulus and ro the outer radius. The

axial load (F ), on the other hand, can be measured installing a stain gauge as shown

in Fig. 4.27c and using once again a module like the NI9237 with the connections
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showed in Fig. 4.27d. The calculation in this case is as follows:

ϵ = −4 ·Vr

GF(1+2Vr) (4.13)

σ = ϵ ·E (4.14)

F = σ ·A (4.15)

where E is the Young’s modulus and A the area of the section. [151]

(a) (b)

(c) (d)

Fig. 4.27 Strain gauges configuration to measure torque and axial load: (a) Connection
of the strain gauges to a cylindrical component to measure torque; (b) Connection of
four strain gauges to a Wheatstone bridge in a full bridge configuration (Adapted from
[152]); (c) Connection of a strain gauge to a cylindrical component to measure axial
load; (d) Connection of one strain gauge to a Wheatstone bridge in a quarter bridge
configuration (Adapted from [152]).
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Finally, the output signal of the strain gauges was pre-processed with the same

Savitzky-Golay filter already employed for lasers and LVTDs to have comparable

output. This approach allowed to remove the baseline electrical noise from the signal,

while preserving the process related features.

4.5 Workpiece design and materials used for this

study

The geometry and the material of the workpieces to be welded with the monitoring

system represented another aspect of primary importance in the approach developed.

In fact, differently from a conventional weld where all the focus is put on the quality of

the junction, this research aimed to characterise the system response to certain process

conditions. For this reason, the optimal workpiece for the application would have been

inexpensive and with a geometry flexible enough to allow the machine to run in a wide

range of working conditions.

The first aspect analysed was the material. While nowadays IFW is commonly used

to weld high strength-high temperature materials like Nickel-based superalloys, these

are extremely expensive and complex to machine. For this reason, alternative materials,

cheaper and easier to manufacture, were analysed. Initially, plastics were considered to

have the machine run under the desired process conditions but without having an actual

weld, however, the few types capable to withstand the high pressure-tangential speed

combinations expected during a test were extremely expensive, with little availability

and limited wear resistance, making them withstand the process conditions just for

few seconds (Appendix B). Finally, EN9 (070m55) carbon steel was selected because

of its relative low cost, wide availability, ease of machining and known behaviour, a
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factor particularly useful to determine easily the process parameters and the workpiece

geometry.

The second consideration regarded the geometry of the workpieces. Fig. 4.28 shows

the CAD models of the workpieces used in the two monitoring systems. A parametric

design for the inner and outer diameters (D1 and D2) of the welding stubs was

implemented to have workpieces welding under the desired range of process conditions.

In particular, four combinations for the prototype and two for the production system

were developed, using the values of diameter in Table 4.4. While both designs present

four keyways to engage the keys in the backstops, additional clamping features were

added specifically to match the fixturing configuration of the two systems: four flats

equally space for the prototype and a V slot around the whole circumference of the

workpiece for the production system.



4.5 Workpiece design and materials used for this study 129

(a)

(b)

Fig. 4.28 CAD drawings and key dimensions for the workpieces used in the two
monitoring systems: (a) Workpiece used in the prototype system tested using the
MTI-300T machine; (a) Workpiece used in the production system tested using the
MTI-2000B machine.
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Table 4.4 Diameters (see Fig. 4.28) for the welding stub of the four types of workpieces
used in the prototype and the two used in the production system

D1 [mm] D2 [mm]

Prototype workpiece

Type 1 130 104
Type 2 130 110
Type 3 130 118
Type 4 130 90

Production workpiece Type 1 328 310
Type 2 440 422

4.6 Conclusions

This section presented a detailed description of the design and validation of the

monitoring systems developed, along with the details of the workpiece design to fit

each system. The two systems present a similar setup with custom backstops that

fit inside the machine tooling and have the double role of physical support for the

instrumentation and fixturing for the workpiece. The instrumentation includes laser

displacement sensors and LVDTs to monitor the radial and axial runout, a triaxial

accelerometer to study the vibrational behaviour of the system, an encoder to measure

the angular speed and acceleration of the headstock and strain gauges to capture the

process torque and thrust.

Differently from any existing monitoring system, the solution presented in this

chapter allows getting a holistic picture of the phenomena occurring during a weld,

providing several complementary measurements that can help in distinguishing effects

related to the welding, the machine and the actual interaction between the workpieces

in non-idealised conditions. In addition, the design and the instrumentation chosen

were optimised to be self-contained and suitable to be employed in an industrial

environment without posing a hazard for the operators or the machine. Such a system



4.6 Conclusions 131

combines academic and industrial objectives, being able to analyse the process and the

system from a viewpoint never studied before and helping researcher to understand the

physical causes behind some phenomena difficult to explain when monitored from the

perspective of a single sensor, while providing a tool that can be easily used in industrial

environments to periodically characterise IFW systems with minimal downtime of the

machine.

Two monitoring systems were developed to fit two inertia welders, a prototype used

with the MTI-300T machine and a validation system for the MTI-2000B machine. The

second system was required to validate the concepts proposed with the prototype and

to expand the approach to a means of assessing the equivalency of similar systems. On

one hand, this has academic importance because allows assessing if the phenomena

monitored were connected only to a specific setup, rather than characteristic of the

process, on the other hand, it is a technique that can be used in an industrial envi-

ronment to assess if different machines behave sufficiently similarly to be considered

interchangeable.





Chapter 5

A novel approach for the

characterisation of the phenomena

in IFW

In this chapter, the results of a series of rundown tests and welds completed on the

MTI-300T and the MTI-2000B machines equipped with the two monitoring systems will

be presented. On one side, these will prove the suitability of the approach developed in

characterising the system, which, exploiting the multitude of complementary parameters

monitored simultaneously, can help obtain a holistic picture of the phenomena occurring

during the weld and giving them a physical interpretation. On the other, comparing

the results of the two systems, it is possible to assess which phenomenon is connected

to the process rather than to a specific setup.

5.1 Methodology

The set of welds was designed using a 2k factorial DOE with three factors: initial

angular velocity, flywheel inertia and axial force. Table 5.2 summarises the configuration
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for each test, where the high values are indicated by “+1”, the low ones by “-1” and

the central points by “0”; the three central points were added to study the linearity

and the repeatability of the system response. The thickness (Tw) and mean radius

(rmw) of the welding section, shown in Fig. 5.1, was selected to have sufficient total

upset for the process parameters chosen, Table 5.1 summarises the numerical values

for the different welds. The length of the welding stub was chosen as short as possible

to minimise the misalignment between the two workpieces, while ensuring a safety

margin on the predicted upset. The input parameters for the rundown tests were

chosen to guarantee approximately the same initial energy between them, with the

small difference (approximately 0.4%) caused by the discrete values of inertia for the

flywheels and use of integer values for the initial angular speed.

Fig. 5.1 Section view of the workpiece with detail of the wall thickness (Tw) and mean
radius (rmw) of the welding section

Table 5.1 Wall thickness (Tw) and mean radius (rmw) for the eleven welds

Test No. W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11

Tw [mm] 20 13 13 10 6 13 20 10 13 13 6
rmw [mm] 55 58.5 58.5 60 62 58.5 55 60 58.5 58.5 62
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Table 5.2 DOE parameters matrix for the eleven welds and the two rundown tests

Steel welds Rundown
Test No. W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 RD1 RD2

ω0 +1 0 -1 +1 0 +1 +1 -1 0 0 0 0 +1
I +1 0 +1 -1 -1 -1 +1 +1 0 0 -1 +1 -1
P -1 0 +1 -1 -1 +1 +1 -1 0 0 +1 - -

Where the values high (+1) and low (-1) and the central points (0) are as follow:
• ω0: +1=275RPM; -1=125RPM; 0=165RPM
• I: +1=97,63lb-ft2; -1=24,306lb-ft2; 0=60,957lb-ft2
• P: +1=700psi; -1=250psi; 0=500psi

5.2 Results and discussion

The rundown tests and the welds completed successfully, confirming the suitability of

the fixturing setup for constraining the workpieces and extracting the experimental

data. For this reason, only the results of a few cases will be presented to explain

the phenomena common among tests without adding redundant information. All the

data were normalised to unity except for the runout values which were normalised

against the shape error of the backstops, sum of circularity and concentricity errors, to

make the magnitude of effective oscillation easier to quantify. The normalisation of

the output variables is particularly important to obtain results that are generic and

not related to the input parameters used for a specific test.

5.2.1 Rundown tests

During a rundown test, the two workpieces do not interact, which proves particularly

important to characterise the behaviour of the spindle when no external loads are

applied. Bringing the fixture side close to the spindle but without an actual contact of
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the two, it was possible to measure the spindle radial and axial runout with lasers and

LVDTs respectively.

Fig. 5.2a compares the radial runout with the angular speed of the spindle. It can

be seen that the two lasers measured a sinusoidal signal with an amplitude almost

double the geometrical error in the rig. Constructing the upper and lower envelope for

the laser output as a spline that connects the peaks and minima of each oscillation

and computing their difference, i.e. the oscillation amplitude, it is possible to observe

how this presents a minimum at the highest speed while it increases for decreasing

speed. Simplifying the spindle to a Jeffcott rotor [153], it is known that the radial

oscillation of the system should increase for increasing speed, having a maximum at

the critical speed [100]. Since the machine is showing the opposite behaviour, it is

possible to exclude major rotordynamics influences. The oscillation amplitude, without

the geometrical error of the rig, can be associated to the orbiting of the spindle that

tends to spin off-axis, while the small differences at different speed can be attributed

to the dynamic support conditions of the radial bearings.

Considering that the circularity error of the spindle backup was one order of

magnitude smaller than the runout measured with the lasers, it was possible to simplify

a section of the backup with a circle of known radius and use the readings of the two

lasers to compute the position of the circle centre at each time step. This approach

recalls the concept of Poicaré maps used in the study of dynamic systems. Fig. 5.2b

shows the evolution of the spindle centre throughout the rundown where each rotation

of the spindle corresponds to a different colour in the plot, dark blue the first rotation

and yellow the last one. The results show how the spindle tends to follow a circular

path without diverging towards any preferential directions, reinforcing the assumption

that the runout should be attributed to the orbiting of the shaft.
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(a) (b)

Fig. 5.2 Behaviour of the machine in the radial direction (radial runout) during
a rundown test: (a) Angular speed and radial runout; (b) Spindle centre position
throughout the rundown test calculated from the reading of the two lasers

The behaviour of the system in the axial direction was analogous to the one in the

radial direction, with the three LVDTs that measured a sinusoidal signal 3.75 times

in magnitude than the shape error of the rig. Fig. 5.3 shows the frequency spectrum

for the output of one of the lasers and one of the LVDTs. The frequency domain is

commonly studied with Fourier spectral analysis, this approach, however, requires the

system to be linear and the data strictly periodic or stationary [154, 155], making it

not suitable for IFW, where the speed of the process changes throughout the weld

and the system is non-linear. For this reason, an implementation of the generalized

Morse wavelets was used. This family of wavelets are suitable for studying signals with

amplitude and frequency varying in time and have parameters, such as the symmetry

and the time-bandwidth that can be optimised for the specific application [156, 157]; in

this study a symmetry parameter equal to 3 (symmetric wavelet) and a time-bandwidth
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equal to 60 were found to provide a good compromise between time and frequency

resolution. Comparing both signals to the angular speed of the spindle, it is possible

to observe a good match, which suggests how both components can be attributed to

the rigid motion of the spindle with coupled motion in the axial and radial directions.

(a) (b)

Fig. 5.3 Comparison between the scalograms of laser (a) and LVDT (b) with the
angular speed of the spindle (dashed line)

5.2.2 Welding tests

Zaeh and Poehler [74] observed that two impulses should be expected during a weld, one

at the initial impact and a second one at the final flywheel deceleration, and used the

dynamic equations for oscillators to describe the system. This approach was extended

to develop a model that took into consideration the key elements of the inertia welder,

Fig. 5.4, including the change in stiffness of the weld due to temperature evolution,

the effect of dry friction, the contribution of damping and stiffness related to the IFW

machine. The proposed model was experimentally validated against the output of

LVDTs, strain gauges and encoder. This approach, in which several complementary

sensors monitor at the same time a common aspect of the weld, has the key advantage

of highlighting more clearly the underlying physical phenomena.
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Before a weld, the fixture side is brought close to the spindle side. When the

flywheel has reached the desired initial speed, the pressure in the ram is raised and

the two parts collide to start the welding. Although oscillations due to the initial

axial impact were previously reported [74], significant effects can arise in the IFW

process depending on how this first contact occurs. Based on the system conditions,

the impact can be classified as inelastic (i.e. the workpieces stick together after the

collision) or elastic (i.e. the impacting workpiece bounce back). The desired interaction

is characterised by an inelastic impact and a small impulse to reduce the vibrations

and have repeatable contact conditions between the two parts. Fig. 5.5 depicts the

upset, measured with the LVDTs, against the axial load and torque, measured by the

strain gauges. It is possible to note a spike at the initial contact between the two parts

that can be traced to a bounce of the two parts before they acquire a stable contact

and start the welding process.

Fig. 5.4 Schematic of the machine for IFW in term of key dynamic elements
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Fig. 5.5 Comparison among thrust, torque and upset with emphasis on the axial impact
at the initial contact of the workpieces

The usual approaches to model colliding bodies can be classified based on the

duration of impact as either instantaneous or with a finite duration. In the first case,

the analysis is divided into two phases, before and after the impact, related by the

coefficient of restitution (COR) which takes into account the energy dissipated in

the collision [158, 159]. In its most popular formulation, it is defined as the ratio

between the approach speed immediately after (V +) and before (V −) the impact

(COR = V +/V −); assuming COR=1 for a perfectly elastic collision and COR=0 for a

perfectly inelastic one [158]. When the duration of the impact cannot be considered as

instantaneous, the collision contact forces must be included in the analysis.

Wanting to exploit the simplicity of the COR concept and assuming that the

local deformations at the point of contact were negligible, the impact was modelled

as instantaneous. The approach speed was calculated by differentiating the fixture

displacement measured with the LVDTs over the impact period (upset rate) determined

from the axial gauges, as represented in Fig. 5.6a. Fig. 5.6b shows the COR for the

eleven welds, it can be seen that all the cases have a COR greater than zero even if to a

different degree. In addition, the three central points (welds 2, 9 and 10) show a similar
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value of the COR. Recalling that the COR is a measure of energy dissipation during the

impact and considering that welds with similar geometry and input parameters have

similar values of COR, it is possible to characterise the system and act to minimise

the bounce. Simplifying the system as in Fig. 5.7 and disregarding the sliding friction

force of the fixture, it is possible to express the equation of motion for the collision

interval in the form:

m · ẍ+ c · ẋ+k ·x = F +P (5.1)

where m is the mass of the system, c is the viscous damping, k the stiffness, P the

thrust exerted by the ram and F the reaction load caused by the impact. Several

formulations exist for F , from simple ones which make use of a Kelvin-Voigt viscoelastic

approach to more complex models based on the Hertzian contact theory [158, 159].

Modulating the piston thrust and tuning the stiffness and the damping of the machine

backup, it is possible to optimise the system to avoid the bouncing at the initial impact.

(a) (b)

Fig. 5.6 Calculation of the coefficient of restitution (COR) for the welds: (a) Comparison
between thrust and upset rate from which it is possible to compute the impact duration
and the COR (ratio between the upset the rate at “impacts end” and “impact start”);
(b) Comparison of the values of COR for the eleven welds.

The acceleration peak at the end of the weld can be attributed to the flywheel

deceleration and described as a torsional oscillator [74]. While oscillations during the

sudden deceleration of the flywheel in the consolidation phase can be expected, the
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Fig. 5.7 Analytical schematic in the axial direction at the initial impact of the two
workpieces using a mass-spring-damper approximation. When the piston is activated,
the fixture closes the initial gap and collide against the spindle which reacts as a
spring-damper system.

unfiltered output of the torsional gauges showed in Fig. 5.8 displays an oscillatory

behaviour also at the end of the second torque peak, when the flywheel approaches

0 RPM. This can be explained with a spring back reaction to the flywheel rotation

which ends up oscillating back and forth before the energy is completely dissipated

through viscous damping or friction. The system was described with the differential

equation of a torsional oscillator:

I · θ̈ + c · θ̇ +k · θ = T · sgn(θ̇) (5.2)

where I is the inertia, mainly localised in the flywheel and the spindle tooling, c is

the viscous damping, the sum of the internal damping in the system elements and the

bearings, k is the system stiffness, with the weld and the rig backup representing the

most compliant elements and T the effect of dry friction which can occur if elements in

relative motion slide in presence of inadequate lubrication. The dry friction, however,

makes the equation non-continuous due to the presence of the sign function and an

iterative approach is required to make the friction force always acting in opposite

direction to the speed [160, 161].
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Fig. 5.8 Unfiltered torque signal (strain gauges) with the two peaks at the conditioning
(peak 1) and consolidation phases (peak 2) highlighted. An oscillations spike can be
clearly observed at the flywheel stoppage.

While the inertia was known with certainty, the damping, stiffness and friction force

presented a level of uncertainty, therefore, they were computed numerically minimising

the error between the experimental flywheel acceleration, calculated as the ratio of the

torque and moment of inertia, and the one from the torsional oscillator. When dealing

with optimisation algorithms, the choice of the initial parameters is always particularly

important, while for the damping coefficient and the friction force the critical damping

for the system (ccr = 2
√

I ·k [162]) and 0 Nm were assumed respectively, select a value

for the stiffness was more complex. Zaeh and Poehler [74] considered a constant stiffness

with room temperature material properties, which represents a strong simplification

due to the rapid thermal evolution at the weld interface typical of IFW. To get a more

realistic initial guess for the stiffness, the cooling of the weld was studied with the

commercial FE package Abaqus assuming temperature-dependent material properties

[163] and using the model schematically shown in Fig. 5.9. The simulation was split

into two intervals, an initial heating stage to simulate the welding, for which the heat

input was computed from the angular deceleration of the flywheel, disregarding the

energy losses [52], and a second one in which the welded assembly was cooled with
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a known torque (Tk) applied. The stiffness of the welded assembly (kw) was then

calculated from the angular displacement (θ) obtained from the model (kw = Tk/θ).

The sum of the stiffness of the backup and weld, considered as elements in series, was

used as the initial guess. If the proposed model describes correctly the system, only

inertia, damping and stiffness should affect its response, so the comparison of two cases

with similar initial speed, inertia and wall thickness but different thrust is presented.

(a)

(b)

Fig. 5.9 Model for the torsional oscillations using an inertia-spring-damper approxi-
mation and a temperature-dependent stiffness coefficient: (a) Analytical model using
an inertia-spring-damper approximation. The stiffness coefficient is given by the sum
of the contribution from the weld, temperature-dependent, and the backup, constant;
(b) Detail of the FE model developed to obtain a temperature-dependent stiffness
coefficient for the workpiece.

Table 5.3 summarises the results of the optimisation for the two cases used as

an example. When these values are substituted into the equation of the torsional

oscillator, the results shown in Fig. 5.10 are obtained, from which it is possible to
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observe a good match with the experimental data. It is worth noting that the different

number of cycles for the two cases (weld 5 and weld 11) is caused by the different weld

evolution and, consequently, the different initial conditions for the oscillatory stage.

The similarity in the values of stiffness, damping and friction force gives an additional

confirmation that the system behaved as a torsional oscillator and that the axial load

did not have any effect on it. The values of dry friction close to zero suggest that no

metal-to-metal occurred and that the bearings were properly lubricated even at very

low angular speed.

Table 5.3 Parameters for the analytical model which describes the torsional oscillator

Weld Thrust Type k
[

N ·m
rad

]
ζ = c

ccr
T [Nm]

5 Low Initial guess 11.2e6 1 0
Results 10.4e6 5.6e−2 1.6e−3

11 High Initial guess 10.9e6 1 0
Results 11.4e6 5e−2 0.3e−3

(a) (b)

Fig. 5.10 Comparison between the values of acceleration for the analytical model of a
torsional damper and the experimental data: (a) Low thrust case (weld No. 5); (b)
High thrust case (weld No. 11).
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5.2.2.1 Behaviour of the system during welding

If the choice of a wide range of weld input parameters was necessary to characterise

the system response over a large operating range, it caused welds with different total

duration and relative duration of the three key phases, conditioning, burn-off and

consolidation. For this reason, the central points of the tests matrix were chosen to

analyse the behaviour of the system during welding since they present medium total

duration, allowing the transition between the three phases and, consequently, the

phenomena occurring to be seen clearly.

Repeating the analysis described for the rundown tests during a weld, it was

possible to observe how the process loads affect the system. Fig. 5.11a shows the

runout measured by the two lasers in two mutually orthogonal directions, X and Y.

Before the contact of the two workpieces, the magnitude of oscillation is analogous

to the one registered during the rundown tests, between three and four times the

geometrical error in the spindle backup, while when the two parts are brought into

contact, the runout spikes due to the compliance of the system under the process loads.

Finally, when the rotation of the spindle ceases, the signal shows a steady horizontal

behaviour caused by the constraining action of the joint that, when cooling down,

acquires strength and locks the relative position of spindle and fixture, not allowing

the signal to return to zero. During the welding, the upset caused a relative motion

between the fixture and the spindle backups and, consequently, an axial translation

of the laser; this effect, however, was neglected causing an error several orders of

magnitude smaller than the runout measured.



5.2 Results and discussion 147

(a) (b)

Fig. 5.11 Radial runout monitored by the lasers during a weld: (a) Comparison between
the readings of the two lasers; (b) Comparison between the output of laser 2 and
an analytical sinusoid signal generated in phase with the angular speed to study the
influence of the weld on the frequency and magnitude of the radial runout.

In Section 5.2.1 it was shown how the runout was in phase with the angular speed

and constant in magnitude, to study this condition during welding, the output of one of

the lasers was compared with an analytical sinusoidal signal (y(t) = Ym ·sin(2π
∫

ω(t)dt+

φ0)) generated in phase with the angular speed of the spindle (ω(t)), magnitude (Ym)

and initial phase (φ0) computed fitting the runout before part contact. Comparing

the analytical and experimental signal shown in Fig. 5.11b, it is possible to observe

how, during the weld, not only the magnitude of oscillation changes but also the phase.

Fig. 5.12a and Fig. 5.12b show the spindle centre position obtained by combining

the signals from the two lasers; in these plots the same convention introduced in Fig.

5.2b is adopted, in which the time progression is represented by different colours,

with dark blue which corresponds to the beginning of the interval considered and

yellow the end. The comparison of these graphs with the ones in Fig. 5.2b allows a

physical interpretation of the runout behaviour, where oscillation spikes correspond to

larger and distorted orbits of the spindle while the shift in frequency causes a complex
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revolution motion of the spindle with runout orbits out of phase with the angular speed

of the spindle. Analysing the evolution of the spindle centre trajectory for the three

central point welds, it is possible to assert that this is mainly stochastic, not showing a

common pattern. This can be explained considering the multitude of complex different

factors that interact during a weld and can affect the runout. Apart from the input

parameters and the machine itself, the thermo-mechanical conditions at the interface

of the two workpieces affect how they interact and the constraining action that the

weld exerts on the radial displacement.

(a) (b)

Fig. 5.12 Spindle centre position calculated from the reading of the two laser sensors:
(a) Overall plot including both the initial spindle acceleration without part interaction
and the weld; (b) Plots of every single rotation of the spindle during the weld; from
these, it is possible to observe orbits of distorted shape and larger magnitude compared
to the one during the rundown tests

In contrast to the rundown tests, the output of the LVDTs does not provide a direct

measurement of the axial runout, but the superposition of this with the weld upset,

as shown in Fig. 5.13a. If a plane is fitted through the three LVDTs, this will have a

motion that is a combination of a pure translation, induced by the upset, and a pure

rotation, caused by the axial runout. Isolating the translation component of the fitted
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plane and subtracting it from the output of the LVDTs, it is possible to obtain a good

estimate of the axial runout. Similarly to the analysis performed on the laser signals,

the runout was compared to an analytical sinusoidal signal generated in phase with the

spindle angular speed to study the influence of the weld on the phase and magnitude

of oscillation. As shown in Fig. 5.13, the oscillation magnitude is distorted during

the weld, although the signal stays in phase with the spindle. This can be explained

considering that the presence of the second workpiece acts as a physical obstacle to

additional movements in the axial direction.

(a) (b)

Fig. 5.13 Behaviour of the machine in the axial direction during a weld: (a) Comparison
between the output of one of the LVDTs, combination of both upset and axial runout,
and the process upset obtained by isolating the translation component from the motion
of the fit plane through the three LVDTs; (b) Axial runout during the process compared
with an analytical sinusoid signal generated in phase with the angular speed to study
the influence of the weld on the frequency and magnitude of the axial runout.

Having observed a runout during the weld, it is reasonable to expect to be able

to capture the resultant effects with the strain gauges. The average of the four axial

gauges provides a useful indication on the total axial load applied to the weld and

can be compared with the theoretical thrust to characterise the piston of the machine;

however, when they are considered individually they can give interesting information
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on the axisymmetry of the load. Analysing Fig. 5.14, it is possible to observe not only

a great variability in the strain monitored by each gauge, but how opposing gauges

(SG1-SG3 and SG2-SG4) show values similar in magnitude but opposed in sign. This

behaviour is typical of bending stresses and, since thrust and torque are the only loads

theoretically occurring in IFW, likely to be associated with the runout. Using the

stress obtained from the strain gauges to calculate an equivalent radial load that would

induce the same radial deflection and dividing it by the deflection itself, it was possible

to obtain an equivalent radial stiffness of the machine, useful not only to characterise

the system but also to speculate about which elements had the greatest contributions.

Fig. 5.14 Comparison of the axial load measured by the four axial gauges

To achieve this, the system was simplified with the portion of the rig sticking out

from the machine collet and the workpiece, as shown in Fig. 5.15. Disregarding the

deformation in the welding stub, the neck of the rig is the major source of compliance

in the system, for this reason, an analytical model was developed in which a cantilever

beam composed of two parts, one deformable of length l1 and one rigid of length l2,

with an external vertical load at the tip. For simplicity only the strain gauges in

position 1-3 were considered. Computing the equivalent bending stress (σ) from the
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stresses in position 1 (σP 1) and 3 (σP 3) it was possible to compute the equivalent load

(F ):

σ = σP 1 −σP 3
2 (5.3)

F = σ ·W
l1 + l2

(5.4)

where W is the section modulus.

Fig. 5.15 Analytical model of the fixture side backup in which the influence coefficients
have been used to compute the deflection caused by the experimental radial load
derived by the axial gauges

If radial loads were generated during the process, it is possible to expect also

deflection in the sticking out portion of the backups. This factor and the orbiting of

the spindle needed to be removed from the laser runout measurements to obtain the

effective deflection of the spindle caused by the interaction of the spindle and fixture

during the weld.

The deflection of the sticking out portion of the backups was approximated just

with the deflection in the neck of the fixture side backup which represents the element

with the lowest stiffness. For this reason, the same model described in Fig. 5.15 was

adopted and the radial displacement obtained using the influence coefficients calculated
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with the force method [164] adding the effect of translation (δ) and the rotation (φ) in

each of the two portions of beam:

δ1 = (F · l2) · l21
2E ·J

+ F · l31
3E ·J

+χ
F · l1
A ·G

(5.5)

φ1 = (F · l2) · l1
E ·J

+ F · l21
2E ·J

(5.6)

δtot = δ1 + δ2 = δ1 +φ1 · l2 (5.7)

where E is the Young’s modulus, J the second moment of area, G the shear modulus

and χ a shear factor depending on the beam shape (10/9 for circular shape). It is

important to note that the component connected to shear (χF ·l1
A·G) became dominant

due to the shortness of the neck when compared to its diameter. The analytical values

were compared with the numerical results (FE) of the same model showing a root

mean square error of 0.75%. The effective deflection of the spindle connected to the

interaction of the spindle and fixture during the weld was calculated subtracting the

deflection in the fixture side backup just described and the orbiting of the spindle shaft

approximated with the analytical sinusoidal model previously introduced (Fig. 5.11b)

to the experimental runout in the vertical direction, obtained by interpolating the

reading of the two lasers, as shown in Fig. 5.16a. Considering the oscillating behaviour

of the actual spindle deflection and the equivalent radial load plotted in Fig. 5.16b,

the amplitude of the two was estimated as difference of upper and lower envelope,

dashed line and dotted respectively. The ratio between the amplitude of the actual

spindle deflection and the equivalent radial load gives the equivalent radial stiffness of

the system shown in Fig. 5.16c, from which values in the order of 108 N/m can be

observed. This stiffness matches that normally reported for radial bearings [165, 166]

which, consequently, can be assumed as the key element in the system compliance.
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(a) (b)

(c)

Fig. 5.16 Steps of the algorithm to compute an equivalent radial stiffness of the machine:
(a) Step 1: Removing backup’s deflection and spindle orbiting (sinusoid model) from the
exp. runout; (b) Step 2: Computing the amplitude of effective runout and equivalent
radial load. Given the oscillatory nature of the two signals, the respective envelopes
have been calculated to give an estimate of the amplitude; (c) Step 3: Computing the
equivalent spindle’s stiffness from the amplitude (envelope) of the effective runout and
equivalent radial load. The mean of the equivalent stiffness, plotted in dashed line, has
been used as a representative parameter to be compared with the typical values of
stiffness for bearings.
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5.2.3 Conclusions

Considering the outcomes of the study on the MTI-300T machine equipped with the

prototype monitoring system, the following conclusions can be drawn:

• The vibrational analysis of the system showed that the impact at part contact and

the torsional oscillations when the spindle approaches zero rpm are problematic

events that can reduce the control of the welding process and cause additional

stress on the weld. Two dynamic models were developed to describe these

phenomena, showing how modulating the piston pressure and tuning the stiffness

and damping of the tooling it is possible to reduce the initial axial rebound;

while the flywheel inertia, torsional stiffness of the weld at the flywheel stopping,

viscous damping in the bearings and process duration control the final torsional

oscillations;

• Due to the fabrication and assembly tolerances and the compliance of the sup-

porting elements, the spindle of the machine is likely to spin with a certain

runout. The monitoring system confirmed this and showed a constant runout

3.75 times bigger in magnitude than the shape error in the backstops during the

rundown tests. During the welds, the amplitude of the runout shows spikes in

magnitude up to 15 times the shape error in the backstops and phase alterations,

corresponding to irregular orbits of the spindle. This can be explained with the

interaction of the two workpieces under the thrust considering the compliance of

the supports;

• The increase in runout when the two parts come into contact can be explained

considering compliant supports in the spindle structure. Using a novel algorithm

developed to estimate the radial stiffness of the machine, a value in the order of

108N/m was obtained, according to which the bearings that support the spindle

can be considered the critical elements for the compliance into the system;
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• Comparing the behaviour of the thrust measured with the axial gauges and the

runout, it is possible to notice larger oscillations during the conditioning and

burnoff phases. This can be explained by the constraining effect provided by the

weld cooling down and gaining strength during the consolidation phase.

5.3 Assessment of the observation on a similar ma-

chine

5.3.1 Methodology

To confirm the observations from the prototype, the validation monitoring system was

used to study a set of rundown tests and welds on the MTI-2000B machine. Despite a

large number of tests being accomplished with this system, all showed similar behaviour,

for this reason only the results of a limited number of them will be presented. Table

5.4 and Table 5.5 summarise the process parameters for the rundown tests and the

welds respectively. As it can be observed in Table 5.4, the rundown tests present

three different speed ranges (ω0 → ωend), this is a common approach for large machines

equipped with high inertia flywheels, in which a single rundown test from a high

initial angular speed would require a long time due to the high initial kinetic energy of

the spindle; splitting the test over multiple steps at different speed range allows the

characterisation over a large range of speed while reducing the test time.
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Table 5.4 Process parameters for the rundown tests discussed (ω0: Initial angular speed;
ωend: Final angular speed; I: Inertia)

Test No. R1 R2 R3

ω0 [RPM] 295 180 85
ωend [RPM] 200 120 23.5
I [lb-ft2] 79783 79783 79783

Table 5.5 Process parameters for the two welds discussed (ω0: Initial angular speed; I:
Inertia; P : Ram pressure; Tw: Welding section thickness)

Test No. W1 W2

ω0 [RPM] 82 117.2
I [lb-ft2] 579783 329783
P [psi] 550 600
Tw [mm] 10 10

5.3.2 Rundown tests

The results from this second system confirmed the periodic oscillations associated with

the rotation of the spindle observed with the prototype. Fig. 5.17 shows the angular

and radial runout measured with the lasers and the LVDTs respectively against the

angular speed of the spindle, in which the values of runout were normalised against

the geometrical errors in the monitoring system detailed in chapter 4 and the resulting

values were scaled to compensate for the difference in size between the prototype

and validation system, to have comparable values. The MTI-2000B showed values of

runout in both radial and axial directions smaller compared to the MTI-300T, result

expected considering the extremely tight tolerances required on a production system

that manufactures aerospace components. Combining the reading of the two lasers,

then, it was possible to obtain the position of the spindle centre. As shown in Fig. 5.18,

this described approximately circular orbits, a result that confirms what observed with
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the prototype and that can be connected to the combination of geometrical errors

in the elements of the headstock and the plays inside components such as bearings.

This observation is confirmed by the scalograms in Fig. 5.19 obtained with the same

implementation of the continuous wavelet transform described in section 5.2.1, which

compare the frequency content of the runout over time against the angular speed of

the spindle. In fact, observing that the majority of the frequency content for the radial

and axial oscillations is in phase with the headstock angular speed (red dotted line),

the oscillations are likely to be connected to the orbiting of the spindle rather than to

additional effects.
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(a) (b) (c)

Fig. 5.17 Normalised axial and radial runout of the machine spindle measured with
LVDTs and lasers during a rundown test for three different speed ranges: (a) Runout
for angular speed between 295 and 200 RPM; (b) Runout for angular speed between
179 and 120 RPM; (c) Runout for angular speed between 84 and 23.5 RPM.
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(a) (b) (c)

Fig. 5.18 Position of the spindle centre calculated from the readings of the two lasers
for the three speed ranges in Fig. 5.17: (a) Angular speed between 295 and 200 RPM;
(b) Angular speed between 179 and 120 RPM; (c) Angular speed between 84 and
23.5 RPM.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5.19 Scalogram (continuous wavelet transform) for the radial and axial runout
showed in Fig. 5.17 with superimposed graph of the spindle angular speed: (a)
Radial runout (angular speed between 295 and 200 RPM); (b) Axial runout (angular
speed between 295 and 200 RPM); (c) Radial runout (angular speed between 179 and
120 RPM); (d) Axial runout (angular speed between 179 and 120 RPM); (e) Radial
runout (angular speed between 84 and 23.5 RPM); (f) Axial runout (angular speed
between 84 and 23.5 RPM).
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5.3.3 Welding tests

Fig. 5.20 shows the thrust obtained averaging the values measured with the four axial

gauges (average thrust) and the torque from one of the two full bridges, with the

values of thrust and torque normalised against the peak thrust and the peak torque

respectively. The familiar behaviour for IFW can be observed with two torque peaks

in the conditioning and consolidation phases, while the thrust rapidly ramped up

from zero to the welding thrust. Despite reaching a stationary behaviour during the

consolidation phase, the thrust showed an initial transitory that culminated with a

large fluctuation when the spindle was about to stop rotating. Also for this system,

it was possible to observe the effect of the impact at part contact, which induced an

initial spike in the thrust and torque signals (A), and the torsional oscillations at the

final spindle stoppage, clear from the torque signal (B).

Fig. 5.20 Normalised thrust and torque measured with the monitoring system during
a weld in which it is possible to note the impact at part contact (A) and the final
flywheel oscillations (B) when the spindle is about to stop rotating
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Another aspect of primary importance is the spindle dynamics. It was observed

during the rundown tests that the spindle was characterised by a periodic runout in

axial and radial directions. Fig. 5.21 shows the radial runout monitored with the two

lasers immediately before part contact and during the weld, from which the transition

from a periodic behaviour to transient one is clear. Using the same normalisation

factor used for the rundown tests, it is possible to observe how not only the magnitude

of oscillation is lower compared to that measured on the MTI-300T, but also the

distortion of the signal during the welding is less evident, with the oscillations that

remain sufficiently in phase with the rotation of the spindle. These results are confirmed

by analysing the orbit plots for the spindle centre, obtained combining the readings of

the two lasers. In fact, from Fig. 5.22 it is possible to observe orbits of smaller diameter

and more regular shape. This difference between MTI-300T and MTI-2000B can be

explained with the different setup for the two machines, larger size and, consequently,

higher stiffness of the MTI-2000B.

Fig. 5.21 Graph of the radial runout measured by the two lasers in which the duration
of a full rotation of the spindle and the three main weld phases are highlighted

The behaviour in the axial direction is shown in Fig. 5.23. Fig. 5.23a compares the

output of one LVDT against the overall axial displacement of the tailstock, calculated

combining the readings of the three LVDTs, and shows the oscillations at part contact

connected to the partially inelastic collision when the two sides of the machine first
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(a) (b)

Fig. 5.22 Orbit of the spindle centre during the weld obtained combining the readings
of the two lasers shown in Fig. 5.21: (a) Overall plot thought the weld; (b) Orbit plots
for each of the last four revolutions shown in Fig. 5.21.

collide. To isolate the axial runout, the overall axial displacement of the tailstock

(upset) needed to be removed from the LVDTs output and behaviour in Fig. 5.23b was

obtained. Similarly to the radial runout, the periodic oscillations before part contact

become more irregular during the weld but less noticeable compared to that observed

for the MTI-300T machine.

Finally, Fig. 5.24 shows the thrust measured by each of the four axial gauges.

Despite the load oscillations in the conditioning phase, the strain gauges show a

more regular behaviour compared to that observed in Fig. 5.14 for the MTI-300T.

This difference can be justified by considering the smaller and more regular runout

measured during the weld and, consequently, much smaller bending effects in the

tailstock backstop where the sensors are installed. However, it is interesting to note

how the largest variation between the reading of the four gauges is localised in the
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conditioning phase. This factor can be justified with the imperfect contact between the

two workpieces in the first stage of welding when asperities can induce a partial contact

and, therefore, a pressure gradient in the circumferential direction, which, however,

tends to disappear when the surface imperfections are abraded and plastic deformation

occurs.

(a)

(b)

Fig. 5.23 Process upset and axial runout monitored during the welding by the LVDTs:
(a) Comparison between the reading of one LVDT and the overall axial displacement of
the tailstock calculated combining the readings of the three LVDTs; (b) Axial runout
obtained subtracting the output of the LVDT to the overall axial displacement of the
tailstock, in which the duration of a full rotation of the spindle and the three main
weld phases are highlighted.
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Fig. 5.24 Comparison of the normalised thrust measured by the four axial gauges in
which the duration of a full rotation of the spindle and the three main weld phases are
highlighted

5.3.4 Conclusions

A set of rundown tests and welds were completed on the MTI-2000B machine equipped

with the validation monitoring system, from these the following observations can be

drawn:

• Despite the larger size and different build of the MTI-2000B compared to the

MTI-300T, the two machines behaved similarly, confirming how the phenomena

observed with the prototype system were not system-related but rather connected

to the process;

• The impact at part contact and the torsional oscillations at the spindle stoppage

are a characteristic problem of the system for IFW, which can be attenuated

with a careful choice of the system parameters, e.g. gradual increase of the piston

thrust, but not completely eliminated;

• The headstock of an IFW machine is a complex rotordynamic system for which

a certain runout should be expected for misalignments induced by geometrical
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errors in the elements of the system and clearance for components like bearings.

The runout causes the workpieces to interact in non-ideal conditions, inducing

non-axisymmetric load contributions that contribute to the process loads and

contribute distorting the regular runout that characterises the spindle before part

contact;

• The stiffness and conditions of different machines can affect their dynamic response

to the process conditions; the monitoring system proposed proved effective in

comparing the behaviour of the two machines analysed.

5.4 Conclusions

In this chapter, the outcomes of a series of tests conducted with the monitoring systems

developed on two different IFW machines, an MTI-300T and an MTI-2000B, were anal-

ysed. On one side this allowed validating the concepts introduced with the monitoring

system proposed, while on the other they were used to draw interesting observations

on the real conditions during a weld and how the machine plays an important role in

the welding evolution. The conclusions of this study can be summarised as follow:

• The use of the monitoring system during the free spinning of the machine and

rundown tests can be useful to assess the headstock behaviour in absence of

process loads. In particular, a periodic runout in axial and radial directions in

phase with the angular speed was observed. The lack of a noticeable dependence

between the amplitude of oscillation and the spindle angular speed suggests a

static source of runout, such as the presence of geometrical errors in the elements

of the headstock and clearance in some key component, e.g. bearings, that cause

the spindle to rotate out of axis;
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• A change in behaviour of the runout was observed during the welding, with

larger and less regular oscillations. This was attributed to the compliance of

the machine headstock which deflects elastically to the process loads. Machines

of different size and build present different stiffness and react to the process

conditions differently. In particular, it was observed that the larger MTI-2000B

was less affected by the welding conditions, showing a smaller and more regular

runout compared to the MTI-300T;

• For the MTI-300T a model was developed to calculate an equivalent spindle

stiffness suitable to justify the change in runout during the welding. A value

of radial stiffness in the order of 108 N/m was obtained, which suggested the

bearings supporting the spindle should be regarded as the critical element for

the system compliance;

• The impact at part contact and the torsional oscillations when the spindle is

about to stop spinning are two critical aspects for the vibrational behaviour of

the system. Two dynamic models were developed to describe these phenomena.

They showed the ram thrust characteristic, the stiffness and damping of the

machine in the axial direction can be optimised to reduce the oscillations at part

contact, while the flywheel inertia, the torsional stiffness of the joint and the

viscous damping in the bearings control the oscillations in torsional direction;

• The runout of the machine spindle causes a non-ideal interaction between the two

workpieces and, consequently, a non-constant pressure distribution around the

weld interface. This was confirmed by the irregular axial strain measured with

the strain gauges around the circumference of the tailstock backstop. Comparing

the axial strain output for the two machines, it was possible to observe that larger

values of runout were related to a larger variability in strain. For the MTI-2000B
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machine this variability was particularly clear in the conditioning phase while for

the MTI-300T it extended also in the burnoff phase, but in both cases it ceased in

the consolidation phase. This result can be explained with the conditions at the

weld interface, in fact, while during the conditioning phase the two workpieces

have not reached a complete contact, contributing to the pressure gradient, and

in the burnoff phase the plasticised material provides limited constraint to the

relative motion of the two workpieces, in the consolidation phase the cooling

of the junction induces the material to regain strength and, therefore, act as a

constraint for the relative motion between the two workpieces;

• The similar results obtained with the monitoring systems installed on machines of

different size and build suggest that the phenomena monitored are characteristic

of the welding process rather than connected to a specific setup and it confirmed

the suitability of the approach developed in comparing the behaviour of similar

machines.





Chapter 6

Investigation of the dynamic

evolution of the alignment of the

workpieces

The results presented in chapter 5 showed how, in reality, several factors cause the

welding conditions to differ from the assumption of perfect axisymmetricity conven-

tionally adopted to study IFW. Among these factors, the headstock-tailstock runout

is particularly important because it affects how the two workpieces interact and is

connected with their final alignment. While it was observed in chapter 5 that the

constant runout before part contact could be explained with the misalignment in the

elements that constitute the headstock, it was observed that during the welding the

runout tends to become larger in magnitude and lose periodicity with the rotation

of the spindle. This aspect was explained with the non-axisymmetric loads induced

by the interaction of the two workpieces in non-ideal conditions and the compliance

of the headstock that deflects under these loads. In addition, considering the deep

impact that rotordynamic effects have on manufacturing processes that use machines

with similarities to the inertia welder, it is necessary to understand if these have an
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impact also in IFW. To study these factors, a novel approach was developed in which,

firstly a new technique was implemented to compute the equivalent loads generated

during the welding when the two workpieces interact, then a dynamic representation

of the spindle system was developed. Applying the equivalent loads computed to the

dynamic model and comparing the outputs with the experimental data from a set of

steel welds, it was possible to assess the contribution of the different phenomena on

the runout evolution during the process.

This study was restricted to tests conducted on the MTI-300T machine equipped

with the prototype monitoring system, however, its general approach makes it suitable

also for other IFW machines.

6.1 Methodology

To obtain an understanding of the physical causes for the runout during the process, a

novel methodology to compute the non-axisymmetric loads that originate when the

two workpieces interact in non-ideal conditions was developed. The loads were used

as input for a 3D dynamic beam representation of the machine spindle, the outcomes

of which were validated against the experimental data of strain and radial runout

extracted with the prototype monitoring system. Fig. 6.1 provides an overview of the

algorithm developed and outlines the two main steps of the approach:

Step 1 - Calculation of the equivalent loads originated by the interaction

of the workpieces during the welding: Values of pressure distribution at the

weld interface (1.2) were first obtained from the experimental data measured with a

monitoring system (1.1). These were converted into equivalent process loads and used

as input for an optimisation which adjusted the values of pressure to minimise the

error in two objective functions: an FE model of the monitoring system (1.3), in which
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the strain induced by the equivalent loads were compared to the experimental strain

and an analytical static representation of the spindle (1.4), in which the deflection

induced by the equivalent loads were compared to the experimental data of runout.

Fig. 6.1 Schematic representation of the approach used for the analysis of the runout
evolution during the welding
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Step 2 - Dynamic evolution of the runout during the process: First a 3D

dynamic representation of the machine spindle was developed using Timoshenko beam

elements and Harris’ theory to model the radial supports, then the equivalent loads

computed in step 1 (I.1) and the experimental angular speed were applied to the model.

Finally, the model’s outcomes were compared against the experimental data of runout

and the static representation developed in step 1 (1.4).

6.1.1 Loads induced by non-axisymmetric conditions

The process loads, in terms of torque and axial load, are conventionally obtained with

the sensors embedded in the inertia welder. These values, however, are intrinsically

smoothed by the remote location of the sensors relative to the weld zone, which induces a

sensitivity loss to the local phenomena induced by the interaction of the workpieces. To

address this limitation, a novel approach to compute equivalent process loads, starting

from the experimental strain conditions near the weld zone, was developed. Ultimately,

the approach aims to provide a more accurate representation of the loads generated

during a weld when the two workpieces interact under non-idealised conditions.

The approach is based on the observation that the process loads, along with the

weld evolution, are guided by the conditions at the interface of the two workpieces.

For this reason, the values of axial load at specific circumferential positions (FAi
) were

interpolated over the welding surface, discretised with a structured mesh and finally

used to compute the equivalent loads (FAtot , FTx and FTy) and moments (Mx, My), as

shown in Fig. 6.2 and detailed in Eq. 6.1-6.5.
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Fig. 6.2 Graphic representation of the axial
and tangential load contributions on the
welding surface of the workpiece

Normal direction

FAtot (t) =
∑

FAi
(t) (6.1)

Mx (t) =
∑

FAi
(t) · ri · sinθi (6.2)

My (t) =
∑

FAi
(t) · ri · cosθi (6.3)

Tangential direction

FTx =
∑

µ(t)FAi
cos

(
θi + π

2

)
(6.4)

FTy =
∑

µ(t)FAi
sin
(

θi + π

2

)
(6.5)

The tangential loads expressed by equation (6.5) make use of the concept of an

equivalent friction coefficient [40] and were calculated from the contributions of the

axial loads and the experimental torque (T ) as:

µ(t) =
∑

FAi
(t) · ri

T (t) (6.6)

It is important to note two aspects, firstly the experimental measurements used

as the input to compute the axial contribution over the welding interface provide

just a coarse approximation of the actual pressure field, due to the limited number of

sensors which can be installed in the monitoring system. Secondly, the measurements

of axial load with strain gauges aligned with the axis of the spindle are not sufficient

to fully decouple the contribution of radial loads and moments, therefore multiple

combinations of loads can result in to the same value of strain measured experimentally.

For this reason, the load components cannot be obtained directly from the experimental

measurements, but rather the equivalence between the model and the actual system is

ensured with an optimisation algorithm that iteratively updates the load components

to minimise the difference in strain and radial runout.
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To reduce the computational cost of the optimisation, rather than optimise the

value of each axial contribution, a third order Fourier series was used to describe the

axial load variation around the weld interface. The choice of a Fourier series over

other fit functions is justified by the expected fixture/spindle misalignment to be in

phase with the angular rotation of the spindle and, consequently, the pressure over the

weld surface to vary periodically. The parameters of the Fourier series were updated

by the optimisation algorithm so that the value of the two objective functions were

minimised. The first objective function compares the experimental strain at different

points in the monitoring system with the solution from a 3D FE model of the backup

when the equivalent loads are applied (1.4 in Fig. 6.1) while the second compares the

experimental runout of the spindle with the displacement induced in a static beam

that represents the spindle (1.3 in Fig. 6.1). Neglecting the axial contribution and

analysing separately the two orthogonal directions X and Y, the problem becomes

planar and can be studied with the model in Fig. 6.3 for which the load and moment

equilibrium equations can be respectively written as:

FbA
(δA)−FW +FbB

(δB) = F (6.7)

−FW · lg +FbB
(δB) · l1 = F · ltot +M (6.8)

where FbA
and FbB

are the reaction forces of the rear and front supports respectively,

δA and δB the displacements of the shaft at the support locations, FW the weight

of the spindle, F the equivalent radial process load, lg the position of the centre of

mass of the spindle shaft, l1 the distance between the supports and ltot the overall

length of the spindle shaft, including the tooling and workpiece. All the dynamic

effects, such as spindle rotation and the damping of the supports, were neglected in this

model, however, their quantitative influence on the system response was investigated

by analysing the rotordynamics of the spindle, as it will be shown in section 6.1.2. IFW
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machines conventionally have a combination of bearings to support the spindle [13, 25]

and for this study a single cylindrical roller bearing was assumed for the rear support

and a combination of a deep groove ball bearing and a cylindrical roller bearing for the

front support. Using the approach presented by Harris [91], the relationship between

the radial load acting on the bearing (Fb) and the radial displacement of the bearing

(δr) can be obtained summing the components acting on each rotating element as:

Fb = ZKn

(
δr − 1

2Pd

)n

Jr

(
ϵdf

)
(6.9)

where Z is the number of rolling elements, Kn the deflection constant that takes into

account the deformation of a rolling element, assuming Hertzian contact with the

bearing races, Pd the diametral clearance, n a constant that depends from the type of

rolling element (3/2 for ball bearings and 10/9 for roller bearings), Jr the radial load

integral and ϵdf the load distribution factor, which can be expressed as:

ϵdf = 1
2

(
1− Pd

2δr

)
(6.10)

Since the radial integral is a function of ϵdf , which includes δr, a direct solution

of equation Eq. 6.9 is not possible. Therefore, when the value of external load Fr is

known, the deformation of the bearing, δr, can be obtained by iteratively solving the

equation; first a guess value of δr is assumed and used to compute the radial load

integral, following this the value of δr was updated until the two sides of Eq. 6.9

were equal. Using the representative dimensions reported in Table 6.1, the radial load-

displacement characteristic for the two types of bearings were computed. From these,

the load-displacement characteristics for the rear and front supports were determined

as shown in Fig. 6.4, where the front support was obtained considering a single roller

bearing while the rear a combination of ball and roller bearings.
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Fig. 6.3 Static analytical model for the study of the spindle deflection with details of
the bearings adopted for the rear and front supports

Table 6.1 Bearing specifications

Ball bearing Roller bearing

Bore diameter d 400 mm 400 mm
Outer diameter D 600 mm 600 mm
Bearing width w 90 mm 90 mm
Diametral clearance Pd 100 µm 100 µm
Number of rolling elements z 15 26
Width roller wr - 50 mm
Ball diameter db 60 mm -

Fig. 6.4 Load-displacement curves for the front and rear supports of the spindle
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6.1.2 Dynamic representation of the machine spindle

To assess the influence of dynamic phenomena on the runout of the spindle, a study

using the beam model presented in Fig. 6.5 was carried out. The system comprises: a

variable section Timoshenko beam partitioned into 14 segments; the radial supports,

using the same bearing configuration considered for the static model in section 6.1.1;

and a rigid connection beam which represents the elements between the front radial

support and the workpiece (thrust bearing, tooling and the flywheels). The choice of

a rigid connector rather than a flexible beam is motivated by the significantly larger

stiffness of the thrust bearing and tooling compared to the shaft that supports the

flywheels, which makes the deflection of these elements negligible. Table 6.2 summarises

the geometrical details of the beam model.

Fig. 6.5 Beam model analysed for the dynamic study (A: Beam model with details of
the supports and nodes; B: Rigid connector beam; C: Beam profile render; D: CAD
representation of the radial supports; E: Experimental angular speed; F: Equivalent
process loads) (Based on an MTI’s proprietary design)
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Table 6.2 Geometrical specifications for the beam model studied in the dynamic
characterisation of the system

Segment Nodes ID Inner diameter Outer diameter Length

1 1-2 300 mm 400 mm 100 mm
2 2-3 300 mm 450 mm 160 mm
3 3-4 300 mm 1660 mm 90 mm
4 4-5 300 mm 1660 mm 90 mm
5 5-6 300 mm 1660 mm 90 mm
6 6-7 300 mm 1660 mm 90 mm
7 7-8 300 mm 1780 mm 45 mm
8 8-9 300 mm 630 mm 110 mm
9 9-10 300 mm 610 mm 140 mm
10 10-11 300 mm 590 mm 140 mm
11 11-12 300 mm 570 mm 140 mm
12 12-13 300 mm 530 mm 130 mm
13 13-14 300 mm 450 mm 90 mm
14 14-15 300 mm 400 mm 200 mm
15 15-16 - (Rigid connector) - (Rigid connector) 2000mm

The equation of motion for this model can be written in the form [100, 167]:

[M ]
{
Ü
}

+([C]−ω [G])
{
U̇
}

+[K]{U} = {F} (6.11)

where [M ] is the mass matrix, [C] the damping matrix, [G] the gyroscopic matrix,

ω the angular rotation of the shaft, and {U} and {F} the coordinates and loads

vectors. Neglecting the effect of material damping, the terms in the stiffness matrix

were obtained from the load/displacement characteristic curves presented in section

6.1.1 while a constant damping coefficient of 1000 Ns/m was considered to populate

damping matrix [168, 169]. The experimental time-dependent value of angular speed

was adopted to have realistic rotordynamic loads and, finally, the equivalent process

loads computed in section 6.1.1 were used to populate the load vector. The resulting

system of equations was solved using the commercial finite element software Abaqus.
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6.1.3 Process parameters

A set of steel welds (EN19) were carried out on the MTI-300T hybrid welder equipped

with the prototype system monitoring. The welds shared the same values of initial speed

(ω0), ram pressure (P ), flywheel inertia (I), and wall thickness of the welding section

(Tw) to ensure the repeatability of the results; Tab. 6.3 summarises the numerical

values.

Table 6.3 Process parameters and wall thickness for the welds analysed

ω0 [RPM] 165
I [lb-ft2] 60,957
P [psi] 500
Tw [mm] 13

6.2 Results and discussion

The results obtained by applying the methodology developed to the set of steel welds

will be presented in this section. First, the outputs of the algorithm to compute the

equivalent process loads are presented, then the process loads are applied to the dynamic

representation of the machine, finally, the comparison of the machine behaviour in

static and dynamic conditions will allow conclusions to be drawn on the main causes

behind the runout evolution during welding. While considering through the results, it

is important to remember that the proposed approach aims to gain an insight into the

physical phenomena connected to the runout evolution in IFW and that it should not

be interpreted as a predictive model. For this reason, the results of only a few of the

welds carried out will be presented as a representative case study, with the conclusions

maintaining a general perspective rather than being specific to the machine setup or

welding parameters.
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6.2.1 Pressure distribution on the weld interface

Using the approach described in section 6.1.1 the pressure distribution over the weld

interface was computed. Fig. 6.6 shows the interpolated pressure fields for one of

the welds at five different time instances: initial contact between the workpieces (P1),

halfway through conditioning (P2), end of conditioning (P3), end of burnoff (P4), and

flywheel stoppage (P5), normalised against the nominal interface pressure caused by

the axial load exerted by the ram.

Fig. 6.6 Normalised pressure distribution at the weld interface for five time instances
(P1, P2, P3, P4 and P5) during the welding
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As initially assumed, the results show that the pressure distribution around the weld

surface is not axisymmetric, with the variation more severe in the initial phases (P1-P3)

compared to the end of burnoff and consolidation (P4, P5). This result can be explained

considering how the inevitable geometrical imperfections and misalignments in the

workpieces, which cause an uneven pressure distribution, get smoothed out during

the conditioning and the beginning of burnoff due to the abrasion of the asperities

at the weld interface and the plastic deformation. This aspect becomes particularly

clear when calculating the standard deviation of the normalised pressure around the

circumference, as shown in Fig. 6.7. In fact, the standard variation is much larger

during conditioning and burnoff, while it drops in the consolidation phase, confirming

a larger dispersion from the average pressure values.

Fig. 6.7 Standard deviation of the pressure distribution at the weld interface showing
larger variability in the first stages of the welding

A final aspect of interest in the analysis of the pressure distribution is the position

over time of the peak pressure around the circumference, shown in Fig. 6.8 for three

different welds run with the same process parameters. When comparing the position of
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the peaks against the spindle rotations, it is possible to observe that even if a periodic

behaviour is present, the peak pressure location is out of phase with the angular

rotation of the spindle. Combining this with the different shape of the curves and,

consequently, location of the pressure peaks over time for the three cases, it is possible

to conclude how this behaviour must be affected mainly by the variable conditions at

the interface of the workpieces rather than the system or its set-up.

Fig. 6.8 Angular position of the pressure peak location around the weld interface during
the welding for three welds carried out using the same process parameters, from which
it is possible to observe periodicity in the peak location but a different behaviour
among the three welds

6.2.2 Equivalent loads and optimisation error analysis

Starting from the values of pressure distribution at the workpiece interface, the equiva-

lent process loads were determined. Fig. 6.9 shows the values of force, normalised to

the peak load in the axial direction (Fz), and the moments, normalised to the peak
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torque (Mz), for one of the welds. Large non-axisymmetric loads can be observed, with

the radial forces (Fx and Fy) and moments (Mx and My) that show peak values 40%

larger than the peak axial force (Fz) and torque (Mz) respectively. In addition, these

loads follow a trend similar to that of the spindle runout (Fig. 6.10b), with larger

oscillations during the conditioning and burnoff phases rather than in the consolidation.

This phenomenon can be explained by a combination of the perfect contact between

the two workpieces at the end of the process and the constraining action of the weld

that opposes the motion of the spindle when it acquires strength at the end of the

process. Analysing the force and moment in the axial direction of the spindle, Fz and

Mz, it is possible to see the characteristic behaviour typical of IFW. Fz presents first a

steep increase at the beginning of the process from zero to the peak load when the ram

is activated and the two workpieces are brought into contact. Then, after a transitory

period characterised by load fluctuations at the beginning of the burnoff phase, the

load tends to stabilize. Mz shows a steep rise at the beginning of the conditioning

phase, followed by a semi-stable value during the burnoff phase and a final peak when

the joint starts to cool down in the consolidation phase. The oscillations observed

during the burnoff phase can be connected once again to the intrinsically unstable

nature of the interface conditions.

The output of the two objective functions is shown against the experimental data

in Fig. 6.10. The first objective function shows a good agreement in term of strain for

the four axial gauges, with a similar mean absolute error of 0.17 (normalised strain)

for the four strain gauges, while the comparison for the torsional strain is not included

because the error is two orders of magnitude smaller than the one in the axial direction

and therefore negligible. This is a consequence of the approach for calculating the

friction coefficient, in which the experimental torque is used to obtain an equivalent

friction coefficient (Eq. (6.6)). Fig. 6.10b compares the displacement obtained from the
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second objective function with the experimental radial runout, in which it is possible

to observe again a good match between numerical and experimental data with a mean

absolute error of 0.09 (normalised runout) for both X and Y directions.

These results show that the proposed technique is capable of calculating equivalent

process loads able to verify with a good approximation the equivalence in strain and

displacement conditions between the numerical and the experimental data, using an

inverse approach that makes use of experimental parameters easier to measure. In

addition, the good match in displacement shown in Fig. 6.10b is of primary importance

for the current investigation because the static analytical model used in the optimisation

algorithm disregards the rotation of the spindle along with all possible rotordynamic

phenomena. This result gives a first hint that the root cause in the runout behaviour

during the welding could be related to the reaction loads caused by the interaction of

the two workpieces rather than connected to the dynamics of the spindle.

Fig. 6.9 Normalised equivalent loads and moments in three orthogonal directions
obtained from the optimisation algorithm, from which it is possible to observe large
non-axisymmetric loads (Fx, Fy, Mx and My)
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(a)

(b)

Fig. 6.10 Comparison between the experimental data and the numerical data computed
with the optimisation: (a) Strain comparison at four locations 90◦ apart around the
backup’s neck; (b) Spindle runout comparison for the two orthogonal directions, X
and Y.
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6.2.3 Dynamic response of the system to the equivalent loads

To further investigate the influence of the loads generated by the interactions of the

workpieces on the runout, the dynamic representation of the machine spindle presented

in section 6.1.2 was used. Fig. 6.11 shows the response of the dynamic model in terms

of radial displacement when the experimental angular speed and the equivalent loads

calculated in the previous section are taken into account and compares it with both the

static solution (second objective function of the optimisation) and the experimental

radial runout. A very good agreement between the static and dynamic solutions can

be observed, with small differences (mean absolute error (normalised runout) of 0.029

in X direction and 0.048 in Y direction) ascribable to the flexibility accounted in the

Timoshenko beam elements used for the dynamic model but neglected in the rigid

beam of the static one.

Fig. 6.11 Comparison of the radial runout obtained with the static and dynamic models
and the experimental data
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The good agreement between the experimental data and numerical solutions sup-

ports the hypothesis presented in the previous section that the loads generated by

the non-ideal interaction of the two workpieces represents the major influence on the

runout evolution. This imperfect contact can be attributed to misalignment between

the fixture and spindle sides as well as geometrical imperfections in the workpieces.

6.3 Conclusions

This analysis challenged the popular assumption of treating IFW as a perfectly ax-

isymmetric process, showing instead how the two workpieces tend to interact during

the welding in non-ideal conditions due to the presence of small misalignments, which

induce considerable non-axisymmetric process loads. In fact, the analysis of a set of

steels welds completed on the MTI-300T industrial inertia welder equipped with the

prototype monitoring system showed significant non-axisymmetric loads and a non-

negligible runout. These phenomena can have a significant impact on the repeatability

and quality of welds, considering the strict geometrical tolerances on inertia welded

components for aerospace applications. For this reason, a novel approach was developed

to compute equivalent process loads from the measured strain data and it was possible

to observe how large radial loads and moments are induced by the interaction of the

workpieces when the system is analysed in non-idealised conditions. Then the loads

obtained were applied to two models, a static and a dynamic representation of the

inertia welder spindle, to analyse the system response and draw conclusions on the

physical causes of the runout observed. It is finally important to note that the approach

presented, even if developed specifically for IFW, is versatile enough to be applied to

rotary friction welders of different configurations.



188 Investigation of the dynamic evolution of the alignment of the workpieces

The outcomes of the study presented can be summarised as follows:

• The novel approach developed to calculate the equivalent loads generated by the

interaction of the two workpieces during the welding achieved a good agreement

with the experimental data, confirming its suitability as an inverse technique to

calculate the actual process loads from auxiliary parameters easier to monitor

during the welding (strain and runout). More specifically, the optimisation

algorithm converged to solutions able to satisfy two objective functions: an FE

representation of the monitoring system used to extract the experimental data,

which ensured a load equivalency between the numerical solution and experiential

data, and a static representation of the machine spindle, which compared the

deflections induced by the equivalent process loads in a non-rotating rigid model of

the spindle with the experimental data. The second objective function, required

to avoid local minima in the solution, indicated how static effects could be

sufficient to explain the runout observed in the machine spindle;

• The pressure distribution at the weld interface of the two workpieces calculated

with the optimisation algorithm showed large variations, suggesting how the

constant pressure distribution conventionally assumed could be not representative

of the actual conditions during the welding but just a simplified assumption based

on averaged conditions. This was particularly noticeable during the conditioning

and burnoff phases, while it tended to flatten in the consolidation phase. The

pressure variation can be connected to the imperfect contact of the workpieces

during the conditioning phase and the unstable nature of the process in the

burnoff phase and it could be particularly significant due to the risk of generating

hot spots in the first phases of the welds at the localised pressure peaks;

• The equivalent process loads calculated from the pressure distribution at the

weld interface showed how significant radial loads and bending moments should
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be expected when non-idealised contact conditions between the two workpieces

are considered. In fact, along with the axial load and torque conventionally

considered in IFW, radial loads and bending moments showing peaks up to 40%

greater in magnitude than the experimental axial load and torque respectively

were obtained;

• The non-axisymmetric interaction loads between the two workpieces combined

with the flexibility of the spindle supports should be regarded as the major factor

in the runout evolution during the weld. First, a dynamic representation of the

machine spindle was developed using 3D Timoshenko beam elements, Harris

theory for the radial supports, the experimental data of angular speed and the

equivalent process loads calculated with the optimisation algorithm. Then the

results of this model were compared against the outcomes of the static model

used in the optimisation and it was possible to conclude that no noticeable

rotordynamic effects influenced the response of the system.





Chapter 7

Conclusions

This chapter will present a summary of the key aspects analysed in this research,

highlighting the contribution of this research to the scientific knowledge of the field,

while providing an approach that can also prove useful in an industrial environment.

Firstly, section 7.1 will present a brief summary of the capability of the approach

developed and how it can be applied to a generic inertia welder, then section 7.2 will

discuss the conclusions of this research from an academic viewpoint. Finally, section

7.3 will present new opportunities that this work has opened for further research.

7.1 A novel approach for the characterisation of

the system performance in IFW

The novel approach developed can be summarised with the schematic in Fig. 7.1, in

which three main steps can be observed.
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Fig. 7.1 Schematic representation of the novel approach developed for the character-
isation of the system performance in IFW (1: Design and manufacturing stage; 2:
Experimental assessment; 3: Methodology for the analysis of the experimental data)

Step 1 - Design and manufacturing: The key aspect of the novel approach

proposed is a monitoring system designed as an interface between the workpieces and

the machine, serving at the same time as fixturing for the workpieces (2) and physical

support for the instrumentation (4).
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Dimensioning the custom backstops (1) accordingly to the specific tooling of the

inertia welder to be analysed, the system can fit machines of almost any dimension. In

addition, the modular design of the fixturing system for the workpieces can accommo-

date workpieces of various geometry, simply changing the number and dimensions of

the keys and the type of radial grippers. The diameter and length of the backstop neck

(3) can be optimised to study the desired working conditions of the machine. This

element should be strong enough to withstand the peak loads but sufficiently compliant

to allow a strain measurable with the strain gauges, while the length should be selected

to avoid geometry effects where the strain gauges are installed and minimise the stick

out of the backstop from the machine tooling. A final aspect of great importance is

the assessment of the geometrical accuracy of the backstops after manufacturing. In

fact, when the sensors measure the relative runout between headstock and tailstock, it

is necessary to remove the geometrical error intrinsic in the backstops from the actual

dynamic behaviour of the spindle. The key dimensions to analyse are the flatness

between the front and back face of the backstops and the concentricity between the

section clamped by the machine collet and the front face. In addition, for the tailstock

backstop, it is necessary to assess the position of sensors like lasers and LVDTs, the

output of which is deeply affected by position errors.

The monitoring system was designed to carry strain gauges, laser displacement

sensors, LVDTs, an encoder and a triaxial accelerometer. The strain gauges were used

to measure the frictional torque and the thrust exerted by the piston. Four stacked

0◦/45◦/90◦ 3-element rectangular rosettes were installed 90◦ apart around the neck

section of the tailstock backstop. With this configuration, the four 45◦ gauges, aligned

with the backstop axis, were connected in quarter bridge configuration and used to

have four independent measurements of the thrust exerted by the ram; the average

of the four gauges can be used to assess the behaviour of the piston, i.e. ensure that
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the theoretical and experimental thrust coincide, while comparing the reading of each

gauge it is possible to make considerations on the axisymmetricity of the thrust. The 0◦

and 90◦ gauges of opposing rosettes can be connected in full bridge configuration and

used to measure the frictional torque. While one full bridge is sufficient to obtain the

torque and additional bridges are beneficial just in term of redundancy, numerous axial

gauges are advantageous to have a better resolution studying the thrust variation in

the circumferential direction. The lasers and LVDTs can be used to measure the radial

and axial runout respectively. In the design proposed, two lasers 90◦ apart and three

LVDTs distributed around the backstop circumference were adopted. Having two lasers

in orthogonal directions instead of a single one allows a 2D description of the spindle

centre location throughout the process to be obtained, while three LVDTs are necessary

to characterise the angular misalignment between headstock and tailstock. In fact, the

LVDTs positioned between the two backstops capture the superposition of the process

upset and the angular misalignment, fitting a plane through the three points measured

by the LVDTs, the upset (the overall translation of the plane) can be separated from

its orientation (direction of the normal to the plane). The choice of different sensors to

measure the runout in axial and radial directions was dictated mostly by the favourable

form factor and the capability to accommodate for the relative motion of headstock

and tailstock, rather than by considerations of accuracy and sampling rate. In fact,

since the runout is a macroscopic effect with a frequency related to the angular speed

of the machine (in the order of few Hz) both sensors are suitable for the application.

The triaxial accelerometer was selected to capture high frequency signals and it needs

to be installed as close as possible to the weld interface to minimise the noise coming

from the machine. In IFW the speed of the spindle gradually decreases down to zero

RPM, therefore, a large frequency response range should be considered, with the peak

oscillations both in magnitude and in frequency that should be expected at impact at
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part contact and in the final instants of rotation of the flywheel. The magnitude and

frequency of the peaks depend on the process parameters chosen, the weld geometry,

and the machine setup. A final aspect to consider regarding the accelerometer is the

connection to the backstop, due to the large vibrations and the relatively large mass of

a triaxial accelerometer, semi-permanent mounting making use of epoxy glue or a screw

connection should be preferred to mounting wax or other forms of light connection.

The encoder can be useful to assess the performance of the machine encoder, however,

some aspect has to be considered in its development. Firstly, the encoder should be

able to account for the relative motion between headstock and tailstock, therefore

non-contact sensors, e.g. magnetic encoders, should be preferred when designing a

custom sensor is not possible. Secondly, it should provide enough resolution (i.e. the

number of pulse per revolution) to characterise the spindle deceleration.

Final considerations regard the safety against thermal damaging of the sensors and

their calibration. In the initial assessment of the system conducted with the prototype,

it was observed that having installed the sensors on the backstop rather than on the

workpiece proved successful in avoiding thermal damage, with peak temperatures just

a few degrees above room temperature. Finally, considering the limited access to IFW

machines for research analysis, it is convenient to calibrate the sensors before installing

them on the backstop and the periodic re-assessment of their performance is suggested

to ensure that no damage or loss of calibration occurs.

Despite the sensors selected proved effective in characterising the process evolution

and the machine response for the case study presented, the modularity of the monitoring

system allows to easily remove, replace or add additional sensors with only minor

modifications.

Step 2 - Experimental assessment: Once the monitoring system has been manufac-

tured, assembled and calibrated, the following step is the extraction of the experimental
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data necessary for the methodology developed. This can be obtained from a set of

rundown tests and welds.

The rundown tests give information on the machine behaviour in unloaded conditions

and, when possible, the machine should be tested over the full range of angular speeds

and flywheel inertia conventionally used to weld. It is worth noting that for large

machines equipped with high inertia flywheels, a full rundown test from the initial

speed down to zero RPM can result in an extremely long test duration. When this is

not acceptable, the test can be split over several speed ranges, exchanging a continuous

characterisation over the speed interval for a shorter overall duration.

To analyse the response of the system to the welding conditions, a set of welds can

be devised with process parameters that span over the range of interest; to minimise

the number of tests without restricting the range of the parameters, techniques like

Design of Experiments (DOE) can be used. In the approach developed, the focus

was on the machine behaviour rather than on the weld characteristics, therefore the

workpiece design was optimised to be simple and economically convenient, with the

only constraints of being compatible with the tooling of the custom backstops and

a welding section suitable to achieve the desired upset for the process parameters

selected. Despite this, the geometry and the material of the workpieces can be changed

according to the needs.

Step 3 - Methodology: The range of sensors installed in the monitoring system

and the relatively high sampling frequency required to monitor a transient process like

IFW produce a large volume of data during the tests. These need to be processed

with a methodology able to filter out the undesired noise induced by the multitude

of sub-systems embedded in the inertia welder and extract information useful to

characterise the weld evolution and the machine performance. In addition, having a
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well-defined methodology to apply systematically to all the tests is fundamental to

avoid inconsistencies and have comparable results.

In the case of rundown tests, the analysis of the spindle deceleration can be used

to calculate the energy losses in the bearings that support the spindle. In addition,

using the readings of the LVDTs and the lasers, it is possible to assess the periodic

and constant runout of the spindle. When instead the data from the welds is studied,

the response of the system to the welding conditions can be evaluated. Also in this

case the lasers and LVDTs provide an insight in the spindle runout, which, however,

can differ to that observed during rundown tests due to the reaction of the machine

to the process loads. Comparing the theoretical torque calculated from the spindle

inertia and the angular deceleration with the torque obtained from the strain gauges,

it is possible to get the process efficiency, while the comparison of the experimental

thrust with the theoretical one defined as process parameter can be used to diagnose

the behaviour of the ram. Then, comparing the complementary information provided

by the different sensors (e.g. strain gauges, LVDTs and accelerometer), it is possible to

analyse the vibrational behaviour of the machine, focusing in particular on part contact

and the last instants of rotation of the spindle, which were shown presenting the peak

oscillations in the axial and torsional directions respectively. Finally, the sensors in

the monitoring system, which can easily be removed from the system, calibrated and

installed before a test on the machine, can be used to assess the performance of the

machine sensors, which often cannot be accessed directly. In addition, parameters like

the runout and the process efficiency can be used to evaluate the state of key elements

in the system, e.g. bearings, carry out periodic maintenance inspections of the machine

and understand their contribution to process drift.

The experimental data provided by the monitoring system, therefore, allows obtain-

ing a full spectrum characterisation of the process evolution and machine behaviour.
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When this data is used as input for the methodology presented in chapter 6 it possible

to gain a more deep understanding of the physical implications of the phenomena

monitored, e.g. how a certain runout not only can affect the final alignment of the

workpiece but also the consequences on the interface pressure or the way a specific

build configuration and setup of the machine can affect the spindle dynamics.

As shown in the previous chapters the monitoring system is self-contained and

easily scalable to fit machines of different size, these characteristics make it suitable

to compare different machines. In fact, after having run a set of tests to characterise

the first machine over the range of parameters of interest, the monitoring system can

be disassembled, installed on a second machine and used to run analogous tests. The

comparison of the data extracted allows determining whether the two machines behave

similarly, with a more deep insight compared to the simple comparison of the welds.

7.2 Conclusions

In chapter 2, a review of the available literature about IFW was presented, from which

several research gaps were observed. Among these, two in particular were investigated:

the assessment of weld evolution in non-idealised conditions and the dynamic response

of the system to the process conditions. On one hand, it was clear that despite

problems with the traditional fixturing used in IFW and deflection of the machine

to the large process loads were documented, oversimplified modelling techniques that

assume the process as perfectly axysimmetric with the workpieces clamped by infinitely

rigid fixtures are conventionally adopted. On the other hand, despite the analysis

of the machine reveals how the spindle represents a complex rotordynamic system

and manufacturing processes with similarities to IFW showed that dynamic effects

can have a great impact on the process evolution, no study addressed the dynamic

analysis of IFW. To fill these research gaps, firstly, a novel monitoring system suitable
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to characterise the machine behaviour with the in-process measurement of key aspects

was developed, then a supporting methodology was devised to analyse the experimental

data and extract evidence to question the axisymmetric assumption usually adopted to

analyse IFW. Finally, the dynamics of the system was studied to gain an understanding

of the physical causes behind the phenomena observed and how they can impact on

the interaction between the workpieces. The following section will provide a summary

of the main academic contributions.

7.2.1 A novel monitoring system for IFW

Section 7.1 summarised the technical aspects of the monitoring system developed,

from which it is already possible to observe how this system represents a step forward

compared to the other solutions presented in the literature. The key aspects introduced

with the monitoring system can be summarised as follows:

• The monitoring systems available in the literature were devised to study a specific

feature of the process. This approach fails in providing a holistic view of the

system behaviour that, however, is necessary to address fundamental aspects

of IFW, such as the non-idealised interaction of the workpieces. The approach

proposed allowed to identify unexpected phenomena, while, comparing the output

of different sensors measuring complementary factors at the same time, it helped

in understating the physical causes behind the behaviour observed;

• Despite being developed to accommodate a certain set of sensors, the design of the

monitoring system is suitable as a research platform for additional analysis. In fact,

one of the biggest limitations in studying IFW is to bring the instrumentation close

to the weld interface due to the limited space available and the relative motion

between headstock and tailstock, which often prevents phenomena connected to

the welding to be isolated from the noise of the machine. Using the backstop
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rather than the machine tooling to hold the workpiece allowed the stick out of

the backstops from the machine collet to be optimised to fit the desired sensors,

while minimising the negative effects on the alignment of the workpieces;

• One of the main objectives while designing the monitoring system was to create

a system easily scalable to compare the performance of different machines. This

aspect, in fact, is not only useful from an industrial viewpoint, allowing to assess

if two machines can be considered interchangeable but, most importantly, it is

necessary to assess the generality of the phenomena observed. This represents a

significant step forward from the works available in the literature, which always

consider data from a single machine, disregarding the influence that the dynamics

of the headstock or the effect of the multitude of subsystems inside the inertia

welder can have on the system behaviour and the process outcomes.

7.2.2 An approach to characterise the process evolution and

the system response

During the research work, two monitoring systems were developed, a first one to fit an

MTI-300T machine and a second one for an MTI-2000B. The two machines differ in

terms of size, build configuration, and year of construction, with the smaller and more

recent MTI-300T that presents flywheels located in between the bearings that support

the spindle while the MTI-2000B has flywheels installed in a cantilever configuration.

Despite the geometrical differences, however, the two monitoring systems were designed

to provide comparable data. For both systems, a set of rundown tests and steel welds

were carried out to extract experimental data. One of the biggest challenges was

to devise a methodology capable of dealing with a large amount of data, filter out

undesired components and highlight the physical causes behind the system behaviour,

with an approach that could be applied sequentially to all the tests to ensure that the
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outcomes were not affected by inconsistencies in the methodology. From this analysis

the following observations can be drawn:

• The analysis of the evolution of the alignment between headstock and tailstock

showed that, during the rundown tests, the spindle was characterised by a runout

in phase with the angular speed and a magnitude approximately constant, which

was explained with the spindle rotating out of axis due to geometrical errors and

clearance in the key elements of the headstock, such as bearings. During welding,

oscillations up to five times the values in the rundown tests and no longer in phase

with the spindle speed were measured. This change could be attributed mainly

to the compliance of the machine to the loads induced by the interaction of the

two workpieces. Comparing the data from the MTI-300T and the MTI-2000B

machines, the MTI-2000B showed a smaller and more regular runout compared to

the MTI-300T, which can be explained considering the larger size of this machine

and, consequently, higher stiffness. In addition, the comparison of the runout

magnitude showed how this can vary from machine to machine depending on

how well the spindle is centred and the headstock stiffness;

• The axial strain showed large variations in the circumferential direction for

both machines even if with different behaviour. For the MTI-300T, large strain

oscillations were observed during the conditioning and the burnoff phases, while

the MTI-2000B, showed smaller strain oscillations and mainly localised in the

conditioning phase. This behaviour, similar to what observed for the runout,

suggests a correlation between the runout and non-axisymmetric loads, with the

workpieces that, when not perfectly aligned, generate non-axisymmetric loads,

which cause deflections in the system and, consequently, larger misalignments.

In addition, the drop in variability at the beginning of the consolidation phase

can be justified considering that when the weld cools down and gains strength,
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its constraining action prevents large relative displacements between headstock

and tailstock and strain variability;

• Despite being a parameter of primary importance on the response of the machine,

the radial stiffness of the headstock is typically not known. In fact, while the

machine manufacturers can provide information on the stiffness of the bearings

that support the spindle, this can vary significantly depending on the bearing

clearance, lubrication and wear. For this reason, an inverse approach to calculate

an equivalent radial stiffness of the headstock starting from the data of runout and

strain was devised. Applying the technique to the MTI-300T, a radial stiffness

of 108 N/m was obtained, a value that suggests the bearings that support the

spindle are the critical element in the system compliance. This technique can

prove particularly useful for periodic inspection of the system health.

7.2.3 Analysis of the dynamic response of the system to the

process conditions

The machine for IFW is characterised by a spindle carrying flywheels of large inertia

supported by a combination of radial and axial bearings, which rotates at relatively

high and non-constant angular speed and is subject to significantly high process loads

induced by the interaction of the two workpieces pressed together by a ram. Considering,

in addition, the rapidly evolving conditions at the weld interface, it is clear the machine

for IFW is a complex dynamic system. Despite a large number of articles published in

the literature have highlighted that for machine tools properties like the dimensional

accuracy and surface finish of the process outcomes are directly connected to the

dynamic properties of the system, no study carried a rigorous analysis on the dynamics

of IFW. To fill this research gap, firstly, the impact between the two workpieces at part

contact and the torsional oscillations when the spindle is about to stop were analysed,
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describing the dynamics of the system with the theory of oscillators. Then the runout

evolution and its relationship with the pressure distribution at the weld interface

were analysed. After having devised an approach to convert the equivalent pressure

distribution calculated from the output of lasers and strain gauges into equivalent

process loads, the rotordynamics of the spindle was studied to analyse the contribution

of the dynamic components and the process loads on the runout evolution during

welding. The main conclusions of this analysis can be summarised as follows:

• The study of the vibrational behaviour suggested that the impact at part contact

and the torsional oscillations in the last instants of rotation of the spindle are

particularly important, showing the peak vibrations in the axial and torsional

directions respectively. The dynamic analysis of the two phenomena showed that

modulating the load exerted by the ram, tuning the stiffness and damping of the

machine, the axial vibrations at part contact can be minimised. To reduce the

torsional oscillations, detrimental to the newly formed joint because resulting

in a high frequency impulse while it has not yet acquired full strength, it is

possible to optimise the flywheel inertia, the torsional stiffness of the joint and

the viscous damping in the bearings. However, considering the inertia welder,

differently from a CFDW machine, is not equipped with an external brake, makes

it impossible to completely remove the torsional oscillations;

• To investigate the correlation between the non-ideal alignment of the workpieces

and the conditions at the weld interface, a novel approach to compute the equiv-

alent weld pressure was devised. A large pressure variability in circumferential

direction during the conditioning and the burnoff phases was observed, while

more constant values were obtained for the consolidation phase. Converting

the pressure field into equivalent process loads, large radial components and

bending moments were obtained, with peak values for the MTI-300T almost 40%
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of the experimental peak axial load and torque respectively. Therefore, while

the axisymmetric assumption can hold in an average sense, when local effects at

the weld interface or the precise evaluation of the loading conditions need to be

studied, the 3D modelling of the system with workpieces interacting in non-ideal

conditions can be necessary. In addition, the correlation between misalignment

and pressure gradient at the weld interface stresses the importance of having a

rigid and well-balanced headstock to minimise temperature gradients, hotspots,

uneven expulsion of flash and, consequently, variation in the joint properties in

the circumferential direction;

• A 3D dynamic representation of the machine spindle was developed to gain

an understanding of the physical causes behind the dynamic response of the

system to the process conditions and shed light on the runout evolution. The

results showed that rotordynamic phenomena, such as gyroscopic moments and

centrifugal forces, were negligible on the behaviour of the spindle, confirming

how the machine stiffness and the process loads had the greatest influence on

runout evolution. The versatility of the approach makes it suitable to compare

the dynamic behaviour of different IFW systems and improve their dynamic

response.

7.3 Future work

The research work allowed to develop a novel monitoring system and a support

methodology that challenged the traditional approach of treating IFW as a perfectly

axisymmetric process, observing how the interaction between the machine and the

process conditions produces non-negligible effects. The good contributions to the field
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have opened opportunities to further research, some areas with particular potential are

here summarised:

Using the monitoring system as a platform for further analysis

• In this study, the workpieces used were of simplified geometry and produced in

steel. An aspect worth investigating is the effect that other materials and specific

workpiece geometries can have on the process evolution, an aspect particularly

important for the new generation superalloys, whose extremely high resistance

at high temperature makes it difficult to join. In addition, the versatility of

the system could foster the study for better techniques to characterise the weld

evolution, allowing researchers to install sensors in proximity of the weld zone,

which is not reachable with the default setup;

Correlation between the experimental data and the weld quality

• The approach developed focuses on the machine behaviour rather than on the

characteristics of the weld. Linking the data measured by the monitoring system

with the macrostructural, microstructural and mechanical properties of the weld

would have a great academic and industrial impact. In particular, knowing

the runout evolution and the equivalent pressure at the weld interface, it could

be possible to obtain the corresponding temperature field and understand its

variation in the circumferential direction;

• The monitoring system developed can be extended as an in-process approach

and use the data of runout and other complementary parameters to optimise the

machine setup in order to minimise the headstock/tailstock misalignment on the

final welded assembly and avoid hotspots;
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Assessment of the error associated with the axisymmetric assumption in

the numerical modelling of IFW

• Several aspects in disagreement with the axisymmetric hypothesis conventionally

adopted in the numerical study of IFW were presented. Researchers, starting

from these considerations, can quantify the difference between numerical models

developed under the axisymmetric assumption and a full 3D representation of

the system, taking into account aspects like the compliance of the system and the

non-perfect alignment between the two workpieces. This would allow deciding

in which cases the simpler axisymmetric formulation is justified and when more

realistic results could be obtained with a 3D modelling.
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Appendix A

Monitoring system - Health and

safety considerations

A.1 Assessment of the instrumentation

Table A.1, A.2, and A.3, summarises the health and safety specifications for the power

supplies, the controllers and the sensors installed in the monitoring systems. In addition

to what specified in these guidelines, the power supplies and the controllers should

be kept stored inside the provided storage rack at any time to minimise the chances

of technicians tripping over loose wires while operating the machine and to prevent

accidental contacts with dangerous elements of the system.
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Table A.1 Health and safety considerations for the power supplies used in the monitoring
systems

Power supplies

Component Specifications Considerations

RS Pro Digital
Bench Power
Supply (4 Out-
puts) [170]

• Output Voltage: 0 → 30 V, 0 → 5 V
• Output Current: 0 → 1 A, 3 x 0 →
3 A
• Power Rating: 195W
• Supply Voltage: 100 → 230V AC
• Input Connector: IEC 320
• Output Connector: Plug-In Terminal
Block

Turn the power off before working on
the power supply. Always follow the
local and national standards for
electrical safety. Do not open, modify,
or repair the unit. Use caution to
prevent any foreign objects from
entering into the power supply. Do not
use in wet locations or in areas where
moisture or condensation can be
expected.

NI PS-14 [171] • Output Voltage: 24 → 28 V
• Output Current: 2.7 → 3.3 A
• Power Rating: 80W
• Supply Voltage: 100 → 230V AC
• Input Connector: Spring connector
• Output Connector: Spring connector
• Notes: Enclosed in an electrical box
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Table A.2 Health and safety considerations for the controllers used in the monitoring
systems

Controllers

Component Specifications Considerations

NI cRIO-9066
[172]

• Voltage input range: 9 VDC to 30
VDC
• Maximum power input, without C
Series modules: 17V
• Safety voltage terminal to C terminal:
30 VDC max, Measurement Category I

Always operate the cRIO-9066 in agree-
ment to what specified in the manual. If
the product is damaged, return it to NI
for repair. The cRIO-9066 is suitable
for use in Class I, Division 2, Groups
A, B, C, D, T4 hazardous locations;
Class I, Zone 2, AEx nA IIC T4 and
Ex nA IIC T4 hazardous locations and
nonhazardous locations only. The prod-
uct was tested and complies with the
regulatory requirements and limits for
electromagnetic compatibility (EMC)
stated in the product specifications.

LK-G3001P
[173]
LK3101 [174]
(Laser con-
trollers)

• Power voltage: 24 VDC ±10%
• Current consumption: 500 mA or less
with 1 head
• Analog voltage output: ±10V × 2
outputs
• Ambient temperature: 0◦C ≤ Ta ≤
50◦C
• Analog current output: 4 to 20 mA
x 2 outputs, maximum load resistance:
350ω
• Relative humidity: 0% ≤ RH ≤
85%C

Do not alter or modify the controller
box. In case of damage return the prod-
uct to Keyence. When the controller
is turned on not touch the input and
output connectors.

AD598 LVDTs
signal condi-
tioner [175]

• Power voltage: 13 → 36 V
• Current consumption: 12 → 15 mA
• Excitation output voltage: 5V RMS
• Excitation output current: 30mA
RMS
• Frequency: 5kHz
• Signal output voltage: ±11V
• Signal output current: 6mA

The controller is enclosed inside a junc-
tion box to prevent damaging or con-
tact with electrified components. Do
not open, modify, or repair the unit.
When the circuit is powered up do not
touch the terminals.
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Table A.3 Health and safety considerations for the sensors used in the monitoring
systems

Sensors

Component Specifications Considerations

LK-G32 [173]
LK-031 [174]
(Laser head)

• Light source type: Red semiconduc-
tor laser
• Light source wavelength: 650 nm /
670 nm (visible light)
• Laser class: Class II (FDA CDRH
21CFR Part 1040.10), Class 2
(IEC60825-1)
• Laser output: 0.95 mW
• Enclosure rating: IP67 (IEC60529)
• Ambient temperature: 0 to +50◦C
• Relative humidity: 35 to 85 % RH
(No condensation)
• Reference distance: 30mm ±5mm

Eyes protection is usually guaranteed
by the aversion responses (exposure
time: approximately 0.25s). This is
expected to provide adequate protec-
tion under the intended usage condi-
tions (staff trained in the use of laser
displacement sensors). [176]

D5/400AG
(LVDT)

• Supply Voltage: 0.5 to 7V RMS
• Supply Voltage frequency: 5kHz

Low power sensor, safe provided its us-
age is restricted to what specified in the
user manual.

Kistler
8764B050BB
(Triaxial ac-
celerometer)
[177]

• Supply voltage: 22 → 30 V
• Supply voltage: 2 → 18 mA
• Output voltage: ±5V
• Operating temperature range:
-54 → 100◦C

The product complies with current
safety regulations (EMC certified). Op-
erate the sensors in accordance to the
guidelines described in the user man-
ual.

L2A-06-062WW-
350
(Strain gauges)

• Supply voltage: 3V Low power sensor, safe provided its us-
age is restricted to what specified in the
user manual.
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A.2 Handling of the mechanical setup

A.2.1 Prototype system

Considering the manageable dimension and weight of the prototype backstops, it was

possible to move the backstop using a trolley cart and install it inside the machine

tooling with the manipulator arm that equips the MTI-300T machine. Since clamping

directly the backstop could have potentially damaged the sensors, a lifting rod was

designed to slide inside the backstop and provide a feature that the manipulator could

clamp safely. The same lifting configuration for the two backstops was used, for this

reason, the validation for only the tailstock backstop will be shown, having this the

highest weight and, therefore, representing worst case scenario. As shown in Fig. A.1,

the lifting setup was completed by an adaptor plate (2), designed to connect to the

front face of the backstop, and a rear support (3) to be threaded on the backstop used

as the second point of contact for the rod (1).

(a) (b)

Fig. A.1 Lifting setup for the backstops of the prototype system designed to be clamped
and lifted with a manipulator arm equipped of claw gripper (1: Lifting rod; 2: Adaptor
plate; 3: Rear support)
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The validation of the configuration was accomplished with the FE model of the

system represented in Fig. A.2. To study a worst-case scenario, the rod was constrained

at one of the free ends, in fact, the manipulator would clamp the rod along the cylindrical

surface, reducing the arm and consequently the bending stress. The Mises stress caused

by the weight of the backstop (91 kg) is shown in Fig. A.3, from which it is possible

to observe how the stress in all the rod does not exceed 25 MPa, value significantly

lower than the yield strength for the EN08 steel used to manufacture the rod (280

MPa [178]).

Fig. A.2 Section view of the model analysed in the FE model in which the key dimensions
and constraints are shown



A.2 Handling of the mechanical setup 225

Fig. A.3 Mises stress in the rod caused by the weight of the backstop

A.2.2 Validation system

As shown in Fig. A.4a, the custom backstop could be lifted and manoeuvred using two

features: two M16 eye bolts (configuration A) and 4 M20 screws (configuration B).

Configuration A was developed to allow exceptional handling using a crane, while

configuration B was designed to use a manipulator arm equipped with a cruciform

interface to lift the backstop from the custom storage rack showed in Fig. A.4b into

the machine tooling.

(a) (b)

Fig. A.4 Custom backups lifting and storage details: (a) Detail of the two lifting
configurations; (b) Custom pallet (Acres) used to store the backstop when not used.
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To validate configuration A, an overall weight backstop equal to 500kg was assumed,

for which a safety factor of approximately 2 was obtained considering two M16 eye

bolts positioned close to each other and with a lifting angle between the crane ropes

smaller than 30◦, as shown in Fig. A.5.

Fig. A.5 Eye bolts specs (Adapted from http://www.iandplifting.co.uk)

To validate configuration B, instead, an FE model of the backstop was developed

to make sure the stress caused during the handling with the manipulator arm did

not exceed the material yield strength. As shown in Fig. A.6, the geometry of the

backstop was simplified removing small features, such as holes. Then, the front face

was constrained removing all the 6 DoF, while for the material a density of 8080 kg
m3 , a

Young’s Modulus of 205 GPa and a Poisson’s coefficient of 0.29 were chosen. Restricting

the analysis to the neck section, which represents the weakest portion of the backstop,

the Mises stress shown in Fig. A.7 were obtained. The stress did not exceed 1.2 MPa

in any point of the system that, considering a minimum yield for the material (EN36)

of 540 MPa, confirmed the suitability of the design for the lifting.



A.2 Handling of the mechanical setup 227

Fig. A.6 FE model developed to calculate the stress induced by the weight of the
backstop during lifting with a manipulator arm

Fig. A.7 Mises stress in the neck section of the backstop during lifting with the
manipulator arm





Appendix B

Assessment of plastic suitability in

withstanding process loads

As introduced in chapter 4, one of the key steps in the development of the novel

approach proposed for the monitoring and characterisation of the IFW system was the

choice of the workpieces to be used, including both the geometry and the material.

Since the approach proposed aims to characterise the machine behaviour but not the

joint itself, unconventional materials like plastic were initially considered. These in fact,

compared to high strength-high temperature materials like Nickel-based superalloys, are

inexpensive, easy to machine and, because not welding as metals, potentially reusable

for multiple tests.

Among the existing plastics, two types were selected since particularly high strength

and stiffness, capable to withstand reactively high temperatures (continuous service

at over 200°C and discontinuous at over 300°C) and characterised by a low friction

coefficient: VICTREX 450CA30, a 30% carbon filled PEEK, and Torlon 7130, a 30%

carbon filled PAI.
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B.0.1 Setup

To assess the material behaviour at a smaller scale compared to what possible on

the IFW machines available (MTI-300T and MTI-2000B), a CNC milling machine

(Hermele Machining Centre C 800 U) was used instead. Fig. B.1 shows the setup

adopted, plastic testpieces of cylindrical shape were clamped in the spindle collet, while

a polished steel plate (Ra = 0.15µm) was used as a mating surface for the testpieces to

simulate the conditions during welding. Two aspects are worth noting, firstly the shape

of the steel plate was not important since the test aimed to characterise the behaviour

of the plastic for different speed-pressure conditions, secondly, differently from an

inertia welder, a CNC milling machine is not able to apply a constant pressure because

the axial motion of the spindle is controlled using feed or feed rate. To compensate for

this and convert the feed of the spindle into pressure, a four-component Kistler type

9272 dynamometer was positioned below the steel plate and used to capture the axial

load corresponding to the applied feed. To complete the material characterisation, the

friction torque induced by the relative motion between the plastic testpieces and the

steel plate was monitored using the same dynamometer used for the axial load, while

thermocouples were used to capture the temperature in close proximity of the contact

area of the two elements.

The input values of angular speed and feed for the machine spindle were chosen

to simulate the values of tangential speed and contact pressure that a RR1000 work-

piece welded on the MTI-2000B machine would experience. Therefore, considering a

workpiece with a cylindrical hollow shape with outer diameter (ODMT I−2000B) equal

to 440 mm and inner diameter (IDMT I−2000B) 310 mm, welded with a peak angular

speed (nMT I−2000B) of 60.6 RPM and thrust (FMT I−2000B) of 3774 kN, and a plastic

testpiece of outer diameter (ODplastic) equal to 12.7 mm and inner diameter (IDplastic)
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10 mm, the input values for the test are:

AMT I−2000B = 76576.3mm2 (B.1)

Aplatic = 48.1mm2 (B.2)

nplastic = nMT I−2000B · ODMT I−2000B

2 · 1
ODplastic

≈ 2100RPM (B.3)

Fplastic = FMT I−2000B

AMT I−2000B
·Aplatic ≈ 2kN (B.4)

where AMT I−2000B ans Aplatic are the areas of the reference workpiece that can fit on

the MTI-2000B and of the plastic testpiece respectively, nplastic the peak input angular

speed to use for the test and Fplastic the peak thrust.

Fig. B.1 Setup used for the characterisation of the plastic testpieces, in which the key
elements are the Hermel machining centre, the sensors used to calculate the process
loads and temperature (dynamometer and thermocouple), the plastic testpiece and the
steel base plate
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To have a satisfactory characterisation of the material, several tests at gradually

increasing values of feed and angular speed were completed accordingly to the test

matrix shown in Fig. B.2. Each step of the test was kept for three seconds, after

which system was left to cool down to room temperature before running the successive

load case. After each test, values of equivalent Coulomb friction coefficient (µeq)

were calculated from the torque (Texp) and the thrust (Fexp) monitored with the

dynamometer, using an approach that integrates the contributes of tangential friction

load (dFfric) over the testpiece cross section [179] according to the representation in

Fig. B.3:

dTexp = r ·dFfric = r · (pµeq2πrdr) (B.5)

Texp =
∫ ro

ri

dT = 2
3πpµeq

(
r3

o − r3
i

)
= 2

3π
Fexp

π ·
(
r2

o − r2
i

)µeq

(
r3

o − r3
i

)
(B.6)

µeq = Texp
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3Fexp
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(r2
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(B.7)

where r is the radial coordinate, ri and the ro the inner and outer radius of the testpiece

respectively and p the interface pressure. Finally, the values of friction were correlated

to the temperature extracted with the thermocouples.

Fig. B.2 Schematic representation of the parameter matrix (feed and angular speed)
for the characterisation of the plastic testpieces
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Fig. B.3 Cross section of a cylindrical workpiece showing the infinitesimal tangential
friction load contribute (dFfric) over the ring of radius r and thickness dr [179]

B.0.2 Results

The first material analysed was VICTREX 450CA. As shown in Fig. B.4, the material

presented limited capabilities to withstand the test conditions and started degrading

for values of feed of 0.08 mm and angular speed of 1025 RPM. Before the damaging,

the material displayed relatively low values of friction coefficient between 0.18 and 0.23

with temperatures up to 160◦C, as summarised in Fig. B.5. After material damaging,

the tests were not interrupted and the parameter matrix was completed. In these

conditions, however, higher values of friction coefficient between 0.35 and 0.45 were

obtained and the rigidity of the testpiece dropped, not allowing to capture results for

certain pressure-speed combinations. This is shown by the white areas in the contour

plots in Fig. B.5.
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Fig. B.4 Test matrix for VICTREX 450CA, where the green boxes represented parameter
combinations successfully completed, red the combination that caused the material
damaging and yellow the tests conducted with a damaged testpiece

(a) (b)

Fig. B.5 Results of the characterisation of Victrex 450CA (the white portions in
the graph represent combinations pressure-tangential velocity during the tests): (a)
Contour plot showing the values of friction coefficient against the tangential speed and
the contact pressure; (b) Contour plot showing the values of temperature close to the
friction area against the tangential speed and the contact pressure.

A second test was devised to assess the capability of the material to withstand the

peak loads in an undamaged testpiece. The material, however, proved not suitable for

high pressure-tangential velocity (PV) values and got damaged almost immediately.

The second material studied was Torlon 7130. As shown in Fig. B.6, the material

presented a significantly higher resistance compared to Victrex 450CA and failed
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for values of feed of 0.151 mm and angular speed of 1512.5 RPM. Fig. B.7a shows

that before the damaging, the friction coefficient measured was lower compared to

Victrex 450CA, with values ranging between 0.12 and 0.2, while after the damaging the

friction coefficient spiked up to 0.36. During the tests, temperatures up to 180◦C were

observed, as shown in Fig. B.7b. The better performance of the material is confirmed

also observing the lower fraction of PV combinations not withstood by the material

(white areas in the Fig. B.7) in comparison to Victrex 450CA.

Also in this case, a second test to assess the performance of an undamaged material

to the peak PV combinations was completed. Starting from the PV combination that

brought to failure the previous testpiece, it was observed that the material managed to

withstand the four remaining combinations and failed only when the test duration was

extended to five seconds. During this test, values of friction coefficient below 0.1 were

measured.

Fig. B.6 Test matrix for Torlon 7130, where the green boxes represented parameter
combinations successfully completed, red the combination that caused the material
damaging and yellow the tests conducted with a damaged testpiece
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(a) (b)

Fig. B.7 Results of the characterisation of Torlon 7130 (the white portions in the graph
represent combinations pressure-tangential velocity not reached by the material): (a)
Contour plot showing the values of friction coefficient against the tangential speed and
the contact pressure; (b) Contour plot showing the values of temperature close to the
friction area against the tangential speed and the contact pressure.

B.0.3 Analysis of the morphology of damaging

As mentioned in the previous sections, it was possible to observe clearly during the

tests the moment of material failure. This was obtained with an inverse approach that

made use of the data of axial load and torque. In fact, as shown in Fig. B.8, the

instant of failure was marked by a sudden drop in monitored pressure due to the loss

of rigidity of the material and a spike in friction coefficient.

To further investigate the morphology of damage, the testpieces were analysed

with visual inspection and optical microscopy. Fig. B.9 shows the results of the visual

inspection, from which it is possible to observe that the damaging produced debris and

film transfer on the metal base plate. These phenomena have already been observed

in several studies about wear mechanisms of polymers [180–184], suggesting that the

main cause of failure was wear at high PV values. This was additionally supported by

the similarity of the damage morphology for both materials with the results reported

by Greco et al. [181] for PEEK specimens tested with a ball-on-disc tribometer, as

shown in Fig. B.10c.
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Fig. B.8 Measured values of friction coefficient and axial load at the instant of failure
of the testpiece

Fig. B.9 Macroscopic damaging for the two types of plastic in which it is possible to
observe debris on the metal base plate

The microscopical analysis of the damaged surfaces showed additional details.

Firstly, the presence of carbon fibres, beneficial in increasing the mechanical resistance,

reducing the micro-ploughing effect at the interface and avoiding stick-slip phenomena,

could induce abrasion on the metallic counterpart when get exposed due to the surface

abrasion. This phenomenon was observed for both Victrex and Torlon, as shown in

Fig. B.10a and B.10b. Secondly, Torlon presented the longitudinal sub-superficial

cracks on the side of the testpices shown in Fig. B.11 that, however, did not appear in
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the Victrex testpieces. This difference could be attributed to the different molecular

arrangement of the two thermoplastics, amorphous for Torlon while semi-crystalline

for Victrex, and the higher load levels to which Torlon was subjected, as suggested by

the longitudinal direction of the cracks.

(a) (b)

(c) wear track on PEEK [181]

Fig. B.10 Optical micrographs of the damaged surfaces for the two materials analysed
and comparison with a study from literature of PEEK analysed with a ball-on-disc
tribometer: (a) Damaged Victrex (PEEK) surface; (b) Damaged Torlon (PAI) surface;
(c) Damaged surface generated during a ball-on-disc tribometer study to assess the
wear resistance of PEEK Greco et al. [181].
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(a) (b)

Fig. B.11 Analysis of the sub-superficial longitudinal cracks in a Torlon testpiece: (a)
Damaged Torlon testpiece before being sectioned and analysed; (b) The microscopy
analysis revealed how the bulges on the side of the workpiece are sub-superficial
longitudinal cracks.

B.1 Conclusions

IFW is conventionally used to weld high strength-high temperature materials like Nickel-

based superalloys that, however, are extremely expensive and complex to machine.

Since the approach developed aims to characterise the machine behaviour rather than

the joint, the only requirement for the material used for the workpieces is the capability

to withstand the process conditions. Plastic materials represent an interesting candidate

given their relatively low price, good machinability and potential to be reused for

several tests.

The first aspect was to choose the plastics more suitable for the application.

VICTREX 450CA30 and Torlon 7130 were found as the best candidates given their

high strength and rigidity, capability to resist relatively high temperatures and low

friction coefficient, important to minimise the surface damaging and frictional heat. A

set of tests was devised to replicate the welding conditions in term of tangential speed
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and thrust using a CNC machining centre. It was observed that VICTREX 450CA30

was not capable to resist high pressure and tangential velocity combinations. Torlon

7130, instead, showed much more promising results, being capable to withstand even

the most demanding test conditions, but even in this case some limitation was found.

Firstly Torlon 7130 is an extremely expensive plastic and not of simple machinability

due to the presence of carbon filling. Secondly, despite having withstood the peak test

conditions, very rapid wear was observed, making it capable to resist to demanding

conditions only for few seconds and, consequently, showing limited potential for being

reused in multiple tests on an inertia welder.



E quindi uscimmo a riveder le stelle. (Inferno XXXIV, 139)

(Thence we came forth to rebehold the stars. (Inferno XXXIV, 139))
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