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(i) EXECUTIVE SUMMARY

The COLTS project (Casting of Large Ti Structuraghed to combine critical developments in
casting technology with computer modelling, to desteate that large, thin walled castings of
the Ti alloy, Ti6AI4V could be produced to spedifiions required by Airbus and by the
European Space Agency (ESA). In the aerospacetindsome large cast components are
welded together or weld-repaired and as part ofvitidk in COLTS, electron-beam welding has
also been investigated in order to ensure thatHad cast components could be produced. If
successful, this approach would result in majot-sasings and environmental benefits.

There is considerable experience in casting amdkictron beam welding of Ti alloys in China
and the laboratories involved in COLTS had madéeir that they wished to increase their skill
level so that they could cast and weld large thaled components which met aerospace
requirements. The European partners brought ezpedithe partnership in computer modelling
of casting and welding and in the assessment afostizicture and properties.

The challenges to be overcome arise from the fettrholten Ti alloys are very reactive and
have to be melted in a water-cooled, cold-wall gtohin furnace, which produces a skull of solid
alloy between the copper induction coils and thétenaalloy. This limits the temperature of the
molten alloy, to only about 50°C above the meltimint and makes mould filling of thin sections
very difficult, especially in large castings.

Both gravity casting and centrifugal casting hagerbinvestigated and detailed computer
modelling of these processes, and of electron heelding, have been used to optimise the
processing conditions, so that the specified dinoeas tolerances and the mechanical properties
required could be met. The demonstrator componéeisified by ESA were a large cylinder and
a cubic space frame and by Airbus were a doorframdecross connectors, which contained many
very difficult-to-fill thin sections. These compaite had maximum dimensions up to about
0.75m.

Strong waxes were developed, which limited disbortof the wax mould during handling and
during coating with ceramic to produce the finaluldo The optimum temperature to which
moulds were pre-heated was determined and an-ptisad coating of the moulds developed
which eliminated attack by the molten alloy, altbbut was noted that yttria inclusions were
found even in the final castings produced. Optinfaatding and gating systems were developed
in conjunction with the modellers. Other novel aagtechnologies were also developed
including the addition of 0.04wt%B to grain refitie castings and the addition of redundant
parts of castings which acted as sinks for porakityng centrifugal casting.

Welded and cast components were produced which elese to the specifications for the
dimensions and surface-finishes and the requirezharécal properties, with the exception of the
space frame and welded wedge-shaped sections batie of the space-frame both experiment
and modelling showed that thin cross members déestaiuring cooling and that insulation, which
limited the cooling rate in these sections, wowdddquired to overcome this problem. The welds
on wedge-shaped samples tended to show underatithebevidence suggests that this problem
can also be overcome with a small amount of furtbemk, using the experience gained on
welding and modelling the welding of plates.

Examples of these components are exhibited in EBA'seum in the Netherlands, which show
how successful this European-CAE joint-funded paiogne has been.
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(i) SUMMARY OF PROJECT CONTEXT AND OBJECTIVES OF COLTS

Context of COLTSThe COLTS proposal was submitted in response todhdor collaboration
between the EU and China in the field of castimgdacomponents from Ti alloys. There were
many factors, which suggested that the area o leagtings of Ti alloys would be an excellent
area for a cooperative research programme betvaeeBG and China. Thus, with the exception
of one USA-based company, which produces large eti@nfof the order of 1m) cast aeroengine
casings, virtually all large Ti alloy components ananufactured by thermomechanical
processing. This process-route reliably producespoments with excellent properties, but it is
associated with a very poor fly-to-buy ratio, with to 90% of an original ingot being turned into
machining swarf. It was considered that if castemhnology could be developed, so that reliable,
large castings could be produced, the economitteegbrocess would strongly favour the use of
castings over forgings. At present the USA-basedpamy has a virtual monopoly so that their
castings, which generally require significant wedghair, do not offer the potential cost-
reductions that should be available to end-uséfeen the COLTS proposal was being drafted it
was apparent that no European company was prefmanedke the major investment required to
develop industrial scale casting of large companéom Ti alloys. On the other hand there was
considerable experience in this area in China aodofrtners were interested in further
developing this technology, which required exteagievelopment of casting, including work on
the development of the moulds and waxes requinelhfge investment castings. The European
partners were able to bring expertise in computadetiing of casting together with property and
microstructural assessment and measurements dirtfemsional accuracy of large components.
Because electron beam welding is required botkpair castings and to weld together
components, work was carried out in COLTS to dgvéhis technology. The partnership was
thus further enhanced by expertise in China intededoeam welding and by European expertise
in computer modelling of electron beam weldingwdts decided to work on the development of
both centrifugal casting, which increases the spéedould filling and on gravity casting, since
some components cannot be made using centrifugtthga

The full partnership is shown in the table. Themenn fact some problems at the beginning of
the programme, when Rolls-Royce, who were pameftonsortium, withdrew for internal
management reasons, after the programme was appiavieinding. This meant that BIAM had
to supply the design for the demonstrator engisingaLater on during the research, one partner
ING, had to withdraw for reasons connected withfthancial crisis in Spain, but they were
replaced, with EC approval CIMNE, with no loss &pertise.

The overriding reason why casting of Ti alloysii§iclilt is connected with the reactivity of

molten Ti alloys, which attack all refractories.i§ has the consequence that melting of the alloys
has to be carried out in water-cooled, cold walliction furnaces. This method of melting
produces a skull of solid alloy, which separatesrtiolten alloy from the copper induction coils
that provide the heating required so that cleariinggis achieved. However, the necessity of
retaining the solid skull limits the extent of stpeat, which can be achieved, to about 50°C
above the melting point. Hence with this limiteghstheat, filling of large, thin wall castings is
made difficult. There will also tend to be somesmatction between the refractory used to produce
the moulds and the molten alloy during the limitieae for which the alloy is molten in the

mould, which can produce a surface-hardened lagsvngrading the properties of the casting
and it is essential that the extent of this intkoads limited. The research that was needed was
thus to develop casting technology so that moulididi could be achieved in large thin wall
castings, despite the limited superheat and ital&s necessary to use moulds which would not
interact significantly with the molten Ti alloy. Aldionally in order to obtain castings within the
specified dimensional accuracy, the developmestrohg waxes used to produce accurately
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shaped ceramic moulds was also necessary, if &egg kastings were to be successfully
produced. The feeding of castings and the gatiatesys used was improved by using computer
modelling and the interaction between the mode#fiesthe casting experts resulted in optimised

casting conditions being developed.

Table listing the members of the COLTS consortium

Participant | Participant organisation na Participant Country
No. short name

1 IRC, University of Birminghal IRC UK

2 Airbus Airbus Franct

3 European Space Ager ESA Netherland
4 Calcom ESI S/ CALC Switzerlan
5 Ingeni ING Spair

6 European Aeronautics and Space EADS F IW | Franct

7 Chinese Aeronautical Establishm CAE Ching

7(a CAE-Beijing Institute of Aeronautic Materic | BIAM Chine

7(b) CAE-BAMTRI BAMTRI Chine

8 Huazhotg Univ of Science & Technolot HUST Chine

9 Institute of Metal Resear IMR Ching

10 Tsinghui Tsin Chine

11 CIMNE CIMNE Spair

Objectives of COLTT he objectives of the COLTS programme were defamedi) To develop

the technology of casting the Ti alloy Ti6Al4V ataproduce large demonstrator components,
the sizes, the dimensional tolerances and mechamimaerties of which were defined by the
end-users. (ii) To ensure that the ability to wEIBAI4V was developed, so that components
could be welded together and also could be weldire@, as is standard practice with cast Ti
alloy products. (iii) To develop appropriate prazesodelling of centrifugal and gravity casting
and of electron beam welding and to use the uratststg developed through modelling to
optimise the casting and welding. (iv) To carry detailed assessment of the microstructures and
measurements of the mechanical properties of aespkes cut from the large demonstrator
components, together with 3D measurements of themsional accuracy of these components.

Achievements of COLTShe extent to which these objectives were reachedmmarised here
and an indication of further work, which would klilpon the COLTS results is also identified.
The components selected by ESA and by Airbus athialwalled and large. Typical castings
produced during COLTS by IMR and BIAM are showrihe figure.

(@) (b)

©_
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(d)

ProCAST

Figure showing the components cast during COLTBaifd (b) shows thin-walled generic cylinders;igc)
the cubic space frame; (d) is the doorframe anth@gross connector; (f) shows the modellingltfid
of the engine casing; brown and red regions areetite solidus.

The cylindrical samples are 600mm x 750mm with aimum wall thickness of 4mm and the
cubic space frame is 500mm edge length with wadktiess of 4mm. These components were
required by ESA, to replace Al components, becafiiee higher modulus and lower coefficient
of expansion of Ti. The cross-connector and doorfrare 500mm long and can clearly be seen
to be complex with thin ribs. These components wietgned by Airbus, with the aim of
improving the fly-to-buy ratio by using castingstrer than forgings. Both ESA and Airbus
specified dimensional tolerances, quality of swflinish and the mechanical properties they
required, and these specifications included thehaugical properties of electron beam welded
samples.

Initial trial castings revealed significant problgmvith inadequate filling, extensive porosity, and
overall lack of control of dimensions, but theseeveventually all mostly overcome with input
from the modelling partners and by experimentaktiyments. These included improvement of
the strength of previously available wax patteimgrovements in the quality of the face-coat of
the moulds and incorporation of complex gating feedling systems. In order to eliminate the
pores throughout the large cylinders extra ringseviigted inside the moulds, which under the
influence of the centrifugal force, acted as siftkshe pores. The 3D shapes of some of these
final castings were determined, together with tndage finish after sandblasting and polishing
and carrying out any weld-repairs required; geethese met specifications. The cylinders
were slightly outside tolerance. It is obviouslyessary to take this into account in the
manufacture of subsequent cylinders. The cross raesdf the space frame cube distorted
during cooling because, as confirmed by modellihgse members solidified first and were then
subject to compressive forces as the surroundirtg palidified. Further work is needed to

Dissemination level: public



confirm that this problem can be overcome straagiathrdly by arranging that these cross
members cool more slowly, either by providing iagian or by providing local heating.

Electron beam welding, of cast flat plates anchpeted wedge-shaped plates supplied by BIAM,
were used to assess the quality of the electrom lvezlds and it was shown that they met Airbus
standards. The modelling of the welding of flattqdates was successfully undertaken and the
calculated size of the heat affected zone andeofevel of internal stress were in close agreement
with the measurements. In the wedge-shaped platesh were used late in the programme to
simulate welding of airframe components, some undawvas observed which is not present
when welding flat plates. The partner developiregtbn beam welding is confident that the
undercut could be eliminated, although more weldifeds are needed to confirm

The mechanical properties of samples cut from #stiregs and from welded samples have been
measured and all generally met the property remquérgs defined by ESA and by Airbus,
although in thin regions low ductility was founchd properties were improved by hot isostatic
pressing and by heat treatment of the castingsalbatby casting technology and through the
addition of 0.04wt% B to the alloy to act as a gnagfiner.

It can thus be seen that the four objectives liatsave have been largely achieved, although
further work is required to confirm that the buaokjiof cross members of the cube and the small
undercut in the welded wedge-shaped samples calinhi@ated. Additionally dimensional
tolerances could be improved and yttria inclusioesd to be eliminated. The work on the engine
casing was limited to modelling because there weasna-user requiring this component.

(iii) DESCRIPTION OF MAIN RESULTS

Introduction. The work carried out in COLTS was divided irdo tvork packages (WPs) and

in the following report the objectives are listewlahe achievements of each WP are summarised
in turn. This makes it straightforward to assessvibrk that was done during this three-year
project in terms of the original objectives. Thedaoisions, which can be drawn from the COLTS
project are listed at the end of this report.

WP1-ManagementThe objectives defined in the proposal for WP1 were

® To manage the project such that the scientific stolees and deliverable are achieved as
defined in the project submission and the progdeiivered on time.

(i) To set up an effective communication infrastructuithin the consortium.

Assessment of the achievement of these objectiMesre were some initial delays, mainly
associated with the fact that after the proposa saproved for funding, one of the partners,
Rolls-Royce decided not to participate. This metwatt BIAM had to submit an aeroengine
component design to CAE for approval, before fugdivas released. In addition Professor Wu
resigned from Birmingham to take up a position iordsh University, Australia and in order to
maintain her involvement with the programme a sobt@ct had to be agreed between
Birmingham and Monash. Despite these problems alistwall deliverables were confirmed as
completed at the final meeting held in mid Septenif¥l3 and the few that were outstanding
have by now (November 2013) all been completeshduld also be noted that towards the end of
year 2 one of the partners, ING, was not able tdicoe to support the work financially and a
new partner, CIMNE, was approved by the partnerthbyeC and by CAE to complete the work.

The communication between partners worked incrgasinell as the work progressed, with the
website being set up within the first month. Beeatlgere were some difficulties experienced by
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Chinese partners in accessing the website, CALQugeChatterbox as an alternative way of
transferring large documents and minutes of megtio@ll partners. Other electronic methods of
communicating between partners, including Dropbod teleconferences were used in addition
to meetings between partners. Discussions betwsemmbdellers and partners producing the
castings and welded samples ensured that modaBers appropriate conditions in their models
and that they were then able to feed informatiocktia the casters/welders aimed at improving
the quality of the end-products. In addition, thasgasuring the properties (and dimensions) sent
their data to those producing the castings andvthess so that modifications could be introduced
if the properties did not meet specifications @ thimensions did not meet tolerances. Meetings
were held in Nanjing, (China) (kick-off meeting);odlouse (France) and Beijing (China),
(telecom); Toulouse (European partners only); BgifiChina); ESA (Netherlands); Birmingham,
(UK); Villars (Switzerland) and the final meeting $henyang, China.

Overall it was found that, despite the fact thahagement was split between partners in the UK,
Australia and China, communication worked well,heiit any major problems in this jointly
funded European/Chinese research programme.

WP2 Specification of Properties and TolerancesThe objectives for WP2, defined in the

proposals were: (i) To define properties required dimensional tolerances of the spacecraft
components. (i) To define properties required alichensional tolerances of the airframe

componers. (i) To define target costs of components.

Demonstrators, and related specifications wereigeavby ESA and by Airbus as described in
the following paragraphs.

For satellite structures, the rationale of usitgnium instead of conventional aluminium alloys is
justified by its higher stiffness and lower coeiffiat of thermal expansion as a means to minimise
thermal stresses and strains on internal compomeststing from temperature variation due to
the changing exposure to sunlight. Two large camepts, illustrated in figure 2.1 were proposed
by ESA as demonstrators. The components were dabigs generic frames for small satellites,
which describe a class of satellite with a wet masduding fuel, ranging between 100 and 500
kg. These small satellite designs have been atdhe of the PROBA (Project for On-Board
Autonomy) program, which since 2001, has seen faunches as a part of earth observation
missions. One component was designed as a holtimder, 750 mm in height, 600 mm in
diameter, and a minimum wall thickness of 4 mm. A
cubic frame was also proposed as a demonstrator" =0
containing more complex features. The side lerajth |\ =™ )
the cube is 750 mm and the frame is composed of & ———— A1
reinforced base plate, hollow square tubing at fthe —
corners, and four L- shaped connectors at the dgpos

side to the base plate. The minimum wall thickrfess /| ,
the cube frame is 5 mm. For both components, théﬁ;‘; /" Dimensions: 750mm x750 mm x750
mechanical property requirements are: a yield-gtren T

(YS) of 800MPa, an ultimate tensile strength (UBS)  Figure 2.1: Demonstrator provided by ESA
900MPa, and 10% elongation (A). The geneia

geometrical tolerance is +/-2 mm and +/-1 mm onl watkness dimensions. For aeronautic
structures, the main driver of current resear¢chesmprovement of the Buy-To-Fly ratio (weight

of bought material /weight of final part). Currgntthe door-surrounding structure is made of
treated Ti-6Al-4V die-forged blanks. The replacemeh hot die forgings by a casting would
allow significant improvement of the Buy-To Fly i@tn addition to an increased accessibility to
additional structural details that would be difficto form by forging due to the very expensive

(b)

750 mm
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machining cost. In the frame of the COLTS projetirgeresting approach has been considered,;
it consists of cutting the door surrounding compasgframe, sill and lintel) into several cast
components and to envisage their assembly by BlecBeam Welding. Two of these
components, detailed in figure 2.2 have been saeas demonstrators. For Airbus, dimensional
requirements are very important thus the qualitthefdemonstrator should comply with defined
linear tolerance, straightness, flatness, anglerdatce, radius of curvature, surface quality. In
addition, mechanical characteristic have to compith usual cast part requirements (YS
of 780MPa, an UTS of 860MPa, and A=5%) and aimetached the level of those oftreated
Ti6Al4V forging, i.e. YS of 830MPa, UTS of 900MPand A=6%.

(@) — Lintel
/

Frames

Figure 2.2: (a) schematic of door surrounding stne; (b) Demonstrator provided by Airbus: segnwnt
frame and cross corresponding to lintel/frame seetion

WP3 Investment casting technology for large thin-wk Ti alloy componentsThe objectives

for WP3 were to (i) identify a process window &asting ESA component by optimising
complex interacting factors that influence formapildimensions and mechanical properties; (ii)
provide basis and calibration to and verificatidnhe modelling in WP6; and (iii) develop a
centrifugal process for casting large thin cylirdend cubic frames as defined in WP2.

Target components and key problems to solv&he two ESA parts to be cast are shown in
Figure 3.1 The cylinder consists of a top collar with a benlip, a bottom collar and a thin wall
(4 mm thick), and has a large size (diameter 66@53%/ mm). The ability to form an integrated
structure, dimensional control and mechanical ptogseare the key issues to solve in WP3.

Figure 3.1: The two ESA parts to be cast: g
cylinder and a cubic frame.

Figure 3.2: Designed (a), machined
(b) and assembled (c) dies for making
wax pattern. Specially designed
support tooling is essential for

ensuring the dimensional accuracy of
wax pattern.

Dimension control of wax pattern Proper design and assembling of dieégygre 3.2 and
individual wax componentg-{gure 3.3 are essential to ensure the dimension of thepadbern.
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Properly designed support fixtures prevent distartof the patterns during shell moulding
(Figures 3.4 & 3.5. -

Figure 3.3: Individual (a-c)
and assembled (d) wax
pattern.

Figure 3.4: Inadequate support
(a) causes cracking in addition
to distortion of mould (b),
while sound fixture (c,d)
minimizes distortion of the
cylinder mould (e).

Figure 3.5: Tooling (a,b) and
fixture (c) for preparing the cubig

’ ! , 7= g l% ‘ frame shell mould (d).
Deelopmnt of ntrifugal casting proces&ating design was optimized to avoid misfill and
minimize shrinkage cavitied={gure 3.6 in the case of the cylinder). The best combinatibn
casting parameters was identified: 600°C preheapéeature and 200 rpm spin rate. Lower spin

rate or lower temperature simply causes misrun.héfiggemperature increases tendency of
shrinkage porosity while lower temperature produnese gas pores.

(a) =g s (C)°

Figure 3.6: Gating design with runners connecting Figure 3.7: Cross-section
bottom collar produces misrun (arrowed in (a)) and micrograph showing the lack
cavities (b) at top collar. Optimised gating systiem of “ casing” on the surface of
shown in (c). a cast part.

Yttria face coat is suitable for casting thin wallalloy components because n@ase forms on
the surfaceKigure 3.7). The combination of high temperature and higm spie however may
peel off the coating and cause inclusions in tiings as reported in WP8.

Feeder design to eliminate surface porositinder the casting process conditions optmised to
eliminate misrun, porosity cannot be avoided onitisede surface of the thin wall of the cylinder
(Figures 3.8 & 3.9. A feeding system in the form of 3 equally sghcibbbons on the inside
surface of the thin wall was designed and andffecveness in eliminating the surface porosty
verified by both experimenE{gure 3.10 and simulation at Calcom ESI.
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Figure 3.8: X- Figure 3.9: (a) A-cast inside surface; (b) extensive poyosit
ray of thin wall revealed by slight polishing; (c) porosity remoagter
area of cylinder polishing off ~0.2 mm.

Figure 3.10: X-ray photo showing
porosity collected in the ribbon-shaped
feeders and such a design removes
surface porosity on the thin wall.

TR
Erm

2-16

shell mould, as well as solidification defects sashmisfill and large pores the repair welding of
which may introduce distortion. HIPping that clogesosity and pores may also cause distortion.
The dimensions of the best-controlled cast cylirdat a largest deviation of ~2 mm.

Refinement of coarse grain size of thick sectionBi-6Al-4V alloy castings are well known to
possess drastically different grain size, and icktkections such as the top collar of the cylinder
the grains are as large as 5 mm resulting in sagmif loss of strength. Changing mould preheat
temperature is ineffective in solving this probléie added a small amount of boron (0.04wt%)
into the alloy and it significantly refines the csa grainsKigure 3.17). No adverse effect on
mechanical properties was found for such a levehiofoalloying.

50; Y —

(a) (b) PG

) - aa— i
[} 0.5 1 15 2 25 3 0 02 0.4 08 0.8 L 200

ww s em Mo W
Grain size (mm) Grain size (mm) Colony size, pm

Figure 3.11: Measured grain size distribution: (a) and (lp) ¢ollar and thin-wall area of casting Pattern B
2012-2, respectively (ESA), (c) thin-wall area asting Pattern B 2012-7 (IMR).

Microstructural optimisation and mechanical properties For castings free of surface
connected porosity, HIPping effectively closes icgstdefects such as shrinkage cavities, gas
pores and porosity, and the microstructure candpgsted through post HIPping heat treatment.
Figure 3.12 shows 3 typical microstructures of the alloy, witbrresponding mechanical
properties detailed imable 3.1
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7 i ," z > /
Figure 3.12 Typical microstructure of cast parts: (a) as Hi&pCoarse lamellar, (b) HIPped + aged,
coarse lamellar + Widmanstatten, (c) HIPped + smiutreated + aged, fine Widmanstatten.

e

y

Table 3.1: Room temperature tensile properties of cast &adsthin-wall area of casting.

Sample Microstructure So2(MPa) sy (MPa) d (%)

) . 832 925 10.8

coct bar Lamellar+Widmanstatter 819 916 11.9
Widmanstatten 85/ 960 10.2

846 964 10.5

Thin-wall Wi e b 810 884 12.5
area of Lamellar+Widmanstatter 829 918 115

Pattern B . . 848 946 10.5
casting Widmanstatten 850 947 105

Cast ESA components of COLTS Patterns B and @ total of 4 batches of the cylinder and 2
batches of the cubic frame were cast in this wBHotographs of cast parts delivered to ESA are
shown inFigure 3.13

' T ) Figure 3.13: The cast ESA
c) : __' | components: cylinder (COLTS
i ' | | Pattern B) and cubic frame
(COLTS Pattern C).

ConclusionsThrough the work conducted in WP 3, a centrifugating technology suitable for
preparing three-dimensional large component withjdaarea of thin wall has been developed.
Technical obstacles in wax pattern assembling, | siieluld preparation, and gating and
configuration design were overcome. The followingas need further consideration.
Yttria-based face coat is appropriate for castingllby component with large thin areas, but
great care should be taken to avoid inclusions.
The mould preheat temperature must be appropriatedgen: too low a temperature does
not allow complete filling of the mould cavity amthy entrap too much gas, while too high
a temperature produces too much porosity.
The use of ribbon-shaped feeders is necessarimmate surface-connected porosity on the
inside surface of the thin-wall region of the cylan.
Both proper design of support fixtures and minirigaof solidification defects are crucial
to ensure the dimensional accuracy of the large gianponents. Too extensive distribution
of solidification defects causes unpredictableadi&in of the component when the pores are
closed during HIPping.
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Variation in grain size in sections of differenictness of cast Ti-6Al-4V component is
unavoidable. Addition of a small amount of bororQ4wt% in this work, refines the grain
size of the thick collars of the cylinder and imypee the uniformity of grain size distribution.
The crucial factors influencing the mechanical @rbips of cast Ti-6Al-4V component are
metallurgical defects and grain size. Provided gbkdification defects can be eliminated
during casting or closed during HIPping, the ESAcification of mechanical properties can
be met after heat treatment.

WP4 Development of gravity and centrifugal castingThe objectives of WP4 defined in the
proposal were: (i) To develop gravity casting aadtdfugal casting of large Ti64 airframe and
space components within specified dimensions; coisgraof the quality of castings using the
two technologies. (ii) To carry out NDT and dimemsil assessment of castings made using both
casting technologies (iii) To assess the influesfdd|Pping and post-heat treatments on
properties of castings of Ti6AI4V. (v) To provideroponents for welding trials in WP7

Melting was carried out in water-cooled copper irigcvacuum consumable electrode arc
melting technology to make Ti6Al4V ingots. As noteatlier in this final report aircraft
doorframe and cross connector castings were tadsiped as demonstrator castings. The
doorframe is a thin-walled, multi-ribbed, long aas/mmetric structural component; its
maximum size is 854mm and minimum wall thicknessMhe cross connector is a thin-
walled, multi-ribbed, cross-framed structural comgat; its maximum size is 800x800x200 mm
and minimum wall thickness 4mm. From the abovecstinal features, it is evident that mould
filling is difficult for these component castingmd the surface/inner quality control, dimension
control and deformation control also pose signiftqgaroblems.

An open gating system design, combined with théobopouring was used as shown in figure
4.1, to reduce turbulent flow so that fast smodlind was achieved.

Fig.4.1 Pouring system of doorframe and cross ottone

Casting wax patterns were prepared by laser rapigyping technology. During solidification,
the residual stress is high and leads the caséfgymation or cracks, so stiffeners have to be
added. In order to accurately obtain the size &iages data, to control the casting dimension
accuracy, 3D optical three-dimensional photograpthi@e coordinate measuring technology,
was used to obtain complete measurement of wagrpattThe casting wax patterns are
connected together with the casting runner gatystes.

Because of doorframe’s thin-walled, multi-ribbeahd and asymmetric structure and cross
connector’s thin-walled, multi-ribbed, large crdssmed structure, the wax patterns of the
castings are easily deformed and led to cracksariiieted corner. Modelling of the stress was
carried out and on that basis stiffeners were addeldhe filleted corner angles enlarged. The
wall thickness of the wax patterns was also in@éds increase its stiffness to prevent the
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deformation when wax patterns are prepared andrdsbse since many risers are added on the
wax patterns.

Molten Ti alloys react with most refractories. hetprocess of pouring and solidification, under
the combined influence of high temperatures, gyaaitd centrifugal force, all these affect the
quality of castings, so the selection of mould matend the preparation of mould is the key.
Research on the preparation of mould and the pgwficasting has therefore been carried out.
Melt pouring and the mould processing conform ®rquirements of the titanium alloy casting.

Titanium and oxide ceramic moulds interact and peedreaction products on the casting surface.
Electron probe microanalysis has been used to sty interface reaction between the different
type of ceramic material. This work showed thatdbetent of Ti, O elements was reduced at the
interface between metal and the ceramic mould. Rhenexperimental results, the interface
reaction between the Y203 mould or ZrO2 mould agt kemperature molten titanium alloy is
not extreme and by pickling and blowing sand andtber surface treatments, the reaction layer
can be removed.

Through experimental research, we can draw a meathodntrol the interface reaction.
Wettability comparison of refractory materials: tireg angle is:

Y203 < Zr0O2 (Ca0) < ZrO2 (MgO) < MgO < Al203 < zimc powder. Try to select the material
of small wetting angle.

b) The enthalpy comparison of refractory:

Y203 < Zr0O2 (Ca0) < ZrO2 (MgO ) < MgO < AlI203 < @im powder. As far as possible
choose the materials with small enthalpy.

c) By adjusting the time of molten titanium allogntacts the mould.

d) By using the minimum mould preheating tempeaeata control the interface reaction

In order to study the effect of moulding adhesinglte quality of the mould, design three
different kinds of coating adhesive on the bacletayespectively are silica sol, ethyl silicate and
the two kinds of coating binder which were usedricihangeably.

Yttrium oxide was selected as the surface refrgcwirconium acetate as the bonding agent of
face coating, and selects the mullite as the beftiatory, silica sol and ethyl silicate as thelbac
layer bonding agent. Forming the mould prepargtiatess:

Face layer is 2 layers, back layer is 10 layersulllas dewaxed in the resistance furnace for
200min. Up to 1000min for baking. By this proceabgre is no crack, drop sand, peeling,
ballooning in the mould.

To determine the interface heat transfer coefftoidnthe titanium alloy precision casting,

requires two steps: the first step determinestbemal physical property parameters of the

mould material, including heat capacity and therooslductivity. The second step defines the
temperature in the pouring process, for which treffecient of the interface heat transfer is
obtained by inverse calculation. Having establisthedhermal physical parameter test
conditions, the mould was designed for thermal [glayproperty parameters test. With Qinghua
university’s help to obtain some of the thermalgbgl parameters, the pouring temperature used
was about 1700C.

Doorframe and cross connector are thin wall castingth ribs, large and nonsymmetrical frame
structure. It is clear from figure 4.2 that thentiwalled area of the casting accounts for more than
90% of the casting. There are many thin-walled, ribs casting is large and the liquid metal flow
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distance is very long. These characteristics makéng and mould filling very difficult so that
the casting is prone to defects such as misrurcaladshut.

The doorframe uses gravity casting and centrifagating pouring, pouring two at a time, to
realize symmetrical gating. In order to improve filogvability of the molten titanium alloy,

mould preheating was used and the process paranseien as melt temperature, melting current,
voltage optimised. Secondly, combined with the ltesaf computer simulation of the filling
solidification by Tsinghua University, the pouringstem was optimised. It was seen from the
simulation and optimisation, that the pouring systlows the molten titanium alloy to fill the
mould very quickly under stable pouring conditions.

Fig.4.2 Door frame and cross
connector Ti6AI4V alloy castings of
Airbus

Because the cross connector is asymmetrical @itipossible to use centrifugal casting, casting
one at a time. In order to improve the flowabilifythe molten titanium alloy, mould preheating,
process parameters were optimised. Computer siimilags used to optimise the pouring
system. By optimisation of all processing paranseéecurate shapes were cast with no misruns,
few cold cuts, few inclusions, and limited surfaeaction layer.

WP4 developed hot isostatic pressing process addbeframe and cross connector castings. The
hot isostatic pressing process (HIP) is as follolemperature: 920-920°C, gas pressure: 100-120
MPa, holding time: 2-4 h.

Because casting defects need weld repair, WP4 tbtheeheat treatment process as follows:
Temperature: 710-730°C, vacudind.1Pa, holding time: 2-4h. Doorframes and croesnector
castings are HIPped which effectively eliminatess ¢tosed casting defects. Through the heat
treatment process design and experiment, the @ssthess in castings was reduced, and thus the
deformation of the casting reduced. The castinge wesessed using NDT. For complicated
castings, the use of a 3D coordinates machine gpiickbscanner, the doorframe and cross
connector dimensions, were determined. Measurenoétit® chemical composition and
mechanical properties, in cooperation with the l@rsgity of Birmingham showed that the

ultimate strength and yield strength are in linthwie Airbus technical requirements, only the
linear shrinkage rate is slightly lower than thehtsical requirements (5%), the fracture toughness
is close to that of forged Ti6AI4V.

WP4 manufactured 4 batch doorframes, cross compddi@astings. 2 pieces of doorframe
castings were delivered to the University of Birgliam, and 2 pieces of cross connector castings
to EADS.

WP5 Production of large wax patterns and developmedrof a strong wax, 3D measurement
of cast parts.

The objectives of WP5 defined in the proposal wéjero produce wax patterns and to develop
waxes which allow improved dimension control ofjlaucastings (ii) To assess dimensional
accuracy of castings produced in WP3 and 4.
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® Production of wax patterns and to develop waxesathallow improved dimension

control of large castingg he wax pattern is used as the part prototypevafsiment casting, and
its cost and quality are the key factors deterngmranufacturing cost and part performance. This
study used additive manufacturing (AM) technolo§gelective laser sintering (SLS) to fabricate
large wax patterns rapidly. The research work i;mpdocused on the scanning strategies for
large working table, high performance wax mateitdglligent pre-heating technique for large
powder bed, the shrinkage prediction and intelliggncessing plan based on numerical
simulation and the 3D measurement. The main relseastilts are summarised below:

In SLS, the scanning strategy affects the intestraks distribution of the parts, resulting in
warping deformation and influencing the overall@ecy. To limit the internal stress to a very
low level, many scanning strategies were studigdgm®uping and reversal scanning strategy, the
scanning direction is changed layer by layer wigieherates stress in multi directions. Compared
to the stress when scanning is carried out inglesidirection, the warping deformation is limited
to a low level. Scanning in block patterns and giseverse scanning, the large scanning area is
divided to small blocks of the same size. The mdéstress is reduced in the scanning layer, and
the warping is well controlled in large parts. Bicalar scanning, the shrinkage stress in the
single layer decreases, but the radial stressamese After the optimisation of this strategy, the
powder outside the scanned area was pre-heatedterfreduce warping.

At present, polystyrene (PS) is widely used for $h&ake patterns used in investment casting.
However, PS is not suitable for making patternéwhin-walled or delicate structures due to its
poor mechanical properties. In this study, a typleigh impact polystyrene (HIPS), a polymer
blend of PS toughened with polybutadiene rubbes eeveloped as an SLS material to make the
parts with good mechanical properties as well ds good laser sintering properties. The study
reveal that the bending strength and modulus oSHBBS green parts are 18.9MPa and
62.3MPa, respectively, which are much higher tihase of PS SLS green parts. Compared to
PS, the particle bonding of HIPS powder is easteabse of the viscous flow of rubber in it. This
property gives sintered HIPS specimens, which laavere compact microstructure, and results
in better mechanical properties than PS specimathésasuitable for making thin-walled and
delicate structural parts. When the SLS partsramdrsed in the molten wax, the wax infiltrates
the SLS parts through capillarity action. After ppeocessing, most of the voids are filled with
wax, and the void fraction is decreased from 5218 % 1%. The SEM images show that most of
the HIPS particles are well wrapped by wax. The slaows good bonding with HIPS because
both of them are non-polar materials. Compared thighproperties before post-processing, the
mechanical properties are significantly improvegmjpost processing. The complete
decomposition temperatures for HIPS and PS in atembsphere are 412 and 446°C,
respectively. This indicates that PS and HIPS ddsuen out completely and the decomposition
temperature of HIPS is lower than that of PS. bteoto determine the ash content, gravimetric
determination was employed, and the resulting asteats of PS and HIPS are both 0.3%. The
decomposition of HIPS during the sintering and deprcesses releases an unpleasant odour of
butadiene, leading to environmental pollution. Hfiere, nowadays, most patterns for investment
casting are made by PS. In some cases, HIPS ocagseldeo make large-scale patterns with thin
walls.

When heated by the moving laser during SLS, thexéeamperature field inhomogeneities in the
polymer-sintered layer in the sintering height dii@n and before and after the scan lines. In
addition to the different constraints and coolingditions in different areas, which result in a
different extent of shrinkage in different regiolegading to internal stresses. These stresses cause
local warping of the outer boundary of the convesner boundary region and of the initial layer

of the part. Once warping of the workpiece occitirsgriously affects the precision of the parts.
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Therefore, this study uses methods, such as inngepeeheat temperature to limit the occurrence
of deformation or reduce the degree of deformatishen the preheating temperature exceeds
the glass transition temperature of the polymeickvis about 15°C, the powder outside the
sintering zone melts and some agglomeration ocglesagglomerated area acts as a restraint on
the workpiece and can suppress to some extene aient of deformation. In addition, increase
of preheating temperature causes the surface tatnpeof the sintered layer to increase, which
reduces the inconsistency of the temperature, Bod@duces the uneven shrinkage and non-
uniform stress due to non-uniform temperature fistdleading to improved precision of parts.
The deformed layer is defined as a “discontinuatyel” and other layers as “general layers”.
When confronted with a discontinuity layer, theteys identifies it and appropriately enhances
the preheat temperature to achieve intelligentrobof the preheat temperature.

(i) Assessment of dimensional accuracy of castipgeduced in WP3 and Based on partial

test data a neural network and regression modelbbas vectors have been established, which
shows the relationship between the SLS processnedieas and part shrinkage. The created
models have been applied to research and anakysalés of the single factor and multiple factor
process parameter on the shrinkage rate. Basedaborwregression models, the intelligent
selection of optimisation of the process parametéien the shrinkage is set before, which
provides a numerical simulation method for optimi@aof the SLS process.

In our system, four-step phase-shifting methodseduto realise fast and accurate 3D shape
measurement. Typically, the gamma distortion ofquior will produce periodical phase error,
which is the major error source. In order to eliat@the phase error, the gamma distortion
phenomenon, which considers the defocusing ef§attadelled, and a novel gamma correction
method proposed for phase error compensation wimiptoves the measurement accuracy
significantly. On the other hand, for improving istgation accuracy of multiple 3D point clouds
from the multi-view scanning directions, a globetaracy optimisation method based on bundle
adjustment is proposed, and it is very importantfeasuring large-scale objects.

Based on the study of the scanning process, lighgth materials, intelligent preheating,
numerical simulation and 3D measurement, a large Sistem is used to fabricate multiple
batches aircraft door and cross joint casting wax.nearly 1m dimensions, thin-walled and
complex structure of wax: the average size dewviatitthe aircraft door wax control is 0.3-
0.7mm, and the maximum deviation is 1.3-1.8mm. dVerage size deviation of the cross
connector wax is 0.4-0.9mm, and the maximum dewias 2.0-2.6mm. According to the
analysis: the absolute value of the negative diewias greater than the positive deviation value,
and size of workpieces are overall smaller thanXA® model, and presented a trend to "shrink".
This is relevant to the shrinkage, when the polymaterials are sintered by the laser during SLS.
The maximum deviation appears in the local areaafdike outer edge. After intelligent
preheating and the optimisation-based on numesigallation, the maximum deviation is
reduced and the warping is decreased. But thedseri temperature results in powder in non-
parts areas becoming sintered and blocked, aftgthim overall accuracy of wax, which increases
of average deviation. With optimisation of the pesting temperature and processing plan, the
biggest deviation of the wax pattern is about 1.5mna the average deviation is 0.3-0.8mm.
Wax patterns made by SLS are successfully appi¢iget casting production. The average size
deviation of castings is 0.7-1.0mm. Compared withwax pattern, the casting size deviation
increased. This is mainly caused by expansion afshell, metal solidification contraction, the
surface quality and other factors. After three bascof the casting process optimisation, the
overall precision of casting is very close to thexypattern, and the average deviation is
controlled to about 1mm.The maximum deviation ariethe casting is basically consistent with
the wax pattern, the casting overall has no sigaifi deformation. Compared with the metal
mould, the forming cycle of large casting wax progl by SLS method is only 1/9 of the
conventional method, in a single piece and smadithat also has a cost advantage.
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WP6 Final Report. Development of computer modellindor casting large Ti components

The objectives for WP6 defined in the proposal wayedevelop computer models of (i)
centrifugal castings of engine components (ii) dyacastings of airframe structures (iii)
centrifugal castings of airframe components. QaldaS| focused totally on objective (jii),
Tsinghua focused on objectives (ii) and (iii). BlIAfidcused on objective (i) and all work on the

engine casing is reported in WP4.

The first section describes CALC’s work on flowrpsity and deformation of a cylinder and of a
spaceframe. The second section describes Tsinglsavodoorframe and cross connector
1. Modelling of the flow aspects of centrifugal castig Figure 6.1 shows an intermediate

step of the filling of the two main components pdad by ESA. The developed flow solution

covers the dynamic of the centrifugal filling presequite well.

Temperature [C]

17000
I 1696.7
16933

Figure 6.1: Filling

simulation results of two
ESA parts. The scale covers
the range from 50C above th
liquidus temperature of
1650C (the actual pouring
temperature) to the liquidus.

D

Figure 6.z Risk of interrupted filling
due to too early solidification (left side
process version with risk, right side
improved filling system with removed
risk). High risk of early solidification
(brown) is eliminated by improved
filling system.

Calcom ESI developed furthermore a new flow criteriwhich indicates the risk of intermediate
filling due to too early solidification. While therocess version on the left side Eifjure 6.2
indicates a risk of too early solidification sine®lt was not fast enough to the casting part, with

the improved filling system this risk could be rerad.
Modelling of porosity in centrifugal casting An important asp

ect of the new casting modeling

capabilities integrated in ESI casting solution ®&&T capability of taking into account the
centrifugal forces on the porosity formatidrigure 6.3 shows the influence of the centrifugal

forces on the porosity formation using a small destiator case.
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Figure 6.Z: influence of centrifugal forces on
porosity formation (left side gravity casting,
right side centrifugal casting). Red indicates
high porosit:

While the porosity can be found on the top in thsecof gravity castind-{gure 6.3left side), the
porosity is moved inwards in the case of centrifugeting Figure 6.3right side).

Figure 6.4 Comparison of predicted porosity with experimén¢sults (left, micro porosity, right side use
of rings to move the porosity to sections whicheverachined after casting).

The new porosity approach was applied by IMR inglecess development of the casting of the
ESA cylindrical geometryFigure 6.4 shows that porosity could be concentrated to @esti
which were machined after the casting processatdtie casting quality could be improved.
Modeling of stress and deformationin the case of the ESA cubic geometry a large dedition
was observed in the area of a cross inside thergtiadrame Figure 6.5. The stress modeling
results indicated a deformation of similar size oarfrom the fact, that the inner cross (with a
thinner wall thickness) is cooling earlier then twerounding frame. Being relatively lengthened
by plastic deformation the inner cross is moved ofutolerance when the outside frame is
shrinking afterwards. The difference in the defatiora (inwards experiments versus outwards
modeling) might be because the modeling setup mneklity differ from each other.

Figure 6.E: Comparison of predicted
deformation with the one observed in the cast
component. Most heavily distorted regions in
green

2 Modelling of casting of door frame and cross corettor Using in-house software, TSING,
which takes centrifugal and Coriolis force into @aat, mould filling and solidification of door
frame and cross connector were simulated. Grawidythe centrifugal casting were compared.
Simulation of mould filling and solidification process (1) door frameThe pouring process
lasts for 4.5s in BIAM. The mould filling process simulation can be seen in Fig 6.6.

17000000
I,s.;um,, Fig 6.6 Mould filling process of

wweooe | dOOr frame in gravity casting
712000 | PrOCESS. The pouring
waeo | temperature (red) was 1700
w200 | Which was supplied by BIAM ag
wean | the temperature used. The
wzeore | liQuidus  is  about 16500
Dissemination level: public snz | (Qreen).(a)25%, (b) 65%, (g

wneoon | 100% filled

1604 0000

)




Smaller Niyama values than 0.2 are marked in FigBorous defects may appear in these areas.
This prediction agreed with observations of thalities where pores were observed by BIAM.
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Fig 6.7 Distribution of Niyama value les$
than 0.2 (red) in gravity casting proce
for the door frame, which show the
potential area to form porosity.

I
2]
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0.06000

0.04000

0.02000

0.00000

The mould filling process of door frame in centgél casting process was simulated as seen in
Fig 6.8. The mould filling time is 4.5s and theatidnal speed is 200r/min.

R
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PN
15712000
152100
15522000
15424000
1EIT 000

e

TE11E000

(@) 15% filled

(c) 65% filled

(d) 100% fil

15040000

Positions of door frame where have smaller Niyarales than 0.2 in

Fig 6.8 Mould filling
process of liquid meta
of door frame in
centrifugal casting. Red
is pouring temperature
(1700C). Green i
liquidus of about 1650C

centrifugal casting are

marked in Fig 6.9. Porous defects may take placinése areas. For this casting process, the
modeling results were also in agreement with expental observations made by BIAM.
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(2) Cross connectoiThe mould filling process of cross connector iavify casting process can

be seen in Fig 6.10. The pouring process lastedout 4.5 seconds.
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Fig 6.1C Mould filling

process of liquid meta
of cross connector in
gravity casting. Pouring

temperature  (red) i
1700C and liquidus
temperature (green

about 1650C




Positions of cross connector where have smalleaimNg values than 0.2 in gravity casting
process are marked in Fig 6.11. Porous defectstak@yplace in these areas, which are in good
agreement with the experiments done by BIAM.

0.20000
gﬁ l‘”m" Fig 6.11 Distribution of Niyama value]
\ P less than 0.2 (red) in gravity casting
0.16000 .
% process for cross connector, which show
§ 014000 the potential area to form porosity.
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Conclusions WP 6 activity in COLTS was able to build and apglgte of art casting modeling
techniques to predict flow, thermal, porosity atréss aspects of the casting process for gravity
and centrifugal castings. Numerous casting sinuiatiwere performed by the partners in WP6
(only a part of them is shown in the text above] trereby a good agreement between modeling
and experimental investigation was found. By intli@a the consequences of the selected
technical process parameters the modeling acsupported the process development and helped
to make it possible to cast the highly complex comgmts (very large and thin walled) that were
selected for the project. The modelling capabdititeveloped in COLTS were integrated in the
commercial software package ProCAST. By this therseutic and space industry is provided
with a professional software solution to furtheogiuice such complex titanium parts with a well-
controlled casting process.

WP7 Welding of Ti airframe and modelling of weldingThe objectives of WP7 defined in the
proposal were: (i) To develop all aspects of wajdinocedures including post welding heat
treatments for air frame components cast in WP4ghwyas addressed by Bamitri. (i) To model
welding and post weld treatments, which ING and SB/performed.

The work carried out covered the following:

1) Research on welding process of EB welding of caBAMYV plates (CAE-BAMTRI)
supplied by BIAM, which involved quality control &B welding.

2) Development of welding process of EB welding of gedhaped samples to simulate
welding of airframe components cast Ti airframagseed with Airbus. (CAE-BAMTRI)

Residual stress measurements and distortion cdatiohique of welding of cast Ti airframe
(CAE-BAMTRI)

3) Numerical simulation to predict residual stressas distortion in welding and in response to
post-weld heat treatment (CIMNE) using experimeataiditions supplied by Bamtri.

1. Research on welding process of EB welding of caslapes The influence of welding
speed and welding current on different thicknessmas were investigated in order to find the
optimum processing conditions. Typical results sttewn in Figure 7.1, and assessment of the
microstructure and properties on samples suppl§eBamtri, measured in WP8, showed that the
optimum conditions met the A-class acceptance tiamgdi provided by Airbus.
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2000 007 |
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Figure 7.1 Photc-)graphs of welded plates of T-i6A(a‘)/12mm thick (b) 21mm thick.

Measurement of the distribution of deformation ofeetron beam weldin@D Scanner
(VTOP200) was used to measure the distributiore@dranation of electron beam welded plates
of thickness 5 mm and 10 mm. The results (showkigare 7.2) show, for a plate thickness
10mm, the maximum angular distortion is 0.74°-0.88d the maximum deflection is 2.85mm.
For the 5mm thick plate, the maximum angular digioris 1.14°-1.37° and the maximum
deflection is 3.803mm.

Measurement of the residual stress in electron beaelded plate3he residual stress generated
in 5mm thick and 10mm thick electron beam weldedgsd was measured by strip method. As
shown in figures 3 and 4 the longitudinal residitedsses are all large tensile stresses, between
400MPa and 600 MPa, and the maximum value is ¢@ZO0MPa. The transverse residual
stress is smaller. For the 10mm plate it is betw280MPa and 300 MPa, and for the 5mm plate
is between 50MPa and 350 MPa. These stresses calidved by post weld heat treatments, see
figures 7.3 and 7.4.

14
(20mm’

zzzzz

2#
(10mm
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34
(5mm)

44
(5mm)

Figure 7.2 Distortion result of
plates 1, 2, 3 & 4. (Unit: mm)

EB welding of wedge sampl&¥edge samples (figure 7.5) with variable crosdisedased on

the A350 XWB door frames were designed, and thehivag of welding parameters for the
changes of section was solved. Defects such asthrough and lack of penetration were avoided
although undercuts were sometimes observed. EBsweliich met A grade of Airbus standards
(AIPS01-04-011) were achieved.

Fig.7.3 Longitudinal residual stress distribution Fig.7.4 Longitudinal residual stress distribution i
10mm thick sample 5mm thick samples

Face of the weld Back of the weld

Figure 7.5 Wedge sample welding by electron beam
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Measurement of the thermal cycle curve during EB ldieg Temperature measurements during
EB welding were performed and the data provide@IMNE for their numerical simulation.
These are shown in Figure 7.6 and Figure 7.7

1200

1100 - —— 2mm from weld center line
1000 - —— 2.5mm from weld center line
—— 2.9mm from weld center line

900 - —— 3mm from weld center line

800 |- —— 3.3mm from weld center line
700 £ —— 4.2mm from weld center line
—— 6.1mm from weld center line

600
500
400

Temperature T/

300
200
100

0 10 20 30 40 50 60 70 80 90 100
Time t/s
Figure 7.6 Temperature measurement during EBFigure 7.7 Temperature measurement during EB
welding during first traverse welding during second traverse

. Numerical simulation The numerical modeling of the EBW process is a phwéool to
better understand the physics of the process arsgitsitivity to the process parameters (welding
speed, electron beam power, work-piece thickndeg, fer design and production engineering.
However this kind of simulation is not an easy tabice it involves the interaction of thermal,
mechanical and metallurgical phenomena. This isrd@son why the numerical framework
proposed has been formulated coupling heat trapgfenomena to the mechanical analysis to
achieve the highest accuracy simulation results. material behavior has been characterised by
a thermo-elasto-viscoplastic constitutive model.

The work carried out during the project can bed#d into the following parts:

State-of-the-art survegn EB welding simulation covering:

The FE technology currently used for the EBW sirtiolfa

Most common definition of moving heat source toresent the key-hole in EBW.

2.1 Implementation of a Pre-processing modulevhere the final user can:

(i) Read/madify the geometry to be welded (ii) Gexe the FE mesh to be used for the
discretization. (iii) Define the welding path. (iRefine the industrial parameters characteristic of
the EB-welding process (e.g. welding power, efficig welding speed, key-hole shape, etc.)

(v) Specify the material (e.g. titanium alloy) ahe corresponding parameters of the constitutive
equation implemented (e.g. Young modulus, Poisabta,ryield stress, conductivity, specific
heat, density). (vi) Launch the simulation

2.3 Implementation of the Solver kernel for the solution of thethermo-mechanical
problem defined by the EBW process:

() Diffusion/convection equation-solver, basedemthalpy format made ready for complex
phase-change problems.. (i) Temperature-depenmdatarial properties (conductivity, specific
heat, density). (iii) Phase change phenomena {latst, solid fraction function) according to
Sheil’s rule. (iv) Moving heat source representimg EB power distribution during welding
process.(v) Heat convection, heat conduction aadi fagiation law at the surface boundaries of
the geometry for the heat loss.

2.2 Implementation of a Post-processing modulavhere it is possible to:

() Visualize the temperature evolution during tielding process and cooling phase,(ii)Visualize
the solid-fraction evolution during phase-changecpss.. (iii) Draw the temperature evolution
graphs at different thermo-couple locations.(iwdytthe distortion of the final part after welding
and the residual stresses induced by the process.
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2.4 Benchmarking procedure:

In accordance with BAMTRI have been defined différeenchmarks to firstly verify and
secondly calibrate the software module.

The experimental evidence recorded in terms oftbeouple plots and distortion measurements
have been compared with numerical data achieved) tise brand-new software developed
within the COLTS project.

The proposed formulation has been implemented antalti-physic environment able to run
coupled thermo-mechanical analysis. This is theadled, softwardernel. The original software
platform to deal with coupled thermo-mechanicallgsia was COMET (COupled Mechanical
and Thermal software). COMET is a research-purgadevare property of the International
Center for Numerical Methods in Engineering (CIMNBJI the necessary implementations to
deal with the EB welding process have been addeddb platform.

The software-interface to let the user introduce both the material amdgtocess data has been
developed, starting from the original pre-post pssing platform is GiD. GIiD is a powerful
commercial tool property of CIMNE. Using this pregp processing tool is possible to read
geometries from the most common CAD format. It aossible to generate geometries from
scratch using different CAD tool available. The mgenerator is also integrated in GiD offering
a powerful tool for FE analysis. Starting from sugtaphical environment, a collection of
software windows to interact with the solver-kerfeve been developed. The content of such
windows as well as the geometry and mesh datactieeted in an input file for the solver kernel.

The numerical assessmenbf the software developed for the numerical sitmfaof the EBW
process has been carried out checking both theamdl mechanical responses. Firstly the
calibration and, latter, the validation proceduravéh been made possible thanks to the
experimental work carried out at BAMTRI.

The correct definition of the EBW heat source reslin excellent agreement between numerical
results and experimental measurements at the elifféhermo-couple locations. The comparison
between the temperature evolution computed bydftesare and the experimental data available
show a very good agreement.

The mechanical results obtained in terms of finataodtion of the metal sheets and residual
stresses at the end of the welding process alspaenvery favourably with those of the
experiments.

Concluding comments.The objectives listed at the beginning of thisorefhave all been met.
The interaction between Bamtri and CIMNE enabled thodelling to reflect accurately the
optimised welding conditions identified by BamtBamples were supplied to other WPs for
assessment and are reported in WP8.

WP8 Comprehensive assessment of microstructure & pperties of cast and welded
components The objectives of WP8 defined in the proposalené) To assess the relevant
mechanical properties and microstructures of sasriéfrom the cast components produced by
CAE -BIAM and IMR in order to assess the succegh@fcasting process in producing castings
fit-for-purpose.(ii) To assess the relevant properties and miarosires of welded components
produced by CAE(BIAM and BAMTRI)iii) To improve casting and welding of Ti64

ESA componentsThe assessment of ESA components was started orlai@e pieces cut
from an initial cylinder casting (pattern B), whigkere provided by IMR. One piece was further
HIPped athe IRC. Large cavities were found along the top catlarimeter and small shrinkage
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porosity at other areas. HIPping can remove théieavY,0; inclusions were found in the thick
section (top collar). The microstructure of the poment consists of alpha and beta lamellar
colony structure. No alpha case was founthatsurface. Tensile tests show fracture initiates at
casting defects (shrinkage porosity and inclusioRepr beta grain boundary is the preferred path
for crack propagation, due to the thick alpha filermed at the boundaryFollowing
discussions of these observationth CALC and IMR, the following changes were
introduced (a) improving the filling system to remove thega cavities found in top collar by
putting the mould upside down, (b) HIPping the comgnts before delivery to remove porosity
and improve ductility, (c) adjusting alloy compdait to increase strength, (d) refining beta grain
size to improve ductility and (e) considering futiineat treatment to optimise properties.

Following the initial casting, a total of four compents were produced by IMR for ESA, from
which three were cylindrical structures denotedPastern B and one was a cubic structure
designated as Pattern C. Extensive assessmehiglimg dimensional accuracy, NDT, tensile
testing and metallographic analysis has been chmigt at ESA andthe IRC. Geometry
measurement shows that dimensional tolerance isrgiyin line with requirement with some
significant improvements in Cylinder 3. The topktottom distance of the Cylinder 3 is slightly
undersized by 1.2&im. The top and bottom collars are undersized witite mid-section is
oversized. The roundness of the top and bottoitarschre 0.77 mm and 3.68 mm. The thickness
of thin section is larger than the nominal speatiien, but desirable to allow for surface finishing
in the case that a requirement on the surface rmsghhas been set.

Radiographs were used to identify the presencentefrnal defects in the cylinders. Casting
defects such as blow hole, shrinkage porositytdentand inclusion have been found. In contrast
to Cylinder 1 and 2, Cylinder 3 did not carry hearts. Only four blow holes could be identified
in the Cylinder 3, which is a significant improvemérom Cylinder 2. The number of inclusions
found in Cylinder 3 has also been significantly rdesed. Approximately 10 inclusions were
counted in the whole of the structure, which isigigantly less than the 104 inclusions counted
in Cylinder 2.1t was noticed that the beta grain size and lam#liakness (Fig. 8.1), varies in the
components, especially when comparing the thickcwlfar and the thin middle section. Efforts
have been made to reduce the grain size and horsegiére microstructure by micro-alloying
(boron addition) at IMR. The average grain sizeCilinder 3 (with the addition of boron) has
been reduced by almost three times comparing tin€ad 1 (Table 8.1). As shown later, the
significant refining of grain size results in impemment of both strength and ductility.

Tensile tests have been carried on both the thirtlsiokl sections, and results are listed in Table
8.2 together with ESA expectation and Airbus spediions. As expected, generally the thin
section has higher strength than that of thickigecthe initial casting and Cylinder 1 have yield
stress (YS) slightly below 800 MPa and further loweeabout 750 MPa after HIPping. However,
the ductility is increased from about 1-4% to 6-8%6HIPping in both thin and thick sections,
which shows the effectiveness of HIPping to rempeeosities and improve ductility. Although
the tensile property of the cylinders is close tte Airbus specification for Ti64 casting, it is
below the ESA expectation. In the following cagtitMR has modified the alloy chemistry to
bring the Al and V contents higher but within spieeition to increase strength. With the
modified alloy chemistry coupled with minor boroddition, both cylinder 2 and 3 have YS
above 800 MPa and UTS around 900 MPa. While thegaliion of thick section is around 8.4%,
the thin section in Cylinder 2 and 3 has an eldngdess than 2%. Fractographic analysis shows
the samples contain micro-porosityvhich cause the significant reduction of dudgtilit
Furthermore, X-ray image also shows that the tbirtisn has larger porosities. It suggests that
surface-connected porosity on the inner surfadhefarge thin-wall region of cylinders formed
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during casting couldhat be removed by HIPping. It was realised that tke af ribbon-shaped
feeders (were added in the initial casting and ré@r 1 but removed in Cylinder 2 and 3) is
necessary for eliminating such porosity in thintiems. IMR has shown that, by removing the
porosity in thin section and adding a heat treatnadter HIPping, the thin section has tensile
properties which meet the ESA expectation, whichvery challenge target for casting.

Fig. 8.1: Micrographs of etched samples of (A) toplar, (B) middle section, and (C) bottom collar.

Table 8.1: Average grain size (in mm) for cylinde®, and 3.

Locatior Cylinder 1 Cylinder 2 Cylinder 3

Top colla 1.t 0.€ 0.t
Thin sectiol 0.€ 0.4 0.3
Bottom colla 1.€ N/A 0.5

Table 8.2. Tensile properties of ESA cylindershat {middle) and thick (top collar) sections.

Specimens YS, MPa UTS, MPa Elongation, %
Cylinder 1 thit 784 84( 4
Cylinder 1 thicl 79€ 861 3

Cylinder 1 thin HIF 77¢ 861 7.1
Cylinder 1 thick HIF 743 81z 8

Cylinder 2 thin HIF 862 91z 1.z

Cylinder 2 thick HIF 817 89t 8.4

Cylinder 3 thin HIF 82: 877 1.7

IMR 2012-7 thin HIP+ HT 82C 901 12
ESA expectatio 80C 90C 10
Airbus specification (castin 78C 86( 5
Airbus spedfication (b forging 83C 90( 6

The fracture toughnessgKvalues of the thick section are in the range oft&®6 MPa/m.
HIPping reduced the scatter o Kalues to 72 — 89 MRén. Although ESA didna specify
fracture toughness requirement, the obtained fradoughness values are well above Airbus
specification for casting (40 Mﬁ“&n) and close to that of forging (80 M{r“;m).

Limited work on a pattern C component has shown titva erosion from the filling leads to a
large concentration of defects, mostly inclusionsThis problem mirrors the challenges
encountered with the casting of the cylindricalisture. It is expected that experience gained
while producing additional cube structures may miae and eventually eliminate the presence
of face coat inclusions in the future.

In summary, The ESA components produced by IMR tsh@avn great improvement between
batches. ESA is satisfied with the component guplioduced in the project in view of the great
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challenges to produce large 3-D thin wall castirg®en though improvement such as further
reducing inclusions and porosity is needed befoeecomponents can be put into production.

Airbus components The doorframe and cross connector were cast byMBIAwo
doorframe and two cross connector components welreeded to EADS and IRC for
assessmentDefects, such as porosity and inclusions, have beeraled by X-ray tomography.
The number density of defects is low and defece s generally small. The chemical
composition of the doorframe is within the Airbusitdrial Specification (AIMS-03-21-002). The
microstructure of the doorframe is similar to tbRESA cylinders (Fig 8.2). The surface is clean
and no alpha case was found. The average betagjgaimaries with wall thickness, ranging from
0.5to Imm.

(€Y (b)

Figure 8.2. Microsturture of the door frame at in¢left) and surface (right).

The tensile properties of the doorframe at differen
locationsareshown in Fig. 8.3. Clearly, all samples
have tensile properties above the Airbus
specification  (AIMS-03-21-002) for casting.
However, the strength of some samples (at bottom
of the doorframe, denoted asiB Fig. 3) just
missed the chknge target set by Airbus for
forged and annealed product (YS > 830 MPa,
UTS > 900 MPa). Test on samples with
unmachined surface showthe rough surface
significantly reduces ductility.

Figure 3. Tensile properties of the doorframe.
Fatigue crack growth rate is one of the most
important parameter for designing and maintenacbeduling of large aerospace component.
Figure 8.4 shows the fatigue crack growth ratedidabof the door frame at different locations as
a function of stress intensity rangeK() with comparison to Airbus specifications for ttag and
forging. Due to large beta grain size and colomg siroduced during casting, the component has
very low fatigue crack growth rate, and meets hibh Airbus specifications for casting and
forging.

The first cross connector was delivered in as castlition. Numerous defects wdmund. After

HIPping, the porosityas greatly reduced bthe surface became irregular. The second cross
connector was produced with improved filling systand it is expected to reduce porosity.
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In summary, the doorframe has a generally clean
chemistry and relatively uniform microstructure and
mechanical properties. The mechanical properties, i
= terms tensile and fatigue crack growth rate, meet t
== Airbus specification for casting and even the Agbu
% challenge target (specification for forging), altlyh

1 the tensile properties of some samples just miss th
target. Some irregularities of microstructure and

‘ hoo | 4 properties have been found in the component which
e ’ suggest further attention should be made to theceff
e : of defects, weld repair and stress relief on prioger

s . Other properties, such as fatigue also need to be
".}:“ s s osacon investigated to satisfy all Airbus requirements.idt

weos | A L oo expected the cross connector has similar
Nall microstructure and properties to that of doorframe.
Welding of casting platesBAMTRI has provided 3
batches of welded casting plates to IRC, including

oot

1.E-03

Pl
4

da/dN (mmf/cycle)

1.E-06

10 DK (MPa.m?) w00 thick (23mm) plates, 6 thin (5mm) plates and orsepl
Figure 4. Fatigue crack growth rate of W|th varying thlckr_less from 2mm to 10 mrﬁhe .
doorframe optimised EB welding processes employed in welding

both the 5mm and 23mm thick cast plates changed the
microstructure from lamellar colony structure i thase metal into martensite in the fusion zone
(Fig. 8.5); Gas pores within the weld as large@abin diameter were found.

14
Figure 8.5. Microstructure around weld: (a) bas¢éamé) HAZ and (c) fusion zone.

The weld joint has higher strength than that oftthee metal. All specimens failed in the base
metal during tensile testing. The overall tensiteperties largely depend on those of the base
metal. Stress relief at 82C for 2 hours does not have a significant effectemsile properties.

Fracture toughness of the weld on 23mm thick platas improved from 51.9MBR/m to

66.3MPazy/m after HIPping. This is attributed to the softenand coarsening of the fusion zone
structure such that the fracture is more ductitk the crack tortuosity is higher.

Figure 8.6. Comparison of fatigue crack growth (FC&te in between base metal and weld (a) together
with fracture morphology of base metal (b) and wdid).
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After stress relief, the weld on 5mm thick welddates has FCG rates almost 5 times larger than
that of base metal (red line in Fig. 8.6a) duetsonuch finer martensitic microstructure and
therefore less crack deviation (Fig. 8.6b,c). Tésidual stress in the weld has significant effect
on FCG rate. The complexity of residual stress éeduduring welding and its re-distribution
during specimen machining and testing make the FE&unpredictable.

In summary, EB welding is a viable process to forhean and sound joints of cast Ti64
components. The weld joint has higher strengthldwer fatigue crack growth resistance and
fracture toughness than the base metal. Post vgeliiat treatment (PWHT) is necessary to
reduce residual stress and make the fatigue cremktly rate predicable. The feasibility on

welding varying thickness components has been woafi. Further optimising PWHT and

reducing gas pores have been suggested.

In addition to the assessment, the WP8 has proadpgort for modelling in WP6 in the form of
supplying thermal and thermo-mechanical data.

WP9: Industrial assessment of demonstrator compones and cost/environment benefits

The objectives of WP9 defined in the proposal weigto assess cast and welded components
with respect to dimensional tolerance and prop@irements (ii) To assess the cost reduction
(iii) To assess the environmental benefits.

(DAssessment of dimensional accuracy and propegguirementsThis part of the report covers
the assessment of the properties by the indugtaidher, EADS, who focussed their attention on
Airbus components- the doorframe and the crossemiors. These were cast by BIAM.

Door frame.The tensile properties and fatigue crack growthG@F@roperties were within or in
the case of the FCG measurements exceeded thesAsaecifications for TAG6V cast part
requirementsHowever properties, such as fatigue tests woule habe investigated in order to
meet all Airbus requirements.

Cross connectofThe first cross connector delivered had not beeRpEdl and tomography
showed a high density of pores. A second crossaminnhas been received, but tomography has
yet to be performed.

The properties and geometries of welded cast plagws also been assessed and these were
found to meet all of AIRBUS’s specifications. Indiibn to the mechanical property data
reported in WP8, which showed that the specificetidiad been met, ESA carried out
dimensional assessment of the cylinders and spaoee§ cast by IMR. It was found that the
cylinders were undersized by about 5mm at the talfars positioned at the ends. On the other
hand, the mid-section were oversize by about 6nime. Wall thickness of this this section is only
~0.5mm away from the nominal. Further iterations wob&lrequired to eliminate these small
discrepancies. The surface roughness of the COBESTd components is in the range of typical
investment castings and final sand-blasting andslipioly have been used on the final
demonstrators, which obviously reduced the roughnes

(i) Assessment of cost reductidh has been confirmed during COLTS that manufactuese
unwilling to make public their detailed manufachgricosts and for that reason it has not been
possible to make a realistic comparison of thescokthe casting technologies developed during
costs either with current castings produced by RE®y similar components made by other
process routes. Only very general analyses haveftiie been carried out but these suggest that
there should be a significant reduction, both thfothe fly-to-buy ratios, which strongly favour
casting, and through the energy consumption dugracessing. If near net shape HIPping
(NNSHIP) is further developed then it appears fithese analyses that the costs of casting and
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NNSHIP may become comparable and with the superimperties of NNSHIP components this
technology could be preferred to casting for congmds such as engine casings, but not for the
other components assessed in COLTS.

(iif) Assessment of the environmental benefitke production of raw Ti6AI4V requires a large
amount of energy and results in high &gission, so that any reduction in the scrap gaadr
during component manufacture will result in a digaint reduction in the environmental impact.
On that basis alone casting would be expected torhere environmentally friendly process-
route than forging and machining where typicall¢®06f an ingot is reduced to machining swarf.
The analysis of the actual environmental impagkiy difficult because varying amounts (up to
40% in electron beam melting, to produce aerospaaéty ingots) of the machining swarf are
recycled. If as an extreme assumption it is assutimco scrap is recycled and that a billet is
simply machined to shape (rather than ring-roltedh calculations based on the total energy
consumption and the G@mission suggest that the impact on the envirohiwiemanufacturing

Ti components by casting rather than machining ddel reduced by a factor of about 7. The
assumptions made in these calculations are extiauméhe very different fly-to-buy ratios of
these two process-routes strongly suggests tretiuection of the environmental impact of at least
3 times would be expected for the manufacturergel@omponents.

Conclusions from WP9The obijectives listed for WP9 were known to rasme issues, such as
confidentiality of manufacturing costs, which woulthke it not easy to draw firm conclusions.
Nevertheless the objectives have largely been eetij@lthough further work would be required
by end-users before the components produced dG@IgrS could be accepted as fit-for-
purpose. This further work, such as fatigue measents could be done by the end-users and
there is every reason to believe that the compsmaotuced during COLTS could provide the
foundations for the efficient manufacture of lowest, more environmentally acceptable castings
that could replace thermo-mechanically processetpooents

WP10 Dissemination and exploitatioriThe objectives of WP 10 defined in the proposal were

() To disseminate the results to the partners detie consortium (ii) To make scientific,
professional, industrial and general public awdrte COLTS project and its plan, results and
potential benefits that can be derived from sciemmdtechnology achievements (iii) To attract
additional RTD funds in order to make the COLTS €&wtium operational and prosperous after
the end of the project (iv) To ensure that the netbgies and processes developed in COLTS are
marketed through the partners to all potential eseks and supplier chains— if necessary by
interacting with other approved suppliers.

Obijective (i) and (ii) have been achieved throughtiple channels that include a website,
attending conferences and publishing in peer-restiejwurnals, showcasing hardware at public
events, interacting with other projects, and exjlgiits results. The COLTS website was set-up
within the first six month of the project dtttp://www.colts-project.euThe site contains a
layman’s description of the project, its objectivile Chinese and European partners involved
and lists publications from the projects.

Nine conference presentations were given overahese of the project, from which five
provided a general overview of COLTS to the genpudllic (D.J. Jarvis (ESA), le Bourget
Airshow, 2011; J. Pons i Prats (CIMNE), Festa dest@, 2013) and the aerospace and titanium
communities (X. Wu (Monash), Aerodays, 2011; X. HERC), Titanium Information Group,
2013; M. H. Loretto (IRC), 3rd Int. EASN Workshd®)13). Modelling activities were presented
for the centrifugal and gravity castings (O. Kog&@ALC), 3rd Int. EASN Workshop, 2013) and
for electron beam welding (M. Chiumenti (CIMNE), @ited, 2013). The physical and
mechanical properties of centrifugal castings wiieeetopic of two presentations that focused on
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the fatigue crack propagation and fracture tough€sFeng (IMR), 13th Int. Conf. Fract.,
2013) and on the microstructure, tensile strermtid, the geometrical assessment of the
component (X. Hao (IRC), 3rd Int. EASN Workshof13).

Two peer-reviewed papers were submitted by Z. Hiéanzi (HUST) to Optics Letters and
Measurement Science and Technology. The firatlantiescribes a profilometry method using
fringe image modelling and gamma correction [Lhe Becond presents a three-dimensional
microstructural measurement technique using optitatoscopy and variation of illumination

[2]. In addition to journal publications, a patevds also submitted by HUST for a process to
measure complex three-dimensional surfaces usitfigcgustructured light and light pen [3]. The
work by HUST led to copyrights of the PowerMetrd 8oftware used for three-dimensional
coordinate measurements and photogrammetry. diti@uto conference and journal
publications, cast components produced by BIAM i@ have been displayed publicly at the
GRAIN meeting in Beijing held between March 26-2®012. This event was attended by
several EC and CAE officials. Several componergsatso expected to be permanently displayed
at the European Space Agency - ESTEC in Noordwijihe Erasmus High Bay, which is home
to numerous space artefacts and has attractedthare5,000 visitors during 2012.

Obijective (iii) has been addressed through thra#t groposals for future European/Chinese
funding which have been submitted by the COLT Sneasthip to the EC in order to gain future
funding; these will be considered later this yaat & one of the topics is approved, a full
proposal will be submitted.

Objective (iv) is with ESA and Airbus for the spigzcomponents produced during COLTS but
those partners (BIAM, BAMTRI and IMR who developgeheric technologies will no doubt be
able to benefit from the quality improvements igitlproducts as aerospace demands grow.

CONCLUSIONS

COLTS has been a successful programme as can gpedjdicbm this report. The success was
achieved because the interaction between thoséogévg casting and welding, with those
carrying out modelling of the processes and thaildet assessment of the cast and welded
components, was very productive. It is apparerttrtigst of the objectives defined in the
proposal have been realised, and that the foundatory those few that were not achieved have
been laid.

If the end-users need the work to be taken furihamuld be efficient for the appropriate

partners to complete these objectives, becausgptimised conditions are based on experimental
expertise developed during COLTS which is backethyumodelling data, as indicated in the
report. Some areas, such as removing bucklingeo€tbss members should be straightforward,
but others, such as eliminating yttria inclusiori de more difficult. Proposals have been
submitted for consideration by the EC and by CAH# i&these are funded it is hoped that many
of the partners involved in COLTS can work togethethe future, so that we are able to take full
advantage of the excellent productive relationleifpveen many of the partners.
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