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Abstract

Inertia friction welding (IFW), a type of rotary friction welding process, is widely used across
aerospace, automotive and power-generation industries. The process considers a specialist rotary
friction welding machine, which asks for the critical process parameters of Inertial mass, initial
rotational speed and applied pressure, to complete the relevant weld. The total kinetic energy
available to the system can be calculated from basic physical relationships for the kinetic energy
stored in a flywheel. This kinetic energy must be converted partly to heating the specimen at the
interface, and partly to mechanical work via deformations. A finite element (FE) numerical model has
been developed to predict the steady-state thermal profiles formed at the onset of mechanical
deformation. Therefore, the amount of this total available energy for the process which is applied to
the heating of the component at the interface through frictional contact has been estimated. Thus, the
available energy left to produce the mechanical deformation via the flash formation can be calculated
by subtracting the thermal energy from the total energy. This is of importance to the manufacturing
engineer. A method of validating the FE modelling predictions was proposed using high-speed
photography methods during the process to understand the rotational speed of the moving part at the
instant that the steady-state deformation commences. Results from FE modelling and experiment
suggest that the width of the steady-state thermal profile formed through the IFW, and the time taken

to reach steady-state is strongly dependent upon the applied pressure parameter.
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1. Introduction

Rotary friction welding is an advanced joining process, whereby two components with axial
symmetry at the weld joint can be bonded using heat generated solely from the frictional interface
caused by relative motion between the two™. A so-called Inertia friction weld (IFW) is a type of

rotary friction weld process, whereby kinetic energy stored in a rotating flywheel is converted into
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frictional thermal energy to mostly join two components of cylindrical geometry. One component is
clamped to the rotating flywheel, whilst the other component is clamped in a non-rotating tooling,
connected to a hydraulic ram'. During welding, the flywheel is brought to a certain rotation speed
and a forging pressure is applied to the hydraulic ram to bring the two components to contact. The
flywheel rotational velocity starts to decelerate owing to the conservation of the stored energy into
thermal energy, causing the temperature to increase sharply at the interface owing to the generated
friction!™. The relative motion at the interface allows for a heating and plasticisation of the interfacial
material, and large deformations — characterised by the distinctive flash formation associated with a
rotary friction weld. Friction welding processes, typically the IFW process considered in this work
and linear friction welding, are often described as consisting of a number of different “stages” or
“phases” of the process. The conditioning phase is defined as the initial phase whereby heat is
generated from solid friction between one stationary and one moving part 2. During the conditioning
phase no bulk deformation is observed, simply the flattening of surface asperities. Following the
conditioning phase, the equilibrium phase sees weld line material extruded as flash, as a thermal

equilibrium is achieved 2.

The process of IFW differs from the more commonly used Direct-drive rotary friction welding
(DDRFW) simply in the mechanics of delivering the kinetic energy to the one side of the rotating
component as it is joined with a stationary counterpart. Whilst the commonly used DDRFW process
uses an electric motor to drive the rotating part at a constant rotational velocity, the IFW process uses
a flywheel. This produces a velocity that is not constant during processing, but continually decreasing
until the flywheel has used up all of the stored kinetic energy. In manufacturing terms, the DDRFW
process is limited as electric motors with the capability to run at such high speeds and deliver the
torque required would need to be huge. Realistically, only very small components can be joined with
even modern DDRFW machines. Whereas, IFW machines on the other hand simply need a large
flywheel which can be wound to store the required kinetic energy to join sizeable metallic parts

through friction processing.

However, during an IFW process, the kinetic energy delivered from the flywheel, must be converted
partially to heat (through frictional contact and material shear) and partially to mechanical
deformation to form the axial shortening and extruded material (flash) formation. The amount of
kinetic energy needed to be provided to the flywheel to produce a certain amount of mechanical
deformation is therefore difficult to ascertain. A model to help predict the amount of energy that is
consumed through thermal loading is of great use to the manufacturing engineer. Energy balance
calculations can prove a useful method of determining how much energy has gone in to heating of a
part, and therefore how much is left for the mechanical deformation of the part. Appealing to basic
physical relationships, it is feasible to calculate how much energy is consumed to produce the steady-

state thermal cycles present in the material at the onset of mechanical deformation. An understanding
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of how the various IFW process parameters influence the energy used to heat the part to its steady-

state thermal cycle can then be drawn.

Finite element (FE) modelling of the IFW process has been studied and performed for a number of

BS1 Some of the more successful models®®® have

years, dating as far back as the 1990’s
conventionally considered the problem using a 2 ¥2 D modelling environment, whereby the model
considers a cross section of the axi-symmetric problem, but also calculates the out-of-plane rotational
velocity associated with the component. Previous FE models of the IFW process have generally
considered the friction welding of steels!® and of nickel superalloys!”™ reflecting the common
materials attached using this joining technology. Some models also considered the joining of two
different materials (dissimilar welding)®®. However, the technology is rapidly being considered and
developed for a wider range of materials, including the common titanium alloy Ti-6Al-4V, which is
frequently used within the aerospace industry. As a result, FE models are also being advanced and

developed to consider the IFW processing of such materials ™.

2. Methodology

Experimental IFW joints using small testpiece specimens have been carried out at a selection of the
process parameters considered here (see Table 1). The variations in the axial shortening caused by the
mechanical deformation at the weld line is evidenced (Fig. 1), thus the energy supplied by the
flywheel to the testpiece, which in turn gets converted in to mechanical work, must vary. It therefore
becomes of great importance to be able to calculate the quantities of the total supplied flywheel
energy required to; a) form the thermal profile present throughout welding, and b) leave a sensible

amount of remaining energy available for mechanical work.

The presence of a steady-state thermal condition within a friction weld has been established within
literature previously ™. The steady-state condition applies to the “equilibrium” phase, when the
generation of heat inputted in to the system by friction and shear methods balances out the heat
leaving the weld joint in to the flash. If an assumption is made that the IFW joint reaches its thermal
steady-state condition as the onset of mechanical deformation begins (mechanical deformation being
the process of axial shortening and flash forming), then we can equate the energy used by the
conditioning phase with the energy used to form the steady-state thermal profile. The fundamental
principles of rotational motion apply to the case of a rotary friction welded component. If we assume
that the inertia of the combined system of flywheel and rotating workpiece remains constant
throughout the process (ie: the flywheel is considerably more massive than the workpiece, thus the

deformation of the workpiece will have a negligible effect upon the inertia of the overall system), then



it is possible to express the Kinetic energy available from the stored potential energy within the system

as:
Evot = 1/50l0? L (Equation 1)
And the angular momentum of the system is defined as:

Lot =0l (Equation 2)

Where | is the system rotational inertial mass, w is rotational velocity and ¢ is a frictional loss term.
Now, assume that during the initial stages of a rotary friction weld the available energy must be used
in the heating of the weld interface volume, and the deformation only commences once a satisfactory
thermal profile has been established at the interface. Therefore it is possible to calculate exactly how
much of the total energy is consumed by the development of a thermal profile across the weld
interface. By assuming the thermal profile is 1-dimensional (in the z-axis — see Fig 2), and therefore
is uniform across the r and 0 axes, it is possible to compute the energy required to heat the workpiece

by considering the specific heat equation for materials:
AQ =m.c,.AT L (Equation 3)

Whereby in the experimental set-up for the case of a friction weld, the increase in temperature AT is a
function of the axial height T(z), and where specific heat c, is a function of Temperature, thus

Co(T{z}). Therefore, the chain rule is used to determine:
_ ar :
dQ = m.c,(2). = dz (Equation 4)
And by taking the integral of both side of Equation 4, a simplistic 1D analytic model is obtained:
Q=[m. Cp(Z)%dZ ~m.Y; cp(z) ;—ZT]_ vy, (Equation 5)

Whereby the mass, m can be calculated using m = pV (where p is density (assumed constant) and V
is volume). By approximating the heated material to be represented by thin “strips” of material,
whereby the delta T across the strip was relatively small, thus a constant c, value could be assumed to
represent the material specific heat capacity over the strip, so it is possible to estimate the energy
taken to achieve the heating in the un-deformed workpiece to reach the steady-state thermal profile, at
the instant that mechanical deformation is about to begin. Due to FE modelling mesh requirements
and the Deform v11.0 software automatically re-meshing many times during the IFW model due to
severe deformation, some pragmatism on strip width selection was required. Thus the various strip

widths for different models were allowed to vary by a small amount, based upon nodal positions.



In order to perform this analytic calculation, an understanding of the thermal gradients at the weld
interface and across the heated material, at the onset of mechanical deformation, is required. The most
accurate methodology of obtaining this would be to take a series of thermal measurements from
different distances away from the weld interface, to build up an understanding of the heating during
the conditioning phase of a rotary friction weld. This could potentially be performed with a
thermocouple-instrumented weld specimen. However, more practically, a FE model of the 2D weld
cross section could be constructed, and thermal profiles extracted from this FE model, at the instant
that mechanical deformation (in the form of upsetting) is about to commence. Previous work in the
literature has utilised FE to solely consider the thermal loading during a friction weld, including the
impacts of the process parameters 2. The FE model developed here has been demonstrated to offer a
robust and reasonably accurate modelling method when considering the critical mechanical outputs

from a rotary friction weld, including mechanical deformation and rotational speeds “.

Using the FE model, it is possible to split the workpiece up in to thin “strips” the width of the
elements in the z-axis, and calculate the energy required to raise material to match this thermal
profile, from an initial room temperature state. This does of course assume that a “mean” temperature
from each strip is considered, and also assumes that the c, value across the strip of material is

constant.

A finite element modelling methodology (see Fig. 2) representing an IFW of hollow cylinders has
been based upon the 2% D axi-symmetric methodology developed in literature!®™ with a torsional 2D
element-type. Using the general purpose FE software package Deform (v11.0), representative 2% D
models of the two workpieces (illustrating the wall cross-section) and machine tooling have been
developed. The model considers a visco-plastic element formulation in the two workpieces, thus will
neglect the elastic strains that are experienced within the specimen during the process. Given the large
deformations experienced, this is considered a reasonable assumption, given that the process is

dominated by the plastic strain terms.

In reality, the IFW process will be supplied energy by both the flywheel tooling and the forging
tooling. However, the energy contribution from the forging tooling is very small in size in comparison
to the energy contribution from the flywheel, and as such is ignored for simplicity. Boundary
conditions to represent thermal and mechanical constraints at the interfaces have been set-up. A
flywheel / process efficiency of 1.0 was assumed. A biased mesh has been created, with finer
elements of ~0.25mm at the weld line, coarsening to ~3% mm away from the weld line. Given the
considerable deformation experienced by the weld line region to form the flash material, the FE
software had to be set to automatically re-mesh based upon certain mesh quality criteria. An element

interference depth parameter was used, as recommended by the software suppliers ™41,



A frictional relationship, expressed as a function of temperature has been developed, to replicate the
friction experienced at this interface. The relationship acts at the nodal point of each element at the
workpiece — workpiece interface. The frictional law was empirically devised to best replicate the
required thermal field, and is of the format expressed in Equation 6, where T is the nodal point
temperature. For temperatures between roughly 1100 °C and 1250 °C, which is reported 81
typically to be the weld line temperature experienced, the frictional relationship must yield an
appropriate coefficient, using a and b values which are material dependent and to be determined. Note
that the frictional coefficient is described as a function of temperature, which in turn is highly
dependent upon the processing parameters of rotational velocity and pressure.

f=aln(T)—-b Where 100 °C < T < 1400°C .... Equation (6)

A material model for Ti-6Al-4V has been defined, based upon thermo-physical data commonly
available within commercial software ™. Stress-strain curves, defined to be dependent upon
temperature and strain rate, have been developed from a combination of sources within the
literature!™, and through project industrial sponsorship, to produce a material model which best
replicates the behaviour of this commonly used titanium alloy, within the extreme physical process of
IFW.

3. Results

A series of FE models using the modelling set-up as described, have been built, considering a variety
of welding parameters, as defined in Table 1a. As can be seen from the process parameter matrix,
weld models 1-5 form a sensitivity study for the input Pressure parameter, with all other parameters
remaining constant. Similarly, weld models 1 and models 6-9 form a sensitivity study for the Initial

rotational speed parameter, with all other parameters remaining constant.

The FE models were simulated, and at the instance of flash formation beginning to occur, a 1D
thermal profile was extracted from each model, as used as the thermal field for the analytic

methodology.

Weld Inertia, | Init. rotation Pressure, P Tot. kinetic Energy, | Angular momentum,
No. speed, w Eiot = 0.51w? Lot =lw
(kgm?) (rad/s) (MPa) ) (kgm?s™)
1 18.6 185 100 318,292 ¥, 3441
2 18.6 185 40 318,292 ¥ 3441
3 18.6 185 80 318,292 % 3441
4 18.6 185 120 318,292 > 3441




5 18.6 185 150 318,292 ¥, 3441
6 18.6 160 100 238,080 2970
7 18.6 135 100 169,492 Y2 2511
8 18.6 115 100 122,992 Y2 2139
9 18.6 100 100 93,000 1860

Table 1a: Weld parameters used for the series of nine FE models set-up.

Outputted thermal profiles from the 9 finite element models are shown in Fig. 3 (models 1-5 varying
the applied pressure) and in Fig. 4 (models 1 and 6-9 — varying the initial rotational speed). Using the
proposed analytic model, and assuming an efficiency factor of 1.0, the total energy available to the
component for welding can be calculated for each weld. Recall the assumption that at the onset of
mechanical deformation, the workpiece has reached an approximate steady-state thermal profile. Note
that the applied axial pressure is predicted to have no impact on the total rotational energy available.
However, it will clearly have an impact regarding the rate at which the energy is dissipated, as the
applied pressure across the interface acts as the braking mechanism for the rotational velocity.
Clearly, the energy required to form the thermal profile at the onset of mechanical deformation can
only be a proportion of the total energy supplied by the rotating flywheel. It therefore becomes of
interest to understand what proportion of the total available energy is being consumed by the heating
of the specimen to form the thermal profile, and what energy therefore is left-over to mechanically
deform the weld sample. Based upon the calculations performed using the 9 Finite element models,

the energy consumed to form the steady-state thermal profile has been calculated.

Weld | Total kinetic FE / analytic FE / analytic Measured* energy | Measured* | Numerical
No. Energy predicted energy | predicted rot. to form thermal Rot. speed modelling
Ero=0.510° to form thermal | speed remaining profile remaining errors*
@ profile (3) (rads) @ (rads) (%)
1 318,292% 94,090 155.3 106,805 150.8 -11.9
2 318,292Y; 174,490 124.3 194,872 115.2 -10.5
3 318,292Y; 103,306 152.0 124,106 144.5 -16.8
4 318,292Y; 79,950 160.1 88,765 157.1 -9.9
5 318,292, 81,013 159.7 Experiment not performed
6 238,080 90,777 125.9 119,118 113.1 -23.8
7 169,492%> 99,796 86.6 116,621 75.4 -14.4
8 122,992Y» 104,132 45.0 Experiment not performed
9 93,000 98,432 0 Experiment not performed




Table 1b: Experimental validation of FE model to predict energy consumed to form thermal profile during
conditioning. *Note: Measurements are estimated from high-speed photography images.**the modelling error

calculated is of the predicted energy taken to form thermal profile.

4. Experimental Validation of FE modelling

Any FE modelling activity requires a rigorous experimental procedure to demonstrate modelling
accuracies and errors. Validation of this FE model to predict energy consumption during the different
phases of the IFW process is difficult, given how challenging it would be to make accurate
calculations regarding the energy remaining mid-way through a process that could not be halted.
However, a method was considered to use high-speed photography to make approximations regarding
the rotational speed at the instant that flash formation and upsetting commences (thus representing the

end of the conditioning phase of the IFW process).

High-speed photography methods can be awkward to implement given the requirement for a line-of-
sight to the specimen, the requirements for excess lighting of the specimen given the rapid shutter
speed of the camera and the analysis of the data once a process has been recorded. For this
experiment, a Photron FastCAM Mini UX100 was employed. Due to the required window of view
and the length of time to record for (typically 3-5 seconds), a frame rate of 10,000 fps was used. One
non-intrusive marking was added to the visible region of the rotating workpiece to provide a datum

point to estimate rotational speed from the video.

The outputted video files were studied to observe the moment at which the bulk deformation and flash
formation commenced, to indicate the end of the conditioning phase and the commencement of the
steady-state phase of the IFW process. Some pragmatism must be adopted to rationalise the instant
that the conditioning phase finishes. The rotational speed at the onset of steady-state flash formation
was approximated based upon the time taken to complete the final full rotation, indicated by non-

intrusive surface marks on the specimen, before bulk flash formation commenced.

Validation experiments suggest that the numerical modelling developed to estimate the energy
consumed in the conditioning phase (forming the thermal profile) is slightly under-predicting the
energy taken to perform the conditioning phase, thus over-predicting the true remaining rotational
speed (see Table 1b). Under-prediction of energy taken to perform the conditioning phase at the
relevant time-frame was typically between 9-16% for the welds varying the applied pressure, although

were as high as 24% for the welds with very low initial rotational speed.

This under-prediction in the rotational speed remaining (and hence over-prediction of the energy

taken to complete the conditioning phase) in the FE model is likely caused by small variations in the



heat capacity across each strip within the FE model, where the analytical method considered here is
assuming this is constant. Additionally, the analytical model is assuming that up to the instance of
flash formation there is zero mechanical work done. In reality, the IFW specimen will inevitably
display some small degree of deformation, thereby this energy need to cause the small deformations

during the conditioning phase is not considered.

5. Discussion

From Table 2, there appears a clear trend in the results from weld models 1-5 that as the applied
pressure increases, the width of the steady-state thermal profile at the onset of deformation reduces,
and as such, so does the energy consumed to form this thermal profile (see Fig. 5). As a greater axial
pressure is applied across the weld, so the layer of heated material is forced out in to the extruded
flash material faster, leaving behind a narrower layer of material heated through frictional and
shearing effects at the interface. The steady-state thermal profile is formed when the heat influx at the
weld interface due to frictional and shear effects balances the removal of heat through flash removal

and through the thermal conductivity and heat transfer mechanisms within the Ti-6Al-4V part itself.

Whereas, Fig. 6 suggests that the initial rotational speed only acts as a very minor influence upon the
formed thermal profile at steady-state, when deformation commences, compared to the influence of
pressure. Note that the result from weld 9 is discounted as it is not thought to have achieved steady-
state yet. However, it is evident from Fig. 6 that the peak weld line temperature of the 100rad/s weld
in particular was so low (1015°C) because this weld did not offer enough energy in total to form the
steady-state welding thermal profile. This is also understood to be the reason why the 115rad/s weld
predicts slightly lower peak weld line temperatures (1200°C), although in the case of this weld, it does

carry on after the steady-state profile is formed, to give a small amount of upset.

Weld | Total Energy Calculated energy | Remaining energy % of energy Time taken to

No. available (J) for thermal profile for mechanical used in thermal | reach steady-
) work (J) formation state ()

1 318,292%, 94,090 224,192% 29.6% 0.91

2 318,292 174,490 143,792% 54.8% 212

3 318,292 % 103,306 214,976% 32.4% 0.99

4 318,292%; 79,950 238,332% 25.1% 0.78

5 318,292%; 81,013 237,269Y> 25.5% 0.69

6 238,080 90,777 147,303 38.1% 1.05

7 169,492% 99,796 69,696 58.9% 1.16

8 122,992%; 104,132 18,6602 84.7% 1.33




9 93,000 98,432 -5, 432 105.8% Not

reached...

Table 2: Results of the finite element weld models, including energy consumed by the forming of the thermal
profile, and the time taken to reach the thermal profile.

It would be beneficial to further understand the influence of these two process parameters.
Considering the impacts that the applied pressure has initially, it is observed that the increase in

energy required to form the thermal profile as pressures decreases is clearly not a linear trend. Indeed
it appears to form an approximate y =§ type curve (see Fig. 7a). The physical meaning of this
relationship between the applied pressure parameter and the thermal profile requires some further
consideration. A y =§ type relationship would imply that as pressure decreases, so the thermal

profile widens. Given that higher pressures introduce more energy in to the system, this initially
appears counter-intuitive. However, recall that the contribution of energy to the system from the
forging tooling is considered small in comparison to the energy contribution from the flywheel, so this
additional energy added becomes negligible. Now, by considering increasing the pressure for fixed
flywheel energy (as per welds 1-5), so a greater pressure will force the highly viscous hot layer of
material out of the joint and in to the flash at a faster rate, thus leaving a narrower thermal profile
within the joint. This is highly analogous to the process of linear friction welding, which yields a

narrower thermal profile for higher pressure welds ™!,

Taking weld model 1 (100MPa applied pressure) as a baseline, the difference in energies required to
form the steady-state thermal profile for the maximum attempted pressure of 150MPa (an increase in
applied pressure of 50MPa) is relatively small (13kJ less, ~14% reduction), whereby the difference in
energies required for the lowest pressure weld attempted (a reduction in applied pressure of 60MPa) is
huge (80kJ more, ~85% increase). This does suggest that the majority of pressures tested within this

sensitivity study are forming a similar steady-state thermal profile (as evidenced in Fig. 5), whereas
the very lowest pressure weld model is much further across on this y = % curve, and as such it has

taken considerably more energy to form the thicker steady-state profile.

Now considering the initial rotational speed parameter, it is clearly observed that this parameter has
considerably less influence over the shape of the thermal profile formed, and as such the energy
consumed in forming the thermal profile (Fig. 7b). This trend could possibly be considered linear.
Potentially it might be argued that the selected sensitivity study hasn’t explored the lower region of
the design space at all, however by considering the results from weld 9, it can be observed that all of
the available energy from the flywheel has been consumed in forming a thermal profile, and

continuing the argument from previously that weld 9 appears to have not yet reached a steady-state
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thermal profile, the experiment has found the lower bound for the successful IFW application in this
titanium alloy. It is therefore possible to calculate the minimum required energy to simply produce a
bonded joint occurs at approximately the 115rad/s, 18.6kgm? flywheel condition, which in turn yields
a total energy of 122,992.5 J. This would suggest that there is required a minimum available amount
of energy left after forming the steady-state thermal profile to allow for some mechanical
deformation, to consider the bond successfully formed. By the matrix considered here, this minimum
energy available for mechanical deformation would be the remaining energy left after forming steady-
state in weld 8, ~18-20kJ.

If the weld is therefore considered to be formed after this relatively small quantity of energy is
consumed through mechanical deformation, then this would suggest that a successful bond was
formed between the two components very early on in to the mechanical deformation stage for a lot of
the welds considered here. By considering the baseline weld 1 model, this had an available 224kJ for
mechanical deformation after forming the steady-state thermal profile. Assuming that only 18-20kJ is
required in mechanical deformation to form a bond, it becomes evident that the successful bond was
formed well before the end of the mechanical deformation stage of the process.

In order to reason why the weld model 9 appears to have produced a thermal profile containing a
fraction more heat energy than the total energy available from the flywheel, it is important to consider
the original assumptions. The assumption of a simplistic 1-dimensional thermal profile has been
considered within the analytic model. However, there will be some variation from this simplistic
thermal profile across the width of the sample. Additionally, recall that an assumption made that the
energy introduced in to the process was supplied entirely by the flywheel. In reality, a small amount
of additional energy is supplied by the forging tooling, however this has been considered negligible in
comparison. As the amount of flywheel energy reduces, so the contributions of energy from the
forging tooling becomes more significant, and could introduce some small errors in to the numerical

analysis.

The time taken to reach the steady-state thermal profile has been computed from the FE models (see

Fig. 8). There appear to be very similar trends in the time taken to reach steady state as there is for the
energy used, for both process parameters, again close to a% relationship for the pressure and a linear

relationship for the rotational speed.

6. Conclusions

A 2% D finite element model has been built, which has allowed for greater understanding of the

energies associated with the formation of a steady-state thermal profile during the initial stages of

11



Inertia friction welding (IFW). An assumption is made that the steady-state thermal profile across the
weld interface is formed by the onset of mechanical deformation (axial shortening and flash
formation), and that thermal profile is 1-dimensional. This thermal profile is then fed in to an
analytical model to estimate the energy consumed by the formation of the thermal profile. The FE /
analytical model approach has been validated using experimental welds and high-speed photography.

The following conclusions are drawn from this work:

e The steady-state thermal profile formed appears strongly dependent upon the applied pressure
process parameter, although appears to be weakly-dependent of the initial rotational speed
parameter (assuming enough energy is supplied by the flywheel). As pressure decreases, so

the width of the steady-state thermal profile increases, to follow a % type relationship, where x

is the applied pressure parameter.

o A weld which has a very low energy input may not attain its steady-state thermal profile
before the total available energy is entirely dissipated. In which case, no deformation (flash
formation) will be observed. Further, it is suggested that a minimum of 18-20kJ energy is
required to be consumed in mechanical deformation before a successful weld interface bond

is formed.
e The time taken to reach steady-state thermal profile follows a similar % relationship with axial

pressure that was observed for the energy consumed in forming the thermal profile.
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Tables
Weld Inertia, | Init. rotation Pressure, P Tot. kinetic Energy, | Angular momentum,
No. speed, w Erot = 0.51w° Lrot = lw
(kgm?) (rad/s) (MPa) Q) (kgm?s™)
1 18.6 185 100 318,292 % 3441
2 18.6 185 40 318,292 % 3441
3 18.6 185 80 318,292 %2 3441
4 18.6 185 120 318,292 % 3441
5 18.6 185 150 318,292 % 3441
6 18.6 160 100 238,080 2970
7 18.6 135 100 169,492 Y5 2511
8 18.6 115 100 122,992 ¥ 2139
9 18.6 100 100 93,000 1860
Table 1a: Weld parameters used for the series of nine FE models set-up.
Weld | Total kinetic FE / analytic FE / analytic Measured* energy Measured* Numerical
No. Energy predicted energy predicted rot. to form thermal Rot. speed modelling
Eror = 0.5I00? to form thermal speed remaining profile remaining error**
V] profile (J) (radis) V) (radis) (%)
1 318,292 94,090 155.3 106,805 150.8 -11.9
2 318,292% 174,490 124.3 194,872 115.2 -10.5
3 318,292Y, 103,306 152.0 124,106 144.5 -16.8
4 318,292Y; 79,950 160.1 88,765 157.1 -9.9
5 318,292, 81,013 159.7 Experiment not performed
6 238,080 90,777 125.9 119,118 113.1 -23.8
7 169,492% 99,796 86.6 116,621 75.4 -14.4
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8 122,992%; 104,132 45.0 Experiment not performed

9 93,000 98,432 0 Experiment not performed

Table 1b: Experimental validation of FE model to predict energy consumed to form thermal profile during
conditioning. *Note: Measurements are estimated from high-speed photography images.**the modelling error

calculated is of the predicted energy taken to form thermal profile.

Weld | Total Energy Calculated energy | Remaining energy % of energy Time taken to

No. available (J) for thermal profile for mechanical used in thermal | reach steady-
@) work (J) formation state ()

1 318,292%; 94,090 224,192% 29.6% 0.91

2 318,292% 174,490 143,792% 54.8% 212

3 318,292 ¥, 103,306 214,976% 32.4% 0.99

4 318,292%; 79,950 238,332% 25.1% 0.78

5 318,292% 81,013 237,269%> 25.5% 0.69

6 238,080 90,777 147,303 38.1% 1.05

7 169,492% 99,796 69,696% 58.9% 1.16

8 122,992%; 104,132 18,660%2 84.7% 1.33

9 93,000 98,432 -5,432 105.8% Not

reached...

Table 2: Results of the finite element weld models, including energy consumed by the forming of the thermal

profile, and the time taken to reach the thermal profile.
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Figures

Figure 1: Examples of 3 IFW Ti-6Al-4V specimens at varying process parameters within the considered matrix.
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Figure 2: Set-up of the IFW model in the FE software Deform (v11.0)
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Figure 3: Thermal profiles from weld models 1-5 for varying applied pressure.
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Figure 4: Thermal profiles from weld models 1 & 6-9 for varying initial rotational velocity.
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Figure 5: Steady-state thermal profiles from models 1-5, varying applied pressure, 40MPa, 80MPa, 100MPa,

120MPa and 150MPa.
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Figure 6: Steady-state thermal profiles from models 1 & 6-9, varying the initial rotational speed, 100rad/s,
115rad/s, 135rad/s, 160rad/s and 185rad/s.
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Figure 7: Graph illustrating energy used during the formation of the thermal profile as a function of (a) the
applied pressure parameter, and (b) the initial rotation speed (Note: Weld model 9 wasn 't included as it was
felt that this had not attained its steady-state profile before all total energy available was exhausted).
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Figure 8: Graph illustrating time taken to reach steady-state thermal profile as a function of (a) the applied
pressure parameter, and (b) the initial rotation speed (Note: weld model 9 not included as it did not reach
steady-state).
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