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The technique of layered manufacturing may be expanded to include deposition of
25 pieces of the construction material, that is, each structural layer of the virtual model
of the object is divided into a set of pieces which when laid side by side form the
layer. This allows forming metallic objects by welding a wire onto a substrate in
successive stripes forming each layer according to the virtual layered model of the
object, and repeating the process for each layer until the entire physical object is
30 formed. The accuracy of the welding technique is usually to coarse to allow directly
forming the object with acceptable dimensions, the formed object will thus usually
be considered a green object or pre-form which need to be machined to acceptable
dimensional accuracy.

Taminger and Hafley [1] disclose a method and device for manufacturing structural
35 metal parts directly from computer aided design data combined with electron beam

freeform fabrication (EBF). The structural part is build by welding on successive

layers of a metallic welding wire which is welded by the heat energy provided by
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the inventi q@e&gghqmlgdtgﬁqpqm gpppge material mixed with alloying el ements
and formed into a wre where it may be used in an SFFF process in

conbi nati on | ding t h,or other ower._ener beam to
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wi Il displ ac\gir@,@ﬂf&}mbines the CP Ti wire with powdered alloying components in-situ in
30 the SFFF process by combining the CP Ti wire and the powder alloying components
in the melt of the welding torch or other high power energy beam. In another
embodiment, the invention employs titanium sponge material mixed with alloying
elements and formed into a wire where it may be used in an SFFF process in
combination with a plasma welding torch or other high power energy beam to
35 produce near net shaped titanium components. The process according to US
2006/185473 is schematically drawn in figure 2, which is a facsimile of figure 1 of
this document.

Titanium metal or titanium alloys heated above 400 °C may be subject to oxidation
upon contact with oxygen. It is thus necessary to protect the weld and heated object
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Thus in a first aspect, the invention relates to a method of production of an object in

a weldable material by solid freeform fabrication, wherein the method comprises:

- creating a virtual three dimensional model of the object which is to be formed,

- dividing the virtual three dimensional model into a set of virtual parallel layers
25 and then dividing each layer into a set of virtual quasi one-dimensional pieces,

forming a virtual vectorized layered model of the object,

- loading the vectorized layered model of the object into a welding control system

able to regulate the position and activation of a support substrate, high energy

plasma transferred arc welding torch, and a wire feeding system placed in a closed
30 reactor vessel,

- substituting the atmosphere inside the closed reactor vessel with an inert

atmosphere with a pressure of about 10° Pa and which contains maximum 50 ppm

oxygen,

- engaging the control system to weld a series of quasi one-dimensional pieces of
35 the weldable material onto the supporting substrate in a pattern according to the

first layer of the virtual vectorized layered model of the object,

- forming the second layer of the object by welding a series of quasi one-

dimensional pieces of the weldable material onto the previous deposited layer in a

pattern according to the second layer of the virtual vectorized layered model of the



4 object, and - repeating the welding process |ayer by layer for each
successive | ayer of the virtual vectorized Iayered nodel of the object
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solid freefo yere
The method according to the first aspect of the invention may be employed with any
material which is suited for solid freeform fabrication. This includes any weldable
30 metal or alloyed metal and polymeric materials. The method is especially suited for
manufacturing objects in titanium or alloyed titanium.

The inert gas may be any chemically inactive gas towards the weldable material
being used at temperatures below the softening temperature of the material. The
inert gas may advantageously be a gas with higher density than air in order to

35 alleviate the substitution of the air inside the reactor chamber with the inert gas.
Argon is an example of a suited inert gas, but may also include helium, a gas
mixture of Ar-He or other inert gases. The oxidation problem of i.e. titanium and
alloyed titanium becomes a problem when the inert gas contains more than 50 ppm
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30which is to be formed, characterised in that - all adjacent_wall el nts
(6) of the viald sccond appect.dhe imentinRAglatesdp @ l]emtﬂé&fvmr?ﬁ%{w"&ﬁ%s%blsﬁgq
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- a control system able to read a virtual three dimensional vectorized layered model
25 of the object which is to be formed and employ the virtual model to control the
position and movement of the actuators (2, 4), operation of the welding torch (5)
and wire feeder such that a physical object is build by welding a layered structure of
quasi one-dimensional pieces of the weldable material onto the supporting structure
according to the virtual three dimensional vectorized layered model of the object
30 which is to be formed,
characterised in that
- all adjacent wall elements (6) of the walls of the reactor chamber are joined with
an obtuse angle (larger than 90°),
- the actuator (2) extends from below the reactor chamber and protrudes into the
35 reactor chamber through an opening (7) in the reactor chamber wall holding the
support substrate (3) inside the reactor chamber,
- the opening (7) is sealed by at least one elastic gas impermeable membrane (8)
which is gas tight attached to the reactor wall at the opening (7) and to the actuator
@),

40 - the actuator (4) extends from the outside of the reactor chamber and protrudes
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with increasing angle. Thus in practice it is necessary to find a trade-off between

30 the need for avoid sharp edges inside the chamber and the size of the chamber. Thus
the obtuse angle should in practice be between 95 and 130°, more suitably between

100 and 120°.

The feature of placing the main parts of the actuators controlling the position and
movement of the support substrate and the welding torch (including wire feeder) on
35 the outside of the reactor chamber is to reduce the possibility of forming back flow
zones or vortex forming zones around the production equipment inside the reactor
chamber to a level as low as possible, and thus aid the process of flushing out the
oxygen in the reactor chamber before initiating the solid freeform fabrication of the
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such cases awddmgemop@e@cqsmonm@mcbtomnqr art whirgh spauires ?ealmemtyr%é)qh@at ed to

hi gh t ggper afgeres wi t hout active cooling of the gas phase inside the
chanber. The invention nmay apply any known or conceivable control system

for operatingy hg@oﬁ-g?&icﬁﬁt&'éﬁlbei/‘@é&ird‘lﬂgttg thkdsecdRd ahdc@ of BedRNentlHE it is
actuators na%g%%%%'}hg?ﬁﬁ € air IXSIHC the chamber may be completely flushed out by inserting
argon gas in a steady easy manner at flow conditions giving laminar flow through
the gas inlets in the bottom of the chamber by inserting only the same amount of
35 inert gas as the volume of the chamber and still obtain an oxygen content in the
inert argon atmosphere of about 20 ppm oxygen. It is thus not necessary to form an
overflow during filling argon,; it is sufficient to only gently push out the air and stop
filling inert gas and close the inert gas outlet at the top of the chamber as soon as all

air is pushed out. This gives an advantage in very little use of the costly inert gas.



equi pped Wth a four axis nmotion control system (X, Y, X, and rotation).
The i nvention nmay apply any known or conceivable welding torch and wre

f eeder sywbDemiabbm7t o perform | ayered manufacturing of merald2ow/mbjoacts by
t he techni que known as pl asma transferredgarc solid freeformfabrication
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i nvention. Exsdphiee exdagsirnent of the invention 30The inventive features of
the invention according to the second aspect of the invention are
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el astic gas (56 90be/H8E4ANE 8. An actuator 4 which controls the position and
novenent of a hi gg energy pl asma transferred arc welding torch 5 with wire
feeder for feedi a 5wire of the weldable material is |ocated outside of

t he reactor Ic'ﬁ&ﬂggg“é"rfd protrudes through an opening 9 such that the high
ener gy pl asmEgtifeanif aﬁfarcgﬂni?d’ 6f Al dohpl jtsbbGinda Wekdimamd Giehvesti@e prisiciple af ed

i nside the rej}liﬁt eefgra er atlThe opening 9 is closed by an elastic gas tight
menbrane 10 react of Chamber is equi pped with at |east one cl osabl e gas

oxygen ont AN DS EETHA RonPeaotop AeTias Ery aBhEW s it atie i

the principle of plasma transferred arc solid freeform fabrication.

Figure 3 is a schematic side view of one embodiment of the reactor according to the
invention.

Figure 4 is an expanded view of an embodiment of the clamping frames for holding
25 two layers of flexible gas tight membrane closing the opening in the bottom of the
reactor according to the invention.

Figure 5a and 5b are different side views of an embodiment of the reactor according
to the invention.

Example embodiment of the invention

30 The inventive features of the invention according to the second aspect of the
invention are schematically presented in Figure 3.

The figure shows a reactor 1 with an internal closed compartment made by a set of
wall elements 6. The wall elements 6 are positioned such that there are no sharp
edges, that is, edges with walls angled at angles of 90° or less. All internal wall

35 angles, a, of the reactor chamber are obtuse (larger than 90°). An actuator 2 which
controls the position and movement of a support substrate 3 is located outside of the



with inert gas. Figure 4 shows an expanded view of a clanping frame 7 which
may be enpl oyed for holding two | ayers of an elastic gas tight nenbrane. By
form ng two 28tiadm70f t he nenbrane wi th di mensi ons suchPCiaO20teoesdges
enters into the space between 15two of theg clanping frames, the nmenbrane
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obj ect
: The figure also shows an example of placement of the closable gas inlets 11.

Figure 5a and 5b show two different side views of an example embodiment of the
reactor 100. The reactor 100 is made up of a number of wall elements 106 to form a
closed cabinet. The wall elements may be provided with a gas tight glass window

25 116 to allow visual observation of the process or with a gas tight door to allow entry
into the chamber before and after formation of the object. The embodiment is
equipped with a cooling loop comprising gas outlet 102, gas inlet 103 and heat
exchanger 101. From Figure 5a it is seen that the side wall opening for one actuator
is placed is closed by using a clamping frame 109 holding an elastic rubber

30 membrane 110 (the actuator entering through the membrane is not shown for
providing clarity). From Figure 5b, it is seen that the bottom opening is closed by
using a clamping frame 107 holding an elastic rubber membrane 108 (the actuator
entering through the membrane is not shown for providing clarity).

Reference

35
1. Taminger, K. M. and Hafley, R. A., ”Electron Beam Freeform Fabrication
for Cost Effective Near-Net Shape Manufacturing”, NATO/RTOAVT-139
Specialists’ Meeting on Cost Effective Manufacture via Net Shape Processing
(Amsterdam, the Netherlands, 2006) (NATO). pp 9-25,

40 http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20080013538_2008013396.pdf.



5- dividing the virtual three dinensional nodel into a set of virtual
parall el layers and then dividing each layer into a set of virtual quasi
one- di rerspandloipiseces, formng a virtual vectorized | aperaw2oudeb3osf the
object, loading the vectorized |ayered mpglel of the object into a welding
control systemable to regulate the position and activation of a support
substrate, high energy 10plasma transferred arc welding torch, and a wre
feedi ng syst€ébApMaced in a cl osed reactor vessel, substituting the

at nosphere inside the closed reactor vessel with an inert atnosphere with a

pressure of pbouta19&h5& o8PebdMeti6R of ARIoBI RS idTRX MAHBI S fhaRh1a] %Y. frdeForm
engagi ng th ant r ol st.egb% g}e\ﬁ(bal a series of quasi one-dinensional

e
pi eces of tH@BﬂéTHHbI_WﬁHI . PR Supporting substrate in a pattern
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object, 5 f 3_rmingi_iﬁ@ﬁleseia@adtﬂr@e/@fm@fsiddaemlajeleﬁﬁo bxs,ewieﬂ dirtig] paralel Rgesf
quasi one-di nensi i e . dal onto t r ous
deposited | aanél;}?lfﬁag‘%@% aq[%{% E#%eéélgtgra\é\él%hg?? é)r%faﬁghggelcoglﬁ&ﬂ P‘ae?/%‘r" gglf IB)lte ﬁéeg’vi rtual
vectori zed | ﬂéﬁaﬁﬁaéﬁVéﬂoﬂﬁ@jBﬁF@%k?méﬁdﬁfhéﬁéﬁﬁkng the wel di ng process
| ayer by | ayeloafliog thaobetsticed ke hagerofahe bbcvintd daleldmgt @ntoédydtayier ed
nodel of th i i . i fect ccordi ng
to clai r(’gl 1, % q%%ogl&fgu‘éhg% H{e ’\%\%F%%%ﬂé& ﬁ%ﬂ?}ﬁ%&lofi'aZs?BBHEgggf%e, %iﬁgr wel (gabl e
al | oyed Unet dt'asmp tranyfarrotars welfipgfqrah, andza wyge eding EaP ﬁSC% N4 GeRED,
wher ei n t he mettdabessehaterial is titaniumor alloyed titanium 4. Method
or o m xCur o o H{URnk the gun{ipRLR fhs e lORE IedlRT veSsdh WYPhn MO The
- ins, 1- ere e
Ther't "gas | rOSPRE ke PEFSratgeor 0 Arbet “hird heties pirBrac i
the argon i soxalgent 100 Pa above the anbi ent atnospheric pressure. 6.
FeaC]E orysf ggf%@dgﬁ{gl e c@f\/mﬁ@ﬂs;@fbjr@% W‘éfq[ @s&ﬁéﬁﬁfbj@si@i@ﬂirﬁénsﬁ%ﬁa&i Pldcls of (1)
reeform r ion re.the reactor ¢ | ses: clor er
which 1o o dheqrraif Batips oo I SBRALPLe SOTRLSRS paylr) SATBRARIRCT {1)
posi tion andimblaygeaf therviguahipiséerizeddprered moded pf thegehiect nsi de t he react or

chanber, - forming the second layer of the object by welding a series of quasi one-
dimensional pieces of the weldable material onto the previous deposited layer in a
20 pattern according to the second layer of the virtual vectorized layered model of the
object, and

- repeating the welding process layer by layer for each successive layer of the
virtual vectorized layered model of the object until the entire object is formed.

2. Method according to claim 1, wherein
25 the weldable material is a weldable metal, a weldable alloyed metal, or a polymeric
material.

3. Method according to claim 2, wherein
the weldable material is titanium or alloyed titanium.

4. Method according to claims 1 - 3, wherein
30 the inert gas is one of argon, helium or a mixture of these.
5. Method according to claims 1- 3, wherein

the inert gas inside the reactor chamber is argon, and where the pressure of the
argon is about 100 Pa above the ambient atmospheric pressure.

6. Reactor for production of an object of a weldable material by solid freeform
-35 fabrication, where the reactor comprises:

- a reactor chamber (1) which is closed to the ambient atmosphere,

- an actuator (2) controlling the position and movement of a support substrate (3)

placed inside the reactor chamber,



WO 2011/ 019287PCT/ NO2010/ 000303 11 an actuator (4) controlling the
position and novenent of a high energy plasma transferred arc wel ding torch
(5) wthwowrnaipmeder, a control systemable to read &CTiNG20al/00b3BeE

di mensi onal vectorized | ayered nodel of t obj ect which is to be forned
and enploy the virtual nodel to control the 5position and novenent of the
actuators (2, 4), operation of the welding torch (5 and wire feeder such
that a physi-cal acolgtec(4)icentyulling thy pesitidnrgdand eyecs dfsthig eoergy gflaspasi
Ot”e dlt mensi th@ﬂs(fje?fe%cﬁé W@ldﬁm@%oﬁ’&'@ Wlﬁl Mr%rfe@derontlo thetSUDDOFtI ng
structure accordin Vir nsi ona ori y

Todel | of t o LR SHFBIRTIS g EFaaél ViAo B ek s psp madel
adj acent waldf t¢ ebgent which)is ¢6 be Hiernyed arsl ohploidhe e'aéuaiﬁnmm)ewtwléhjim ned
wi th ansobt Lf)%@ltﬁ)‘ih@dtﬂ rﬁb@érﬁ@dt dfhﬁ@a&@@ﬁots (2, 4)} eracdniof the V(/@)iu@%ﬂﬂﬁ from
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el asti c gas acopainperhe vikidlrthree didkenyibhslvdcsorgad 1hyabd naddebohdd dgedthe

reactor wallg j (7) and to the actuator (2), the actuator (4)
ext ends from hhg%ﬁ)t%oglgh%g the reactor chanber and protrudes 20into the

r eact ofOcharfBaractesrsed gmilat opening (9) of the wall of reactor chanber
hol di ng t he -hillghdj acear gyallpdlamemtst(6 posfherwalts off the wedcomehatmdrec larg Fined withwi r e

(5) 15 seal o ARl UL R M0 oot o gno 1 mper reabl e renbrane (10) -
Wht chi - gas (b SHIARY LAL AT TORDS 8 b rehar TP RO BRE® (85 Bhd t o
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25 actuator (4), and
- the reactor is equipped with at least one closable gas inlet (11) located in the lower
part the reactor chamber and at least one closable gas outlet (12) located at the
upper part of the reactor chamber.

7. Reactor according to claim 6, wherein

30 the openings (7, 9) are closed by use of a two layer gas tight elastic rubber (8, 10)
which is attached by using clamping frames (109) which are attached to the reactor
wall and clamping rings attached to the actuator arm (2, 4) protruding in through the
opening in the reactor chamber.

8. Reactor according to claim 6 or 7, wherein

35 the reactor is filled with argon as inert gas and where the gas inlet (11) is equipped
with means for regulating the argon pressure to about 100 Pa above the ambient
atmospheric pressure.

9. Reactor according to claim 8, wherein
the reactor is equipped with means for measuring the oxygen content of the inert
40 atmosphere inside the reactor chamber, and means to engage the flushing of the



12 chanber with fresh inert gas in case the oxygen concentration rises
above a preset maxi num val ue. 10. Reactor according to claim9, wherein the
preset newOrmonvoagdsae of the oxygen concentration i s set PCO/NOROEOIO303

511. Reactor according to any of clains 6 j,10, wherein the reactor is

equi pped with a closed cooling circuit conprising inert gas outlet (102),
heat exchanger (101) and inert gas inlet (103) for cooling the inert gas in
t he react or ahaarbeewithlfzedReinettqras a casedihn @xtygermapgnashtration msesabovils preketr ei n
10t he obt use,andl gn betueeen any adj acent wall el ement (6) constituting the
reactor chanber internal walls, is between 95 and 130, nore preferably

bet ween 100 gnd lﬁ&cf&%s%%gﬁﬁ% ﬁgﬁg{l%%&anany of clainms 6 - 12, wherein

t he wel dabl e nateri a a wel dabl e all Xed netal, or a
pol yneri c 1 5he PEFSELIMAX AR A1 4y 0 @&&X@[gﬁ@c?wegﬁﬁtlg@ ‘Sc?eéit?rg ®PM-12  \wherein

the wel dable material is titaniumor _alloyed titanium
5 11 Reactor according to any of claims 6 - 10, wherein

the reactor is equipped with a closed cooling circuit comprising inert gas outlet
(102), heat exchanger (101) and inert gas inlet (103) for cooling the inert gas in the
reactor chamber.

12.  Reactor according to any of claims 6 - 11, wherein

10 the obtuse angle between any adjacent wall element (6) constituting the reactor
chamber internal walls, is between 95 and 130°, more preferably between 100 and
120°.

12 Reactor according to any of claims 6 - 12, wherein
the weldable material is a weldable metal, a weldable alloyed metal, or a polymeric
15 material.

14  Reactor according to any of claims 6 - 12, wherein
the weldable material is titanium or alloyed titanium.
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