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‘s;m Talk overview

« Wire based AM research at Cranfield University
QSMD
QRUAM
QWAAMMat

» Challenges going forward
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G Shaped Metal Deposition project — 1994 - 2001 mnamm

SN

188.0

SIDE VIEW TOP VIEW

"IGOmm
Material — Iconel 718

No of layers - 144

Deposition Time - 2.44hrs

; Deposited Weight - 7kg

P 18mm Max wal thickqes_s variation - 0.3mm
Max height variation - +2mm

Max diameter variation - -2mm
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Developed for Rolls Royce and
taken into full production

Still in production today




e,m Wire based AM - Business Drivers
« WAAM business drivers are .
v Cost and material saving compared to current manufacturing
methods

v Greatly reduced lead times
v’ Application to large engineering structures

v Enabling new functionality in componentD

Titanium landing gear rib

Design option Design option BTF | Cost [Cost
Machin : Original machined 20 12 16.2 -
WAAM@

ining 8 2.4 >50% WAAM + machining 20 2.3 3} 69%



Wire based AM motivation —
Change in Material Usage in Civil aircraft OW
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c Ready to Use Additive Manufacture (RUAM)
we/ Project 2006 — 2011 — EPSRC IMRC project

RUAM Technologies

Integrated
Processes

Design Processes

Deposition Measurement, || Finishing




RUAM 2006 — 2011 — 1st 2D Part —
CMT - 2.9mm thick walls - mild steel

*
B
: \ sd x ime 3.4 hours
As welded part X Roughness measurements )
e e B "~ 200 microns ‘

Number of layers=102

Time per layer (min)=2 (total=3.4h)
Energy consumption (kW/h)=0.687
Total energy cost (200/kW/h)=£0.5
Consumables -steel (Kg)=2.49
Total consumables cost (E2/kg)=£5

s




2006 > 2008: the first steps

carbon steel (s355)

Aluminium

0.7 metre




I n CI i n ed Inclined torch (CMT)

Horizontal

Enclosed section
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Width (W) / Height (H) / Remelting Ratio (RR)

(mm) (mm) (%)
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CMT 0.8mm wire (WFS/TS ratios)
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WFS/TS=20 (H)
WFS/TS=15 (H)
WFS/TS=10 (H)

WFS/TS=20 (W)

WFS/TS=15 (W)
WFS/TS=10 (W)

Quality criteria | 2 <WFS <3=C ; 4 < WFS < 10=A; 11 < WFS < 13=B

6 8 10

WFS real (m/min)
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2009 - 2011: controlling the geometry - CMT‘

Deposition Rate Wire - DR (Kg/h)




2009 - 2011: controlling the geometry - Plasma nmammn

Wall width (WW in mm) contour plot, travel speed = 4 mm/s
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multiple feeds

Multi wire approach

1 wire Al6%Cu— 100HV
2 wire (Al4.5%Cu1.5%Mqg) — 120HV

Composition (%)
e
S

1.00

0.00

3 wire (AI8%Cu1.5%Mg — 140HV)

2009 - 2011 controlling the composition using

109.07 10761
10652 106.(’:32105'66
e *hwl0l164
521 515 V86.93 g2 0o 84.80
4 68 8297
480
119 70.00
o0 301
349 291
+Mg 324 261
#—Hardness 2.70

166

1.55

120 1.28
ogg 057

6.22 5.47 4.14 3.52 2.70 2.38 1.73 1.43 1.20 0.97 2319
Ratio of Cu/Mg
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2009 — 2010 — Control of properties through cold
rolling




Ultimate tensile strength (MPa)

2012: the introduction of cold-work m“

Directionality
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2009 - 2011 controlling the composition
‘mm using powder + wire

Wire (steel) + Powder (WC)

2500 A fR —_— —o ——  SiC + G4Sil wire
y \L —— O —— WIC + G4Sil wire
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materials
Copper steel ring

Invar
Transverse

Invar-steel wall

2009- 2012 controlling the composition - mixing

8" Distance

l@n graded wall

from
Substrate
[um]

Composition [wt%]



2011: the first real complex large part (steel) . Ow




2011: the first real complex large part (finally
Ti64)

* Four deposition strategies

ors in layer height « No undercuts

« Cracking ofithe baseplate
« Compensation for changes in thermal fields

20

 Undercuts
. Accumul



The WAAMMat programme — 2012 - present namm

‘ Cranfield
Manufacturing

« WAAMMat is a rolling technology programme targeting maturation of wire. based AM
 Industry sponsored research
* Projects funded by outside bodies (e.g. EU, EPSRC, InnovateUK)

 PhDs and masters projects Industry

Currently > 50 projects ’ EU

Total value > £13M , Rolling value £9M \ , gﬁglrational
At Cranfield there is team of 30 people working.on WAAM

« 7 academics, 12 PhD students, 8 researchers and 3 technicians

13 academic partnerUniversities 11 Academics + 18 researchers/students

~ 60 people in total working=on WAAMMat programme

12 full industrialmembers and a further 20 affiliated members

21
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WAAMMat — Technical Programme Overview

A 4

System Development

A 4

Processes
» WAAM variants
« WLAM and WLAAM

» Higher build rates 0
> Increased fidelity

» Process algorithms

 Build and compensation
strategies

Other processes

» Cold work methods

* Integrated NDT

* Hybrid manufacture

» Defect repair

[}
Hardware
* End effectors

Local shielding

control
+ Systems
» Robotic
» CNC
arge

|

ul @

* Precision wire feeding

* Process monitoring and

CAM Software

+ Toolpath planning

+ Control
» Layer height
» Wire position
» Temperature

ia

 Z

Design Tools

v

Refractory metals
Maraging steels
Superalloys
MMCs

Mixed material
systems

Performance

» Tensile

» Fatigue

* Fracture toughness
» Crack propagation
» Corrosion

Effect of defects

Optimisation

» CAD to preform

* Hybrid manufacture
tool

» Computer aided
planning

+ Tooling

\ 4

A

A

’Commercial systems

Qualified materials — Q3

\ 4

Mature WAAM

A\ 4

Design

capability
|




—

J

!

'

|

|
|
1
\

PR PR B s A e

A
\ 4

() A0W
v »..:

Au.. ‘N\s..... i l) v

more complex parts

2013

Manufacturing

=
m
-
O

23



2014-15 - WAAM part building —
coordinate motion and multi hierarchy « Om

Titanium “fruit bowI as deie d 7

,'J
Y 7R
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Required layer height
ratio inside to out

1:2.7



Asymmetric tddidtcabhilheidg - no distortion
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s 2015: WAAM system developments - Local ,
C shielding + multi dimensional rolling HiVE v2 uamm

1. Diffusion chamber

10 ? &,&a h{fé:;:* .ff;?ai}{'; 2. Metal foam

3, “( ncyc mb gas

) 11 1111111111/

4— 4. Setting chamber

\ /
; 5. Metal mesh

Flow after Flow after
honeycomb metal mesh

32



« Singled sided part — no
distortion

« Complex rolling

* Local shielding




2015/18: high aspect ratio holes
and conformal channels for tooling

Cranfield

Manufacturing
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@w& 2017: what we’ve deposited so far . m
Q.

 Titanium  Steels O t
» Commercially pure ungsien
- P ~ ERGO » Molybdenum
> T164 > ER80
: » Tantalum
> Ti 64 low O2 > ER90 c
. - Copper
~ 119993 > ER120 O > CuSi3
> Ti 704 > Maraging graffe2 > CuAg0.5
« Aluminium » Maragi \ « Mg A92A
> 2024 >Sta?é _4WH, 316L, 420) . Bronze
>2319 . .
> 4043 GE .
o
> 718
> S

35



Magnesium AZ92A

Gotel 2017 — New Materials . w
- — | \OO % dense

7 W‘M MW
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Conductivity v height
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-10 10 30 50 70 90 110
Conductivity (% IACS)

—a— Local shielding —g—Chamber shielding
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G 2016 — large scale Tungsten deposition
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2016-18: software development

Import
CAD model

Generate net shape and check

> WAAM compatibility and baseplate
position

W

Cost anaI!sis 3

WAAM Data (API)

Primary process parameters {(

v

Thermal mass

calculation around path (

as e bead
a eters

v

Allocate partition and interface
build strategies and sequence

v
Tool path generation

System
rol, geometry controller
and temperature A

% Tooling geometry

Simulation, collision
detection

v

Programme for CNC

WAAMCtrl

machines/ robots

WAAMSoft
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‘ Cranfield
Manufacturing

* New processes and materials — not using commercial off the shelf materials.and equipment
» High build rate net shape deposition
» Tailored materials

Wire based DED AM - challenges going forward nmammn

Much greater science knowledge including physics based,modelling

Physics based qualification

Large area deposition

Multiprocess systems

3D printing in space

Software completion

Commercialisation

39
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Twin wires

High deposition rate - tandem MIG

&

LY g‘,’-'_f'_‘l”"‘"“i iwulmqnnlm ‘..nv\uu\nm
e zo a3o 140 151
R 1)
ST I

=ffective Wall Width (mm)

27.83
Average Layer Height (mm) 2.71
Wire Configuration Lead & trail
WEFS (m/min) 20
TS (m/min) 0.8
Deposition Rate (Kg/hr) 10.63
Number of layer 10
Number % pass 3



i) Net shape deposition - wire + laser AM = WLAM

Net shape precision deposition Cold-worked

41




Large area metal additive - approaches

Industrial robot

1vs



e,m Q3 project — Quality control and Quality
- assurance for Qualification . OW

Quality Control ‘

Towards qualification

O\

Process Thermal cycle |
modelling quantifica

|
Microstructure :
modelling g Microstructt

Mec! anical
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= [l monitoring

‘ Quality Assurance ‘

\ 4
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End user qualification



Process monitoring — process camera

Image processing

) . Solid parts

» _Jorch position
» Reference wire
=> Wire position
'- Liquid\parts
» Previous layer height
and front of weldpool
o > Deposited layer
i ' height
and rear of weld pool
» Weld depth and
depression

[ 229, 415 1 W[ 183, 401 ]
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Coherent Range Resolved interferometer CORRI -

layer height on-line
. Time of measur
(b) Arbitary Length  Packaged o 0123456 7 8 9 1011 17 18 19 20 21 22 23 24 25
of Optical Fibre Collimator 35
Circulator = i d il .

Laser .{..'-/-]1 1 B e e
Diode p b B P e e ™ R g
2 £ 45 ~—

==
- — Fibre Tip Reflection - ; 50 SRS i:l
Signal | _| Photo as Interferometric  Semireflective Sample E ~edlour
Proc. | |Detector Reference OVC Window Holder S 8 55 WIS -

o t g

= v B - ~

Developed by Engineering Photonics Group
45

3
Q st layer [mm)] 2nd layer [mm)] 3rd layer [mm] 4th
Articulate rm : ——5th —— 6th —7th —8th
-‘Dﬁ = Oth — 10th
r
Fibre» tip mounting
device
Workpiece







e

Motorized vertical
wire positioning

Manual stages for
linear adjustment

Angular
adjustment

Borescope for welding
monitoring
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Challenges: multi process systems

LAMP@&ystem

Deposition + deposition
Deposition + cold work
Deposition + metrology
Deposition + NDT 48

LASIMM system



NEWAM — Wire based AM programme grant -

EPSRC
Vision: To transform large area metal additive manufacture by pioneering i rate wire
based processes with greater precision of shape and microstructure e uction of net-
shape large-scale engineering structures, at low cost.
« EPSRC Programme grant ~£6M + £3M industry support = 0

* Programme duration 5 years
* Programme start date June 25th 2018
* Programme academic partners

amme role
amme lead, process innovation and modelling

Materials expertise — characterisation, modelling and design

In process NDT

Effects of defects, structural integrity



Grand challenges — NEWAM mnamamm

The grand challenges for NEWAM are:

»>New innovative high build rate metal wire AM processes and systems, forinet shape deposition at low
cost over large volumes with homogeneous microstructure and properties — target 8kg/hr net shape for
Titanium

»To build robust physics-based process and materials’ models that give detailed process
understanding, to enable more rapid process development and provide algorithms for in-process
microstructure control

»Design of new materials.and alloys, tailored to both existing and new deposition processes, giving
performance better than the equivalent wrought alloys currently used

» To ensure guaranteed as-built structural integrity with process-independent physics-based quality
control and assurance enabling low cost industrial qualification

50



2018: MSc course on Metal AM m“

Finally — not forgetting we are supposed to educate as welll
Academic partners Industry partners

GLOBAL
Wire-based AM processes ROBOTS LTD

9 UNIVERSITYOF IREPALASEKR
S BIRMINGHAM Powder-based AM processes
(LUJ' Universitat Bremen  Modelling andssoftware ik
W -[FSCL;)\IC%(L:\O NDTand inspection aspects SO
Plans ¢ﬁ)"o \)’@o
» Pilotscourse: Oct 2018
* Full launch: Oct 2019

« Steering council — open to all industry partners — what do you want in this course
51



Much more information on our website
waammat.com

JTHANK YOU FOR YOUR ?

ATTENTION © Q

\ g

OR CONRACT Prof Stewart Williams s.williams@cranfield.ac.uk
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