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Abstract

Welders and weld inspectors are subjected to many occupationaphiazaritispcularral
respiratory health problems becausertheg to be clode the welding operatida monitor its progress.
For this and other reasons, désirable to find methods to observe the weldingiag remotely operated
video system€ommon digital video imaging systems lack this capability due to the contrast between the
extremelypright arand the darkesurroundingsThis technical projettvestigatethe possibility of
addresagsome othese concerrthroughthe use of a Higpynamic Range Imaging (HBDRvideo

camera.

Video data of the gas metal arc welding process (GlihsMuing bothregular spray &old metal
transfer CMT)®, was collected anelviewedo determine if the camera could visualize weld details in real
time Attempts were made to identifipplet size and pattern, weld pool/arc, sizapeand colour, weld
pool/arc relative position, and directiontbeweld with respect to the sea@dditionally, ideo datavas
reviewedo determine if defecfer sources of defectsjuld berepeatedlgeenWeld conditions were

optimizeddefectproduction and identificationethods were developed anddeo library was created.

Results showed that thisrementionedelddetails could be clearly identiflaterestingly, CMT
wire retraction was clearly visible, and with specialized video equipment analysis software, the camera was
capable of visualizing points on the sbiocuiting CMT pulse. Defects such as porosity, torch and joint

misalignmenyndecut,burn through and lack of fusiererealsoreliablyobserved

This vision technologhows promise in reducing health and safety riakewiyngreattime
remote visueationof the welding process and identificatibweld defect sourceEhe videaualitymay
potentiallybenefitwelding personnak they seek to gaibetter understaimy of the theoretical aspects of

weldingprocesses

(1]



Introductionand Problem Analysis

Theluminanceange found in a photograph taken at a singleueggganownasits dynamic
rangeThe human eye and brain @apable o¥iewing and interpting visual information witthagh
dynamiaangeof 13 8 10**® brightnessinits(Cambridge in Colour, 20ia)t the contradtetween the
welding arc and its surroundings exceeds this capability. Emusmbvwelder is restriciachis or her ability
to obtain detailesimultaneougiews of thera, the darkeweld pool, anthe even more poorly lit
surroundingas the weld pgresseLurrently weders must rely on greshaded lens#s protect their eye
while weldingThese lenses dd&//IR Interference filter whickliminate99.9997% aiiltraviolet V)
radiation (UVA, B & Gind infrared radiation (IRJiminishing thaigh intensity light to a lower shade level

(EWeld, 2015)

Most welders are capable of using this limited visual information sligdlarrectionas they
weld, but uncorrected defects occasionally occur, particitlglglifficult forthe weldeto identify or
properly interpret the subtle visual information avadlalitethe case of a welder trairégh Dynamic
Rang€HDR) images possessgerywide brightness rangsually up to #0luminance uniteind thus
containmore discerable visual information thatandardmaging formatsvhichusuallydo notexceed the
dynamic range df units(Mantiuk & Krawczyk, 200HDR video imagingses a computer algorithm to
combine a sequencesoiccessive video frames taken at different camera exposure times into a single frame
containing combined visual detail from all individual frAncesnmercially available HDR vision system,
offered byEnceladus Imaging and which was used to generdagatire this repgroffers flickefree,

highlydetailed, full colour images in+teak and with high frame rate, up to 120 frgmeesecondfps).

These imaging characterigtics/idemore detailed visual informatiarich would be
advantageous #iowing rapiddentificatiorof (andadjustmento) criticalwelding parametengile the
weld is in progressd could lead @ variety of applications, includiliminished rework ratesd more

consistent, higher quahiglds.

(2]



In this technical pregt, @Point Gre§ Grasslbpper3 4.1MEolour USB3 VisioAIDR-I camera
was used with Enkyesbfavare providewaepata §h& priméy goals of gieject
were to determine how well the camera could capture important visualavetagdl, ihcould withstand
the heat and spatter associated with the welding environment, and to assestibodlyutes camera and

software were

Cold metal transfe€EMT)® is an adaptatioof the GMAWprocesshat involves very low heat
input, a shortircuiting pulse and a rapid ppsti wire feeder, allowing welding on very thin and advanced
materials to be achievétie came@aapabilityo visualize CMTwas evaluated on whether it produced

stable arc omgnitionat various points along the welding pulse.

3l



Review of Previous Work

10 (Levesque, 200R)Y Mode of Metal Transfer Observation and Comparison with GMAW, FCAW,
MCAW Electrodes

Levesqug s rcenmparedtdroplet size and arc behaaffecting current densities, weld profiles
and spatter levels.Mikon Coolpix994ligitalcamerd15 fpswas coupled to a telescopic lens and placed
behind a UV welding filter plate. Bead on plate welds were dradingemild steel electrodes and base
metal. Control variables inclddesing identical voltage and wire feed speed (amperage) settings for each wire

type, and using an 8%ugond 15% Carbomioxide shielding gas.

Themainresarch problerwasto determme ifMCAW and FCAW electrodes should be classified under the
same model as GMAW for modes of metal trans$peasiegerthe International Institute of Welding

(IIW). Levesquédetermined thahetalcored arc weldindCAW) achieved streaming spray tineh

projected spray transferawer power levels than GMAW. Classifgiodes of metal transfer in fiex-

cored arc weldingCAW) process was practically impossiinlee thenodeof droplet transfer around the
central flux columwasindistinguishale.Figure 1(Appendix Bshowsmages taken with the camera.
TubularFCAWwire requiré a high wire feesbeed in order to achieve comparaleunts of penetration

to MCAW and GMAWAppendix BFigure 2 Suggestions inclubgsinga monochromatioacklight

above the weld arc and compatiregdfect of various shielding gases

2 - (Ogawa, 20MHigh Speed Imaging TechniqueH?gint 3peed Imaging of Arc Welding Phenomena
This studyocused on theomplex interactiorisetween the welding arc and its surroundings

occurringduringthe gas tungsten arc welding (GTAW) prodessewhe goales to find a way to achieve

6isn t ud vol t awpasurement thraugipnal aralgs&hestudyidentifedpreviously unknown

physical reactions that ocgedgiunder high temperature gradients and at high temperatures. The high speed

camera uska lowerdynamic rangdanvideocameraavailable ahe timedue to the high amount of

processing requireahaking the video less detail€tallengesere encountered storing, watching and

[4



analyzing the very large amounts of data involved. Emission sgctirndanonochromatic imaging were

used to determine the influence of metal vapoappearance of theearsurroundintpe weld

Thermal images tie GTAW metal transfen apseudecolourdisplaywereused teemphasise
physical changesppendix BFigure 3 The quaty of the image directly rethite the amounof noise, and
arc lightgeneratedubstantial levedd noise. In order to improve ingaguality, the researchers used red
monochromatic lighlumination since it congstof a different wavelength thidnose otthe arc spectrum.
Theweld,slag and metal vapappearedlearewith useof the lasedue to more light being scattered
causing the recorded imageapturemore details of the rougher surfatess scatterimgcurred when the
monochromatitight illuminatedhe molten poodue totheliquid surface tensi@nd highreflectivityof the
weld pool(Appendix BFigure 4. The effect of exposure time on image qualityeshibat the image
darkerdas exposure tintecrease(from x64 to x1), since a larger range of light can lneschpith

longer exposure timésppendx B:Figure 3.

3-(T. Nakamura, 2008)provement of MIG Welding Stability igdPBheefding Gas Using Small
Amounts of Oxygen and Coaxial Hybrid Solid Wire

Argon shielding gas usually includes small anfi®&tg of oxygen or carbon dioxide to improve
arc stabilityHoward & Helzer, 2011he objective of theesearcllescribedh this articlavas to determine
the conditions which rdatheweldingarc in pureargonunstableand tofind methods to improve its
stability Adding oxygen imaargon gas mixtuteweredoint ductility and toughnesseteriorating the
guality of the jointFor applications requiring high joint quality, ductility, and toughness, the GTAW process
is used with pure argon shielding gas. Unfortuna@®TAW has a muclower rate of metal deposition

compared to GMAV{Kou, 2003)

The unstable welding conditions were determined to be catise@regence af column of liquid
metal (CM) generated at the wire tip. Oxygen in the shielding gas niittimizagth of the CLM

(Appendix BFigure & improving weld quality. It was identified that pure argon led to a long CLM which

[5]



caused undercut and asymmetric penetration shapes. Thee @Lildgular arc movement andids

found thatshorteing the CLM produced stablevelding arand defeefree weld.

The projectescribedwo methods foimprovanent of GMAW arc stability while usipgre argon
shieldingThe first solution involved creating a new torch desiga svitallport adjacent tohe wire to
supplya second gas. The goal was to obtain an oxygen rich atmosphere in the vicinity oFiper&[ZM.
and 8(Appendix Byhow that thisechniqugpermtted $ortenng ofthe CLMwhile avoiding any
deterioration inveld integrityThe second method used to improve welding stability was to create a hybrid
solid wireconsisting ofwo filler metals with differingelting temperaturésppendix BFigure 9The
conceptasthat the insidef the wire wouldneltmore quicklypreveningat aper ed pentlape (or
shapé ffom forming at the wire tipesulting ira shorter CLM. This method alkmpure argon to be used

without effects caused by oxygertamwimation

49 (Talalaev, Veinthal, Laansoo, & Sarkan§®0M¢tal Transfer (QWVelding of Thin Sheet Metal
Products

The CMTP pulse is a derivative of the common GMAW process and is based on controlled pulsed welding
currents and voltages, and high frequency wire retraction. Filler metal is transferred to the welding pool
during the shottircuit part of the pulse (without vgeor current) at a rate of about 70 droplets per second

(Talalaev, Veinthal, Laansoo, & Sarkans, 2012)

Thestudy investigated the possibility of welitliimystainless steel and aluminum sheet nsirtgl
an optimized robatiCMT® processHigh leved of porosity, distortions andacceptable shapetbéweld

bead limited the use of CMIfr this application.

Higher levels gborosity were attributed taelatively coolearc and weld poolvhich trapped the
absorbed @gas before they could diffuse to the outer surface of theltvslgroblem wasorrected by
increamg shielding gadow or by adding shielding gahkibd the welding gun. The research determined thin

stainless steel arldrainum sheet metal productsiddee successfully roboticallgided using the CMT

(6]
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processWith appropriate welding sped@8IT® was found suitabfer spatteifreeweldingof thin sheet

metal.

[7



Experimental Methods

Equipment & SetUp

A computer tower and screerrevplaced on a moveable cart and an air filter box was created
around the compet towe to protect it from excessive particu{@ygendix BFigure 1D The computer
had a 1terabyte drive used to sterdeo datad PointGrey’ 4.1 MP Color Grasshoppa@meravith a
25mm Edmund Optiéscompact fixed focal length I€Appendix BFigure 1lwas mounted oata
lockable positioningrm and poirgd at he weld tig@at various anglssich that itvas 10 t&0cmaway
(Babut, Ovtcharov, & Sigal, 201Bgn securely tightened tBwyO® travelcarriageA red LED (light
emitting diodeljght was positioned directly opposittheocamera in the same fashion du8B 3.0 cable
was connected the camertom thecomputer(Appendix BFigures 12 & )3Thesewere positioned and
elevated on a separate welding table and the welding torch holding jig was attathedltattiage

(Appendix BFigure 1%

Weldingfocused on fillet welds made in the flat position, but included sevel-pleae videos
for comparisonA flat position welding jig was credtggoining two platest 90°to form a \ishape where
the platesvould resprior to welding the fét joint Thejig was connected to a stamelevate the fillet joint
to a conveniertieidnt. Fillet joints were completed using M¥;mx 50mm x 250mmlates tack welded at
the ends using SMABV2mmE4918 electrodesldes were ground to remove mill scale to produce
consistent;lean welds amomote reflectivity ofght in the jointuring positioning anghile welding

(Appendix D: Images 31 & 32)

Plain carbon mildteelas used as a base naidlGMAW spray trasferwereused sincethis
combination provideconsistently clear video images. Weldingbles tachieve spray transfer were 28
voltsDCEP,10.7m/minwirefeedspeed (215 ampsh&m/min travel speednd 15mm contact tip-work
distance (CTWDAIr Liquide BlueShield 0.9mm ER4B$olid wire was selectsdceasmaller wire

diameterequiredess heahput(compared tb.2mm)providing a reduceti/namic rang@ight intensity)

(8l



between the arc and the surroundings. Gas press@8rBluiigein , usingAir Liquide Argoshield 5 (95%ar
5%0,). A Fronius TransPulseSynergic5000 CMT®8&68/Wing machin@ppendix BFigure 1pwith a
water cooledW5000 A/WMIG® welding torch was ustt GMAW spray transfeand a water cooled
PullMigCMT® push/pullwelding torch was used for CRIAttempts were made visualiz2¢ CAW and

FCAW, butthis proved difficult ando further tests wepursued

Method

To provide clear video images with optimal brightness and cdrerfistt stepvasto focusthe
cameraTo focus the camera, shutter speednasaed (100ms)and frame rate was lowe(&a fps)while
illuminating the workpiece with the LED oriented in such a manner as to produdikeneftaction of
the light inb the camera from the workpie&fter the camera was focusedhe wireframe rate was
increased (120fps), camera HDR mode was eraddlazkposure value/brightness ra@di2(tc2.£2 ! e v )
and initial shutter speed (0.016nekgelectedlhe aperture ring on the cameeaset at §-stopsand a
ND ABS2.05 o ut e rUVdiltegBatut, @vicharov, & Sigal, 2003 placed in front tfie camera
lenson theprotectiveenclosuréAppendix BFigure 1§ Lastly, before welding, the red LEght was

turned on Appendix BFigure 1Y.

Baseline image developmiemblved performing welds to determine the optieklingparameters
to be used. Severat¢hand camera positions waeed whilensuring the welding torch tip and thetjo
were alwayiscluded in theideo. Leading and trailing views of theswekere takeand @ch recordig was
evaluatetb determine iftte drople® size and pattemithinthe arccould be visually distinguishetiether
theweld pool/arc sizeshape and cologpul easily be discernédhe camera could stberelative
position of theveld pool/arc, and if theirection of the weld with respect to the seasidentifiabld he
internal temperatué the cameravas monitoredhile weldingo determine whether it could withstand the
heat(max internal temp 50°Qheclear protective Utilter wagemovable and was replaced when the
spatter began to accumulataiding blurred imag@sppendix BFigure 8). Ease of use/as quadtatively

assessed, with attentionceimera positioning, focusing anttware
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The defect simulation portio this research projefoicusedn creating repeatable tests evaluating
the ability of the camera to captisrial cuemdicative of the presee of aveld defect, of a lathkereof,
produced while weldingive common weld defects were simulated, including porosity, torch misalignment,
undercut, burn through, and lack of fusidhe first defect identification test wlatermining the visual
effects of porosity caused by lack of (or inadequate) shielding gas, or by kavegsively lo@F WD
(over 19mm)Compressed air was blown in the vicinity of the arc to disrupiefdenghgas. Secondly,
defectaverecaused by misalignitige torchwith the fillet jointto create unequal weld leg sikiest,
undercut defects weneade byncreasing travepeedrom 18cm/min to approx. 24cm/mimtil excessive
wetting occurred atdlweldtoes.Burnithrough defects were generated ukimgtinch long, 3mm and 5mm
deep gaps on the mating edge of the filletgairginghe weld pool size to decre@sgpendix BFigure
19).GMAW globular transfer was optimized to study this defeetts shorter, narrower arc size improved
weld ol flow intogaps Lastly, lack of fusion defects were develope#.df fusion is known to occur
when the weld puddle travels ahead of thglaward & Helzer, 2011)he velding torch was positioned at
5, 15, and 25 de g rpeaeticabapplicatiorts anafmisaligensentsoccaravighin this s t
rangeRecording was done on different days with a variety of camera afigiesassessment of the

repeatability of the testing done.

For observation of welding using the Cfocess,raexternal triggeircuitwas used to sync the
c amer a0 ssoftwaravith thd pulsegof the weld.uniform senseleveldelay o to 20msbetween
the trigger pulse and frame capiumeappliedwhere necessaryobserve the appearance of the arc and
weld metal transfer from the electrode into the weldTdfmtame@asapabilityo visualiz& MT®
depended on whether it obtaistable arcecognitiorwith leading, trailing and side views at various trigger

delays.
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As testing was completed, a library of videoglesitriptions were madde following questions

were considered:

1. Did the camera overheat due to its proximity to theténgterature welding environment?
2. Did the spatter created while welding negat

extent?
And in terms of usability,

3. How intuitivewasthesoftware?
4. How difficult was it to position the camera to provide a suaffismount of distinguishable

features?

Consideration of thebove questiordetermindt he camer ads uamalbisl istuy t arbd | e ft fy

the welding industry was thoroughly assessed.

(1]



Experimental Results

Visualizing Details

Thecamera could visualizereasing arc s&zand shapes wWaaltering welding voltage. Droplet
size and pattern were cleatgntifiedwithin the arc, provedl thathe camera was properly focusethen
electrode prior to weldinigncreasing the exposwaue/initial shutter speed caudeaplet visibility to
decreaséncreasing theverall brightnesincreasing the wifeedspeed (amperage) caused droplets to
decrease in size and increase ve(daitye 1)Details such as grinder marks, residattes@and defects

were visible on the base niemlirface before and while weldifgble $Appendix Dimages 3132)

The molten metal flow, solidification pattern, colour, shape, and leg size were detaimnieaathe ¢
also consistently recordadhe weld poolUse of 95% argon shielding gas with a balance of oxygen,
provided good arc stability and bead appeafaading views in particular showed the concavityfodty
of the weldUse of the red LEMght caused the weld, slag and metal vap@apeacleareand he

relative position of the weld pool/arc and its direatitimrespect to the seam wasible

Attempts were made to visuaM@AW and FCAWUse of metatored wire resulted in flickering

illumination level&~CAW was alsdifficult to visualize

Defect Identification

Specific visual cues allowing rapiditirealidentification of weld defethstwere evaluateds per
Images 147 (Appendix Dyideos of welding witlackof/interrupted shielding gas and excesdivgly
CTWD showedrisuakuessuch as irregular, inconsistent arcs, high spatter and indistinguishable droplet
patterngTable 3)Porosity was easily identified while weldliragling views worked best to visualize
porosity (voids) forming and impuritiashgring along the solidifying weld metal edge. Impurities caused by
uncleaned base metal were visualized assiingfiarticles floatingp the molterweld pooTable

8)(Appendix Dimage 35and 3.
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Defects caused by having the torch misalignbd filét joint werproduced with relative ease,
since proper torcAlignment was difficult due to the nature of the welding-jip. 8étleo data collected
with the torch misaligned showed unega&gd legéTable ¥ Appendix D: Images 8) Undercut
produced by increasing the welding travel speed showed clear indications of wetting and weld pool
displacement. Trailing views showed the basenmedtta at the toes of the weld pool exsdfficient filler

metal deposin resulting in undert(Table5)(Appendix D: Image&l,22)

Spray transfer in GMAW was achieved using/bitys, meaning the arc becdorger and
wider(Kou, 2003) Whenthe burnthrough defectaerecreatedthe wide art spray transfaeraused the
weld pool to retain a consistent size while welding over gaps. Optimizmppaedmneters for GMAW
globular transfer caused a shorter, narrowevraot in turncaused the weld pool to visibly flow into the
gapqTable Appendix D: Images 2Z5) Thiswas besbbservedvith aleading/iew(Table 2)Video data
showed thgpositioning the welding torchas 5,15a nd 2 5% hde qarnggd e&G pnerdadingly we | d  me
pooledin front of thearc Lack of fusion was evident since weld metal flow into the joint center was impeded

by the puddle ahead of the @rable Aymages 229)

CMT® Imaging

Results showed thasual details such as metal transfer, weld pool/arc size, shape and colour, weld
pool/arc relative position, and direction of the weld with respect to the seam could be clearly perceived while
using the CMTGMAW processThe CMT® method waslearly visdaed using a proprietary triggering
device used to sync the camera to a chosen phase of thev&Mfbrm allowing useful refinement of the
i maging point al ong t h@able®Thd fugaceltengjoh dreatednirnttretigaid t v wa
metad dropletas it is trasferredrom theelectrode tipo the base metal/weld pool coble observedsing

the cameraNeld pool solidification, size and orientatiere alswisible.

Camera Usability

The camera and software settings were well desctibeden user 86s manual and th

alter. Changing the apized dynamic exposure valigseror lower causedrtifactdo appear around the
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weldingarc(Table 8)(Appendix Dmage30). Enceladus Imaging was also made aware of several imaging
issuegncountered, including times when the video would flip orientation (recordioysideskip frames
or play frames in rever@able 8)A list of electrical and welding variables was made to improve software

usability by facilitating parametentifieation for future revisioff\ppendix C)

Fixturing the camera was the most challenging part of-thge $be positioning arms were difficult
to properly lock in place, which sometime caused the camera to slightly shift out of focus and away from the
arc.Changing the specific camera angle vatgaddsignificantly alter the amount of features distinguishable
while weldingrocusing the camera properly required a bright light under the weldthgrijpseit was
impossible to see the weld tiphen proper setp and optimadettings were usdde camera woulgcord
a highquality welding vide®he camera did not reach an unsafe internal temp€sa8f@) since its
protective casing and lens withstood the intense heat and spatter associated with theinoaldiegt.env
The protective U¥ilter had to be replaced several titheing the course of tiseudy(after approxithrs
of welding to ensure clearidh-quality videos were filmeé&tbme problems encounterdule/storing data
included a 20 t80 second wait time &nalyze and storileo files, most likely caused by inadequate storage
drive and connection capabilitiesstly, a video data librargsamaddmages fthese videos along with

their descriptions can be found pp&ndix D
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Table-A: Welding Paramét@®8IAW Spray Transfer

Wi Cpntact
|mage Video File View Weld Voltage Feed Current -I;/'\F;('Jtrok'
Numbe Name Type V) Speed (A distance

(Appendix E) (Ipm) (m)
Bead
1 Sbﬁira%‘?nt‘é"sos Side  on 28 415 210 1
9 plate
Bead
2 Spray plate  Side on 28 415 208 Yo
plate
Bead
Sprayd .
3 . Side on 28 415 210 Yo
bright, plate plate
Bead
4 | SPradgood, gige op 28 415 206 Y,
P plate
5 i‘:;fg Leading Fillet 27 415 201 1
6 Sprﬁ‘gﬁ};"”th Leading Fillet 27 415 204 ”
7 pfgj@?ed Leading Fillet 305 420 212 N
8 |§§£|?£2 Leading Fillet 27 415 203 1

Table -B: Camera Parameters: GMAW Spray

Image | yigeoFile  Exposure  Frame Rate
Number Name Val ue (ms)
(Appendix E)

1 e aw
2 br%%?ﬁate 2.32 120
3 br%%rt?flate 2.42 115
4 Spr%ﬁtge""d’ 2.42 110
5 Ise‘;r;)r?g 2.12 120
6 Sprﬁ;?] )[Nith 299 120
T | e, em o
8 adingz 222 100

Note: 0.016ns hitial shutter speed, High Dynamic Range On
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Tabl@-A: Welding Paramét@®8lAW Globular Transfer

Image | Video File ] Cpntact
Name  Voltage (V) Wire Feed - et (A) s
Number 9 Speed (ipm Work
(Appendix ) distance (in
Globulard
9 Repelled 24.5 310 176 Y
Globulard
10 Leading 24.5 250 182 %)
Globulard
11 Trailing 24.5 250 182 Ya

Note: Hllet weld,leading view

Table -B: Camera Parameters: GMAW Globular T

Image Numg Video File Name Exposure Value
(Appendix E) (!'ev)
9 Globulard Repelled 2.12
10 Globulard Leading 2.32
11 Globularg Trailing 2.32

Note: 0.016ns nitial shutter speetl20 ms frame ratdjgh Dynamic Range On

Table &: Welding Paramét&®slAW Spray Transfer: Porosity

. Contact
Imaae . . il Tip-to-
g Video File View Weld Voltage Feed Current Work
Numbe|  Name Type (V) Speed (A jiorce
(Appendix E) (|pm) !
(in)
Porosityd Bead
12 bead, lack of  Side on 28 415 205 Ys
gas plate
13 F?ﬁ{‘e)ffiﬁ,??j Leading Fillet 27 415 203 N
Porosityd
14 inadequate Trailing  Fillet 27 415 200 N
gas
Porosityd
15 fillet,lack of ~ Trailing  Fillet 27 415 198 N
gas
Porosityd on
16 top of porous Trailing  Fillet 27 415 195 %)
weld
17 I;‘;“g#\ﬁ[) Trailing Fillet 28 420 210 0
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Table -B: Camera Parameters: GMAW Spray. Panusity

Image Numk Video File Name Exposur e
(Appendix E)
12 Porosityd plate, no gas 2.42
13 Porosityd gas interference 2.22
14 Porosityd inadequate gas 2.02
15 Porosityd lack of gas 2.02
Porosityd on top of porous
16 weld 2.12
17 Porosityd long CTWD 2.12

Note:0.016ms hitial shutter speeti20ms frame ratéjigh Dynamic Range On

Tablel-A: Welding Paramét@BIAW Spray Transfer: Unequal Legs

Image Video File . Contact Tip
Wire Feed
Number Name Voltage (V) Speed (ipm) Current (A) to-Work:
(Appendix E) distance (|n)
Unequal legs
18 d Trailing 27 415 200 Yo
Unequal legs
19 o Bright 27 415 202 Y%
Unequal legs
20 d Leading 27 415 198 Yo

Note:Fillet weldstrailing view

Table 4. Camera Parameters: GMAW Spray Transfer: Un

Image Numby Video File Name Exposure V
(Appendix E)
18 Unequal legd Trailing 2.42
19 Unequal legd Bright 2.02
20 Unequal legd Leading 2.22

Note: 0.016ns initial shutter speed, 120 ms frame rate, High Dynamic Range On
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Tabl&-A: Weldingarameté&r&MAW Spray Transfer: Undercut

Image : ; . Contact Tip
Video File Wire Feed
Number Voltage (V) : Current (A)  to-Work
(Appendix E) Name Szl (g distance (in)
Undercu®
21 trailing, dark 28 420 208 Ve
Undercu®
22 trailing 28 420 205 N

Note:Fillet weldstrailing view

Table B: Camera Parameters: GEp\aYy Transfendercu

Image Numb Video File Name Exposur e
(Appendix E)
21 Undercu® Trailing, dark 2.12
22 Undercutd Trailing 2.42

Note: 0.016ns initial shutter speei®0 ms frame rate, High Dynamic Range On

Tabl&-A: Welding Param@&&BMAW: Burn Through

Contact
Image | vigeo File Prggeesoi/M bllte el Tt
Number| Name Metal View Voltage (V) Speed Current (A)  Work
(Appendix E) Transfer (Ipm) dis(_ta)nce
in
Burn
23 throughd Spray Leading 27 415 200 N
3mm gap
Burn-
throughd .
24 Smm gap Globular  Leading 245 350 187 Yo
leading
Burn-
throughd .
25 5mm gap Globular ~ Trailing 24.5 350 190 Yo
trailing

Note: Fillet welds
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Table 8: Camera Parameters: GNBAVAT hrough

Image Numb Video File Name Exposure \
(Appendix E)
23 Burnthroughd 3mm gap 2.22
Burnthroughd 5mm gap,
24 leading 2.32
Burrnithroughd 5mm gap,
25 trailing 232

Note: 0.016ms initial shutter spd&tfins frame rate, Highynamic Range On

Tablg-A: Welding Paramét&®slAW Spray Transfieack of Fusion

Image

Number|
(Appendix E)

Video File

NETE View

Weld Type

Voltage

V) Speed

(ipm)

Wire Feed

Current

(A)

Contact

Tip-to-
Work

distance

(in)

26

27

28

29

Lack of
fusiond
puddle
ahead
Lack of
fusiond 5
degree
push
Lack of
fusiond
15 degree
push
Lack of
fusiond
25 degree
push

Side

Leading

Leading

Leading

Bead on
plate

Fillet

Fillet

Fillet

28 420

28

420

28

420

28 420

210

207

208

207

Y%

Table -B: Camera Parameters: GEpMay Transfeack of Fusio

Image Numbe

Video File Name Exposure V
(Appendix E)

26 Lack of fusior® puddle ahead 2.12
27 Lack of fusior® 5 degree pust 2.42
28 Lack of fusior® 15 degree 242

push
29 Lack offusiond 25 degree 242

push

Note: 0.016ms initial shutter spdetfins frame rate, High Dynamic Range On
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Table &\: Welding Paetard GMAW: Irregulafideos

Wire Cpntact
I\:mage Video File Prc:)c;elazltlia/llode View Weld Voltage Feed Current Wétrolg
(Aplf,!ﬂ.ix S NETE Transfer U %) ?pﬁ]ed (A) distance
p ) (in)
Irregulard Bead
30 artifacts/no Spray Side on 28 420 212 Ys
focus plate
No Irregulard
reversed Spray Leading Fillet 27 415 203 7
Image motion
Irregulard
31 leading, joint X Leading Fillet X X X X
alignment
Irregulard
32 trailing, joint X Leading Fillet X X X X
alignment
Irregulard
33 fluctuating Spray Leading Fillet 28 415 208 Yo
travel speed
Bead
34 U”C'Ie"’;”e@ Spray Side  on 28 415 210 1
plate plate
Irregulard Bead
35 High EV, no Spray Side on 27 415 200 Ys
HDR plate

Table 8: Camera Pasters: GMAW Defects: Irré&fidéns

Image Exposure Frame . .
: " High Dynamic
Numbe Video File Name Value Rate Ranadon/o
(Appendix E) ( lev (ms) gq ff)
30 Irregulard artifacts/nofocus 2.82 120 On
No Irregulard reversed motion 2.22 120 On
Image
Irregulard leading, joint
31 alignment 2.32 10 Off
Irregulard trailing, joint
32 alignment 2.32 10 Off
33 Irregulard fluctuating travel 230 120 on
speed
34 Uncleaned plate 2.02 115 On
Irregulad High EV, no HDR
35 0016 3.42 50 Off

Note: 0.016ms initial shutter speed
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Table &: Welding Paramét@slAW CMT® Transfer

Image Numb|  vigeo File Name View Weld Type
(Appendix E)
37 CMT & no HDR Side Bead on Plate
38 CMT &fillet, HDR Leading Fillet
39 CMT @ trailing, no HDR Trailing Fillet
Note: Common parameters i ncl u-bevorkdistare

Table 8: Camera Parameters: GMAW CMT Transfer

,\:umrﬁgzr Video File Name  value  High e e
(Appendix E) ('ev

37 CMTdno HDR 2.82 Off

38 CMT & fillet, HRD 2.82 On

39 CMT 8 trailing, no HDR 2.82 Off

Note: 0.016ms initial shutter speed, 120 ms frame rate

[21]
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Discussion

Visualizing Details

Reviewinghe PoiniGrey’ Grasshopper3 camera and Arc Eye softwaresdititat the steady
optimized video quality alledrepeatable identification of relevaritiwietails and defeci$ie HDRI
welding camera provitlrigh-quality videothat carbe used to gain a bettedarstanding ofvelding
processes (compared to using a texthibathightimprove the overall learnipgpces®f students,
educators, and trainees in the welding industritsvéhable droplet and weld detail identification (Tables 1
& 2)(Appendix Dimages 411) The camera and softwavere easy to understand useThis may
potentially be usefinl asetting whereeldertraining time must beminimized.

The mode of metal transiarMCAW wagpotentially perceivedhileusing the camera technology.
Work by Levesque showed that it eeaaparable to GMAW since it achiewtetaming sprandprojected
spray transfer at lower power levels than GNIA&esque, 2007hemelting central flux catin
associated with FCAW made identification of the mode of metal irapstsiblgresumably due to the
inner core and the exterior wire melting at different(kagsard B. Cary, 201Misualizinghese process
using the HDR cameraould helm welding studennderstand theeasoning behirgpecific electrode

designations antde electrodeaffecting current densities.

Consistent with researohOgawathe weld, slag and metal vapour appeared clearerevafla us
monochromatitight due to more light being scattered, which caused the recoredd icapture more
details omougher surfac¢®gawa, 2011y hi s added feature would extend t
visualization of additionaklddetailsWelders in training currently mpstforma weldallow it to cool,
reviewit, and identify any defecthen, while ravelding, the traingeustattempt tacemember what they
believed to have caused the defect, and attempt to make a cdosenbthecameraould #ow real time
identification and correction of problems occuirimg t h e initiarattempt t® wedddthus promoting

fasterpaced learning in a working environment
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As noted in resultde use of 95% argon shielding gas with a balance of oxygen, provided good arc
stability and bead appearante. ability to observe the wire tip shape provided an understanding of the
parameterthat affected its shapkhis is consistent with tistudydoneby Nakamuravherearc stability
and weld qualityss improvedvhen oxygen content in the argon was betwBgtsince iminimizedhe
length of the column of liquid metal (CLM) on the wir@tiplakamura, 2008)xygerhas a lower
ionization potential and consequently promotes axial spray transfer at lower current densities compared to

CO (Kou, 2003)

Defect Identification

Reliable defect identification will aid inspection of welds and in turn can serve t@noguciixgty
and reliability of weldgdints. Porosity defects are prevalent in industry where gas interruptions may be caused by
defected shielding gas deliggstems, inadequate gas pressure settings, leaking air lines and improper torch
contact tipto-work distances. Thisfdet can be avoided by ensuthyweldhasproper shielding. The camera
was capable of visualizing porosity forming and impuritiesiggtalong the solidifyingld metal edge

(Appendix D: Inages 2-17).

Unequal weld leg size mainly redudtm poor torch alignmeat incorrect robotic tool center point
calibrationinadequate fixturing of pagsdpoor joint fitup. It can bepreventedy establishing repeatable
welding setip and by monitoring the position of the welding tMficteo datalisplayedorch misalignment
causing weld pool displacement and unegimdtyveldlegs(Appendix D: Images 2®) When joint and
fixturing compexty increases, proper alignment becomes increasingly difficult, thus leading to potential defects

such as unequal weld leg sizenseld metaburnthrough.

Burnthroughdefectgrimarilyappeawith incorrect joinfit-up, which is commonlgaused by variahs
in edge preparatigwhile grinding or cuttingr improper fixturing. Improper welding parameters faaleeted
material thickness malgo cause buthrough. Vélding parametessich as part fit up, joint quality, and arc
alignment could easilg hisualized with the camera while welding, allowing necessary optimization and alignment

corrections to made dhefly (Appendix D: Images 25 3132).
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Undercut defects caused by excessively high travel speeds commonly occur, therefore viewing the
excasive wetting and weld pool displacemihta tool such as the HDR camepald allow immediate
adjustments of travel speeds, potentially lowenmgrkerates. Trailing views worked best to visualize undercut
defectsUndercut defects are caubgd varéty of factors includirthe use oimproper welding parametesgch
as improper torch angleasdexcessively high travel speeddagesr contact tiggo-work distances. Improper
torch angles could potentiallyda@ised by improper jointéip and fixturing, slaaged components, and

incorrect robotic tool center point calibratidappendix D: Images 2P).

Wel ding torch O6pushd angle alignments may cause
lack of fusion can occur since the arc does hoptrietrate into the joint center, resulting in leg$rpgon in
the base metal beat is dissipated by the liquid weld puydgipendix D: Images 2®) Improper welding
parameters and inappropriate work and travel angles are a main fastoy tasstoan occur. Lack of fusion may
also occur when the robotic tool center point is not properly calibfeddDRcamera visualized the puddle
ahead of the artnpeding the weld metal flow into the joint and could potentially be used to ashkist with

identification and repair of this defect.

CMT Imaging

The ability to visualizketails such as metal transfer, weld pool/arc size, shape and colour, weld
pool/arc relative position, and direction of thelweth respect to the seam may allow researchers to gain a
betteroverall understanding of the ChMiethod As per Image3638 (Appendix D), sualizing CMT
giveswelderghe opportunity to witness weld détain reatime and thisnay permit a better understanding
of this specific weldingrocessReattime videos othis mode of metal transfer npagvide a way to further

optimize this advancedetal transfemethod.

Camera Usabilipnd Applications
Challenges storing, watching and analyzing data were encountered because of the large video file

sizes (approx-2GB each). This is typical when attempting to visualize weliegses since the software
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must process a large amount ¢d ¢ia produce high quality vidé®gawa, 2011¢hallenges mdne

encountereth applications where dowiime while waiting for video storage is unacceptable.

Hypathetically, the camera could replace@aricening lenses in welding helmets with-imeal
display of the weld. The steady optimizeldvideo quaty could help eliminate esteain and headaches

caused by thapidly varying image brightness pradlbgestandard video cameras.

The compact siZécm x 5¢cm x 150n0f the camerahows promise tioelp welders perform high
quality welds in confinedangerous, arypically inaccessible locati@mglpotentiallymay permit
increasingobotic welding gpications of the HDR cameraln some situationdieé high quality video
produced while iding mayallow welders to be removed from proximity of the weld arc by using the HDR
| camera to remotely visualize welds while they, potemtially alleviatirrgspiratory and ocular health and

safety risks caused by the welding fumes and arc.
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Conclusiorand Recommendations

Conclusion

This technical researclhoject provedhat he visual identification bfgh-qualityweld details and
defecs werepossilke using the Arc Eye software with the Point@@gsshopper3 cameHDR-|
imaging made studyingeteffecd of welding parameters on ahapesize weld pool shape/sipossible
Physical occurrences that are typically unpercdiydbkeluman eyesuch ashedroplet sizeandrates
ripplescaused bthe dropletsweld metal flw and solidification pattemsre consistently discernable with
the camera and its softwdarkese nigue details mdaasterthe learning process of welding industry
persomel increaseinderstandingf the welding processes studiediin turnpromote and improvhe

growing welding industry.

Creating a safe and healthy working environment is angcied HDR| welding camerstudied in
this technical projeis a tookthatmay someday allow elimination of samkkplace hazards while
improvingc o m p saoneyab productivitirheapplication ofhis technology potentiallyagpermitworkers

in welding environmenits distance theselvesrom the arc antdazardous wornvironments

Observing theelatively neveMAW cold metal transfer metheid HDR allowed insight into the
process that would have been otherwise unattaResdarchelermind the cameralentified CMT wire
retraction, weld details and offered stable arc recognjimints on the shoxtircuiting CMTP pulse The
opportunity to withessuchweldng details in redglme may permit a better understandirtbispecific

weldingprocess

Superior videquality offered by using the relatively loeeg camera (compared to customized
digitalhigh-speedmaging camesamayaid visual inspection while weldingethuce rework rates and
increamg productivity The camera and softwaiféeredsuperior usabiliiy terms of its ease of agt and

use
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Knowledge gained in this investigation may be used to implement the camera in a variety of robotic
applicationsAnother anticipated application for the HDR video camera includes welding@utarmetie
remote, detailed observation of the welding process and/or weld defect prevention through machine vision
could be possible. Lastly, it is expected that recorded HDR videos could be used for research and

development purposes.

Recommendations

Prospetive research projects WHIDR-1 vision technology includéudyng the effects of using various:
1. Wire sizes, compositions dppes,
2. Base metals thicknesses@mdpositions,
3. Welding and travel positions

4. Gas types

Additional processes and modisetal transfer of the GMAWocesgould also be investigated,
including

5. Mechanized and man@rAW,

6. Manual GMAW,

7. Lincoln Electric Surface Tensiomafsfer (STP

8. OtherGMAW pulse controlling methsd

9. Modes of metal transfef MCAW and FCAWelectrode¢levesque, 2007)

Other recommendatiob improve overall usability are
10. Controlling recordingsith a remote rather than at the computer to ensunmadst
wasted in the recordings,
11. Adding a digital automatic fming feature insteadanhanual dial on the camera,
12. Improving thesetup by using more stable thrand camera holding assemblies,

13. Making the software controls more intuitive.
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Appendix B Hgures

Figure 1- Arc Images, order is GMAW, MCAW, FCAWLevesque, 2007)

B DAy
— | mweaw
O FCAW

penetration {(mm}
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Weldlng varfables

Figure 2 - Current & Voltage vs. Electrode Type vs. PenetrationAr 15%CQ Shielding Gas(Levesque, 2007)
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Figure 3-Pseudocolour Display of Metal Transfer Behavior (32V, 250&)gawa, 2011)

a b

Figure 4 - Effect of External MonochromaticLight on Arc Image, a) with monochromaticillumination b) arc only (Ogawa, 2011)

Figure 5 - Effect of Exposure Time on Image Quality(from long to short) (Ogawa, 2011)
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(a) -
(b) u
Figure 6 - Length of the column of liquid metal (CLM); a) pure Argon, b) 5% OxygerfT. Nakamura, 2008)
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(100-x) Ar - xO;
x=5,10,15 %
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Il Main shielding gas
Contact tip |1 100%Ar
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Figure 7 - New Torch to Shorten CLM by Supplying Adding Ga¢T. Nakamura, 2008)
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T
© Shielding gas: Mixed gas)|
ar lﬁ Shielding gas: 100%Ar
Adding gas: Mixed gas

(A} Shielding gas -
G080 Ar-1%0;

T/ (B) Shielding gas :

/ GEZAr-2%0.

L

| {a) Adding gas :
95%4Ar-5%0;
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506Ar-159%0, fay =300A
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Figure 8 - Change of CLM Length for Various Adding Gas Condition§T. Nakamura, 2008)
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—
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Figure 9 - Developed Coaxial Hybrid Solid WirgT. Nakamura, 2008)
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Figure 10- Computer with Filer Box Next to Welding setup

Figure 11- Point Grey Grasshopper3 4.1MB Colour USB3 Visi@amera(CMOSIS CMV400e3E5)
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Red LED light on positioning arni . S ‘*
e | : 3 \ .

GMAW welding torch on positioning arf

Protective enclosure containin|
PointGrey Camera

Fillet Joint clamped on3dhaped jig
v
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Figure 12- Welding Jigwith Fillet Joint, Camera, Red LEDLight and Torch set up

Figure 13- Welding Jig with Fillet Joint, Camera, Red LEDLight (turned on) and Torch set up
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Welded fillet joint
clamped on Mhaped jig

Figure 15- Fronius TransPulseSynergicS@CMT 650A Welding Machine
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Camera inside protective enclos

Lockable Positioning Ar

UV Filter Lens

Figure16-Pr ot ecti ve Camer a Enc | oWWFHilter and LackableNPBsitiohiBgAmM2 . 06 O. D.

LED lights, behind protective UV ler

Heatsync

Figure 178 Red LED Light s with Heat Sync on Lockable Positioning Arm
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Figure 18- ND ABS 2.0" O.D. UV Filters 8 Unused vs used (with spatter/welding fumes)

3mm x 76mm gay] 5mm x 76mm gag

Figure 19- 3mm and 5mm Gaps Created for Burithrough Defect (right), Compared to Normal Fillet Joint (left)
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