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Abstract

While additive manufacturing is comprised of metal and polymer fabrication,
current additively manufactured polymeased prducts are much further from being put
into industrial applications. Metdlased additive manufacturing is comprised into wire
and powdetbased processes. While the powder processes have the advantage of fine
detailed resolution, they are limited by gheduction rate it takes to produce these fine
details. Wire processes have much higher deposition rates, while at the same time having
lower startup, production, and consumable costs. Due to these reasons-lzaséce
system was chosen for this resdar A Fronius Cold Metal Transfer (CMT) welder has
been modified to &NC 3-Axis gantry system for the purposes of a Wire + Arc Additive
Manufacturing (WAAM) system.

One of the biggest issues currently with additive manufacturing is the lack of
control over the process. Issues such as scale error, thermal management, and variable
control plague the technology. Many weakounds have been developed to increase
productvity, repeatability, and reliability (such as scaling, pausing, or-amaiterror);
however, no reaime processontrol has been implemented successively on a broad basis.
This research attempts to close the gap on control over the WAAM processltidemu
control schemes. The three biggest issues noted in literature are issues with scale error,
thermal management, and process variable control. Glospdeedback control systems
have been developed, analyzed, and quantified to address these gseas.



The control schemes have been successfully evaluated and have indeed improved
the WAAM process. Mechanical properties such as ultimate tensile strength, yield
strength, and hardness have been characterized at mtdtigberatures and via different
welding control lines. Support material such as wiring diagrams, operating manuals, and
operational machine codes have also been developed for replication of this research and to
further the research started here. Usingdselts found in this research, future users can
easily produce qualitadditive metal parts quickly, efficiently, and easily thanks to the
controls developed to aid in tease of usingVAAM .

The use of all the control schemes in conjunction with eablkrat highly
recommended for all future users for all occasions. This not only benefits the user and the
Oprintedé part, but al so the machine.
mechanical properties is not always necessary. Often a siateng prototype for proof
of concept is all that is necessary. In this case the fastest method, without compromising
the machine, is best. iaterial strengtis to be optimizedmaintaining dow temperature
set point without sacrificing timejs recommended for both materialsteel, stainless)
Isotropic tendencies were found in steahd neaisotropic properties were found in

stainless with the combined control schemes.
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|. Introduction

Commercial metal additive manufacturing machines currently provide users fair to
high resolution and the ability to produce complex geometvisch traditional
manufacturing techniques simplyroet produce. These machines are slow, limited in
scalability, and expensive. Auburn Uni ver :
open frame design that utilizes the Wire + Arc Additive Manufacturing (WAAM)
technique. The WAAM process utilizasnodified welder to melt &l wire layer by layer
to produce met al Oprints. 6

To date, mostesearchers hawstudiedthe WAAM process utilizing modified Gas
Metal Arc Welders (GMAW. Short Circuit Transfer and Cold Metal Transfer (CMT) are
the two maintechniques used for the GMAW WAAM technique. Previous research at
Auburn University focused on applying the Short Circuit Transfer process to WAAM,
while this research focuses on CNMVTAAM.

The lack of control over the process has bedantified by researcheras a
prevalent root issue for decadé¢early allresearchers have added rudimentary techniques
to monitor one or two Hprocess parameters; however, none have successfully
implemented an actualosedloop feed-back control loogor the many parameters in the
process. The use of CMGMAW has been acknowledged to provide greater control over

the voltage/current/wire feed relationship; however, many more process variables play a



significant r ol e caba IMhisnreseatcthattemptpto closd thergapdon pr o

the control issue prevalent in the field.



[l. Literature Review

Metal Additive Manufacturing

Manufacturing systems used for thdddive manufacturing of metalsan be
generalized into three broad catager powder bed systems, powder feed systems and
wire feed systemd]. Each system comes wittsiown drawbacks and advantages, while
the enduser must decide what meets the needs.

AA powder bed is created by raking pow
source (electron beaar laser beam) is programmed to deliver energy to the surface of the
bed melting or sintering the powder into the desired shape. Additional powder is raked
across the work area, and the process is repdatereate a solid thre#mensional
component. e advantages of this system include its ability to produce high resolution
featur es, i nternal passageX., Povaer thed syatemst a i n
are not without their drawbacks; thaye costly to purchase and operaféis is partly
becausecurrentlyin a | | t he ystemsde manbfactiredsby companies located
outside the [AJniFtoed eStaape £0 AARCAM a S
manufactures t he onl vy powder bed [&]l ectr ol
Additionally, sincethe entiremachine idfilled with material, powder bed systems often
waste a large amount of wmtered powderEven if the excess powder is reclaimed, there

is still a portion that is partially sintered that cannot be reuséditionally, powder bed



systems haw low material deposition ratetie to the repeated process of dispersing
powder over the bed and ensuring it is flat and level for the next |&ygure 1shows a

generalized illustration of a powder bed system.

LASER SCANNER

CHAMBER

ROLLER / RAKE COMPONENT

= p—
: POWDER BED

POWDER DELIVERY

Figure 1: Typical Powder Bed Systent&e[1]

Powder feed systemork on a similar concept to powder bed systefiihe build
volumes of these systems are generally larger (e.g., >if@ the Optomec LENS 85R
unit). Further, the powder feed systems lend themselves more readily tedduitte scale
up than do the powder bed unita.these systems, powders are conveyed through a nozzle
onto the build surfaceA laser is used to melt a monolayer or more of the powder into the
shape desired.This process isepeated to create a solisréedimensional component.
There are two dominate types of systems in the marketThe work piece remains

stationary, and deposition head mov2sThe deposition head remains stationary, and the



work piece is movedThe advantages of this type of system include its larger build volume

and its ability to be used t A]. Wkilé ppwderi sh wo
fed systems seem superior to powder bed, they still have relatively low deposition rates

and are incapable of producifige internal pgsages and features quite like powder bed
systems can due to the excess powder acting as a support strieiguee 2 shows a
generalized illustration of a powder feed system.
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Figure2: Typical Powder Fed System Setup [1]

Wire feed systemsusewiee d st ock to deposit and bui
feed stock is wire, and the energy source for these units can include electron beam, laser
beam, and plasma arc. Initially, a single bead of material is deposited and upon subsequent
passes is builtpon to develop a thregimensional structure. In general, wire feed systems

are well suited for high deposition rate processing and have large build volumes; however,



the fabricated product usually requires more extensive machining than the powder bed or
powder f ed [l yAdfieradvantdge of wire fed machinesti® economic

use of material. Wire feed systems only deposit object matestabut any waste and

have low raw material costs when compared to powders. This makes wire fed machines
ideal for near net shape manufactgrof large structural objects with low material waste
Additionally, wire feed systems do not require complex powder distribution hardware and
are easily integrateiito a gant ry st [R]l Egur€Nskbwsraagenkralined 0
illustration of awire feedsystem however, in the illustratioan electon beam as energy

source ideing used.
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Figure3: Typical Wire Feed System Setup-Beam Energy Source Process) [1]

Wire and Arc Additive Manufacturing

"The wire fed additive manufacturing process can be further classified into multiple
types dependent upon the wire melting method. The two types of wire fed additive
manufacturing systems use a repurposetiraodified Tungsten Inert Gas (TIG/GTAW)
or Metal Inert GasMIIG/GMAW) welding power sourcg8]. TheGTAW process uses an
energy source (laser, electron beam, or electricity) to me#idawire in an inert gas
environment. Th&MAW process uses a consumable wire electrode that is melted by

electricity and deposited in an inert gas environment.



Both the GMAW deposition process and tl&TAW deposition process have
advantages. Th&MAW process results in an easier control because it requires less
moving components than tR&TAW process. Th&TAW process requires movement of
an electrode and the deposited metal wireoordination TheGMAW process only has
one moving component because tieposited metal wire is the electrode. Additionally,
the GMAW process does not require orientation of the deposited metal wireGTiA¢/
process requires appropriate orientation of the wire as well as the arc source which results
in complicated toolpatgeneration. ThETAW process, however, is less prone to electric
arc wandering and a better surface finish is consequently easier to d8hag2¢.

GMAW DepositionProcesses

A Wh eneverGMAWssshe process of choice: the wire is the consumable
el ectrode, and its coaxiality w[83tGMAWhe wel
weldinghasmultiple method®f deposition based on the controls availalMetal transfer
is accomplished byekd wire beingnelted and deposited @substrate. These methods
of depositioninclude Short Circuit Transfer, Globular Transfer, Spray Arc Transfer, and
Cold Metal Transfer (CM)[4, 5].

fiShort Circuit Transfer is the traditiahGMAW process as illustrated Figure4.

During the Short Circuit Transfer process, the welding wiretais the base metal
between 900 times per second. While Short Circuit Transfer is not capable of as high
deposition rates as Spray Arc Transfer, it does have several advantages. Short Circuit
Transfer requires relatively low voltages and consequ&ier heat iputinto the welded

object. A potentially negative consequence of this behavior is a lack of complete weld

fusion when attempting to weld thick met§dd. However, the additive manufacturing



process requires less heat input than a traditiareld which requires full heating and
penetration of two pieces of base metal. In the additive manufacturing process, only
enough energy to penetrate the relatively thin previously deposited layer is required. This

makes the Short Circuit Transfer mechanism capaligybfdeposition rates

J 1\

Figure4: GMAW Short Circuit Tranfer [4]

An intermittent mode of transfer between Short Circuit Transfer and Spray Arc
Transferis Globular Transfer. Shown Figure5, Globular Transfer occurs when globs
of hotmetal accumulate on theefd wire electrode and are discharged onto the base metal.
Instead of a small amount of metal being deposited during a®m@tt Circuit a large
amount of metal accumulates on the electrode before it is deposited. Glolanisiel s
not a preferred mode because it creates large amounts of spatter, a large weld, and a poor

weld appearandd]. This makes it a poor choice for application in additive manufacturing.



W

Figure5: GMAW Globular Transfer [4]
As shown inFigure6, Spray Arc Transfer occurs when a stream of tiny drops
flow from the fed wire electrode to the base metal. Spray Arc Transfer has the
advantage of a high deposition rate and good weld penetration. However, Spray Arc
Transfer does require higher power input to the weld and consequently adds more heat to
the deposif4]. This behavior makes Spray Arc Transfer not conducive to the ideally low

thermal input additive manufacturing process.

sl
= =

Figure6: GMAW SprayArc Transfer [4]

The final GMAW welding techniques Cold Metal Transfer (CMT) as illustrated
in Figure7. Developed by the Austrian company Fronius, CMT is a relatively novel

welding technique which involves a controlled dip transfer. During the CMT process, wire

electrode is fed towards the base mg@d[2]. ilt uses a peak curr el



transition current to prevent accidentatathment and takes advantage of the downward
momentum of the oscillating droplet to enhance the detachment. When the droplet moves
toward the weld pool, the current is switched to peak level and the combination of increased
electromagnetic detaching fer@and downward momentum ensures detachment. Hence,
the metal transfer process becomes controllable and robust against variations in welding
p ar a md6j. eHowever, this process requir@soprietary and relativelgxpensive
equipmenias compared to oth&MAW processes?].

Previous researatonductedat Auburn Universityfocused on the Short Circuit
Transfer and its application to Additive Manufacturing; while this reseailChprimarily

focus only on Cold Metal Transfers its application in Additive Manufacturing.

Figﬁre?: GMAW Cold Metal Transfer [5]

Wire and Arc Additive Manufacturing using Short Circuit Transfer GMAW

Short Grcuit transferGMAW welding has been applied to additive manufantyri
in several research attempts; includiagearchers at Cranfield University, UK, University
of Nottingham, UK, University of Minho, Portugal, and Southern Methddrsversity,
Dallas, Texa$7]. Wire and arc additive manufacturing was first recorded in anpate
Baker in 1925 entitled Method of Making Decorative ArticlesThe patenpresented a
techniqueof creating objects using a metal electrode and electricity to deposit material in

layers to form an object. The patent included ding® of two objects and @oseup of

10



built up layers as shown iigure8. Baker identified that the current was related to the
speed of the moving electrode and the thickness of the layer. Baker focused on creating
decorative objects that did not have any mechanical value. pilitess wasnanually

actuatedor movement of the welding tij2, 8].

April 14, 1925, R 1,533,300

myeyron
Feniph Buker
e
e tiae Glianat
Fayey

Figure8: Baker 0s

Additional research in the field is evidenced by the filofgseveral patents. In
1925, Eschholz deposited single layers of metal to form ornamental letters. Eschholz
determined that the important process parameters were substrate material, arc current,
travel speed, bead width, belagight, and penetration dégde, 9].

Shockey in 1932 used novel wire andarc deposition method in his patent for
Machine for Reclaiming Worn Brake Drumin the patenpnelayertall weld beads were
deposited on worn brakiFums,so they could besservical. After depositing the material,
the brake drum wapostmachined tosize. The deposition processs mechanized,

instead of manubf opeated,and was anajor improvement in this pateadmethod. As

11



a result, Shockey noted the impact of travel speed and electrical current on the geometry
of the deposi ttechnigbegaadgtermines to nothe ecgndmically viable
due to the facthat theprocess wamorecostlythanthe cost olnew brakeotor[2, 10].

In 1933, Noble filed apatent for an economicahethod of enlarging shaft
diameters. Noble ppmsed near net shape manufactutaahniqueof placing acollar on
a shaftand welding it in placaenstead of machining a large diameter shafivn in steps
with great material waste, 11].

In 1943, Carpenter and Kermadea significant developmertty patenting an
inventionthat utilizedthe relatively newhigh deposition rate Submerged Arc Welding
(SAW) process to deposit alloys with a significantceatage of chromium (227%) and
nickel (1922%). Their goalvas to manufacture large shafts with increased strength when
compared to traditionally manufactured objects. It was determined that the substrate must
be preheated to permit a high rate ofahdeposition. Preheating seemed to allow a greater
feedrate[2, 12].

Theuse of theSsAW processwas moraefined in a 1962 patertty White in which
rollers were usetb presshe previously deposited layer. White observed |laayeance
in the process which prevented its applicatioima@food processing industry. The pressure
roller improved the surface of the layeneatinga morerepeatablgrocess. For future
work, White proposed that pteeating the roller improved the deposit quality and
recommended a post process of gradual coddingnternal stress relig®2, 13].

Ujiie filed patentsn 1967 and 197Qyherelarge thickwalled pressure vessels were
created. In addition to ¢hSAW process, Ujiie used an inert shielding gas and multiple

welding nozzles. To achieve a high deposition rate, three simultaneous parallel wire

12



electrodes were used. This created a larger weld pool than previous researchers. However,
the large weld pool, when compared to the single wire electrode objects using a smaller
weld pool had degraded grain structure and voitijiie hypothesized that the pressure
v e s sreoleddssirablanechanical properties resulted from the tempering effects of
subsequenayer depositiof2, 14].

Brandi and Luckowiled a patentin 1974, featurindgabrication of large lsafts and
rotors for turbines and electric generator applications requiring high strength and
durability. They compared the near net shaqeeess to the traditionfdrging processand
concluded that the novel method haeéar isotropic mechanical propeds. They
additionally determined that the welding power and temperature of the subsinate
subsequent layera/ereinterrelatedactors that could be controll¢d, 15].

fiThe SAW additive manufacturing process continued to be developed and studied
with multiple welding heads and steel alloys. Significant improvements in mechanical
properties were observed with comparing deposited parts to forged and rolled objects.
Prior to the Chernobyl disaster in 1986, German researchers at the large steelmaker
ThysserHutte AG were focused on applying near net shape additive manufacturing
techniques to produce nuclear boilers or pressure vessels. After 1986, the rapid SAW
additive manfacturing research powered by a high market demand for nuclear energy was
refocused on production of pressure vessels for the chemical industry or heavy turbine
shafts. However, funding for these industries was not suffiteerhe previous research
rateo and the research was end2d16].

Il n 1990, pateothitledsAatontatic Welding Apparatder Weld Buildup

and Method of Achieving Weld Builgh, included a nozzle for a shielding gas that moved

13



with the feed wire in a procedike Gas Metal Arc Welding (GMAW)also known as Metal

Inert Gas (MIG) welding. Acheson focused on the mechanicarde$a shielding gas
nozzle in relatiorto additive manufacturing but did not provide any testing or evaluation
of his invention. However, this patent marked the beginning of the current trend of focused
research of th&MAW based wire and arc additiveanufacturing procegg, 17].

With the advancemenbf Computer Numerical Control (CNC), wire and arc
additivemanufacturing process has been increasingly researched and dewetbedus
on the GMAW process. Recognizing the potential of, titsllsRoyce internally
investigated the application of this technique to the aerospace indugigyearly 199Qs
The focus of the research was on lowering cost by producing near net shape high
performance alloys with low wasf2, 16, 18]

At the University of Nottingham in 1992, UK, Dickeret al. conducted a
preliminary study of additive manufactog using GMAW based methods. A
commercially &ailable welding robot was used allowinthe researchers noted
improvement due toobotic control and automation, consistent material properties, rapid
manufacturing times, and materidficiency. The team sl mild steel weldingvire based
on FeC (0.08%)i Si(0.9%) Mn(1.5%). As shown ifrigure9 and10 the authors achieved

production of a square box and a truncated pyr#idi8].
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FigurelQ: Truncated Hollow Pyramid using GMAW Process [18]

Dickenset al. emphasized the importance of geometry of the produced weld bead
and conducted numerousals of singular weld beads with varying parameters. The
authors observed that the geometry of the weld bead was dependent upon several factors
such asvoltage, wire feed rate, wire stickit distance from the nozzle, wire diameter, and
welding velociy. Theyobseredtheir effect onarc voltage, arc current, layer width, and
layer height. The general observed trendspesented iMablel. It was observed tha
the shape of the weld bead could be modified from a wide and flat bead to a narrow bead
when producing vertical walls by varying the velocity of the weldei8].

Dickenset al.also conducted a brighost proces mechanical and microstructural
evaluation of the square box wall sections. Hardness tests showed an increase in hardness
from the base of the wall to the top of the wall. They hypothesized that this was the result

of tempering of the lower layers due to heating during deposit oégqubst layersas did
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Ujiile. Tensile testwere conducted parallel and orthogdyéb the layers. There was very
little difference in ultimate tensile strength in the two directions; however, a statistical

study was not performg@, 14, 18]

Tablel: Interactiors observed by Dickens et H8]

Increasing Variable | Effect on Measured Variable

Arc Voltage | Current | Bead Width | Bead Height
Voltage t =/t t i
Wire Feed ) t t 4
Stickout t 4 ¥ 1
Wire Diameter { 1 t t
Velocity = = 4 +

fiWhen examining the microstructure, the wall was largely equiaxed ferrite and
perlite with a grain size of approximately 8. It was observed that the structure was
much lesequiaxed and more columnar in the top layers of the wall that were not subjected
to reheating during the additive manufacturing process. As subsequent layers are deposited,
the previous layers are repetitiously reheated and consequently tempered during the
process. The researchers recommended heat treating the object to ensure a uniform
microstructure, but they did not test this hypothesis. Additionally, there were no voids or
cavities in the material when a sample was polished and observed under aoperokhe
part was concluded to have good mechanical properties.

Dickens et al. concluded that to further develop tl&MAW based additive
manufacturing technique there must be significant software development. Additionally, a
sensing feedback loop betwen the welder and the robot controller was identified as
necessary to improve the consistency of the process and create surface finishes similar in

guality to cast objects. The authors recommended that the sensiimptdeldop provide
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the wire offset ditance to the controller. The controller would then maintain the wire offset
distance to a constant va@je, 18]

AFurther research at the University of Nottingham of GBBAW additive
manufacturing technique was published by Spemteal. in 1997. The teamsed a
commercially available three ax&MAW welder with a Siemens controller to build layers
on a platform that could tilt and rotate. The platform was manually moved before the
additive manufacturing operation. This allowed orientation of the paitfetest angles
to the welder so geometries could be made without supdart9].

fAiThree test parts, a hollow box, a vertical wall, and a horizontal slab, were studied
and are shown iRigurell. The geometries consisted of 82 layers totalir@rhén high.

The test parts were made from a copper coated mild steel wire that was 1 mm in diameter.
The parts were manufactured on a 12mm thick mild steel build plate. The layer width of
the resulting weld bead was 3.5mm. It was found that layer widtfrgeen 3 and 6 mm

were possible. Attempting to build walls of thicknesses greater than 6mm resulted in
excessive heat input and poor bead profile due to insufficient cooling of built uf2eat

19].
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Figurell: Geometries studied by Spenetral[19]

fiSpenceret al. attempted to manufacture thicker walls by placing multiple beads
beside each other. Howevehere wasincomplete penetration of the substrate and
neighboring bead. Attempts to angle the welding torch to deposit multiple ratlesaels
were unsuccessful due to an unpredictable bead profile. The dye penetrant test shown in
Figure 12 demonstrated the lack of fusion when attempting to deposit adjacent beads.
Instead of attempting to deposit the beads directly next to eachtb#haythors deposited
beads at pitch approximately double the width of the weld bead crest. As illustrated in
Figure 13, material was then deposited in the root channel formed by the two beads
separated by the pitch distano&ccording to tensile testshe researchers concluded that
this method of adjacent layer deposition created excdllent / near manuf act ul

mechanical properties. The tensile test standard used was not ré¢atded
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Figurel2 Procedure for depositing adjacent layers by Spencér[éBh

PITCH
ROOT CREST

Figurel3: Voids in adjacent beads as shown in dye penetrant test by Spencé§t @t

Spenceret al. also implemented temperature contiadp to ensure the previous
layer hacadequatelgooled before depositing the next layer. The operators set a maximum
allowable temperature at which welding was t@edormedand an ifelse looprevented
welding uriil the part reached an acceptable temperatadasby aninfra-red senso
After implementing temperature control, the authors achieved an improved surface finish
at the cost omore than doublée build time19].

When examining the microstructure of a cut, polished, amnatally etched
sample, Spencegt al. observed that the upper surface had a martensitic structure due to

rapid coolinghowever, the recrystallization and slower cooling of the lower layers resulted
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in afiner ferrite/pearlite grain structure. Aside frahe top layer, Spencet al.achieved
uniform grain structure and fusion between layers throughout the created fanmple
Additionally, Spenceet al.conductedtresdests on the finished parts to determine
residualstreses andcompared the results to thayer temperatuse The residual stress
measurements were performed using the center hole mg@&@pdA threestrain gauge
rosette was used to measure the change in stress when the masrgaioved by drilling
a whole through the sample. The results varied greatly between the different geometries
and the sample size was small so thegisno significant conclusiofil9].
The work of Dickenset al. and Spenceet al. did not include Computer Aided
Manufacturing(CAM) integration[21]. The researchersoded thanachine by hand and
only createdathersimple objects. Ribeiret al.at Canfield University in 1994 developed
a process for transferring a CAD drawing to (B®AW technology based additive
manufacturing equipment. Their proprietary, unpublished software package translated a
CAD file created with AutoCAD into movements interpreted by the software controlling
theindustrial robotic arm welder. The weld parameters were kept at predefined constants
and were controlled by the internal circuitry of the welding robot. Ribetral.
successfully produced a circular metal vase out of mild steel with this processvasrsho

Figurel4[2, 22, 23]
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Figurel4: First successfuihtegration of CAD and welder contrdi®2]

Although hs main goalWwasto performa software process evaluation, Ribedto
al. recordedvarious conclusions from the experimenhrelated to the software The
authors identified that theplinedgeometry othe vase created a varyidigtance between
the arcing wire and the previous laydrile beingdeposied Additionally, it was observed
that the quality ddmed with time which was likely due to latent heat buildagpwellas
scale error due to the layeg process Finally, Ribeiro,et alrecommended weighing the
substrateplate befored p r i @an objecgtd calculate how much material was deposited
during the proced2, 22, 24]

fiTo illustrate the software capabilities and evaluate the geometric accuracy, an
additional hollow object was created with refined software by Ribeiralin 1996 and is
shown inFigure15. The authors concluded that bead geometry (layer height ana) widt
was of utmost importance and must be properly estimated for the slicing parameters to
function correctly. Additionally, during the build process, the distance between the arcing

wire and the previous layer was variable and required manual adjustnrerg the
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process. The inward taper of the component was considered to be the cause of this issue

andclosedloop control was recommended as the solufiei 26 [2].

Figurel5: Complex geometry produced by Ribeiro ef26]

To increasecontrol of the GMAW welding process, Ribeiret al. developed a
mathematical model to determine the appropriate parameters to input into the previously
developed unpublished software. Tihput welding parameters were layer width, layer
height, welding cuent, and welding voltage. To evaluate the feasibility of creating a
Gschedulé for additive manufacturing, Ribeiret al. created cylindrical test pieces ten
layers high. The machine travel speed was varied betweeam8B500 mm/min, and the
welding airrent was varied between 120 and 160 Af@p21]. Theroboticwelding arm
utilized by the authors used a synergic algorithm to control the pulsing of the power source
and the wire feed speed. The synergic algorittas a control scheme internal to the

welder that varied the welding power based upon the wire feed rate. The robotic welding
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arm used a I%ort Circuit GMAW process with a synergic algorithm and theeinal
controls were not studiedTherefore, the wire feed speed was not considerezll, 27]

Ribeiroet al. performed their experiments withO mm diameteinconel 718 wie
and usedmgonshielding gas. During the experiments, the layer width varied between 3.8
and 10 mm and the layer height varied between 0.44 and 1.24 mm. The authors observed

a relationship between welding speed and layer width as shdwigurel6[2, 21].

Width (mm) Width vs Speed

10.0

9.0

8.0

\
N AN
Ny e e | EEE
. \\i |—A— 1604

O

3.0

2.0

1.0 i

Welding

0.0 T Y T T Y T T Speed

500 750 100 1250 1500 1750 2000 250 2500  (mm/min
\

Figurel6: Relationship between layer width and travel speeRibgiro et al[21]
fiTo develop the parameter input algorithm for the slicing software, Ribegb
used empirical results as inputs for a regression analysis to determine the relationship
between foumeasurableoefficients of welding speed, welding current, layer height, and
layer width. The created mathematical model was incorporated insottveare,so the
user could input a desired layer height, and the compubetd automatically set the
welding speed and current. To evaluate the software, three test objects of desired layer

width were manufactured. The greatest observed absolute layer width error was 0.4mm
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with an expected layer width of 8.0 mm. The authors considered this layer widttoerror
be relatively small21]0[2].

While Ribeiroet al. were successful in creating an appropriately sized gepme
their preliminary study failed to consider many parameters. ire feed speed, weld
characteristics, wire offset, wire diameter) identified as imporfanotors by other
researcher$l6]. Additionally, the authors did natudy the influence of the internal
controls of the welder. Finally, the model was purely based upon empirical data for Inconel
718 deposited by the studieaider andwas notapplied to other materials asdtups

Aln 1998, Kovaceviet al. at Southern Methodist University used a hgpeed
vision system to study the formation of droplet parameters and resulting weld penetration
of GMAW based additive manufactng. Additionally, the researchers performed a finite
element analysis to simulate the cooling characteristics of the process. The end goal of the
research was to create a sensing system that could improve the process consistency;
however, the researetas not completef28].

Kovacevicet al. used a 24 VolGMAW welder with ER70$5 mild steel wire. A
shielding gas of 95% Argon and 5% &Was used and the machine traveled at a constan
speed of 6.4 mm/sec. The researchers proposed controlling the metal transfer process by
turning the electrical current to the welder on and off based upon the size of the metal
droplet formed at the end of the electrode. To observe the metal tramsfess a high
speed digital camera capable of 800 frames per second with a resolution of 128X128 pixels
was used28]. Kovacevicet al determined that theegosited metal bead size and
penetration could be controlled by the pulsing electrical current. Therefore, this strategy

could be used for increased control and consistency during the deposition [#8§2k
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In 1999, Kmeckoet al. continued to research th@MAW based additive
manufacturing technique at Southéviethodist University by applying real time image
processing to the systeto reduceweld spatter. The developed system measured the
voltage and current used by the welded featured an infrared pyrometer and a light
sensor. While the system was capabbf real time image capture, demonstratiorof
successfuklosedloop control was presented. Kmeclkd al. were convinced that the
closedloop control was necessary to improve the process and reducing welding ghatter
29].

In 2002, Zhangt al.at the University of Kentucky published an improv&@d AW
based additive manufacturing procesizing a more sophisticated CAD model slicing
strategy. The team developed unpublished software that could vary the infill method and
vary the | ayer height throughout different
softwarecan varythe start poinbf each deposited layer.

Zhang,et alused two differensteetbasedwires of E70S6 and SS308 to evaluate
the novel CAD model slicing software. For both materials, the wircfedbat a speed of
160 in/min andhemachine travel speed was 0.2 in/sece Welding voltage was 25 Volts
for both materials and the welding current was 125 Amps for the-B7Qige and 110
Amps for the SS308 wire. The shielding gas waargon and C@mix; with 25% CQ

for the E70$6 wire and 5% C&for the SS308 wire.
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To study the softwaré svarying startpoint capability Zhanget al. created
cylindrical parts with and without varying start points. As showikigure 17, thescale
error from buildup at the start point of the deposited layer path is signifi€agire 18
presents aylindrical part with a varied layer start point. As a result, the effects cichle

error are mitigate:[2, 30].

Figurel8: Tube shape part with varied layer start point by Zhang e{20]

The software was also capabldeddin and leaebut speed control of a deposited
line. The researchers observed buildup of the layer at the start of the path and a decreased
amount of material ahe end of the path. To counteract this, the authors increased the
machine travel speed at the beginning of the path and slowed the machine travel speed at

26



the end of the path while the wire feed speed was kept constant as shieigareil9.

Additionally, a second pass was added to the end region of the path to further level the

deposited layej2, 30].
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Figure19: Speed control for the start and stop of the path by Zhang[80&l.
To evaluate thiinking strategy Zhanget al deposited a sample wall sectioniwit
and withoutieadcontrol. As shown ifrigure20, the wall is not level with buildup at the
start point of the path and lacking material & ¢md of the pathrigure21 presents a wall

section withlead control. As a resulije wall section isnuchmore everj30].

Figure20: Wall section without start and espiint control by Zhang et a|30]
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Figure21: Wall section with start and esabint control by Zhang et dI30]

While successful in implementing effective slicing software Vuitking parameter
control Zhanget al identified future work was still necessary to manage theihpat to
the deposited paf2, 30].

In 2004, Songet al. published a techniqueombining GMAW additive
manufactuing coupled with a subtractivenanufactuing milling machine[31]. The
authors proposed a machining ppeicess after each layer was deposited.si#&svn in
Figure 22, the research was performed on-ax8 CNC machinewith an addedlaser
welding unit and two arc welding gung#\dditionally, the build plate was heated to 200
with abuilt-in heater. The researchers hypothesized that preheatingilthg@late would
reduce thermal stress build uprithg deposition but did nothing to validate the hypothesis
Songet al. confirmed that several factors greatly influenced the process. These factors
were layer height, layer width, welding speed, weldimdfage, welding current, and

distance between adjacent laygs32].
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Laser welding unit Two arc welding guns:

Substrate plate

Figure22: Integrated welding and milling machine createdSoyg et al[32]

To evaluate the weldingpilling process, the authors constructed test parts with a
constant welding voltage df9 volts and a constant welding current of Bafps with a
welding speed of 1.2 m/min. The material used in the experiments was mild steel wire 0.9
mm in diameter. During the process, the authors deposited layenmastdnedthe
surfacesas shown irFigure23. The object had a layer height of 0.8 mm, a layer width of
4 mm, and a surface roughnessRaf150 um. After machining, the object had a wall

thickness of 1 mm and a surface roughneda®2 um. The layers shown iRigure are

unevenfrom poor control of the proce§3, 32].

Figure23: Thin-walled part before and after machining by Senhgl [32]
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Songet al. examined the microstructure ofsample; a shown inFigure 24, the
sample had large grains in the upper region of the wall (region a) and fine grains in the
lower region of the wall (region b). This is consistent with the observatidRebeiro et

al. [32].

x ,.:..:Fv.A

10 um
———

Figure24: (A) Upper Region of the Wall; (B) Lower Region of the Wall [32]
In addition to a thin wall, Sonet al. manufacturedh rectangular object as shown
in Figure25. The object had a layer height of 0.8 mm amt®posited layer offset of 2.8
mm. The solid test object was measured to have a dimensional accuracy of £0.5 mm before
machining. When examining the microstructure, the solid part had similar results as the
thin wall part with a microstructure that waedr at the base due to the reheating effects

[2, 32].
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after machining

25 mm
[ m—

Figure25: Solid part before and after machining by Songl€82]

Songet al. also performed a tensile test parallel to the layers of the deposited
material and observed that the object had a tensile strength of 620 MPa which was
compared to the deposited wire material whiath&déensile strength of 550 MPawtever,
Songet al. did not perform a tensile test normal to the direction of deposited layers of
material[2, 32].

In a continuation Songet al. published an additional paper in which the authors
optimized their welding and milling technique using statistical methods. The authors chose
to optimize four parameters which were the voltage, wire feed speedstigkeout and
shielding gas composition. The welding voltage was varied between 14 and 26 volts. The
wire feed speed was varied between 3 and 8 m/min. The wire offset was varied between 6
and 8 mm. The shielding gas was composed of & argon with the amount of GO
varying from 30 to 10%. The weld spatter and deposited layer width were chosen as the
two mainresultsof the welding parametef2, 33]. To quantify the weld spatter Gpatter
indexdwas createdwhich was the ratio of the mass of the spatter divided by the mass of
the welded wire. The mass of the spatter was determined by collecting and mehsuring
spatter beads after completing bead The mass of &8l wire was determined based upon

the feed wire speedn assuming no slif2, 33]
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Performing an analysis of varianBNOVA), Songet al. determined that the
welding voltage, wire feed speed, and wire offset have a iniglact on the spatter
formation; frowever, the shielding had a negligible effect on spatter formation. When
examining deposited layer width, the welding voltage and weéd $peed had significant
impact; lowever, the wire offset and shielding gas composition have a smaltirop the
deposited layer widtf2, 33].

From these results, the authors concluded it was best to use the least expensive
shielding gas with a C£ocomposition of 30%. Additionally, the wire offset only had a
small impat on layer width, so the wire offset was reduced to the minimum of 6 mm to
reduce spatterln addition to studying the factd@sffects on weld spatter and deposited
width, Songet al. studied the distance between layers (bead offset), the directiayeof |
deposition, and alternating the direction of layer deposition. The direction of layer
deposition options studieateshown inFigure26. To measure the studied factors, tensile
tests and hardness tests were performed to see diidrstrategyperformedthe bes{2,

33]
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Figure26: Build Strategies foiSolid Layers[33]

Performing arANOVA indicated that the deposition parameters have a negligible
effect on the surface hardnesswever, the team did not examine the surface hardness
along the heighbf the object. The researchers concluded that the orientation of the
depositediayer deternmes the tensile strength and alternating the depositi@ttiin
between layers increasdite tensile strength. The authors proposed that the method of
alternating deposition direction was strondee tovoids beingfilled in the subsequent
layer andmcreased the surface quality and density of the [2y&3].

In 2007, Clarket al. with Rolls-Royce researched tlieasibility of GMAW based
additive manufacturing o nickelbased polycrystallinguper alloy Inconel Alloy 718,
for aer@paceengine applications. The researchers used a syneGMAV power source
with argon shielding gas. The welder was set to 35 volts, the isk@us was 20 i, the
travel speed waddlmm/s and the wire feed speed was 10 mm/s. The deposited layers had

a nominal width of 12.8 mm and nominal height of 1.7 [Bn84]
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fClark et al. performed multiple deposition geometries and examined the polished
and etched samples with a scanning electron microscope for microstructural analysis and
x-ray for chemical analysis. The first deposition trial was construction of a thin wall of
multiple layers. The second deposition trial was construction of two adjacent beads of a
single layer. The final deposition trial was construction of two adjacent beads for multiple
layers. When performing the trials, the authors waited until the previoushiageooled
to 80 C before deposited the subsequent layer. This was to prevent latent heat buildup in
the deposited object and created approximately)-einute cooling duration between
welds. The resulted in lengthy build times because each deposieddguired over 10
minutes.

When examining the microstructure, Clarkal concluded that the results were
highly dependent upon the deposition factors. The authors concluded that controlling the
cooling ratewas necessary for a uniform part and theyantion of crack formation.
Additionally, the authors recommend further study of @AW additive manufacturing
process to further qualify the mechanical properties of the process for aerospace
applicationg34]0[2].

In 2013, Anzaloneet al. at Michigan Technological University developed a low
cost (less than $2000) opsource metab p r i that wesed Gh&MAW based additive
manufacturing process. The machine used -goemce controls and is shown kigure
27. The machineutilized a threeaxis deltastyle robot that was designed for Fused
Deposition Modeling (FDM) plastic extrusionrDB printing without any éedback The
authors used readily available opsyurcel Cura software created for Fused Deposition

Modeling (FDM) additive manufacturing. The system used a shielding gas composed of
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75% Argon and 25% C£at a rate of 20 Gf. The distance between theilol surface and
the welding tip was 6 mm. The wire used was 0.024 in. diameter ERWI® [35]. As
a proof of concept, the sprocket showifrigure28was created by the authors. The object

had a layer height of 1.75mm and was created with a wedaré¢e of 3.5 cm/§2, 35].

Figure27: Low-CostOpenSourceGMAW Printer by Anzalone et aJ35]
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Figure28: Sprocket manufactured by Anzalone ef2h]

Additionally, Anzaloneet al.examined the microstructure of a polished and etched
sample. Like previous researchers, Anzalenal. concluded that the microstructure was
finer at lowemregionlayers when compared to uppegions Once again, tils was due to
reheating of thesubsegent layers during the depositioprocess The researchers
concluded their results proved that this was a feasible process for the economical
production of metal par{®, 35]

fiResearchers at Michigan Technological University alsated a voltage and
current monitor for use with theMAW based additive manufacturing process. This low
cost,oper s, our ce monitor was used to measure and
An Arduino Uno microcontroller was used to record the nmiation measured by the
monitor. The researchers concluded that the voltage and current monitor would be useful
for further evaluation of thEMAW based additive manufacturing procf38]o[2].

Recent esearch performed at Auburn University2015,sought to produca low
costmetal additive machine, using dffe-shelf componenisandto measure pameters
and validate their importan@es a way t o validat @]. THe® mac hi
components included a standard Miller welder, Mach3 CNC control software, gantry style
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80/20 framing, Probotix CNC motor controller and stepper motors, along with standard
linear rails and ball screwdrigure29 shows the finished machined Gaddesdoiced at

Auburn University.

Figure29: WAAM Machined Produced at Auburn University [2]

Ga d d e stadywas a gedmetsy evaluation. Test prints were created to evaluate
infill strategies (zigzag patterns vs. parallel pattersi€pover,abilityto A br i dgeod pa
overhang, layer heightsas well agpostprocessing

For infill strategies tested, Gaddes found that making a parallel infill part or a spiral
shape where the material was swept across the geometry produced a better result than
havingan i nf i | | wi t hFigbre30 shews itwo gartdipsotdued by &addes

with and wi[2lhout Ashell so
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The machinedbds ability to per élsotestedmor e ¢

Figure31 & 32 show parts that were produced to test these capaljififies

Figure30: Solid Infill vs. Infill with Shells [2]

Figure31: Outward and Inward Facing Geometry Test [2]

Figure32: Bridge Geometry Test [2]
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Gaddes concluded that having the layer height helix along the parts vaxisal
produced the best results due to the start and end of each layer being slightly different
thickness than the steadtate layer heightHe noted that randomizing start points did
help but the error was still existent due to starting and ending-iypi[i2] .

flAs a demonstration of a useful part, two stainless steel printed nozzles are shown
in Figure33. The part on theight was turned on a lathe. The surface finish after turning
was excellent and no voids were observed. Before turning, the large diameter of the part
was 1.770 in. with a wall thickness of 0.172 iAfter turning, the part &s 1.667 in.

diameterwi h a wal |l thi[g@lkness of 0.087 ino

Figure33: Stainless Steel Nozzle as Printed and Post Processed [2]

Gaddes next studied the effect of varyingdfevire diametersn the voltage and
current required by the machine to produce the same geométigeses 34 an@5 show
the results of his stud@]. Thevarying wire dianeters had no effect on the power input
required by the machineven for the different materialsThis was becausehe process
being usedwas Constant Current/Constant Voltage (CC/GMYIAW Short Circuit

Transfer (offthe-shelf unit).
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Figure35: Wire Diameter Study Current Results [2]
The next study performed by Gaddes was a comparison of layer strength vs.
material strength by comparing tensile tests at different deposition orientatiéys.

producing prints and machining dog bones parallel and perpendicular to the deposition
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direction, tensile tests could be perfor me
planes. Figure36 shows the results of part of this sty&y. The material was orthotropic

in behavior, but also to be noted is the repeatability issues between walls in the vertical
specimen. Figure37showsthes ame st udyodés result ] Ther st ai
repeatability greatly improved here, although the dessteghgth decreased while the

orthotropic behavior persisted.
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Figure37: Stainless Steel (ER308) Tensile Test Results [2]
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The cause behind these issues (orthotropic, repeatability, low strength) was
believed to be primarily due to lack of control over GRIAW transfer process (being
CC/CV) which creategorosity in the printsFigure 38 shows voids between layers that
were e&perienced Gaddes noted that poptocess heat treatment did improve the
microstructural voidsFigure 39 shows the microstructural results of a Steel Specimen

before and after a heat treatment cy2le

Figure39: (Left) Microstructure of Steel (ER76& Sample before Heat Treatmen

(Right) Microstructure of Steel (ER785 Sample after Heat Treatment [2]
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Afewof Gaddesd | i stedoskiggesfipoosi dergirf a&d
the processo were as foll ows:

A RA cold-water tip cooledGMAW gun would assist in the deposition of

aluminum and copper.
A A pulsedGMAW gunwould assist in controlling the heat buildup in the deposit.
A A Cold MetalTransferGMAW process would result in greater control of the
weld ke a 2P

Wire and Arc Additive Manufacturing using Cold Metal Transfer GMAW

One of the common themes from the researchers utilizing Short Circuit Transfer
GMAW for additive purposes, is the lack of control in the process. Changing over to a
Cold Metal TransfeGMAW (CMT-GMAW, CMT) process was suggested to provide
better controby several authors

Hasselberg completed a metallurgical and structural characterization feasibility
study of nickel base superalloy Inconel TM8welded via CMTin 2009 AAccording
the parameter optimization study it was noted that the key attribtite €MT-GMAW
process is its electronically controlled short circuit droplet detachment method, which is
dictated by the weld synergic line. The synergic line is a linear mathematical relationship,
proprietary to Fronius International LLC, which incorpgesa voltage and amperage
process controls into the wire feedspeeda s s el ber g al so noted his
little evidence of the porosity that is commonly inherent when using a conventional
GMAW process. Macro and micianalysis of the CMAIGMAW weldments exhibited a

columnar grain microstructure similar to those obtained with conventional GTAW with the
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exception of a reduced substrate consumption, Heat Affected Zone (HAZ), aad less
distoredwelds[37]. Some of the material properties discovered with the samples were that
tensile strength and hardness charasties proved to bkke that of traditional processes;
however, Hasselberg noted there was a 200% increase of Reduction ifRAjezt not

only room temperatures, but also at elevated temperature®’®1@601 t was concl ud
CMT-GMAW provides the fdbwing benefits: excellent weld quality on wrought Inconel
718E; comparabl e metall ographic structure
deposits; increased deposition rates when compared to GTAW, a reduction in overall
thermal input by achieving almibeurrentfree metal transfer; virtually spattéee metal

transfer by controlling the short circuiting; comparable material hardness to GTAW
wel dments; and analogous tensile strength
[37].

Researchers at Cranfield University conducted a process model study of additive
layer manufacturing using CMT with T8AL-4V. The researchers noted that the CMT
process provided better results due to the
regime of the CMT assures that no free flight droplet is transferred during the arcing period.
Thus, the repulsion of filler metal caused by the acting momentum of external
el ectromagnetic Apincho forces, or isi ssuin
prevented. Moreover, the metal transfer to the molten pool occurs by the surface tension
mechanism at low current levels, where a bawing force assists the liquid bridge
f r a c[B8]. rThedgroup also conducted a small study on the effect of different shielding
gasses on the gr ai rFigwet40shows ther result® df vatyingeghe 6 pr i r

amount of helium in the shieldj gas. The researchers believe the reasons behind the grain
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refi nement when wusing higher He <contents
intensive force convection and mass transport, breaking primary columnar grains near the
S/L interface or promatg a globular structure by spherical growth; 2) fine solid nuclei
will work as fiseedso or nucleation sites
barrier for heterogeneous nucleation; 3) the CMT dip transfer mechanism induces a stirring

effed reducing energy barrier for homogeneous nucleation; 4) augment of the cooling rate

due to the larger specific weld bead canta a[B8. a s 0

Figure4(Q: Grain Size Comparison Varying Shielding Gas Composition of Helium
Argon Mix A) 30% He B) 50% He C) 70% He [38]

The researchers controlled three parameters to develop an empirically predictive
model. iThe contr ol | adbd tlee solichwire didimeterswire feed lspeed
(WFS)and WFS/travel speed (T&tios. Tt6Al-4V 0.9 and 1.2mm wire diameters were
used and the WFS settings for eanttividual wire ranged from 2 to 12m/min, in a unit
basis. The WFS/TS ratios were 15, 20 dr25. It shouldbe noted that the WFS/TS ratio
was selected as an independent factather than TSguaranteeing good welding
conditions and higigyuality deposits all over the design spadata was fed into a least
squares regression analysis softwared the main effects and interactions between

controllable variables and responses were estim&ederal responses were selected and
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measured, although only the effective wall width and the deposition efficiency are reported
here. The effective wall wdth is defined in the present context as the target wall width
dimension, after undergoing the post processing machining stagé¢he other handhe
deposition efficiency estimates the ratio between the effeetikene of metal utilied to

net shapehe component over the total delivered metal volueypical first order 3D
response surface output, namely the effective wall width, is represerfteglire4l as a
function of the wire diameter and the WFS, for constant WFS/TS at 2&n be seerhat

larger effective wall widths are achieved with thicker wires for constant WFS and WFS/TS

ratioo [38].
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Figure41: Predicted First Order 3D Response Surface Model for the Effective V
Width Response as a function of the Wire Diameter and WFS, for a COAS&ATS
Ratio of 20 [38]

Researchers at the Indian Institute of Technolamgducted a weld bead modeling
and process optimizian study of WAAM using the CMT process. Their goal was to
understand the weld bead formation and iterface between overlapping bead, to
produce alternative injection molds via the CAdMAW WAAM process.Figure 42

shows the process from conceptusddegn, t o O a rogessednt ed, 6 t o p
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Figure42: A) CAD Model of Part and Injection Molds B) Neblet Shape Molds C)

Finished Molds [39]

The group, like many others, utilized asynemgic ocess @Ai n which t he
are grouped based dheir interdependence and their relationships stored; when one
parameter in any group is changed the other parameters are automatically modified to
maintain a stable arc. For instance, filler wire speed increases monotonously with the
welding current. Inthis closely controlled deposition process, only the following
parameters influence the beads:

i. Filler wire diameterd).

il. Filler wire speed\).

iii. Welding torch speedsd) and

iv. The distance between consecutive beads called step over incrpmei39]

They also noted that many have already produced welding process models;

however, fimost of these models study singl
behavior of the overlapping materialinmuliie a d d e [89.sBy dssumingdhe weld

bead tobe a parabolic geometry, the group developed a predictive nioagitimize the

a7



partsdé geometry. The smoother the surface
processing.Figure43 shows where the group made multiple samples at various parameter
combinations \w, &, and p to study the effect on the surfaces. Theug concluded

Ami ni mum rate of heat input, wider heat di
are the most desired criteria in weldposition. Minimum possible wire speed, maximum

possible torch speed and a step over increment ofhings oft he beadds wi dt h

recommgad®dedo

Figure43: Depositions Made at Different Combinations of Process Parameters
The group also developed an equationnteasure thgield (d) o f a Oprintéd
guantify the ratio of material remaining in the object after postessing to the material
originally depositedEquationl shows the grougs predictiveyield model, whileFigure44

shows their results from experimentat{@8].

z
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Predicted vs Measured Yield
100,00

000 .
.

Measured from Experiments
L]

40,00

N K Prodioed rom Model -
Figure44: Predicted vs. MeasurétieldusingEquationl [39]

Cranfield University researcher, Dinggrformed a thermmechanical analysis of
the WAAM processnd its effect on larger parts. They recognized that the high heat input
leads to distortion and residual stresses. They also noted that while many others have
produced Finite Element (FE) models to predict this behavior, the model size is usually
smalldue to computational limitations and the time it takes to produce the actual parts to
compare the model t o. AUnl i ke the conven
increment scheme to model the moving welding torch, the steady state method attaches an
Eul erian reference frame to the welding to
Therefore,the problem can be solved for a single time step saving a large amount of
computational time. Moreover, the model using the Eulerian frame does nobnessdd
high-density mesh uniformly along the weld line, savimgliional computational time
While the steady state solution of the thermal problem is relatively trivial, application to

the mechanical pr pi@®.l em i s more difficulto
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Theresearcheadded thermocouplesd used a strain saar along the part to get
empirical data; while for the FE model they used ABAQ&tfiware The walls were
deposited along the center of the base plates with a width of 5mm and a height of 2mm.
CMT-GMAW was used as the heat source with a wire diameter of 1.2mm and torch speed
of 8.33 mm/s. This equated to a heat input of 269.5 Jassuming a 90% efficiency. A
watercooled plate was used to cool the parts faster as well as a 400 second wait time
between layers. The trail included 5 specimens of one, two, three, four, and 20 layers.
Figure45 shows the results of the transient atehdystate model and how close they are
to the empirical datéor temperature Figure 46 shows the results of the transient and
steadystate model and how close they are to the empirical data for stress 4ditbetipn
for three layers. The grouprduded that with their steaestate model there was a total
time saving of 80.21% in simulating the thermechanical model versus the transient
method. The group also concludédt bothFE models can accurately predict the heating
and cooling cycles ding the WAAM process. The stress across the deposit is very
uniform with very little influence of the preceding layers on the following lagecsrding
to the numerical modeLastly the researchers stated thignificant stress redistribution
is doserved after unclampingThe stress at the top of the deposited wall has a much lower
value than at the interface due to the bending distoo n o f  tFigueed/sshomp | e .

the stress distribution along thelirection before and after clampifgp].
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Figure45: Temperature Verification of Transient and Ste&dgte Models [40]
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Figure46: Stress Verification ofransient and Steaeytate Models [40]
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A collaborative studyf resarchers from Cranfield, Northeastern, and Beihang
University studied the use of WAAM with Aluminum alloys usitte CMT-GMAW
process.The group makes a distinction between different types of @WIAW with one
variant being Awhere conventional spray i s
referred to as CMT pulsed (CMH). A further development is the adwead variant of
both these processes (CMDV and CMT-PADV). This variant allows for polarity
reversal and t h@tlef ore AC operationo

AER2319 aluminum alloy wire [walls wer e
system which is shown iRigure48. 22197851 aluminunplates were used as substrates.

A Fronius CMT Advanced 4000 R was employed as the power source, which was
connected to the ABB robot IRB2400. Pure argon (99.99%) was used as the shielding gas
with a constant flow rate of 25 L/mirfThe contact tip to worklistance (CTWD) was kept
constant at 15mmWalls dimensions were 500mm long and 200mm high and were built
by the CMT process using variable wire feed speed (WFS) and deposition travel speed
( T §41p Figure49 shows the results of a porosity study performed by the group using
CMT-PADV and CMTP processes.The CMT-PADV process produced much better
results. The group also noted that they naturally aged the spedon@®&® daysprior to

tests.A T h e e x flyeevaluaesl mertieal and horizontal tensile properties of WAAM
deposited 2319 aluminum alloy and wrought 2219 alloy are presented in Table 1. The
vertical (V) direction refers to samples taken across the build layers whilst the horizontal
(H) direction efers to those taken along the layers. Yield strength (YS), ultimate tensile
strength (UTS) and elongation of the WAAM alloy are evenly distributed in the whole as

deposited wall. Average YS and UTS are 110 MPa and 260 MPa respectively. Although
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the strenth values are lower than those of the T8&mpered alloy, they are 50% higher

than those of the @®mpered alloy. Meanwhile, the excellent 17% plastic elongation is
higher than the T e mp e r e d41].a The grpup concluded that with additional
processing (such a®ld working, aging, or solution treatment) the WAAM produced parts
would induce grain refinement as well as increased hardness. In doing so, the strength of

the material would approach those of the T-8&hpered alloy even more.

W suwsore M

Figure48: CMT-WAAM Experimental System [41]

53



Middie

Figure49: Porosity of WAAM 2319 deposited by A) CMPADYV process,
WFS=6m/min, TS=0.6m/min, Heat Input (HI)=112.2 J/mm, B) GMprocess,

WFS=6m/min, TS=0.8m/min, HI=189.1 J/mm [41]

Table2: TensileProperties of Deposited 2319 Alloy and Wrought 2219 Alloy [41

’ WAAM alloy Wrought alloy
roperty VI V2 V3 HI H2 H3 2219-0 2219-T851
Yieldswength 55 196 107 112 110 121 76 350
/MPa
Ultimate tensile
StongtvMpa 257 261 256 262 263 263 172 455
E'”‘}gj‘“’“ 154 168 144 183 190 178 18 10

(V-Vertical; H-Horizontal)

In 2014, Posch, noted the use of the WAAM process giffarent name,
i Mi cr B'"Gwterin the early 1990she company ANDRITZ HYDROroduced
Pelton runners by adding forged runner tipgli stress concentration area) to cast sub

structures, instead of trying to castmare complex and weaker/inferior producRosch
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introduced the idea to apply CMGMAW for the process due to its precise dip transfer

met hod. He di scuyseasbitithd yooMerRi nninry par
welded to a substrate, depending on power and forces atdifiedgnt pin structures can

be created such as ball, cone, or a flat shdpgure 50 shows how this ability can be

utilized to create small featurp&2].

Figure50: Applicationof the Pinning Ability [42]

Posch, who wor ks for Froni us, states 0
depends mainly on the diameter of the filler metal which is usad the standard wire
diameter for the CMT process in general is 1.2mm. Indbimsbination,minimum wall
thickneses of around-% mm can be realized, depending on the wetting characteristics
during the metal transfer from the wire tip to the weld pool. Broader cross sections can be
realized by torch weaving during welding and/or putting a certain number of wekddsysi

sidei up to establishing complete overlays. Best results can be achieved when the electric
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arc is in a vertical position. If inclinethreedimensionabplanes[must] be made, only a

limited sideward offset of the actual welding torch position égaitevious one can be done.

If the base is fixed, planes with a decline up to 15% from the vertical can be established.

But if the base is mounted on a commercial turntable very complex 3D planes can be
producedi nevertheless the programming effort the robot and turntable movement
increases rapidly. A realistic deposition rate for a single layer pile up by CMT/MAIg us

stainless steel is aroundb1. 2 kg/h metal. The thicker the cross section, the higher the
deposition rate can bieup to approxnately 5 kg/h as it is for CMT joining and CMT

cladding. For very thick cross sections also a CMT Twin process (2 wires) could be taken

into accouni then the process could go to its theoretical limit of about 10 kg/h as it is for

real cladding applicati n §4@]. These parameter limitations are invaluable to know
beforehand in the research comntyrooking to use CMTGMAW as a process for

WAAM. Posch later noted that the microstructure was comparable to traditional GMAW

wel d men adwssf &niri € 0 mi cr ost r ucfermtercentemtafs r e v e
30FN. -feriith grains showed preferred crystallographiorientation in [001]

direction, whereas the austenite grawese bloc wise, randomly oriented. No indication

for porosityand lack of fusion could be observed by the metallographéstigations.The

mechanical propertiesete[comparablejot he val ues given in the f

[43].
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Researchers at the University of Wollongong sought out to develop a model for a
multi bead geometry using the CMT process. The group approached the problem similarly

to the Indan Institute of Technology researchers; however, the group looked at modeling

thesinglebeadasnot onlya parabolicmodelbut also agosine and arc modeFigure51

shows the

percent erro(for a single bead) The group also states that based on their calculations a

stepover distance of 2/3 theire diametelis not optimal (while typically researchers agree

it is) as it

0. 738 ti mes

t

woul d

he wir

c r e at €hedraumthen dissussedthae

e di amet ecalculdted for tBedr* w)

gof noodep geametry gss actual veeld bead cresstional areas

mathematical model. The group then shows the results of the twovaeg with 2/3*w

producing better results théimeir calculated.738*w[44].
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Figure51: Error for Predicted and Actual Area of Weld Bead Cross Section [4«

Pinto, fromTecnico Lisboasought to study the effects of varying current and travel

speed on

hardness and, finally, h e

Afdeposition
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researcher 6s r eTahlelbekw. ©negecyliar acteasrihiatehe research
foundthe deposition efficiency to be directly proportional up to 110 amps and inversely
proportional afterwards. The study never merdgaany thought on this phenomend].
Table3: Directly Proportional X) and Inversely Proportional (1/X) Responses to Current

and Travel Speef5]

Response: Current Effect: Travel Speed:

Deposition Rate X 1/X

Deposition Efficiency X up to 110 Amps 1/X

Poor Fusion Effect 1/X X

Width X 1/X

Area X 1/X

Average Hardness Insignificant Insignificant
Wiliamsetal f ound for CMT Athe travel speed

deposits qualityFigure52 shows that, for a given wire feed speed/TS ratio of 30 (keeping
the WFS/TS ratio constant ensures that both the amount of material per unit of length and
the heat input are kept constant), the lowest TS of 0.2 m/min resulted in the best deposit;
the qually progressively deteriorated for increasing TS, and finally, deposits were

unacceptable fof8@l.a TS of 0.5 m/ mino
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15=0.5 m/min ) :

15=0.4 m/min ==

75=0.3 m/min

15=0.2 m/min

Figure52: Varying Travel Speed with a Constant WFS/TS Ratio of 3@im[3]
Recently a group from The Welding Institute (TWigrformed a small case study
ont he CMT processoO6s capabi,lpartcwarlyantalurpireimf or mi
alloy 5183 componentsg-igure 8 shows some of the samples the group could aelasv
well as the torchds orientation in relatiol
height and width betweer@3mmandi5 mm r especti vely, the tech
producing good quality deposits free of porosity, showing goodlayer fusion, and with

an impressive regularity when performed even at an angle as sh&wguia530[46].

Torch orientation

Figure53. Range of Orientations Achievable by the CMT Process [46]
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Process Control

Dickens et al. concluded that to further develop tli&MAW based dditive
manufacturing technique, ®edback loopto provide the wire offset distance to the
controllerwas necessaryThe controller would then maintain the wireseff distance to a
constan{18].

Spenceet al.implementeda temperature controloop to ensureadequateooling
betweerlayers. A temperaturaetpointin an if-elsetypeloop prevented welding until the
part reached an acceptable temperateael by annfra-red senso The group notethe
recrystallization and sWer cooling of the lower layers resultedariiner ferrite/pearlite
grain structureas well as an improved surface fin{d!9].

In 1992, Xie discusxd the synergic control system to control the current, thus
all owing prediction of wire melting rate.
parameters are automatically generated by an electronic control unit or a computer system
for a given wire feed rate, based on predetermined parametric relationshipe
parametric relationships relate the four pulse parameters to wire feed rate for a stable
welding operationA square waveform of current is normally desired since with thiswave
form theamplitude of the current can be exactly controll&itb obtain a stable pulsed
current welding process there are three essential criteria that must be satisfied:

1. Burn-off Criterion: The wire feed rate must be matched by the {odfnate of

the wire to kep a constant arc length.
2. Metal Transfer Criterion The metal must be transferred in a spray mode and

controlled by the current pulse.
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3. Arc Stability Criterion The welding arc must be stable during the background
current duratioa[47].

Xie al breaks down the quality control process for welding into three gwaitips
five fundamental functionsPrior, During, and Post Welding. In the Prior to Welding
category, he states that (I) a proper analysis of product design and weld procedure must be
caried out; (1) the correct implementation of the weld procedure and optimization of the
welding process must be performed. This would correlate to the proper input parameters
for the process for the Oprintedxampleart , b ¢
hollow part should have different parameters than a solid partthe During Weld
category, he states (lll) proper manipulation of the weld arc must be controlled; (IV) real
time closedloop control must be utilized. Most importantly, in tAéer-Weld category,
he states (V) diagnosis of quality issues. This means that the process should be adaptively
learning from mistakes and have continuous improved&it

Xie then states thatfeddla c k contr ol f or dirddtwboimaig fican
groups: geometrical and technological fdeatk control. The geometrical feedack
control automatically adjusts the position of the welding arc relative foititgpath.
Without this technique, the robotaves the welding torch in a gretermined trajectory
regardless where the joint is locatddisingthis technique, the robot trajectory is
consistently adjusted to the joint patAnother advantage of this technique is that the
demand on the geometrical accuracy of the workpiece atiteaepeatability of the
fixture is reduced The technological feeldack control automatically adjusts the welding

parameters in response to the variations in the welding pajd&3s The advantage to
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this technique, is that weld qualitaameters can be maintained; such as: arc length,
proper gas flow, etc.

Ribeiroet al. noted much like Dickent al, that during the build process, the
wire offsetdistancewvasvariable and required manual adjustment during the process.
Thepartgeometrywas considered to be the cause eirtlssue anatlosedloop control
was recommended as the solutj@ah, 26] To increaseontrol of theGMAW welding
process, Ribeiret al.developed a mathematiaalodelfor layer width Theinput
parameters were layer height, welding current, and welding voliaye. feed speed
was not consiered as it was an internal parameter to the wel@lee group noted a max
layer width(output of modelkrror of 5% utilizing their methqdhowever, many
important parameters noted by other researchers were igdied

In 1997, Carvalhaapplied multiple control schemes to the welding protesy
and improve the system. One method of control that was utilized was a touch sensing
scheme in which the welding head would approach the part, sense the @ntétebd,
and set its offset distance accordingly. The author did so by measuring the resistance
the voltage leads until the value read zero (when the wire touched the suvfakaye
control was also implemented, as well as a combination obthteot schemes. One
suggestion made by Carval ho was that HAcont
speed and/or travel speed could be introduced if sensor(s) for measuring gap and bead
geomet ry we[48e While this dtudythéldentuch promise from a control
standpoint, much of this is internally controllable via a synergic pracess Fr oni us 6 C

process The touch sensingcheme to maintain offset distance wasjpproach to solve
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the issue both Dickens and Ribeiro noteowever, the author did not implement it in a
way tomaintainthe offset distance throughout the weld process.

In 1998, Kovaceviet al.used a higfspeel vision system to study the formation
of droplet parameters and weld penetratio®bAW based additive manufacturing.

The goal of the research was to create a sensing system that could improve the process
consistency; however, the research was not ceteqii28]. The researchers proposed
controlling the metal transf@rocess by turning the current to the welder on and off
(pulsing similarly to the CMTGMAW proces$. The groupletermined that the
depositebeadsize and penetration could be controlledhwy pulsing; herefore, this

strategy could be used for incsealcontrol [28].

In 1999, Kmeckeet al.appiedreal time image processing to the system to reduce
weld spatter. The system measured the voltage and tused by the weldemnd
featured an infrared pyrometer and a light sen3tie system was caple of real time
image capture; howevanp reference of successfibsedloop control waspresented.
Kmeckoet al.were convinced that th@dosedloop contrd was necessary tonprove the
procesg2, 29].

In 2012, Almeida, went intdetail parameterizing the WAAM process and
discussed controls, yet did nothing in actual implementation of control into the process.
Some of the suggestions for futwerk did however include the need for the
development of process control using algorithmsetiged for the specific process
(GMAW, GTAW, etc.), as well as the need for a method to control residual stresses and

distortion [16].
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When examining the microstructure, Clatkal concluded that the results were
highly dependent upon the deposition factors. The authors concluded that controlling the
cooling rate was necessary for a uniform part and the prevention of crack forfBdtion

One common reoccurring theme in literature is the lack of process control in the
WAAM process. While the introduction of CMGMAW has improved this with better
control over the current/voltage/wire feed relationship, tieséll a lack of control in
the6 During Wel dd group, as Xie categorized
Fronius CMT Welding

The Fronius CMT welding process utilizes a synergic line with presets for various
materials, wire diameters, and gas compositidtrevious research studied myan
parameters that factors in the system, however with the Fronius CMT controls many of
these factors ardosedloop controlled and/or set by the material selection and wire
diameter.Figure54is a flow chart showing that once an operator selects aiaiaed
the appropriate wire diameter based on the feed rollers in use payeters are set

based on these choices.
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Figure54: Flow Chart for Various Parameters Based on Material Choice and Dial

Following the flow chart fronfrigure54, the feed rollers used are for set diameter

of wire. This sets the wire diameter choice for the weld process. The gas flow rate is based

off of the wire diameter according tquation2 below[49]. T h e

wel der 6s

di

sensor regulates, monitors, and reports back specific gas flow data to the proprietary

closedloop controls. The filler material is choseloy the operator based on their needs or

requirements. The filler material manufacturer specs the material the filler should be used

with (build plate material).

Advanced, etc.) should be used for theefilmaterial chosen. The material properties

Fronius specs what process (CMT, CMT Pulsed, CMT

choose what operating range the material should be maintained at (melt temp,
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recrystallization temp, etc.). The material properties also determine what gas composition
should be used; whether it be a fully inenvironment or have active gases. The wire
manufacturer specs how thick afplate should be used for the specific material and
diameter combination chosen as well as a suggested wire feed speed. The wire diameter,
gas composition, and de facto matkchosenset the synergic line for the Fronius welder.
Based on Froniusdé proprietary synergic | in
operating frequency is set. The wire feed speed and the synergic line maintain the operating
currentandvoige i n t he pr oces sclosedloapfdedbackdontrelé pr o
schemes. The operator chooses a material (based on whatever criteria for the part they
wish to produce) and a wire diameter (based on the feed rollers available) and many
parameterare in effect set or at least set to within a good operating range.

"OWI0a £€Yow 0-9- O QA0 G GO D ¢[49] Equation2
Weld Temperature

A partds mechanical properties are high

exposed to and the duration of those temperatures in the WAAM process, much like with
many other processes in manufacturing. The temperatures of interest in the WAAM
process can be broken into three groups: before, during, and post weld. Prior to producing

a part via WAAM, one must determine if a great is appropriate for thend purpose,

geometry, andnaterial. faparb s mechani cal pr o p(protdtypeg, s ar e
thentemperatures do not matter as mpolweld. Preheating can be beneficial when used
appropriately; howevenne risks wastingime andthe integrity of thepart without proper

u s eThere are four primary reasons to utilpreheat: islows the cooling rate ithe weld

metal and base metal, produciagmore ductile metallurgical structumth greater
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resistance to cracking; ttsbower cooling rate provides an opporturfity hydrogen that

may be present wiffuse out harmlessly, reding thepotential for cracking; it reduces the
shrinkage stresses in the weld and adjacent imasa&l, which is especially important in

highly restrained joints; anid raises some steels above the temperatisghich brittle

fracture would occuin fabrication. Additionally, preheat came used to help ensure
specific mechanicgbroperties, such as weld metal notohghnes®[50]. Typically for

welding applications a preheat is more necessary for thicker sections, as more mass
requires more heat input to reach a desired temperature. For the WAAM process, the build
plates tend to be thinner and a preheat is generally not as necessary. For low carbon steels
(ER70s6) a preheat is not requir e[d0].ffarothebui | d
materials, a preheat is generally treated to the same manor; however, it is noted that if the
presence of cracking occurs or if hydrogenthe weld is not given enough time to
sufficiently diffuse out, a preheat is recommended.

During the WAAM process the previous layers produced get reheated by the
current layer being depositedT he t emper at ulbefore théd next layer isO pr i n |
deposited atop it, is known as the interpass temperatiihe temperatures of the weld
process will greatly affect the mechanical properties of the produced phgher
temperatures typically give a finer grain structure and higher toughness. Accarding t
Funderburk, from Lincoln Electric, this trenthy bereversed above temperatsiof 500 F
(260°C) for steel[50]. According to the American Welding Society, interpass temperat
should notexceed55C°F (290°C)for steel Adding a maximum interpass temperature
control over the procesgould be ideato maintain desired mechanical properties. When

recording temperature to maintain a maximum interpass temperature, Funderburk
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recommends measuring 1 inch from the weld. For maintainingninenum interpass
temperature throughout the part fmerican Welding Society states to record temperature
Afor a distance at | easéd kytuathant3 mbes[80e t hi c
51]. AAl t hough there is some debate as to
measured, most experts agree that it must be maintained for some reasonable distance away
from the welded joint. Since this dsion may greatly influence the fabrication cost, a
reasonable and practical location must be determined. One foot away from the joint is
probably excessive, while a tenth of an inch, or on the weld itself, is probably exgessivel
c o ns er [BA. tWithine3dnches of the weld pool seems to be considered reasonable
by dl accords. Gaddes recorded temperature of a base plate roughly one inch away and
noted asteady state temperature of ~5B@ifter a given amount of time. iEHalls in line
with Funderbur kbés pe akifThletobjestives bfrcontrodigntiee r at ur
interpass temperature are

(1) to minimize the risk of hydrogen cracking for carbon, cantmamganese, and

ferritic alloy steels, in which the minimum interpass temperature is specified to be

the same as the minimum preheating temperature

(2) to preent deterioration of mechanical properties for carbon, carbon

manganese, and ferritic alloy steels, in which the maximum interpass temperature

is specified

(3) to minimize the risk of solidification or liquation cracking for austenitic

stainless steel, rkel and nickel alloys, and aluminum and aluminum alloys, in

which the maximum interpass temperature is specified

(4) to maintain good wetting of the molten pool onto the base metal for copper

68



and copper alloys, in which the minimum interpass temperatgpefied to be
the same as the minimum preheating temperaf6&3
For the WAAM aptication, a minimum interpass temperature to prevent hydrogen
cracking (objectives 1 and 4) is not much of an issue. A maximum interpass temperature
to prevent mechanical property deterioration and solidification cracking (objectives 2 and
3) are the mainoncern for WAAM purposedrigure55below shows the results of a study
of the effects of interpass maximum temperature on the tensile strength of a stedtweld.
above ~250°C the tensile strength begins to dramatically decreases. This is closely in
agreeance with Funder bur kIiKkobe Steel @leonstatesntdah t i o n
fimaximum interpass temperatures of 150°C for austenitic stainless steel anebagkel
alloys, and 70°C for aluminum alloys are generally required to prevent hot @f&a2ks
This is in agreeance with thea\R S O Worgk &okkels KonkuranseposisfriNorwegian
shelf Competition Positionr}t andar d on &6Wel ding and | nspec

states that stainless steels shall not exceed a maximum interpass temperature[681.50°C
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Figure55: Effect of Interpass Temperature on TémSitrength for Steel Weld [5:

After a part is produced via WAAM, the next step is to determine the proper post
treatment for the parPost weld heat treatment (PWHT) is typicallggaribed 6 improve
mechani cal properti es. equiréd the ggakisite incachse thavh e n
resistance to brittle fracture and relaxing residual stresses. Other desired results from
PWHT may include hardness r educ{50.o0PWHT and me
is used to minimize hydrogen cracking. For this to gcone of the following must be
presentii a s e nisrasttuctureg a safficient level of hydrogen, or a high level of stress
(e.g., because ofhighly constrained connections). In structural steels, hydrogen
embrittlement occurs at temperatures close to the ambient temperature. Therefore, it is
possible taavoid cracking in a susceptible microstructure by diffusing hydrogen from the
welded area before it cools. After welding has been completed, the steel must not be

allowed to cool to room temperature; instead, it should be immediately heated from the
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interpass temperature to the post heat temperature and held at this temperature for some
minimum amount of time. Although various code and service requirements can dictate a
variety of emperatures and hold times, 460f23C0C) is a common post heating
tempeature to be maintained for 1 hour per inch (25 mm) of thickness. The need for post
heating assumes a potential hydrogen cracking problem exists due to a sensitive base metal
microstructure, high levels of hydrogen, and/or high stresses, and is not neftessmst
appl i c[a0f iFar the WAAM process, stress relisg PWHT are probably more
useful if hydrogen induced cracking is not an issue. For carbon steels, stress relief PWHT
are NAtypi c a-lL2bCF (80GET5H) fax 1 hodr fe@ifch (25 mm) of thickness.
For stress relieving PWHT the part must be allowed to sufficiently cool to room
temperature to have the residual stresses to be relieved. Some of the issues that can occur
due to PWHT are stress relief cracking, véhthe part fractures during the process, and a
loss of material strength due to exceeding tempering temperatures. Typically for filler
metals[(those typically used in the WAAM procek#)e material strength decreases after
a PWHT0[50].
Wire Offset Distance

Dickens andRibeiroet al noted, that dring the process, theire offsetdistance
variedand required manual adjustment during the procé@sss is due to scale error as
well asother issuesThe part geometryvas considered to be the cause eirtlssue and
closedloop control was recommended as the solufi 26] For the CMT welder being
used in this research Fronius recommends a wire afisitnce of 14 mm (0.551 inches)

be maintained54]. Having the machine maintain this distance between layers as the part
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is built vertically is thought to be a key aspect to control in the WAAM process by multiple
researchers.
Evaluation Techniques forCMT -GMAW Additive Manufacturing

The American Society for Testing and Materials (ASTM) has published the
Standard Guide for Evaluating Mechanical Properties of Metal Materials Made via
Additive Manufacturing Process 2014. The standard outlines applicable procedures for
measuring deformatioand fatigue propertiesWhen neasuring deformation and fatigue
propertiesthes p e c i me n 0 are tp bengaseinredisngeanventional processes for
measuremerdstraditionally manufactured materigfs5].

When resultsare reported ASTM requiresthe above guidelinesbe followed;
however, additional information about construction procedure for the additive
manufactured part must be reported. The information reported must include location a
orientation of the parnwithin the build volume. This is due to tlpical orthotropic
behavior of additiviy manufactured specimgf5].

Previaus researchers @MAW based Additive Manufacturing have used tensile
tests machined from manufactured wall sections to measerggth Multiple researchers
measured the surface hardne$se microstructure of a polished and etched sample was
examned via multiple technologies.Each researcher additionally visually assessed the
quality an appearance oftekachd pr i nt ed 6 pi ece.

Summary of ResearchOpportunities

While the WAAM processhas been considered since 192%ere are many

opportuwnities for process improvemenearly every researcher noted the lack of, or little

control during the WAAM process for both Short Circuit and CGEWMAW processes.
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While the CMT process has been noted to give the operators/researchers better control over
the voltage/current/wire feedlationship, aclosedloop control process has yet to be fully
implemented.Many researchers have addedensor or two and monitored variables, and

a few have even added these sensors to a loop; however, none have fully implemented
multiple control sensear that constantly monitor the process with the capability to
stop/ modify the WAAM Oprintdé process eithe
loop. The main reoccurring areas noted for the need of control in the WAAM process by

the researchers areggess temperature, wire offset distance, and the voltage/current/speed
relationship (with gas controincluded in this relationshi;moted by a couple of

researchers).

73



lll. Scope and Objectives

The comprehensive literatureviewindicates dack of control in the Wire Arc Additive
Manufacturing (WAAM) Process amongst experimentalists. The need for control is
reported from various researchers. While the introduction of a synergic weld line algorithm
and Cold Metal TransfeGas Metal Arc Waling (CMT-GMAW) have been noted to
improve the process with better control over the current/voltage/wire feed relationship and
heat input, there is still a lack of control throughout the process. Specific areas noted in
the literature that were suggestiedbe key areas to control are the voltage/current/wire
feed speed relationship, process temperature, and the wire offset distance. The control of
these specified areas will be incorporated within the scope of this dissertation.
I.  Specificprimaryobjectives for the dissertation include:
- Adapt existing 3 axis WAAM printer previously operating using skoduit
transfer components, with the new Cold Metal Transfer (CébR)ponents
- Document the printerds adaptatgranms, (dr aw
etc.).
- Demonstrate the ability to create standard geometric sk@giesier, wall, hollow
structure, etc.)
- Estalish a statistical design of experiments (DOE) with different factor levels

under observations, such as travel speed, fe@e speed, material, etc.
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Studyand comparéhe tensile strength of specimen made with different materials
to that of the machine in its previous configurati@pecimen will be made parallel
and perpendicular to the direction of deposition.

Studyandcomparethe hardness of specimen made with different mateoatsat

of the machine in its previous configuratio®pecimen will be made parallel and
perpendicular to the direction of deposition.

Study the macrostructure and microstructure of specimade with different
materialsto that of the machine in its previous configuratiogBpecimen will be
made parallel and perpendicular to the direction of deposition.

Investigate the e@velopment of a closedloop process control method for
maintaining wire offset distandlroughout the process, as noted in the literature
review to be a significant aspect to control

Investigate the @velopment of a closedloop process control method for
maintaining the voltage/crent/wire feed speed relationship throughout the process
per given parameters (material, wire diameter, es.hoted in the literature review

to be a significant aspect to control

Investigate the @velopnent of a closedloop process control method for
maintainingprocess temperatures based on deposition materials, as noted in the
literature review to be a significant aspect to control

Evaluate control schemes and verify their significance.

Specific secondary objectives for the dissertation include:

Investigate the use of a wire mesh raft

their build plates.
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Devel op an operatords manual for subsedq
Devel op easy to o6printd fil estbpeainegr ams
for subsequent Auburn University researchers.

Investigate the development of agde post (machine specificoodes, gcodes,

etc.) for the machine to produce future
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IVV. Design and Construction of Equipment

Previous research conducted by Gaddes at Auburn University on WAAM involved
construction of a purpose builtais, gantrys t yl e CNC machi ne. A bui
X 180 x 180 was specified to meet the requ
objects while providing room for future ex|
with a build plate that tr ave[RlsGadleslthmsei z on't
to integrate a commercially available and reliable Miller model 190 welder via a custom
built wire feeder head attached to thexis carriage. A Fronius CMT 4000 Advanced
welder was specified for advancing the research and integratedhie printer for this
study. A complete overview of the equipment and retrofitting procedure is included in the
following section.

Previous Machine Design

Auburn Uni versityos WAAM printer was P
utilizing anoff the shelf welder. This machine is used as a base for the current research.
Figure 56 shows the printer in its previous configuratiomhe frameof the machine is
constructed from 80/28luminumextrusions that allovior easy modification.The build
platetravelson two linearguiderails via four ball bearingcarriages in the-axisand s
driven by a single ball screand ball nut The z-axis movesalongfour linearrails and

carriages and is driven by two ball screws connected bysarids belt and timing pulley.
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The weldingtorchis carried upon the-axis and is driven by a single ball screw between
two linearrails andcarriages.The custom ballgews are 16 mm in diameter ahd tinear
rails are 20 mm wideRepeatability studieperformed by the previous researchaniew

that the machine is accurate to £0.0005 in.

n
—

s

h

The axes are driven by stepper motoi$e stepper motorssed are NEMA 23

Figure56: Previous Version of WAAM Printdi2]

with 1.8°/200 steps per Rev. and haa® ozin. of holding torque. The stepper motors
areconnected to the ball screws by an elastomer coupiairionize possiblebinding.

The build plate assembl¥rigure57) consists omultiple layers to providéhermal
and electricaisolation The firstlayer isa gece of machined aluminum plate tlcahnects
to the carriages and the ball screw niidext isa 1 in. thick ceramic fiber electrical and
thermal insulation board called Duraboard 3000 addition to being an electrical
insulator, this ceram board has a maximuoperatingtemperature of 3000°F and a very

low thermal conductivity of 0.8 at 1000°H.he thermal insulatiors important to protect
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themechanism beneath from theat generated during tiéAAM process.The electrical
insulationis important to protedhe operator and the machines electraniébove the
ceramic insulatorsan 18 x 18 x 0.5 in. steel plate whighboltedto the aluminum plate
with counterbored ceramic inserte maintain isolation.The steel plate features ¢éaded

holes(1/2-13 UNC)in a 4inch spacing pattern to allow attachment of build plates.

J Build p]ate/ Steel plate

=

—

| = | Ceramic insulator

\ N

uminum plate

Figure57. WAAM Printer BedPlate P]

The machines controlled bythe inexpensive CNC control software Mach3
shown inFigure58. The software runs on a dedied computer aracceptsstandard G
codes and Mcodes it also has its own post for most CAM packagése Mach3oftware
is configured to control the three axe®riginally, the wire feed mechanism was
configured as a variable speed spindied lateichanged to be driven by a stepper motor
with a direct drive feed gearNow theFronius VR 7000 CMT Wire Feedes utilized
Mach3communicates witlthe machine via a standard parallel goegakout board The
breakout board distributesignals to stepgr motor driversto control themotors as

described later in the RobbMWelder Integration section
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Figure58. Mach3 QNC Software

CMT Weld System

The equipment listed below encompasses the Fronius weld sgstetmown in
Figure59[56].

- Fronius CMT Advanced 4000 MV R Power Source

- Fronius VR 7000 CMT Wire Feeder

- Robacta 5000 Welding Torch

- Robacta Drive CMTW

- FK 4000Cooling unit

- Wire Buffer

- RCU 5000

- Shielding Gases
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Robot
Control

Figure59: Fronius Weld Systenbp]

Fronius CMT Advanced 4000 MV R Power Source
The Fronius CMT Advanced 4000 MV R Welder showrFigure 60 below was
used to produce specimens via CIGMAW procesd49]. The accuracy of the ashine
with respect to displayed values is noted at a max-@ % of the load for voltage, and a
max of ++ 10 % of the load for currenfable4 shows the specs for the welder. The power
source transforms energy into the appropriate form for use in the welding process. The

digital process control ensures quality and repeatable welding rgsilts
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Figure60: Fronius CMT Advaced 4000 MV R Power Sourcéd]

Table4: Fronius CMT Advance 4000 MV R Power Source Sp&a§ [

Welding Current Range | MIG | 3-400 A

Welding Voltage Range | MIG | 14.234.0V

Max Welding Voltage n/a
Open Circuit Voltage 90V
Duty Cycle (77F) 85% @ 400 A

100% @ 380 A

Duty Cycle (04F) 40% @ 400 A

60% @ 350 A

100% @ 290 A

Fronius VR 7000 CMT Wire Feeder

The VR 7000 Figure61) was created specifically for the CMT welding process.
The feeder can utilize large spool sizes as well as drums for higher production jobs. Being
as that the feeder is designed for CMT it can operate with a push/pull process torch or a

normal push only torc9]. Thewire feeder unit uses aréller drive for feeding the filler
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metal from the wire feeder to the torch. The two profiles for the feed rollers@redye

and HGroove. The WGroove profile is a semicircular shape and is good for most
materials, but spécally for steel and stainless wire. These rollers have four points of
contact and are to be set to a tension of 4 %n the tensioner. The-Broove profile

is a trapezoidal geometry that creates a hexagon when used in conjunction with another
roller. This profile is best for aluminum and CuSi. These rollers have two points of contact

and the tension is to be set at ~iL5on the tensioner [Fronius].

Figure6l: Fronius VR 7000 CMT Wire Feedetg

Robacta 5000 Welding Tor@nd Drive CMT W

The Robacta 500601 ddo adrfiweat/eror ch wunit
system. Theo dleerdd fAiwvsatmirs|l eadi ng as it ut i
Fronius. This unit is designed to be mounted to a CNC control unit and not be used

manually. The unit does have the capability to feed and retract wire asastelst gas
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flow. The torch uses either a conical or counter bored tip. The conical tips allow the filler
wire to be guided to the center of the tip for welding purpo$is.counter bre tips allow

the wire liner to be directly in the tip and have no need for guidance. This allows softer
materials to not be deformed by the [yd]. Figure62 shows the Robacta Drive with the

Robacta Torch attached.

Figure62: FroniusRobacta 5000 Drive/Torctbfl]

FK 4000Cooling unit

The FK 4000 cooling unit is the standar
and TIG packages. It has an internal reservoir atldseedloop system that flows to the
RobactaDrive for cooling purposes. The unit is fuse protected for-settage damage
[49].
Wire Buffer

The wire buffer provides tension in the wire when the drive motors switch from

push to pull operation during the Mprocess. This prevents binding in the system and
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insures the tords dynamic functions are not hindered. The unit is to be mounted no more

than 1.6 m from the Robacta Drij49]. Figure63 shows the wire buffer.

/

.

Figure63: Fronius Wire Buffer49]

RCU 5000

The RCU 5000Dis a universal remote unit for the Fronius welder. It is required for
the CMT process and allows the operator to choose between the different gpates
(CMT, Pulse, or Standard). The unit also allows the user to adjust and set the weld
parameters prior to and during the welding pro¢48k Figure64 shows the RCU 5000

unit.
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Figure64: Fronius RCU B00i [49]

Shielding Gases

Shielding gases for the welding process provide a stable environment for the weld
pool. Gases are acquired through Airgas. Depending on the specific material being
welded, a different composition of gases it to be selected to produce quality specimen
The Fronius welder controls the flow rate based on the diameter of the wire. Fronius states
that the flow rate in cubic feet per hour (CFH) of gas flow for the weld pretessdd be
2171 25.2 times the diameter of the wire (oril@2 liters per minutel49].
Roboti Welder Integration

The equipment and instruments listed below were used together to cre2kdThe
basedWAAM printer ard interface the welder into the existing setup. The equipment
listed includes thgantrybasedCNC, the welder, upgrades to the machine, software and
hardware, and machine 1/O logic interface.

- Auburn Universityds WAAM Printer
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- Fronius Weld System (outlidein previous section)

- Fronius RCU 5000

- Fronius ROB 5000

- Fronius Xplorer Software

- Sealevel R8185 ModBus RTU Interfac€seal/G410M-OEM)

- RS485 PCI Express Card

- Probotix 3Axis Monster Mill Stepper Motor Driver Kit

- Mach3 CNC Control Software

- LocalNet RS232 PC Connection Cable

- Passive Splitter

- LocalNet Cables

- Mean Well 12 Volt DIN Rail Power Supply

- Dell Optiplex 755 PC (Windows XP)

|l ntegrating the Fronius CMT welder into
was accomplished via the ROB 5000 Discrete I/@rfated to Mach3 with the R&5
Modbus protocol. The ROB 5000 features interface sighatare individually wired for
connection to the robot automation controller to provide communication between the
welding system and the robot controlldfigure 65 (left) below shows the Sealevel RS
485 Modbus RTU interface. 't utilizes 16
ROB 5000 controller and Mach3rigure 65 (right) shows the 1/0O setup on the Seal/O

410M-OEM Modbus.
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16 Opto-Isolated Inputs/
16 Reed Relay Outputs

Optically Isolated Inputs

@ ? ? Q Terminal

R $
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Non-Pola

Reed Relay Outputs

1 1

e s

4 . 4 ' p ' ; 60VDC
GECNS BEUSH USRS UPIUS LOSUN BSHUL Ren 42 VAC

10VA

Figure65: Sealevel R185 Modbus RTU (left), Sealevel RB5 1/0 (right).

The Fronius LocalNet interface, connects the welder as a slave to the controller, in our
case Mach3 CNC softwareDigital input signals to the welder (output signals from
Mach3), are accomplished and actuated using machine coesiés) that were created
in Mach3 to activate/deactivate the various output signals to the welder and activate hi/lo
status. These outmutvere designated to ports & pins in Mach3 to control the various
signals availableTable5 shows the setup coming from Mach3 to the ROB 5000 with the
designated ntodes assigned. In Mach3-codes above 100 are designated for user
functions, therefore modes begin with M1XX. The second number in the designation
indicates what output pin the function is on the Modbus board. The third number in the
designation indiates the relay status as high/low (1/0, I/Qdppendix Il details the

specifics of eacim-code.
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Table5: MachineCodes used t@perate théVelder

M-Code Function
M111/M110| Welding Start/Welding Stop
M121 Quick Stop
M120 Robot Ready (Active Low)
M131/M130| Gas Test Start/Stop
M141 Touch Sensing
M151/M150| Wire Retract Start/Stop
M161 Source Error Reset
M171 Blow Through
M181/M180| Wire Feed Start/Stop

The robot ready signal, M120, indicates that ttodot is communicating,
functioning and ready to weld. This is one of two signals required for any sort of operation
of the welding system. The signal is active low and therefore unless disabled using the
quick stop command, M121, Mach3 will send a higmal to Output 2 signaling the robot
is ready. The source error reset signal, M161, is designed to clear any error state the welder
is in. For proper usehis signal should be toggled on and then off again, therefore the
signal does not have a correspmigdM160 command to deactivate the signal. The M161
command activates the signal, pauses, and deactivates the signal without additional
operator action. The welding start signal, M111, will start the welding process, beginning
with prewelding (gas prdlow, hot start) and then automatically move to the welding
process. When this signal goes low, M110, the post welding process (crater fill, and gas
postflow) will start automatically. The gas test signal, M131 is used to purge gas. It can
be used as a gasegflow or postflow as necessary. Wire inching and wire retract, M181
and M151 respectively, is used to move the wire forward or backward. The blow through

signal, M171, actuates a compressed gas purge blow through to clean the welding nozzle
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to remove ap spatter that may have accumulatedte the source error reset signal, this
signal is actuated for 5 seconds and then automatically tofhf€tonius].

The ROB 5000 allows for the selection of welding modes via the robot interface
using a combinatiorf three signals, X2:6, X8:1, X8:2. This allows for the selection
between standard program, pulsed arc program, job mode, parameter selection internal,
manual, CC/CV, TIG, or CMT/special process. For our application, parameter selection
internal was hardwed by wiring X2:6 High, X8:1 High, and X8:2 Low. This allowed
process selection using the RCU 500Uelding jobs can be called in a similar way, with
several bits joined together to form a binary number betwegh The set of bits used
tells the weldewhat weld schedule to use. This feature was deemed unnecessary for our
application and not us4d9].

Digital input signals (output from the welder) to the robot controller are read via
the assigned ports & piesignated in Mach3The inputs from the ROB 5000 to Mach3
are arc stable, power source ready, and process active; and are connected to pins 1,2, and
4 respectivel y. Arc stable is a signal sert
andthatarc s wi t hin acceptable parameters as de
Arc stable functions as the touch sensing input signal, with the input going high once
contact has been made between the electrode and the base. The power source ready signal
issent from the ROB 5000 Awhen t he power
communication and there are no errors that
The process active signal iI's sent from the
(after a Awel ding st art oflowiisgtathe)weldere(pien ni n g

this signal will not go high if the gas is controlled by the robot instg44].
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The ROB 5000 features analog outputsvietding voltage, welding current, wire
drive current, wirdeed speed, and arc length viaa 0V signal. These outputs are used
for displaying and documenting the process parameters and monitoring the weld. The
decision was made to forgo using theggals and to instead use the Fronius Xplorer
software for monitoring and logging of all weld data. The welder interfaces with the
computer, RCU 500thandheld controller, and ROB 5000 via the LocalNe€igure 66

shows the complete layout of the interface.
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Instruments

The following equipment was used in this research to prepare or test specimens and
create any custom fixtures or tooling required. The material testing equipment used to
obtain the material propés of the final specimens is included in this section. Software
used for design and post processing of data is also listed.

- Cincinnati Arrow VMG750 CNC Mill

- Bridgeport Series | 2 HP Vertical Milling Machine

- Southbend 450 Lathe

- Do All 2013V Vertical Band Saw

- Wellsaw 1118 Horizontal Band Saw

- Wilton Belt Sander

- Model HR-150 Rockwell Hardness Tester

- MTS QTest 100 Tensile Tester

- Keyence VHX 1000 E 3D Microscope

- Dassault Systems Solidworks Modeling Software

- Autodesk HSMWorks CAM Software

- Mathworks MdlLab 2016b

- Microsoft Excel 2016

- Microsoft Word 2016

- Minitab 17 Statistical Analysis Software

- Slic3r Slicing Software

- MTS/661.20H03 Tensile Tester

- Mitutoyo 60 DBaral Calipers 505
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- Omega Universal Temperature Process Controller CN245

The Cincinnati CNC milling machine shownhigure67 was used to machine the
tensile samples from each sample as well as prepare fixtures, jigs, and components for/of
the machine. &ode was generated on a separate PC and then loaded via USB stick onto

the CNC machine.

Figure67: CincinnatiCNC
The Bridgeport milling machine shown Figure 68 below was used to create

machine components as well as prepare fixtures/jigs.

Figure68: Bridgeport Series | 2 HP Vertical Milling Machine
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The Southbend 450 lathieigure69 below, was used to create machine components

as well as prepare fixtures/jigs/specimen.

Figure69: Southbend 450 Lathe.

The vertical band saw seen kigure 70 (left) was used to rough cut machine
components and fixtures/jigs. The horizontal band saw seeigume 70 (right) was used
to separate the specimens from the build plates, as well as rough cut machine components

and fixturesl/jigs.
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Figure70: Do All 2013V Vertical Band Sawl() Wellsaw 1118 Horizontal Band Sa®)(

The belt sander, showngure71, was used to for various purposes including the
removal of burrs from specimens generated during the machining process. The belt sander

was also used for initial sanding of the samples after coming out of the mill.

Figure71: Wilton Belt Sander.
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Figure72 shows the HRL50A Rockwell hardness tester used to test the samples.
The appropriate tip was placed in the tester for a Rockwell B test. The screw handle was
turned to raise the sample to betésl into the testing tip. The lever on the side is then
pulled which applies the load required for the test. Once the load has been fully applied
another lever is pulled which removes the initial force and the resulting hardness value is
shown on the @il on the front of the machine. Accuracy and repeatability of the tester is

+/- 2 Rockwell.

Figure72: Model HR-150 Rockwell Hardness Tester
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The MTS QTest 100 tensile testing machine used can be seeigune 73. The
tensile testing machine moves at a constant displateate and records the forces applied
to the load cell. The jaws used for the tensile testing of the metal samples were of the screw
clamping type. A screw collar is tightened which clamps down on the piece. The jaws are

designed so that as the pullifogce increases the clamping force does as well.

Figure73: MTS Q-Test 100

A Keyence VHX 1000 E 3D microscope, showrrigure74, was used in the study
of weld specimen microstructure. It is a tatage microscope with the first stage having
a magnification range of 100x to 1008nd the second stage magnification range of 500x
to 5000x. The resolution of this microscope isO:05 microns and a repeatability of +/

0.5 microns.
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Figure74: Keyence VHX 1000 E 3D microsco

An MTS Landmark Servohydraulic load frawdel 370.10, shown iRigure75,
was used for tensile testinghe tensile testing machine moves at a constant displacement
rate and records the forces applied to the load dédaturing a highiesolution force
transducer with a range of 100 kN (2®kithe MTS Landmark provides highly accurate
force measurements with a maximum error in tension of 0.06tke load The jaws used
for the tensile testing of the metal samples are hydraulically actuated gvifreen
combined with precision alignmentxtures the machine delivers tightly controlled and

constant zero specimen loadia@, 59]
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Figure75: MTS Landmark Servo Hydraulic Load Frame
Mitutoyo dial calipers, as shown fRigure 76, were used to measure specimen

before andafter tensile testing. They have an accuracy 00001 inches.

Figure76: Mi t ut oyo 60 Di al Ca-b/bpers

Omegadbds wuniversal temperature process
monitor temperatures during the WAAM process and send signals to the Modbus for

control purposes. The unit has485 capabilities for future communication possibilities.
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The unit has a wide range of voltage inputs, so it is adaptable to future modifications to the
system. Its accuracy is-#J.5°C or 0.2% of the reading. The unit is also capable of using
many different temperature inputs. Currently dye thermocouple is used; however, for
future purposes itis capable of utilizing: K, J, S, @hBrmocouples; Pt100, Pt500, Pt1000,

or Ni100 RTDs; PTC 1K, NTC 10L, or NTC 22§2hermistors. For output, the unias

two resistive relays and a DC 12V pulse. As showkigure 77 the unit has simple

operator inputs for easy programming by future users/reseafébgrs

CEeEOCe SPOMCER

Figure77. Omega Universal Temperature Process Controller CI

101



Materials
The materials chosen for this experiment are listed bétowWwables 6 and/
documentinghe material properties.
ER308. [61]:
- Stainless steel consumable
- Westward 0.0450 diameter 30l b spool
- Balanced chromium and nickel levels provide enoigghte in the weld for high
resistance to hot cracking
- Dual classification ensures the maximum carbon content is 0.03%
- 0.03% carbon content increases resistance to intergranular corrosion

Table6: ER308L filler materialproperties

ER308/308L Wire Properties and Chemistry
Tensile Strength (As Deposited) 87,000 psi
Yield Strength (As Deposited) 57,000 psi
Shielding Gas (%\r / % CO2) 98% / 2%

% C % Cr % Ni % Mo % Mn
0.08 | 19525 | 90120 97° | 1025
Max Max
% Si % P %S % Cu
0.03 0.03 0.75
0.30.65 Max Max Max

ER70S6 [62];
- Mild steel consumable
- National Standar@ . 0 4 5 0 NiSI1EGeppezfre¢s3]
- High levels of manganese and silicon deoxidizers tolerate medium to heavy mill
scale surfaces
- More puddle fluiditydue to higher silicon contefibwer surface tension)
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- Excellent wetting action

Table7: ER70S6 filler material propertiefNational Standard]

ER70S6 Wire Properties and Chemistry

Tensile Strength (As Deposited) 70,000 psi

Yield Strength (As Deposited) 58,000 psi

Shielding Gas (%\r / % CO2) 90% / 10%
% C % Mn %S % Si % P

0.09 1.52 0.011 0.91 0.012
% Cu % Cr % Ni % Mo % V
0.07 0.06 0.06 0.01 0.01
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V. Methodology and Statistical Design of Experiments

The methodology for the design and testing of GBWAW WAAM specimen
and control evaluation based on mechanical testing and microstructural examination is
proposed in the following sections.
Tensile Strength Evaluation

Tensile test specimens are to be created using ER&E ER308L filler wire at
0.045 inches. To determine the validity of the data collected from the machine for
experimentation, a repeatability study rsquired As with the research performed
previosl y on Auburndés WAAM machine, four wall
dog bones are to be machined out of the walls parallel and perpendicular to the deposited
layers (2 walls per direction). Six samples are to be produced per wall, givingd &3tal
tensile samples per material to study. The tensile test specimens acesi@tédaccording

to the ASTM E8 standard which dictates a specimenawjhuge length df.000+ 0.003
inches, a neck width of 0.250 0.005inches, and a thickness of 0.2600.005inches,

as shown irFigure 78 [55]. After machining, the samples will be sandet polished
using the folbwing schedule: 8@rit, followed by 120, 180, 240, 320, 4@EN0, 600, 800,
1000, 1200, then polished with Motli@mMAG and Aluminum Metal Polish.Prior to
pulling the specimens, the precise dimensions of the tensile testréaesbeverified and

recadedusingMitutoyo calipers. The pull rate for the tensile test is to be 0.15 ipm.
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Subsize Specimen

& mm
[0.250 in.] Wide
mim [in.]
G—Gauge length (Mote 1 and Mote 2) 250041
[1.0:00 + 0.003]
W—Widih (Note 3 and Mote 4) 6.0+ 0.1
[0.250 + 0.005]
T—Thickness (Mote 5)
A—Hadius of fillat, min {Mota 6) G [0.2580]
L—Owerall langth, min (Mote 2, Mota 7, and Mote 8) 100 [4]
A—Langth of reducad parallel section, min 32 [1.25]
B—Length of grip saction, min (Mote 9 30 [1.25]
C—Width of grip section, appreximate (Mote 4 and Matae 3) 10 [0.375]

Figure78. ASTM E8 Subsize Tensile Testing Standard [55]

Appropriate ttests (paired or unpaired) are to be performed to compare the results
of each wallto itself (outer samples to the inner sample or the top layer samples to the
bottom), as well as to compare each wall to each other (wall one to wall two). For eacht
test performed the null hypothesis will be that the mean difference between sangdes tes
is equal to zero; while the alternative hypothesis is that they are not equal to zero. A
confidence of 95% is to be used, giving an alpha of 0.05. If tedyges produced are
above 0.05 the tests have failed to reject the null hypoth&hbis mears that the samples
in that test are statiically equal with 95% confidence. If the results of the study show that
two identical walls are statistically the same, then further research shall commence.
Otherwise, if the study shows that two identically produced walls are not statistically the

samein tension then things must be adjusted to get useable data for research. This was not
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performed in past research and the results of past research show inconsistent tensile data
that possibly could have been prevented had this not been overlooked.

For the repeatability study, the synergic line from Fronius is to be selected
accordingly to the material. For ER78S, per Froniusd recommend
speed of 90 inches per minute (ipm), burnback correctiof.6f seconds, arc length
correction of15%, dynamic correction of 1.2%, crater fill for 0.7 seconds at 45% current,
with a gas composition of 90% argon and 10% carbon dioxide at 25.4 cubic feet per hour
(CFH) is to be used at a travel speed of 29.5 ipm. The geometry produced is to be a wall
that is 8 mm wide, 120 mm |l ong, 111 mm t al
pattern is to be used in a zig zag profile with a wavelength of 2.5 mm and an amplitude of
half the width with a 0.2 second pause at each peak and a layer height of 2@mthe
subsequent pass (next layer) a phase shift is utilized equal to one period to try-to cross
hatch the deposition for better heat input. All while a-omieute pause between layers is
utilized to allow the part to not receive excess heat.

Table 8 below shows the results of the tensile tests for specimen produced
perpendicular to the deposition layers. The samples are listed left to right of the wall as
shown inFigure79. Table9 shows the results of eactest for ultimate tensile strength
(UTS) and yield strengthThe pvalues are all above 0.05 and therefore the tetests
for ER70S6 are all statistically repeatable with 95% confidence and further research can

be implemented with this machine for this material.
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Table8: ER70S6 Repeatability Perpendicular Tensile Results

Perpendicular [ Wall 1 Wall 2 Wall 1 Wall 2
Sample UTS (psi) | UTS (psi) | Yield (psi) | Yield (psi)
1 67898 67198 51801 51712
2 67507 67484 57237 53355
3 67938 67829 54569 54366
4 68099 67915 52908 53357
5 68227 67681 52382 52655
6 67731 67432 51115 47599
Outer Inner Outer

Figure79: Test Orientation for Samples Produced Perpendicular to Depc
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Table9: ER70S6 Perpendicular Repeatability Tlest Results

Perpendicular
Test Measurable | P-Value
Wall 1 Outer to Inner | UTS 0.430
Wall 2 Outer to Inner | UTS 0.084
Wall 1 to Wall 2 UTS 0.068
Wall 1 Outer to Inner | Yield Strength 0.134
Wall 2 Outer to Inner | Yield Strength 0.225
Wall 1 to Wall 2 Yield Strength 0.407

Tablel0below shows the results of the tensile tests for specimen produced parallel
to the deposition layers. The samples are listed top to bottom of the wall as skagumen
80. Tablell shows the results of eactietst for ultimate tensile strength (UTS) and yield
strength. The pvalues are all above 0.05 and therefore the tensile tests for ERaES

all statistically repeatable with 95% confidence and further research can be implemented

with this machine for this material.

Table10: ER70S6 RepeatabilityParallelTensile Results

Parallel Wall 1 Wall 2 Wall 1 Wall 2

Sample UTS (ps) UTS (psi) | Yield (psi) | Yield (psi)
1 69881 69297 57052 48327
2 68739 68285 49444 50805
3 68499 68582 50706 50679
4 68272 68645 50795 50524
5 69941 69626 50999 51831
6 71230 70493 51871 51229
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Figure80: Test Orientation for Samples Produétatallel to Deposition

Table11l: ER70S6 Parallel Repeatability-Test Results

Parallel
Test Measurable | P-Value
Wall 1 Top toBottom | UTS 0.485
Wall 2 Top to Bottom | UTS 0.406
Wall 1 to Wall 2 UTS 0.643
Wall 1 Top to Bottom | Yield Strength 0.743
Wall 2 Top to Bottom | Yield Strength 0.424
Wall 1 to Wall 2 Yield Strength 0.323

To compare the parallel and perpendicularly produced samgkesistare to be
performed comparing the wallsable12 shows the results of thes¢ests. The pvalue
is above 0.05 for yield strength; however, it is below 0.05 for ultimate tensile strength.
This mean that walls produced in ER70Save stastically the same yield strength

regardless of orientation; however, they do have different UTS and therefore both
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orientations must be studied as separate independent factors for UTS. When looking at the
means of the populations compared to the marwface r 6 s speci fi cati ons;
perpendicularly produced walls are 99% an
respectively. For yield strength, the parallelly and perpendicularly produced walls are 90%

of the spec (listed as one value sinceiswatt i cal |y t he same). Whi |
specs, these values are an improvement on previous research in value and/or repeatability.
This study is not to try and meet or exceec/
to identically produed parts to each other and it is considered ok to not meet the spec at

this point.

Tablel2 Parallel Vs PerpendicularTest Results

Parallel Vs Perpendicular
Test Measurable | P-Value
Parallel to Perpendiculan UTS 0.00002
Parallel to Perpendicular Yield Strength 0.094

Now that there is known information about the material and how repeatable it is; a
power analysis is to be performed to determine the minimum number of samples to be
taken to detect an effect with 95% confidence. This will be completed Heimation 3
below. Heren is the sample sizez is the zscore (equals 1.959964, based on 95%
confidence), G is the st aBisitlemdrgirdoterroraThd on o f
standard deviations of the groups are presented beldwahle13. Once completed the
power analysis shows to be within one standard deviation of the population that 3.8414
samples are to be taken for UTS and yield strength specimen prodticed jparallel and

perpendicular orientations. Since .84 samples cannot be taken, we round up to the nearest

whole number of four samples. Therefore, for tensile tests in ER/8&nples are to be
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produced parallel and perpendicular to deposition vatlhr samples each. One thing to

note is for all the tensile tests, the specimens failed ductility with typicahodpone

fracture.
g, Equation3
(6]
Tablel3: Tensile Standard Deviations
Test 0 (ps

Perpendicular UTS | 299

Parallel UTS 953

Yield Strength 2290

Hardness Evaluation

Hardness tests are to be performed on ERF@8d ER308L samples using the
Rockwell Scale due to the availability of the equipment. To determine the validity of the
data collected from the machine for experimentation, a repeatability study is performed.
As with the research performed previously
to be produced per material and dog bones are to be machined out of the walls parallel and
perpendicular to the deposited layers (2 walls per direction). Six samples bee to
produced per wall, giving a total of 24 tensile samples per material to study. The hardness
tests will be performed in the grip regions of these tensile specimen to save time, material,
and to directly compare hardness to tensile data from the sarmpiesal’'wo hardness tests
wi || be performed on each end of the tensi

Table 14 below shows the results of the hardness tests for spexipneduced
perpendicular to the deposition layers. The samples are listed left to right of the wall

(sample 3 and 4 being the middle of the wallable15 shows theesults of eachtest for
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hardnessThe pvalues are all above 0.05 and therefore the hardness tests for-ERM®S

all statistically repeatable with 95% confidence and further research can be implemented

with this machine for this material.

Table14: ER70S6 Repeatability PerpendiculatardnesResultsRockwell B

Perpendicular | Wall 1 Wall 1 Wall 2 Wall 2
Sample Top of Wall | Bottom of Wall | Top of Wall | Bottom of Wall
1| 775 775 75.5 76| 775 77 75 77
2 76 77 76 76.5| 76.5 77 74.5 75
3| 745| 775 75 77 76 76 74 74
4| 775 76 77 76.5| 76.5| 775 77 77
5| 775 775 75.5 77| 76.5| 755 76 77
6 78 76 75 78| 76.5 77 77 76

Tablel5: ER70S6 Perpendicular RepeatabilityTlest Results

Perpendicular

Test

P-Value

Wall 1 Top toBottom Averages

0.087

Wall 2 Top to Bottom Averages

0.114

Wall 1 Outer to Inner Averages

0.496

Wall 2 Outer to Inner Averages

0.439

Wall 1 Top to Wall 2 Top

0.475

Wall 1 Bottom to Wall 2 Bottom

0.313

Wall 1 to Wall 2

0.236

Table 16 below shows the results of the hardness tests for specimen produced

parallel to the deposition layers. The samples are listed top to bottom of the walke(sam

3 and 4 being the middle of the walljable17 shows the results of eackeist for hardness.

The p-values are all above 0.05 and therefore the hardnessfaedR70S6 are all

statistically repeatable with 95% confidence and further research can be implemented with

this machine for this material.

112



Tablel6: ER70S6 Repeatability ParalldHardnessResultsRockwell B

Perpendicular | Wall 1 Wall 1 Wall 2 Wall 2
Sample Left of Wall Right of Wall Left of Wall Right of Wall
1 77 77 76 76.5| 74.5 75| 775 77.5
2| 755| 755 75 76| 75.5| 76.5| 75.5 75.5
3] 755 75 76 75.5| 745| 755 75 75
4| 755 75 77 75.5| 755 76| 74.5 76
5 77| 755 76 75.5| 745| 76.5]| 75.5 76.5
6| 76.5 76 75 76.75 77| 775 76 76

Tablel7: ER70S6 Parallel Repeatability-Test Results

Parallel
Test P-Value
Wall 1 Left to Right 0.936
Wall 2 Left to Right 0.689
Wall 1 Top to Bottom 0.920
Wall 2 Top to Bottom 0.582
Wall 1 Top to Wall 2 Top 0.795
Wall 1 Bottom to Wall 2 Bottom 0.707
Wall 1 to Wall 2 0.635

Since the hardness values are independent of deposition direction, parallel and
perpendicular is not to be compared; however, the location of the measurement is to be
compared (top, bottom). To compare the hardness values of produced sateptesare
to be performed comparing the average hardness values of the Tale.18 shows the
results of thesetests. The pvalues are above 0.05 and therefore the hasdtests for
ER70S6 are statistically the same with 95% confidence in both locations and further

research can be implemented with this machine for this material.
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Tablel18: Average Hardness-Test Results

Perpendicular Wall 1, 2 Vs. Parallel Wall 1, 2
Test P-Value
Perpendicul ar Wallsd Top 0.031
Perpendicul ar Wall sdé Bott 0.797
Perpendicular and Parallel Top to Bottom 0.107

Now that there is known information about the material and how repeatable it is; a

power analysis is to be performed to determine the minimum number of samples to be

taken to detect an effect with 95% confidence. This will be completed Esjunation

3Error! Reference source not found.again. The standard deviations of the groups are

presented below ifable19. Once completed the power analysis shows to be within one

standard deviation of the population that 3.8414 samples are to be taken for hardness

specimen produced. Since .84 samples caratalen, we round up to the nearest whole

number of four samples. Therefore, for hardness tests in ER7#08r samples are to be

taken per factor level. Since four tensile specimens also are to be produced and to make

research simpler; one hardnesd Wwd performed in the grip region of each tensile sample

(double the amount required).

Tablel19: Hardness Tests
Location 0 (Rock
Top of Walls 0.781
Bottom of Walls 0.726
All Samples 0.770

Macrostructure & Microstructure Evaluation

Standard

Devi

Once a wall is complete, test specimens are to be cut out for tensile tests. The parts will
undergo visual inspection during the milling/sanding process to identify large defects, if
any. The metallurgical detis of the depositedhaterialsare to beexamined using an
optical microscopeThe samples to be examinak to becut from the walls
manufactured for the tensiterdnessest specimensSamplesre to beselectedn the
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top, middle, and bottonof awall and at the interface between layers to get a
representative view of the deposited materidie samplesre to be polished, using the
same schedule as for the tensile sampled,etchedor 90 secondwith the appropriate

solution per material pehé¢ ASTM E 407 guideling$4]. 3% Nital etchantnixed as
shown below infable20is to be used forthe ER786 s amp | e s. Kroll 6s

mixed as shown in
Table 21 is to be used for the ER308L samples. Any leftover etchant is to be

properly disposed of after a maximum of one week from manufacture. Storage of the
etchant is to be in an approge norAreactive plastic containefThe samplearethento
beexamined under an optical microscope and the grain structure evallraseges of the
microstructure ato betaken and examined to study interlayer bonding, grain structure,

andtheeffeco f heat throughout the O6print. o6

Table20: Mixing Solution for %3 Nital Etchant, ASTM No. 74a

3% Nital Etchant Solution

Nitric Acid Ethanol

HNOs3 C2HeO

3mL 97mL

Table21: Mi xi ng Sol Reagemt Btchang ASTM Noo 881 6 s

Etchant Solution

Hydrochloric Acid | Nitric Acid | Water

HCI HNOs H20

20 mL 10 mL 30 mL

Wire Offset Distance Control
Before one can discuss the controls schemes to alleviate the issues of inconsistent
wire offset distance, the types of systematic errors that exist due to this must be discussed.
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There are two types of systematic error that occur during the WAAM prduasare
related to the wire offset distance; offset error, scale error. Randomogrngystematic
error, can also occur in the WAAM process.

Offset error is where initialization protocols are not met and there is an error that is
carried outhroughout the process. This is related to the WAAM process via wire offset
distance through the machine not properly being zeroed on the build plate at the start of a
Oprint, 6 or the proper amount of roagess i S nc
is initialized. This error is entirely due to operator error in the case of WAAM and can be
avoided if protocols are followed. To follow said protocols, one must ensure that a proper
zero is set based off the origin of the part being created.

Scde error is where values are recorgedportional to the true measurement. This
is related to the WAAM process via wire offset distance through compounding error due
to improper layer stepp distance. This is where the program is designed to creats lay
at a certain height and step up in increments of that height every layer; however, the layers
created are actually a different size and a compounding error is created as the part is
Oprinted. 6 This compoundi ngpinteffhavmgtoceasen gr e ¢
production ad start over. A control scheme is to be developed and evaluated to eliminate
or alleviate the WAAM scale error.

Random error is exactly as the title states. Random error occurs randomly
throughout a process for undmn or unforeseen reasons, thus is hard/to impossible to
predict and/or prevent. This is related to the WAAM process via wire offset distance
through issues that may occur due to slip in the feed gears causing the wire stick out to be

offset, slumping irthe geometry due to various reasons causing layer heights to be offset,
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and many more unpredictable reasons. Due
error, a control scheme to alleviate this type of error will not be looked at in this research
expeiment. If random errors do occur during the WAAM process, proper procedures
would be to take an average of the data or increase the sample size of the data. If the data
point can be proven to be a statistical outlier, then that data point can be telimi@aod
engineering discretion should be utilized by the operators in this event to maintain sound
research data or adequate part quality depending on the issue.

One of the biggest issues in practically all additive process is maintaining the layer
heights. Having the head of the machine maintain the appropriate distance from the last
layer is increasingly difficult when the layer heights change constantly due to various
i ssues. A control scheme to mai sthaghh t he
to be a key aspect in the WAAM processb©é
recommends a wire offset distance of 14 mm (0.551 inches) be maintained. Having the
WAAM machine constantly maintain this distance regardless of variations inhaiggt
would essentially eliminate scale error. By creatimg-eode to maintain the distance, the
WAAM machine has the capability to do exactly this. Since the welder stops welding after
every layer via an-code M110, weld stop), this would be an @pfune time to check the
wire offset distance and see if the layer deposited was created to the spec programed. By
compensating for variations every layer, the compounding scale error is essentially
eliminated thus leading to better and easier to progads.

An experiment iplannedto test the development, as well as advantage, of a wire
offset control scheme. If the control scheme proves to overcomplicate the process, while

not providingstatisticallybeneficial properties (strength, time savings,.), the control
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scheme should not be utilized. After a control scheme is created, it is to be tested against
not wusing the protocol. Evaluation of the
yield strength, hardness, as well micro and macrostre. Walls are to be produced in

both ER7086 and ER308L where tensile specimen are to be manufactured in both the
parallel and perpendicular directions to depositidable 22 shows the proposed data to

be collected and comparedThere are to be two walls per material (parallel and
perpendicular) for both with and without the control scheme utilized. This accounts for
four walls per material in total. Since thére offset distance is to be maintained at a set
value according to Fronius, different offset distances are not to be varied on purpose. For
the tests without control, the user will manually try to maintain the wire offset distance
every layer as in pasesearch.

Table22: Wire Offset Distance Control Scheme Combinations

Materials: ER70S6, ER308L
Directions of Test: Parallel, Perpendicular to Deposition
Control Schemes: With, Without Offset Control

Measurables (QuantitatiX@ualitative): Ultimate Tensile Strength, Yield Strengt
Hardness, Microstructure, Macrostructu

Time Spent to Produce Part

Wire Feed Speed/Voltage/Current Control

Originally, researchers maintained wire feed speed, voltage, and/or current
(WFS/VIC) manually throughout the WAAM process. Most of these researchers noted
difficulty in controlling the process, as the three are related and having them controlled

independently |l eads to excessive trial and
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contol scheme was introduced and utilized in the WAAM process. The synergic control
greatly improved the reliability, repeatability, and ease of use in the process for the
researchers.

Aln the synergic control s y automaticallyt he c¢
generated by an electronic control unit or a computer system for a given wire feed rate,
based on predetermined parametric relationships. The parametric relationships relate the
four pulse parameters to wire feed rate for a stable weldieiatpn. A square waveform
of current is normally desired since with this wdean the amplitude of the current can
be exactly controlled. To obtain a stable pulsed current welding process there are three
essential criteria that must be satisfied:

1. Burn-off Criterion: The wire feed rate must be matched by the {mffmate of the
wire to keep a constant arc length.
2. Metal Transfer Criterion: The metal must be transferred in a spray mode and
controlled by the current pulse.
3. Arc Stability Criterion: The welding arc must be stable during the background
current [4dlur ati ono
For the Fronius CMT welding process, a synergic line is utilized pidisets for
various materials, wire diameters, and gas compositions. Previous researchrsaudied
parameters that factortmthe system However the Fronius CMTprocessontrols many
of these factorsn closedloop systemand/orare set by the material selection and wire
diameter Figure 54, from the literature reviewis a flow chart showing that once an
operator selects a material and the appropriate wire diameter based on the feed rollers in

use, many parameters are set based on these choices.
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Since theCMT process is alosedloop control method, an experiment is purposed not
to create a control scheme, but to evaluate the control scheme already created via the CMT
process. If the control scheme proves to overcomplicate the process, while not providing
statisticallybeneficial properties (strength, time savings, etc.), the control scheme should
not be utilized. The CMT process is to be tested against not using the protocol (CC/CV,
standard mode), as well as against original research data from Ga&ol@dsation of the
protocol is to be based on the material séo
macrostructure. Walls are to be produced in both ERr@8d ER308L where tensile
specimen are to be manufactured in both the parallel and pemplanddirections to
deposition. Table23 shows the proposed data to be collected and compatexte are to
be two walls per material (parallel and perpendicular) with and without the CMT control
scheme utilized. This accounts for four walls per material in total. The results will also be
cross referenced and c¢ o mp aseaehdwhichoalsd usedl ar e s u |

standard CC/CV synergic control scheme, but with a different machine (Miller instead of

Fronius).
Table23. WFS/Voltage/Curren€ontrol Scheme Combinations
Materials: ER70S6, ER308L
Directions of Test: Parallel, Perpendicular to Deposition
Control Schemes: Fronius CMT, Fronius Standard Mode,

Original Data fron

Measurables (Quantitative/Qualitative): | Ultimate Tensile Strength, Yield Strengt|
Hardness, Microstructure, Macrostructu

Time Spent to Produce Part
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Temperature Control

Material properties of the Oprinted6 pal
part is exposed to and the duration it is exposed to those temperatures throughout the
WAAM process, much like with many other manufacturing processes. As with the weld
quality control noted by Xie, the WAAM temperatures of interest can be broken into three
groups: before, during, and post weld. According to Funderburk, for build plates less than
1 inch, a preheat is not required before the gl Since the build plates for the WAAM
process are much smaller than 1 inch, a prehilatat be considered; unless the presence
of cracking or hydrogen precipitation issues occur.

For post weld, heat treatment is the typical solution to improve mechanical
properties of a part. Typical goals of a post weld heat treatment (PWHT) adute re
hardness, relax residual stresses, and/or to increase resistance to brittle fracture. During
the repeatability study, it was noted that the materials fanledvery ductile mannerlt
was also noted that the hardness values maintained a nidateamrt the tensile strengths
of the materials as is typical with commercial metals. Due to these facts, PWHT will not
be considered for t he reduction of har dn
manufacturers list PWHT schedule for the materialsedsas expected properties in doing
so. For residual stresses, if it is noted that high amounts of waggageduring the
process, or if the material properties indicate undesirable results (when compared to
manufacturer specs) then a PWHT is to bestigated.

For the during weld category of the WAAM process, the main concern is the
reheating of previous layers by the layer being deposited. This interpass temperature, as it

known, is the main area of concern. According to Funderburk and the camé&¥elding
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Society, the toughness and grain structure are negatively affected after interpass
temperatures exceed 500°F (260°C) and should not exceed 550°F (]°C)

An experimentiplanned o mai nt ain the partsdé mechan
temperature. A temperature monitoring systesil be used to mond r the part
temperature and send a signal to pause production if temperatures exceed a set point. The
system is to constantly measure temperaturecloseedloop system and send feedback to
the computer. The temperature measuring device is to bgypekthermocouple due to
availability, ease of use, and the temperature ranges expected. The temperature set point
will be 500°F initially (as according to literat); then will be varied 50° above and below
the initial setpoint to test the sensitivity of the process temperature for steel. For stainless,
literature states a set point of 150°C but little else is mentioned. Therefore, thee other
setpoints are to ba 260°C (initial point for steel) and 205°C (in between the twigble
24 shows the proposed data to be collected and compareste are to be two walls per
materal (parallel and perpendicular) for both with and without the control scheme utilized.

As well as three set points within the group for with the control scheme. This accounts for
eight total walls per material to be produced and studied. If the cantreime proves to
overcomplicate the process, while not providistatistically beneficial properties
(strength, time savings, etc.), the control scheme should not be utilized. For placement of
the thermocouple, according to literature, the probe shoutdaioed 13 inches from the

weld pool. Since the weld pool is moving in all three axes throughout the process, it is
noted that the probe will need to be maintained at this distance throughout; however, not
necessarily follow the weld pool-igure81-84 show the locations for the thermocouple

probe to be positioned maintain the8-inch (76.2 mm) distance from the weld pool. This
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considerghe diameter of the probe as well as the trigonometric relationship between the

probe and the max distance the wedebl will travel during a 100 mm tall print.

Table24: Temperatur€€ontrol Scheme Combinations

Materials:

ER70S6, ER308L

Directions of Test:

Parallel, Perpendicular to Deposition

Control Schemes:

With and Without Temperature

Monitoring System

Control Set Points:

500°F (260°C), 550°F (288°C), 450°F
(232°C) [Steel]/ 302°F (150°C), 401°F

(205°C), 500°F (260°C) [Stainless]

Measurables (Quantitative/Qualitative):

Ultimate Tensile Strength, Yield Strengt
Hardness, Microstructur&jacrostructure

Time Spent to Produce Part
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Thermocouple
Probe

Figure81: Initial Thermocouple Position in Relation to Printed V

Thermocouple
Probe

Figure82: Second Thermocouple Position to Maintain Proper Dis
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hermocouple
Probe

Figure83: Third Thermocouple Position to Maintain Propestance

Figure84: Final Thermocouple Position to Maintain Proper Distance
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Operatorsodé Manual

To carry on research with the machine for further investigations in the future, an
operatorso6 manual is to be created. The meé
har dwar e, softwar e, and operation. The |
mechanics, the welder, the wire feed mechanism, the computer, etc. Much of this category
is detailed in the Design and Construction of Equipment portion of this research; where it
is detailed on the conversion of the machine from the old setup to ther@ewTl he key
aspects from this section will be laid out as to not include too much redundancy, yet still
give the necessary information in the manual. The software category includes the Fronius
Xplorer, Mach3, etc. Details on these software packagédevihcluded in the manual
where appropriate, otherwise a base understanding of the software agilmedand
information can be found in the original software documentation for basic features. The

operation portion will be the main attribute of timanual as it will detail the process for

routine operation to create a Oprint. o A
wi || be assumed, and information can be fc
functions.
Summary

In summary, there arthree factors to be studiedontacttip to work distance
(CTWD) oontrol, cold metaltransfef CMT) control, andemperature control. Each factor
will be tested in the parallel and perpendicular direction with four replicates per direction
per material For CTWD and CMT control there are two levels to be studied (with or

without the control scheme). For temperature control there are four levels to be studied
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(three temperature set points and a baseline). This equates to a total of 128 permutations

Tables 2224 detail this in tabular format.
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V1. Results

Standard Specimen Data Sheet

A data collection sheet heading was created to record relevant data for each
experiment setup as shownRigure85. The data sheet detailgetinformation needed to
setup the Fronius welder to produce the O6pi
will greatly affect the characteristics of the weld. In the heading, the specific wire material
is to be specified along with the choggas composition. Next the specific synergic line
should be specified from the list of empirically derived options available on the welder.
While the wire feed speed is directiglated andset by other variables; there is a small
range that it can be pted within and should be noted to ensure repeatable results. Arc
length correction (ALC) adjusts weld parameters based off the contact tip to work distance
(CTWD) as shown ifrigure86 [49]. The value is adjustable froi80 to 30%, with30%
being very close to the weld pool and 30% being far away. This affects the penetration,
bead widthand heat input to the weld pool greatly and should therefore be noted. The arc
force correction (dyamic correction) adjusts the current wave geometry. It is adjustable
from -5 to 5% with characteristics of these adjustments shovidigure 87 [49]. Burn
backcorrection changes how much wire stick out is preatetite end of a weld seam and
is adjustable +/0.20 second$49]. Crater fill is part of the -8tep automated welding

system where the amperage is adjusted at the end of a weld seam for a specified
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amount of time. This helps with the weld pool falling off @pong) at the end of a weld
such as thaound inFigure20 of theliteraturereview. This makes for less complicated
g-code as the machine is not having to slow down/sppddavel speeds at the end of the
weld as inFigure 19 in the Literature Reviewinstead the welder is independently
controlling the parameters to accomplish the same tagure 88 shows the crater fill

phase in the-8tep welding mode, where the section labelgdd the crater fil[49].

Material | Gas | Synergic Line | WFS ALC (%) Dyn Cor (%) Burn Back (s) | Crater Fill
(ipm)

Figure85: Welder Setupdeading

ARC LENGTH
CORRECTION

ARC LENGTH 0% ARC LENGTH +30% ARC LENGTH -30%

Figure86: Arc Length Correction Setting [49]

m | Low inductance effect I_ High inductance effect |_
ARC FORCE 4| 4 4 4

e A1
correcTion [ [\ /t\ / \\j\ L '\/\‘uﬂ\"&]

[ J r{'

11

-5% ARC FORCE CORRETION + 5% ARC FORCE CORRECTION

Sharp current rise Shallow current rise
Sharp current drop Shallow current drop
High Special dynamic Low Special dynamic
Harder more stable arc Soft Arc

Figure87: Arc Force (Dynamic) Correction [49]
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Figure88: 2-Step Welding Mode with Crater Fill-&) [49]

ClosedLoop Process Control

Figure89 shows the basic block diagram of a standard GMAW weldery error
that exists will be cumulative throughout the build due to scale error. Early testing and
setup of the welder revealed issues with starting the weld. The welder would begin
movement before the welder initiated an arc. This lead to issuessasftiimd inFigure
20 of theliteraturereview, as well as issues with getting a good, repeatable, and stable arc
to commence. A pause could be progea as others have done in theraturereview.
However, this method does not account for the varying time to create a stable arc, only the
time for the signal to try to begin an §6&5]. A closedloop control scheme was developed
to get repeatable results starting a weld seam. The Fronius ROB 5000 features an output
(Arc Stable) that goes high when the arc is initiatedst@m VB Scripts in Mach3 which
are detailed in Appendixll show the logic behind using the output signal to initiate
movement Once a M111 command is established, the CNC program is paused until the
Arc Stablesignalis received. This scriptruns in the background and is unnoticeable in

practice.
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Input: 4 k' Synergic Control Outside .| Output
(V, WF3) \ J (P=IV) Influences | (Layer)

Figure89: GMAW Block Diagram

One of the three main issues noted inliteeaturereview related to process control,
was the contract tip to work distance (CTWD). The issue lies the in the layering
characteristic of additive manufacturing. A set layeight is programmed (step up);
however, due to outside influences (heat,
height is inconsistent and variable. This issue leads to scale error where the CTWD either
increases or decreases each layer andagnified over many layers to the point that the
Oprinté must be stopped and either scraped
step up as they noticed the CTWD was getting too close or too far away. This requires a
skilled operatorandislic onsi st ent throughout the &6print
desired step up height programmed and step up each layer based on whatever the actual
previous layer height was. Doing so eliminates the scale error throughout the process. A
probing pogram was created that utilszéhe touch sensing function of the Fronius welder
andis assigned to the M14dommand Once the M141 code is executed, touch sensing is
activated on the welder, and thexis moves down until contact is maslgh the prevous
layer. Oncecontacthas been madbe ROB 5000 outputs an arc stable signal higiv.B
script was createf@ppendix|ll) that contains the entire program and involves multiple
loops and checks of initial conditiotsmake sure that the command i indiated during
a weld The program first checks to see if contact is already made, if not it will begin to
lower the zaxis at a low fedrate of 200 mm/min until contact is maderior to changing

the feed rate, the program reads the current feéecdna stores that to a varialités allows
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the feed rate to be reverted at the end of the progfance contact is mad#ie machine
is commanded to move up relative to this point by a set distance-aedorat that level.
For a desired CTWD of 14 mm, theaxisis to be lifted 8mm when probing on the edge
of a part due téhe burnbackfeature otthe wire[54]. Figure90shows the welding block

diagram with the probing feedback to maintain a consistent CTWD between layers.

Impui: o
CMT [, Synergic Control Qutside .| Output
Synergic N (P=IV) | Influences 7| (Layer)
Line pa—
Probing _
({CTWD) -

Figure90: GMAW Block Diagram with CWD Feedback

The second issue noted in thiieraturereview, was the lack of control over the
general welding process. As one can sdéguare above, there is feedback in the typical
Synergic GMAW process but only the current is adjusted as the voltage and wire feed
speed are set independently by the operator. These parameters, gndtimeas) are
interrelated and affect the weld process. The GMIAW welding process monitors and
controls many of these parameters based on the users desired wire feed-gpeed1
shows the block diagram for the proprietary GIGMAW welding proces$49]. While
little is disclosed on the proprietary process, it does have the basics of a standard inverter
type welder. The difference here, according to Fronius, is their Digital Signal Processing
and Microcontroller Processor (DSP eP). The current andoltage are monitored
throughout the process digitally, and adjustments are made at the switching transistor and
secondary rectifier to control the complex wave forms of the CMT process to meet all the

userspecified settings. The DSP regulates the paensigariables while the
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microprocessor executes controls. This results in a highly repeatable and controllable
process, as many parameters are adjusted and monitored throughout the process instead of
only adjusting current as with standard synergic litégure92 shows the CMIGMAW

addition to the process block diagram. Here the CMT process shdwguire9l is just a

simple block for simplicity. The CMT portion of the control scheme is based off
fundamental electrical engineering equations as weadhapirical data collected yonius

to ensure a high quality, repeatable welding process.

.| CMTDSP+pP
| (P=IV, WFS, Gas, 1)
Current \'
Filtermg Welding Sensor
Capacitor Transformer
N - . > . » Torch
L 3 E' :F
4 T
— b | Work
ﬁ L > > Clamp
Primary Switchmg Secondary
Rectifier Transistor Rectifier

Figure91l: Fronius CMT DSP +P Block Diagram [49]

Input-
AT o Error s Synergic Control L, Qutside .| Output
Symergic | ) or (P=IV) Influences | (Layer)

Line | §—pr
MT DSP + uP

(P=IV, WFS, Gas, }) |*

Probing

(CTWD) N

Figure92 CMT-GMAW Block Diagram with CTWD Feedback
The last main issue noted from the Literature Review is the lack of control over the
weld process temperature. This issue is common among most additive manufacturing
processes and is detrimental in producing reliable parts. Since each layer needs to be
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bonded to the previous, some form of heat must be used; however, too much heat and the
part melts or penetratése weld poointo too many previous layers causing errors. On

the other hand, too little heat will cause delamination later in the procasspty Bck of

fusion at all to the previous layer. With thermoplastics, this issue is less of a problem as
there is a nice range of glass transition temperatures for the material that it can melt and re
melt at and still give representative material praps. This is not the caséor metals
Met al s6 material properties are highly dep
schedule they undergo. This makes the case for a diogpdeedback of the temperature

of the weld highly pertinent irhts additive process. Once a weld bead is started it is best

to continue that bead until it is finished. If the bead is too hot, or too cold, adjustments
should be made after the profile is deposited [Fronius]. Therefore, a control scheme to
monitor theweld temperature was created and waits for the temperature to drop before
starting another layer. The VB script for this command Adpendix Il andis combined

in the welding commandFigure93 shows the process block diagram with the addition of
temperature monitoring. Temperatures are monitored throughout the weld process at
locations noted in the Literature and Methodology and Statistical Design of Experiments.
The process pauses for thesified amount of time found to be optimal in the coinciding

research with this project (90 seconfig)].
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Imput: T
CMT { ! Synergic Control L, Outside .| Output
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Figure93: CMT-GMAW Block Diagram with CTWD and

Temperature Monitoring Feedback

Contact Tip to Work Distance Control Evaluation

Table25s hows t he results of comparing wall s
di stance (CTWD) control to thosaornapualiynt ed?
adjusts distance as needed) for ERBOSA RValue greater thar0.05 indicates no
significant difference between the means of the group and they are statistically equal with
95% confidence. If the parallel and perpendicular directions ddr bubgroups were
statistically equal, they were treated as a single grouping for comparison to each other.
AppendixIV has the statistical outputs for these tests.

Thewalls created with the CTWD control were statistically equal in both parallel
and perpendicular directions for UTS, yield, and hardness measurables. The walls created
without the CTWD control were statistically the same for yield strengttharthess du
were not for ultimate tensile strength. Since the two directions were not statistically equal
for UTS, they were treated independently when compared to the walls that did utilize the

CTWD control scheme.

135



Table25: ER70S6 Withv. Without CTWD Control P/alues

UTS Yield | Hardness

With CTWD Control: 0.396 0.543 | 0.801

Parallel v. Perpendicular

Without CTWD Control: 0.020 0.530 | 0.054

Parallel v. Perpendicular

Parallel v. Parallel 0.04 n/a n/a

Perpendicular v. Perpendiculg 0.00009 | n/a n/a

With v. Without CTWD Control n/a 0.201 | 0.204

When evaluating the control scheme for ER‘B)8oth yield strength and hardness
values werestatisticallyequal; however, the UTS in both the parallel and perpendicular
directions were nattatisticallythe same. When looking at the values of the tests, it shows
that the UTS of the walls with the CTWD control were higher than without the control
method. When looking at the values of UTS for the comparison of parallel to perpendicular
depo#ion without the CTWD control, the parallel direction had higher values.

Table26s hows t he results of comparing wall s
distane ( CTWD) <control to those Oprintedo6 witdt
adjusts distance as needed) for ER308L. -WaRie greater tharn0.05 indicates no
significant difference between the means of the group and they are statistically equal with
95% confidence. If the parallel and perpendicular directions for botlyrewips were
statistically equal, they were treated as a single grouping for comparison to each other.

AppendixIV has thestatistical outputs for these tests.
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Table26: ER308L With v. Without CTWD Control-¥alues

UTS Yield Hardness

With CTWD Control: 0.014 | 0.002 0.003

Parallel v. Perpendicular

Without CTWD Control: 0.028 | 0.493 0.015

Parallel v. Perpendicular

With CTWD Control v. Without] 0.013 | 0.00057 | 0.004

Parallel

With CTWD Control v. Without] 0.008 | 0.330 0.052

Perpendicular

The walls created with the CTWD control were not statistically equal in both
parallel and perpendicular directions for UTS, yield, or hardness measurables. The walls
created without the CTWD control were statistically the same for giedohgth butvere
not for ultimate tensile strength or hardness. Since the two directions were not statistically
eqgual for the combinations, they were treated independently when compared to the walls
that did, or did not, utilize the CTWD control scheme.

When evaluatinghte control scheme for ER308L, the yield strength and hardness
values werestatisticallyequal in the perpendicular direction; however, the other values in
both the parallel and perpendicular directions were statisticallythe same. When
looking at thevalues of the tests, it shows that the UTS, yield, and hardness of the walls
with the CTWD control were higher than without the control method (when they were not

statistically equal). When looking at the values of UTS, yield, and hardness for the
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comparson of parallel to perpendicular deposition, the parallel direction had higher values
for all measurables for all cases except for the hardness without the CTWD control.

Figures94-96 show the main effects plots for the hardness, yield strength, and UTS
for ER70S6. Figure®97-99 show the residual plots for hardness, yield strength, and UTS
for ER70S6. Figuresl00-111 show the TukeyKramer analysis and interval plots for
hardness, yield strength, and UTS for ER‘'BOSNote values for hardness are in HRB, and
for yield strength and UTS; kips.

Main Effects Plot for Hardness
Data Means

Method Direction
76.3 [

76.2
76.1

76.0

Mean

75.9
75.8 L
75.7

75.6
CTWD No CTWD Parallel Perpendicular

Figure94: Main Effects Plot for ER708 for CTWD Control for Hardnes:
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Main Effects Plot for Yield (Kips)
Data Means

Method Direction
52.8

52.6 ®
52.4
52.2

52.0

Mean

51.8

CTWD No CTWD Parallel Perpendicular

Figure95: Main Effects Plot for ER706 for CTWD Control for Yield

Main Effects Plot for UTS (Kips)

Data Means

Method Direction
70.0 h
69.5
[ N
E
U
2 69.0
*
68.5
.
68.0
CTWD No CTWD Parallel Perpendicular

Figure96: Main Effects Plofor ER70S6 for CTWD Control for UTS
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Figure97: Residual Plotsor ER70S6 for CTWD Control for Hardness
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Figure98: Residual Plotkor ER70S6 for CTWD Control for Yield
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Figure99: Residual Plotior ER70S6 for CTWD Control for UTS
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Tukey Simultaneous 95% Cls

Differences of Means for Hardness

No CTWD - CTWD

-0.5 0.0 0.5 1.0 1.5 2.0

If an interval does not contain zero, the corresponding means are significantly different.

Figure1l0Q Tukey Analysis for ER70% for CTWD Control for Hardness
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The pooled standard deviation is used to calculate the intervals.

Figurel01: Interval Plot for ER708 for CTWD Control for Hardness
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Tukey Simultaneous 95% Cls
Differences of Means for Yield (Kips)

No CTWD - CTWD
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If an interval does not contain zero, the corresponding means are significantly different.

Figure102 TukeyAnalysis for ER70S for CTWD Control for Yield
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The pooled standard deviation is used to calculate the intervals.

Figure103 Interval Plot for ER70% for CTWD Control for Yield
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Tukey Simultaneous 95% Cls
Differences of Means for UTS (Kips)
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If an interval does not contain zero, the corresponding means are significantly different.

Figure104 Tukey Analysis for ER708 for CTWD Control folUTS
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The pooled standard deviation is used to calculate the intervals.

Figure105:Interval Plot for ER70% for CTWD Control folUTS
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Tukey Simultaneous 95% Cls

Differences of Means for Hardness
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If an interval does not contain zero, the corresponding means are significantly different.

Figurel106: Tukey Analysis for ER70% for CTWD Control foHardness
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Figure107:Interval Plot for ER70% for CTWD Control forHardness
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Tukey Simultaneous 95% Cls
Differences of Means for Yield (Kips)

Perpendicula - Parallel

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
1
I
I
1
I
I
I
I
I
I
I
I
1
0
If an interval does not contain zero, the corresponding means are significantly different.

Figure108: Tukey Analysis for ER70% for CTWD Control forYield
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The pooled standard deviation is used to calculate the intervals.

Figure109:Interval Plot for ER70% for CTWD Control forYield
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Figure110: Tukey Analysis for ER70% for CTWD Control folUTS
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The pooled standard deviation is used to calculate the intervals.

Figurelll: Interval Plot for ER70% for CTWD Control folUTS
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Figures112-114 show the main effects plots for the hardness, yield strength, and
UTS for ER308L. Figure415-117 show the residual pts for hardness, yield strength,
and UTS for ER308L. Figurdd8-129 show the TukeyKramer analysis and interval plots

for hardness, yield strength, and UTS for ER308L. Note values for hardness are in HRB,

and for yield strength and UTS; kips.
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Main Effects Plot for Hardness
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Figurell12: Main Effects Plot for ER308L for CTWD Control for Hardness
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Figure113: Main Effects Plot for ER308L for CTWD Control for Yield
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Main Effects Plot for UTS (Kips)
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Figurel14: Main Effects Plot for ER3L for CTWD Control for UTS
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Figure115: Residual Plots for ER308L for CWTD Control for Hardne
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Residual Plots for Yield (Kips)
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Figurel116: Residual Plots for ER308L for CWTD Control for Yield

Residual Plots for UTS (Kips)
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Figure117: Residual Plots for ER308L for CWTD Control for UTS
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Tukey Simultaneous 95% Cls

Differences of Means for Hardness
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If an interval does not contain zero, the corresponding means are significantly different.

Figurel118: TukeyAnalysis for ER308L for CWTD Control for Hardnes:
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The pooled standard deviation is used to calculate the intervals.

Figure119: Interval Plot for ER308L for CWTD Control for Hardness
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Tukey Simultaneous 95% Cls
Differences of Means for Yield (Kips)
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If an interval does not contain zero, the corresponding means are significantly different.

Figurel120: Tukey Analysis for ER308L for CWTD Control for Yield

Figure121 Interval Plot for ER308L for CWTD Control for Yield
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