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Abstract

ConformTM is an extrusion process, which has been in use since the 1970s. Although it is primarily used with aluminium or copper rod/powder
feedstocks, work at the Univ. Sheffield over the last decade has involved the use of �tanium feedstocks for various applica�ons. This paper
expands on this knowledge by u�lising low cost, aerospace �tanium alloy swarf, which is the largest waste product from the manufacturing of
aerospace �tanium components. Swarf is fed into a ConformTM extrusion machine at room temperature and is fully consolidated into round
wire/rod profiles in one, solid-state step, using modified tooling for �tanium. Such wire can be used for addi�ve manufacture or welding wire. To
date there has been numerous successful trials in this challenging process, including the produc�on of both 10 mm commercially pure �tanium
rod (from powder) and, more importantly, the produc�on of 5 mm diameter Ti-6Al-4V wire from swarf. The material produced has since been
characterised using light and electron microscopy and mechanical proper�es determined using tensile tes�ng and microhardness inden�ng.

 

1 Introduc�on

Titanium alloy forgings are intensively machined, in some instances up to 90% of the forging is removed to swarf.  In fact, many aerospace
manufacturing companies generate greater weights of �tanium swarf than components due to such poor buy-to-fly ra�os.  Therefore, it’s no
surprise that over the last few years there has been more interest the reuse and recycling of �tanium alloy machined swarf in order to reduce
manufacturing costs.  And with increasing aircra� orders and more �tanium alloy components being employed, such recycling technologies are
becoming ever important.  Also over the last few years, wire fed addi�ve manufacturing routes have received increasing sponsorship, as an
alterna�ve route to achieve near net shape in fewer processing steps.  Such processes include wire-arc addi�ve manufacturing (WAAM) [1] and
Arconic’s Ampliforge process [2], for example.  Such wire fed routes also require post or in-situ thermomechanical processing to refine the
microstructure.  However, one drawback of such processes is the high cost of the �tanium alloy wire feedstock which is produced through the
expensive Kroll Process route.  Therefore, there is a market need for low cost Ti-6Al-4V wire for welding opera�ons as well as these emerging AM
routes.

Con�nuous extrusion or ConformTM has been used since the 1970s for the recycling of waste material - primarily aluminium and copper alloys [3].
Recently, work has been done into the ConformTM of materials such as �tanium and various feedstock morphologies. Tradi�onally, rod feedstocks
were used but work at the University of Sheffield [4] has been carried out using powder and par�culate feedstocks.  In this paper, we demonstrate
the successful adap�on and use of the technology for the recycling of Airbus Ti-6Al-4V machining swarf or chips directly into wire.  This is the first
�me that the con�nuous extrusion technology has been used for such feedstock.

 

2 Experimental Approach

All trials were completed using an experimental BWE Ltd ConformTM 350i machine based in Ashford, Kent and shown in figure 1. 
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Figure 1 Schema�c of con�nuous extrusion ConformTM and a photograph of a BWE ConformTM 350i (from [5])

Prior to any full-scale trials, finite element modelling and discrete element modelling are used to op�mise the tooling geometries for the swarf
flow stress, par�culate size and morphology (examples of the outputs in figure 2).  This is to enable ‘right first �me’ tooling to save ini�al
processing costs.  Following this, all tooling was precision machined at Ian Cocker Precision Engineering in Sheffield, UK (Figure 3). 

Figure 2 Example of (a) DEFORM and (b) EDEM simula�on used to inform tooling design for the ConformTM of Ti-6Al-4V swarf

The tooling arrangement (see Figure 3), with the excep�on of the wheel, is loaded into the shoe and then preheated to approximately 500°C.

Figure 3 Tooling Schema�c (where, a = entry block extension; b = entry block; c = die chamber; d = abutment; e = wheel; and f = die)

When the tool chamber temperature has stabilised, the Airbus Ti-6Al-4V swarf chips (figure 4) are poured into the apex of the groove via a
vibra�ng hopper. It is important to note that swarf is fed into the machine at room temperature as the wheel ini�ally rotates at a constant speed. 
The swarf heats by fric�onal effects as it is sheared at the abutment and when steady state condi�ons are achieved, through manipula�on and
monitoring of (1) wheel speed, (2) wheel temperature and (3) par�culate feed rate, the consolidated material in the die chamber will extrude
through the die at temperatures of greater than 900°C. The extruded wire is then fed through a water trough to quench as shown in Figure 4.
 Extrusion rates are of the order of 1-3 metres per minute for a 10 mm diameter wire, depending on the op�mised wheel speed.  The extruded
wire has an oxide scale, as no inert gas atmosphere is used to shield the hot �tanium product from the die exit.  This is something that can be
implemented during further industrialisa�on of the process. However, the oxide scale has been found to be beneficial during the subsequent wire
drawing stages, when cold drawing down to diameters less than 5 mm diameter: The oxide scale tends to break down in the cold drawing die,
leaving a bright cold drawn finish to the final wire.  Examples of the extruded product from swarf as well as hydride-dehydride feedstocks and
further cold drawn product are also shown in Figure 4.
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Figure 4 Photograph of (a) Ti-6Al-4V swarf feedstock provided by Airbus; (b) �tanium wire exi�ng the ConformTM machine and entering trough; and (c) various

�tanium wires produced via the ConformTM process

 

3 Characterisa�on and Mechanical tes�ng

Firstly, all wire product from the ConformTM process has good levels of strength and duc�lity from a handling standpoint. Wire can be coiled easily,
which from a WAAM or welding process perspec�ve is a posi�ve result. In such processes, alloy chemistry is the primary requirement of the wire
feedstock, mechanical proper�es are a secondary concern, as the wire will be melted.  However, the authors have carried out some basic
characterisa�on and mechanical tes�ng to demonstrate the effec�veness of the solid state extrusion process.

The microstructure of the swarf wire is illustrated in Figure 5. A fine scale basketweave transformed β structure is observed in the Ti-6Al-4V wire.
Such a structure indicates that the wire was severely plas�cally deformed and exited the die chamber above the β transus (~ 960 °C).

Tensile testing and microhardness testing were carried out on the swarf wire.  Figure 5 shows a Vickers hardness map across the face of wire
profile.  Generally, the hardness levels are within that expected for Ti-6Al-4V which is a clear sign that negligible oxygen or nitrogen has been
picked up during the solid-state extrusion process.  Elongations to failure during tensile testing were found to be around 10%.

Figure 5 (a) Light micrograph of the cross-sec�on of the extruded Ti-6Al-4V wire derived from swarf and (b) Microhardness of cross sec�on of Ti-6Al-4V wire.

 

4 Conclusions

Con�nuous extrusion or ConformTM has been demonstrated for the first �me to effec�vely consolidate Ti-6Al-4V machine swarf or chips directly
into 10 mm wire in one solid state process step.  The wire had a good level of duc�lity and strength and can be further cold drawn to produce
welding wire or wire fed AM product. 

This technology can be further exploited to provide a route for recycling of the increasing amount of �tanium alloy machine waste product that is
being produced year upon year.  Furthermore, process designers could use ConformTM to directly feed downstream AM units.  In the longer term,
waste swarf product could be turned into near net shape parts in 3-4 processing steps: (1) ConformTM of swarf to wire; (2) cold drawing of wire;
(3) wire fed AM processing; (4) finish machining.

 

Acknowledgements



4

MATEC Web of Conferences 321, 03028 (2020)	 https://doi.org/10.1051/matecconf/202032103028
The 14th World Conference on Titanium

The authors wish to thank EPSRC grant EP/L016273 Centre for Doctoral Training in Advanced Metallic Systems for suppor�ng Sarah Smythe.  We
also acknowledge Darren Davison and Kevin Benne� at BWE Ltd. for support during extrusion trials and Airbus for providing the feedstocks for the
process.

 

References

[1] S. Williams, F. Mar�na, A. Addison, J. Ding, G. Pardal and P. Colegrove, "Wire + Arc Addi�ve Manufacturing", Materials Science and Technology,
vol. 32, no. 7, pp. 641-647, 2016. 

[2] News.alcoa.com. (2019). Alcoa Expands R&D Center to Deepen Addi�ve Manufacturing Capabili�es | Alcoa Online Newsroom. [online]
Available at: h�ps://news.alcoa.com/press-release/alcoa-expands-rd-center-deepen-addi�ve-manufacturing-capabili�es [Accessed 29 Apr. 2019].

[3] D. Green, “Extrusion," 1973.

[4] B. M. Thomas, F. Dergu�, and M. Jackson, “Con�nuous extrusion of a commercially pure �tanium powder via the Conform process," Materials
Science and Technology (United Kingdom), vol. 33, no. 7, pp. 899{903, 2017.

[5] Bwe.co.uk. (2019). Brochure . [online] Available at: h�p://www.bwe.co.uk/brochure/ [Accessed 29 Apr. 2019].


