
SUPPLEMENT TO THE WELDING JOURNAL, FEBRUARY 1975 

Sponsored by the American Welding Society and the Welding Research Council Iff R,vJ 

Diagnostic Studies of the GTAW Arc 

Part 1 — Observational Studies 

BY C. B. SHAW,.JR. 

ABSTRACT. Although the work re
ported here had its inception almost 
five years ago, when the author was 
asked to organize a small effort to im
prove the teachings of a certain weld
ing patent application, this paper 
should be read as an interim report 
on work still in progress. The project 
which has evolved seeks to establish 
an array of experimental and theoret
ical tests to determine when a GTAW 
arc is operating in good health. 

1. Introduction 

The weld parameters developed by 
our Space Division for fabrication of 
the Saturn S-11 eventually permitted 
use of the GTAW process to join 2000 
series aluminum with unprecedented 
precision and reliability. The level of 
perfection attained was such that out 
of more than 2000 linear feet of weld 
per structure, less than half an inch 
failed to pass NASA's most metic
ulous inspection. However, the time 
and money required to develop these 
weld parameters empirically, and to 
identify those factors requiring most 
careful control, made clear the sub
stantial practical benefits which can 
result from improved conceptual and 
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quantitative understanding of weld
ing processes. Therefore, since July 
1969, Rockwell International has sup
ported a basic research project on 
welding process analysis as part of its 
IR&D Interdivisional Technology Pro
gram. The long range objectives of 
this project are to obtain a more fun
damental understanding of welding 
processes in order to make possible 
systematic optimization of these pro
cesses, evolution of new processes, 
and evaluation and appropriate im
plementation of these results in 
collaboration with the welding com
munity. 

Theoretical and experimental stud
ies of the GTAW arc have been pur
sued along diagnostic lines, a tech
nique familiar both in medicine and in 
plasma physics. An instrument is 
called diagnostic if it senses a certain 
parameter, not because of the value 
of the parameter is of intrinsic inter
est, but because it is symptomatic of 
the degree to which the observed 
system is functioning in some desired 
manner. Where a laboratory instru
ment stresses linearity, sensitivity, 
and calibration traceable to NBS stan
dards, the diagnostic instrument 
stresses simplicity, reliability, and 
clarity of output. The special chal
lenge of a diagnostic study is to win
now away irrelevant detail while accu
rately tracking the underlying causes 
of success or failure through all layers 
of intervening mechanisms. 

Feasibility has been established for 
analytical study of welding arcs by 

means of optical diagnostic tech
niques employing spectroscopy, 
photography and holography. A grat
ing monochrometer was used to 
record optical spectra from rep
resentative (stationary but not ar-
tifically stabilized) GTAW arcs using 
argon shield gas. Suitable lines in the 
Ar I (neutral) and Ar II (singly ionized) 
spectra were identified, measured, 
and used to determine mean temper
ature of the species from the Saha 
equation, the Boltzmann distribution, 
and the radiation law, by the two-line 
method. The expected presence of 
chromium (vaporized out of 304 stain
less steel base metal) at a lower mean 
temperature than that of the argon 
plasma has been ver i f ied by 
measurement of Cr I line intensities 
and widths. 

Photographic techniques studied 
were high speed cinematography, use 
of extended range emulsion, and 
monochromatic photography. Com
patible sets of welding and cinemato
graphic parameters have been de
veloped, including criteria for image 
size, resolution, and timing accuracy. 
Cross correlation analyses of driven 
oscillations in arc voltage, current and 
local luminosity are now feasible. 
Tests of extended range film (EG&G's 
triple emulsion XR material) verified 
that it permits simultaneous photog
raphy of the brightly luminous arc and 
of the indirectly illuminated surface of 
the puddle. Since surface motion can 
be quantified, e.g. by projected Moire 
patterns, the liquid motion can also be 
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correlated with the optical and elec
tr ical f luctuat ions. Monochromat ic 
photography uses beam splitters and 
sets of thin fi lm interference filters to 
record at snapshot speed sets of s i 
multaneous arc images, each image 
representing light f rom a single spec
tral line. Microdensitometric scanning 
of the images provides t ime resolved 
data on the freely burning arc com
parable in detail and utility to that ob
tained by day- long spect roscop ic 
scanning of a chamber stabilized arc. 
The image density measurements are 
input data for the Abel integral equa
tion, from which radiance (at each 
wavelength) is obtained as a function 
of position. The local ratio of radi
ances for two spectral lines then 
yields the temperature as a function 
of position. Monochromatic imaging 
also has more direct value — one can, 
for example see the vaporization of Cr 
begin when a stainless workpiece is 
sufficiently overheated to cause alloy 
degradation. 

Holographic interferometry is pres
ently being critically evaluated as a 
means for measuring density as a 
function of position in the electrically 
conducting arc and in the heated air 
around it. Solution of a generalized 
Abel integral equation is required for 
data analysis. The relative merits of 
alternative procedures, and require
ments for laser power, mode purity 
and related features will be dis
cussed. 

To tie all these experimental tech
niques together, and provide a con
ceptual framework sufficiently clear to 
permit useful contemplation of the 
resulting data, a highly simplif ied 
mathematical model of the arc was 
developed especially for diagnostic 
use. It may be regarded as an adapta
tion to the short, nonuniform arc used 
in welding of the simplest (delta func
tion channel) model employed for the 
long, uniform il luminating arc. Simple 
as it is, it allows us to understand, for 
example, Spiller and MacGregor's re
cent experimental demonstration that 
the effect of electrode geometry on 
weld penetration and nugget geom
etry can depend very strongly — in
deed qualitatively — on workpiece 
thickness. It resolves the apparent 
contradiction between the results of 
Savage's classic study of the effect of 
electrode taper, which used bead-on-
plate tests, and intuitive understand
ing based on full penetration ex
perience. No qualitative appeal to 
complex hypothetical phenomena, 
such as interact ing cathodic and 
anodic jets, is required to resolve the 
major features of the paradox. 

2. Conceptual Framework 

It is assumed that readers have 
clearly in mind the concept of a 
GTAW arc as it exists to serve the pur

poses of a welding engineer. How
ever, it seems worthwhile to describe 
the arc as it appears from the rather 
different viewpoint of a physicist. (The 
most readable account is Ref 1, the 
definitive treatise Ref. 2, and an excel
lent compromise Ref. 3.) Among the 
family of electrical discharges in gas
es, it is a freely burning, high pres
sure arc in a monatomic gas between 
metal e lect rodes (sol id cathode, 
molten anode) with no external ly 
applied magnetic field. 

2.1 The Complex Picture 

Freely burning means that there is 
no boundary wall, held at a fixed 
temperature, to stabilize the temper
ature distribution or gas flow in the 
arc. Instead, the arc must find a self 
consistent configuration: (a) Joule 
heating converts electric energy into 
thermal energy at a rate (power per 
unit volume) given by the electrical 
conductivity times the square of the 
local electric field strength, (b) Heat 
from this distributed source flows 
throughout the arc, and across its 
boundaries (into the un-ionized shield 
gas, the tungsten cathode and the 
molten and solid base metal) in a pat
tern determined by the nonuniform 
temperature distribution and tem
perature dependent thermal conduc
tivity. (We neglect both the elec
t ro thermal and thermoelec t r ic ef
fects.) (c) The temperature pattern 
generally changes with time accord
ing to the Elenbaas-Heller equation 
(Ref. 3), an energy conservation law 
which equates the rate of heat gen
erat ion, plus net f low of thermal 
energy into a volume, to all the rates 
of change of internal energy of mat
ter in that volume — radiation; heat of 
fusion, vapor izat ion, or ionizat ion 
times the rate at which such changes 
may be taking place; specific heat 
times rate of change of temperature; 
rate at which mechanical work is done 
by thermal expansion against am
bient pressure; and rate of change of 
kinetic energy of fluid flow, (d) In addi 
tion to its effect on thermal conductiv
ity, the local temperature radically af
fects the degree of ionization of the 
plasma (which is the only electrically 
conducting portion of the arc) usually 
according to the Saha equation (Refs. 
2-4). Since the local electric field 
strength, for given applied voltage, 
depends on the spatial distribution of 
temperature determined electric con
ductivity, as well as on the shape of 
the electrodes, the self consistency 
loop is now closed — we are back to 
the factors which determined the dis
tribution of Joule heating.* 

"Actually, the shape of one electrode — 
the molten puddle — is determined in part 
by arc pressure, so still more equations 
should be included in the loop. 

The arc is high pressure in the 
sense that its electrical properties are 
dominated, in the way just sketched, 
by the rate at which charged particles 
col l ide wi th one another or with 
neutral atoms, rather than by coll i
sions with the electrodes or other 
condensed boundaries. That argon 
and helium are monatomic gases 
means there is no dissociation to 
complicate the problem, but the metal 
electrodes introduce interactions with 
the arc which have been cataloged 
and investigated literally by the dozen 
(Ref. 5). These relate to the some
what controversial subjects of anode 
and cathode jet formation and inter
action, cathode spot motion, and sev
eral other complications which seem 
especially vexing in the presence of 
the impurities and irregularities so 
much more often encountered in a 
real-world welding arc than in the 
physicist's laboratory arc, which is 
bad enough! Even in the laboratory, if 
we are to be realistic, we must take 
into account the fact that the elec
trodes (tungsten and base metal, al
most always alloys) introduce ele
ments other than the shield gas into 
the arc. The diffusion of these minor 
constituents through and out of the 
arc can in some cases strongly in
fluence the self consistent configura
tion of the arc since, for example, 
most metal atoms are far more easily 
ionized than either argon or helium. 
This fact is another reason earlier in
vestigators often found it necessary to 
abandon welding reality and keep 
both electrodes well below their melt
ing points. 

It is little consolation that there is 
(generally) no externally applied mag
netic field, since the arc current gen
erates its own. The influence of this 
self induced magnetic field is, again, 
the subject of some controversy and 
misunderstanding since the geom
etry of the arc is such that the strength 
of the field varies substantially over a 
distance comparable to the radius of 
curvature of the field lines. As a re
sult, certain simplif ications (such as 
the notion of an effective pressure 
proportional to the square of the field 
strength) which are very useful in 
other areas of plasma physics should 
not be transferred to arc physics wi th
out careful re-examination of the un
derlying analysis (Ref. 6). Fortunate
ly, reliable guidance can be found in a 
recent painstaking examination of 
(external) magnetic field effects on 
welding arcs (Ref. 7) and in ref
erences listed therein. 

The GTAW process presents a 
classical example of a "free boun
dary" p rob lem. Certain boundary 
conditions (e.g. the flows of charge, 
mass, momentum and energy) must 
match at the boundary between the 
arc plasma and the molten puddle, at 
the boundary between puddle and 
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nugget or unmelted base metal, and 
at all the other boundaries between 
phases. In many of these cases, how
ever, we do not know what the shape 
or location of the boundary really is 
when we start to solve the problem. 
Instead, we must find solutions for the 
field equations which can describe 
conditions in general on each side of 
the boundary, wherever it is, and use 
the matching condit ions along with 
t h e f i e l d e q u a t i o n s t o s o l v e 
simultaneously for the boundary and 
the fields. 

2.2 Some Simplifications 

After a preliminary survey of the 
f ield, including C. E. Jackson's 1959 
A d a m s Lec tu re (Ref. 8) and D. 
Rosenthal's treatise (Ref. 9), an at
tempt was made to map out the 
physical phenomenology underlying 
the GTAW process. We defined unit 
problems one could hope to treat 
separately, prior to any Herculean ef
fort to interconnect the results into a 
reasonably complete picture. The bare 
outline — one and two word titles — 
ran five pages! We quickly switched 
from the tactics of the anatomist to 
those of the diagnostician, as defined 
in the introduction. 

While associate N. D. Malmuth 
primarily probed heat flow in the base 
metal, the writer concentrated on the 
search for the most accessible but in
formative features of the arc. For 
guidance, I sought to modify ap
p rop r ia te l y mode l s of the most 
studied high pressure arcs, those 
used for i l lumination. Such arcs are 
genera l l y long s lender c i r cu la r 
cylinders, so it is customary to treat 
the electrode regions as small spe
cial problem areas (Ref. 5), and to 
study the reasonably uniform region 
in between — historically called the 
positive column — on a per unit 
length basis as though it were infinite
ly long. Key features are that the elec
tric field and current flow are axial 
while the temperature gradient and 
heat flux are orthogonal to them, 
purely radial. Total pressure is con
stant, body forces (e.g. gravity) and 
neutral particle flows are negligible, 
and the quantities of basic interest 
(distribution of the electric field and of 
Joule heating, heat and light radiated 
per unit length, etc.) can be cal
culated f rom the molecular prop
erties of the gas in which the arc is 
produced, as soon as one assumes a 
shape lor the temperature distr ibu
tion or, more specifically, its direct 
consequence — the electric conduc
tivity as a function of radius (Ref. 3). 

Almost the simplest, but extremely 
useful, assumption is the canal or 
channel model, based on the fact that 
the degree of ionization, and hence 
conductivity, drops precipitously as 
the temperature falls with increasing 

radius. Electric conductivity is there
fore assumed constant inside a cer
tain critical radius, and zero outside 
that radius. The only simpler case (the 
"delta function model") is still very 
useful. It lets the critical radius go to 
zero while the conductivity goes to in
finity, in such a way that the total cur
rent conducted by the arc remains 
finite. 

The most s t r ik ing contrast be
tween a welding arc and an il luminat
ing arc is that the former is so short. 
Not only is it almost totally dominated 
by one electrode or the other, but 
such "positive co lumn" as it may have 
does not seem to have a uniform (let 
alone negligibly small) radius. Even 
so, a slightly modif ied delta function 
model p/oves surprisingly useful. The 
modification consists in solving Max
well's equations for the electric f ield, 
not in cylindrical coordinates, but in 
prolate spheroidal coordinates (Ref. 
10) in which the base metal is rep
resented by the plane of symmetry of 
the coordinate system, orthogonal to 
the electrode axis, while the tungsten 
electrode is approximated by a hyper-
boloid of revolution whose asymp
tote represents the conical taper of a 
real e l ec t rode . Conse rva t i on of 
charge requires that the delta func
tion conductivity distribution must 
have a weighting factor which varies 
with position between the plane and 
the rounded tip of the electrode, since 
the strength of the field varies in that 
gap, even though the field is always 
axial. The Joule heat source has in
finitesimal radial extent, but finite total 
power when integrated over any cross 
section. 

The arc thus represents a finite line 
source of heat, extending from the 
base metal to the tip of the tungsten. 
Its power per unit length increases to
wards the electrode tip in a way which 
depends on the taper — it is uniform 
for a flat tip and degenerates into an 
elevated point source (at the tip) as 
the conical taper angle goes to zero. 

As shown in Section 6, this very 
simple model can account for at least 
the trends of the effects on penetra
tion and nugget width of combina
tions of electrode taper, base metal 
thickness, and the thermal conductiv
ity of base metal and backing. To ac
count for the di f ference between 
straight and reverse polarity, it is 
assumed that the nonuniform line 
source is supplemented, for straight 
polarity, by deposit ion of energy d i 
rectly into the base metal by the elec
trons flowing into it. Some obvious 
limitations of the simplest model, and 
a possible step towards greater real
ism, are also discussed in Section 6. 

The long il luminating arc has an
other feature which greatly simplifies 
solution of the Elenbaas-Heller equa
tion for energy conversion and flow. 
Extensive investigation has estab

lished (Refs. 11-14) that such arcs 
have a central core in which electric 
conductivity (and heat generation) is 
substantial, but thermal conductivity 
plays a minor role. This is sur
rounded by a cylindrical shell of 
negligible electrical conductivity and 
heat generation, in which heat trans
port by normal (not convective) con
duction is the dominant process. 

Outside this second region there is 
a third with no electrical conductivity 
at all, but where convective heat 
transport — specifically including 
generation of a cellular structure 
leading to a turbulent flow field — is to 
be expected. Since a gas in such a 
state transports heat at least an order 
of magnitude better than does a 
quiescent gas, and in a direction 
strongly influenced by the overall flow 
f ie ld, the existence of the inter
mediate shell of normal conductivity 
greatly simplifies the thermal boun
dary condit ion under which the cen
tral electrically conductive core of the 
arc operates. 

Can this simplif ication, valid for a 
long uniform vertical arc, be justified 
for the welding arc? If so, is it equally 
true of downhand and out-of-posi
tion work? The use of holographic in-
terferometry with a giant-pulse laser, 
discussed in Section 5 below, was 
motivated by the hope of answering 
this fundamental question, as well as 
by a desire to study shield gas flow 
patterns (particularly completeness of 
coverage and possible entrainment of 
ambient air into the arc) under actual 
arc-on conditions. Previous flow-field 
investigation, using less intense light 
sources unable to override inter
ference f rom the light of the arc itself, 
seems to have been limited to the 
much less informative study of flow 
patterns which exist with the arc off. 

One final simplif ication was de
rived directly from consideration of 
the scrupu lous precaut ions in t ro
duced to achieve the remarkably high 
standards of production welding at
tained in the Saturn program. From 
the problem of noise and data non-
reproducibil ity encountered in our 
earliest attempts at spectroscopic 
surveys, through the sequence of 
p h o t o g r a p h i c a n d h o l o g r a p h i c 
studies (and through Dr. Malmuth's 
heat flow measurements^ which yield 
the efficiency of the arc as a heat 
source), we have come more and 
more to appreciate the influences of 
tungsten electrode geometry, and of 
cleanliness of electrode and base 
metal. 

The hope that our studies will u l 
timately prove of true diagnostic value 

f A paper, "Transient Thermal Phenom
ena and Weld Geometry in GTAW," by 
N. D. Malmuth et al, was published in the 
Welding Journal, Vol. 53 (9), September 
1974, Research Suppl., pp 388-s to 400-s. 
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F/g. 1 — Survey spectrum of arc on stainless steel 304 work piece 

Table 1 — The Identification of Lines in the 425 to 440 nm Region for Spectrum of Arc 
with Stainless Steel Work Piece 

Chart 
posi
tion 

4.3 
5.5 
8.2 

12.0 
14.9 
15.9 
17.5 
19.0 
20.0 
23.2 
28.8 
32.5 
41.5 
44.2 
45.6 
46.2 
51.5 
52.5 
54.5 
64.2 
68.3 

Inten
sity 

4 
22 
31 
25 
28 
21 

5.5 
4 
2 

10 
24 

5 
3 

17.5 
30 

Wing 
Wing 

>50 
6.5 

12.5 
15 

Used 
for 
fit <a» 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
No 
No 
Yes 
Yes 
No 
No 
Yes 
Yes 
Yes 
Yes 

Identificat 
Wavelength, nm 

425.12 
425.44 
425.94 
426.63 
427.22 
427.48 
427.75 

— 
428.29 
428.97 
430.01 

— 
— 

433.12 
433.36 
433.53 
434.51 
434.81 
435.22 
437.13 
437.96 

ion 
Species 

Arl 
C r l 
A r l 
A r l 
A r l 
C r l 
A r i l 

— 
A r i l 
C r l 
A r l 

— 
— 

A r i l 
A r l 
A r l 
Arl 
A r i l 
A r i l 
A r i l 
A r i l 

Fitted 
wavelength 

425.14 
425.38 
425.92 
426.68 
427.26 
427.46 
427.78 
428.08 
428.28 
428.92 
430.04 
430.78 
432.59 
433.13 
433.41 
433.53 
434.59 
434.79 
435.19 
437.13 
437.95 

(a) A fit of 16 lines has a correlation coefficient of 0.99997. 

to the welding engineer is supported 
by the fact that we all too easily ob
serve instability, lack of symmetry, 
and erratic operation if our electrode 
is improperly shaped, or exhibits a 
pore, whisker, or contaminant, or if 

the base meta l is not p rope r l y 
prepared. Just the same precautions 
which permitted defect-free produc
tion welding must be observed to at
tain simple, reproducible laboratory 
measurements. It is expected that, 

WAVELENGTH 

Fig. Z, — Comparison of spectrum in the 
4250A to 4400A region for three different 
work pieces 

conversely, the measurement tech
niques we are studying in the lab
oratory will identify the subtle types of 
arc irregularity which produce par
ticular welding defects. 

3. Spectroscopic Survey 

With initial help from Dr. Martin 
Lipeles, an experimental survey was 
undertaken of the applicability of 
spectroscopic techniques to freely 
burning arcs under condit ions similar 
to those used in GTAW. The arcs were 
struck between a standard argon 
shielded tungsten welding electrode 
and work pieces of various materials: 
304 stainless steel, 1018 mild steel 
and 6061 aluminum. The work pieces 
were solid (no actual welding was tak
ing place), and they were stationary. 
However there was a liquid pool in all 
cases, which is in marked contrast to 
typical arc plasma research in which 
both electrodes are cooled. The arcs 
were run with two different sets of ex
ternal condit ions: the first was in a 
large closed chamber with an argon 
atmosphere and the second in a large 
room with the ambient atmosphere 
surrounding the arc. Straight polar
ity current was supplied by a com
mercial welding power supply. 

The light emitted by the arcs was 
analyzed with a McPherson Model 
218 0.3 m e t e r g r a t i n g m o n o -
chromator. Most of the data was 
taken with the monochromator set to 
give a resolution of better than 0.1 nm 
full width at half maximum (fwhm).* A 

"One nanometer, 70~9 m, equals ten Ang
stroms (A): The older unit appears in the 
figures because It is used on the wave
length indicator of our monochomator. 
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finer grating was employed later to 
give 0.05 nm fwhm resolution. The 
monochromator has an approximate 
wavelength indicator, which was more 
precisely calibrated directly from the 
observed spectrum by a least squares 
f i t of ind icated to known wave
lengths, once tentative identification 
of the spectral lines had been made. 

In Fig. 1 a survey, taken with a 
stainless steel workpiece, displays the 
complexity of the spectrum obtained. 
There is a continuum as well as many 
spectral features, but the resolution 
used together with the inaccuracy of 
the wavelength counter makes posi
tive identification of these lines ex
tremely difficult. Many difficulties can 
be overcome by sweeping smaller 
regions. 

Figure 2 shows such a small region 
between approximately 425 nm and 
440 nm for all three work pieces. All 
three were taken with 70 A arc cur
rent with gap adjusted to give an indi
cated 17 V. Different gain settings 
were used to keep the strongest lines 
in each case at approximately full 
scale on the recorder. 

It is clear that most of the lines ap
pear in all three spectra but with very 
different relative intensities. These 
lines will be seen to be argon lines 
f rom both the neutral atom and the 
singly ionized atom. The large number 
of possible lines could make inter
pretation of the spectrum tedious. 
However, three lines seen only in the 
stainless steel case hold the clue. 
Assuming that these are not argon 
lines** and using the approximate 
wavelengths read directly f rom the 
monochromator, they were recog
nized by Dr. Lipeles as a multiplet in 
t h e c h r o m i u m a t o m s p e c t r u m 
(Ref. 15). Using this information to 
improve calibration, the lines of Ar 1 
(atom) and Ar II (singly ionized) are 
identified and used to improve the fit, 
which then makes other identifica
tions possible. The results of this 
procedure are shown in Table 1. The 
unidentified lines correspond to over
lapping lines or species not yet ex
amined. 

The same procedure has also been 
carried out for the spectral region 
f rom 355 nm to 380 nm. The spectra 
obtained here are shown in Fig. 3. 
Clearly there are now many dif
ferences in the spectra. These spectra 
have not been completely analyzed 
but work on the one with the stainless 
steel work piece shows lines from Cr I, 
Ar I, Ar II, and Fe I; there is a possibil
ity that Mn I lines are present. An im
portant fact about the spectra in this 

**7Yr/s is a good assumption but not ab
solutely demanded by the data. The lines 
may just be too low in intensity to be seen 
in the other spectra. However, a careful ex
amination of the relative intensities sug
gests that this is not true. 

WU 
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Fig. 3 — Comparison of spectrum in the 3550A to 3800A region tor three different work 
pieces 

region is something that the data of 
Fig. 2 also suggested — dramatically 
different overall light intensities are 
obtained for the same arc current and 
voltage but different work pieces. This 
is also apparent in the relative inten
sities of the lines in a given spectrum. 
Thus changing the composit ion of the 
work piece dramatically changes the 
nature of the arc, as one would ex
pect. 

Many techniques are known (Refs. 
4, 16) for determination of arc tem
perature (as well as electron, ion, 
and neutral atom densities) under lab
oratory conditions. However, for 
diagnostic purposes under reason
ably realistic welding conditions — 
specificaly, when the composit ion of 
the arc is inhomogeneous due to sub
stantial thermal gradients and partial 
vaporization of the work piece — the 
two-line method (Ref. 4) seems much 
more pract ical than the one- l ine 
method employed in Olsen's classic 
studies (Ref. 17). 

The two-line method first was ap

plied to Ar II and to Cr I to determine 
whether qualitatively reasonable re
sults were obtainable under the stated 
operating conditions. To avoid the 
problem of relative intensity calibra
tion, pairs of nearby lines were sought 
in the 425 to 440 nm region. For Ar II it 
was easy to select the 427.75 and 
428.29 nm lines, which radiate strong
ly and for which transition prob
abilities are known. The result for Ar II 
is 14,500 K, well within the expected 
temperature range. For Cr I the 
428.97 nm line could be found clearly 
but not that at 435.96 nm, so the back
ground noise level was taken as an 
upper limit of intensity for the latter. 
This gives the est imate 5050 K. 
Clearly we either do not have local 
thermodynamic equil ibr ium (LTE), or 
the chromium is not uniformly dis
tr ibuted in the arc. The latter conjec
ture was later conf irmed by mono
chromatic photography, as shown in 
the following section. 

An additional piece of information 
suggesting that the chromium is in 
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fact distributed in cooler portions of 
the arc is contained in the relative line 
width of the Cr I and Ar II lines. As 
seen in Fig. 4 the Ar II lines have con
siderably larger fwhm than the Cr I 
lines. The Cr I lines have a measured 
width which could be attributed to the 
monochromator for the grating and 
slit employed and are probably much 
narrower. The Ar II lines on the other 
hand have a width which is 50% 
larger. Although a higher resolution 
instrument would be required for a 
more quantitative study, the observa
tion suggests that the argon is in a 
higher temperature — more highly 
ionized — region and thus has Stark-
broadened lines. 

It should be stressed that temper
atures were not measured at any 
single point within the arc, nor do they 
represent the single temperature of a 
thermally uniform plasma. Indeed, 
precautions were taken in later ex
periments to avoid measuring local
ized temperatures, lest di f ferent 
regions be sampled in di f ferent 
measurements. A lens was placed 
with its focal point at the arc center, so 
as to collimate the arc light into paral
lel bundles of rays. The direction of 
each bundle is then characteristic of 
the point within the arc at which all 
rays in that bundle originated. How

ever, a ground glass inserted in the 
coll imated beam scrambles these 
d i rec t i ons in a p s e u d o - r a n d o m 
fashion. Another lens, focusing the 
bright blur on the ground glass onto 
the en t rance sl i t of the m o n o 
chromator, then assures that the in
strument samples light from all parts 
of the arc equally. 

The ratio of spectral line intensi
ties, thus measured, was used in the 
two-line temperature formula. As a 
result, what is calculated from the 
measured spectral line intensities is a 
weighted mean tempera ture . The 
weighting is a strong function of the 
particular locale in which the ob
served species is naturally found, but 
only because of the strong depen
dence of radiance on actual local 
temperature. Given the conceptual 
framework of the arc as described in 
Sections 2 and 6, such mean temper
atures suff ice for at least some 
diagnostic purposes. 

For example, as shown in Table 2, 
we have measured ionized (Ar II) and 
neutral (Ar I) argon "temperatures" — 
using the word in this weighted-mean 
sense — as a function of current, for 
fixed gap, using 304 stainless and 
6061 aluminum anodes. We see that 
the spreading of the electrically con
ductive region with increasing cur-
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High resolution spectrum with stainless steel 304 work piece 
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Table 2 — Temperature in Degrees Kelvin of Ionized and Neutral Argon for Steel and Alu
minum Anodes, Versus Current 

I 

25 
50 
85 

V<a> 

13.5 
14.0 
15.0 

Arll-304 

13272±306 
12679±900 
10826±340 

Arl-304 

3666±96 
3952±146 
interference 

Ar 11-6061 

15338±1004 
14049±158 
14317±110 

Ar 1-6061 

3416±188 
3674±44/ 
4752±186 

(a) Voltage varies with current when gap Is held constant. 

rent may cause the mean ion temper
ature to drop slightly, but the experi
mental uncertainty is great. In sharp 
contrast, the mean temperature of the 
neutral argon (which is always much 
cooler than the ions, again as ex
pected) definitely rises rapidly with in
creasing current. This is quite consis
tent with our picture of a neutral argon 
blanket through which more and 
more heat escapes as the size and 
total strength of the substantially uni
form ohmic heat source (the ionized 
region) at the core of the arc grows to 
a c c o m m o d a t e passage of mo re 
current. 

An arc over aluminum may exhibit 
slightly cooler neutral argon than one 
over the poorer thermal conductor, 
304 stainless steel. Here however our 
preliminary experimental data is in
conclusive, especially since inter
ference from additional emerging 
spectral lines made the Ar 1-304 
m e a s u r e m e n t imp rac t i ca l at 85 
amperes. It seems somewhat less 
conjectural that the argon ions exhibit 
a lower temperature over 304 than 
over 6061 Al. A reasonable explana
tion may be the vaporization of easily-
ionized alloying constituents from the 
304. but the extended spectral sur
veys required to check this have not 
yet been made. 

A series of tests were made to de
tect any influence of shield gas flow 
rate on mean temperatures. Within 
the admitted limitation of the tech
nique just described, no such depen
dence could be found, even for the 
neutral argon temperature . Thus, 
while flow may alter the thermal boun
dary condit ions under which the arc 
operates, the present experiment is 
not sufficiently sensitive to detect any 
such change. 

4. Photographic Studies 

Photographic methods are par
ticularly attractive for welding arc 
research because they permit si
multaneous analog recording of very 
large volumes of data on a system 
which generates data at an alarming 
rate. Data on the spatial inhomo
geneities of the arc can be recorded 
in parallel for later sequential anal
ysis, and temporal fluctuations can be 
sampled by averaging over only the 
very short period of t ime required for 
a single exposure on high speed f i lm, 
or can even be tracked by sequential 
photographs. 

By use of a special emuls ion , 
events involving radically different 
light levels (e.g. fluctuation in the light 
emitted by the arc and oscillation of 
the molten metal pool below the arc) 
can be recorded simultaneously for 
correlation analysis. On the other 
hand, filters can be employed to 
reduce the clutter of raw data in a 
photograph and sort out information 
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on a single process taking place in 
just one of the many components 
(electrons, ions and neutral atoms of 
several elements) to be found in the 
arc. 

As reported below, preliminary 
laboratory tests and some extrapola
tions based on them have been made 
of the capabilities of high speed cine
matography and of photography with 
an extended dynamic range. Mono
chromatic photography on the other 
hand, like the holographic tech
niques discussed in Section 5, has re
ceived preliminary analysis and suf
ficiently encouraging laboragory tests 
to stimulate considerably more work. 

4.1 High Speed Cinematography 

The ability to dilate time by a factor 
of a thousand, photographing at say 
18,000 frames per second and pro
jecting at 16 or 24 fps, makes the utili
ty of high speed cinematography im
mediately apparent to every in
vestigator confronted with a subject 
as obviously unsteady as a welding 
arc. One expects as a bare minimum 
to make direct, qualitative observa
tions of certain behavioral features 
which cannot be followed by direct 
observation, such as formation and 
dissipation of cathode and anode jets, 
cathode spot migration, surface os
cillations on the molten metal pool, 
and rapid fluctuations in the intensity 
and distribution of light production in 
and around the arc. In a self-
regulating system such as the welding 
arc, one expects to see not only os
cillation about a stable configuration 
but switching back and forth among 
alternate configurations (e.g. con
str icted and unconstr ic ted arc 
column) and to find that the level at 
which the macroscopic operating 
parameters (e.g. current) have been 
set determines which configuration is 
more stable than its competitors. 

To the extent that such arc fluctua
tions, on careful study, can be at
t r i b u t e d to s p e c i f i c phys i ca l 
phenomena in the arc, their observa
tion contributes more to our under
standing of welding phenomenology 
than can possibly come from time 
averaged or direct visual observa
tion. However, to minimize equivocal 
interpretation of the observations, 
they must be made quantitative. With 
some surprise, then, it was found that 
published reports of high speed cine
matographic studies of welding-type 
arcs seem to include data on either 
the welding parameters or the photo
graphic parameters, but hardly ever 
both, and even less often subject the 
photographically recorded data to 
quantitative analysis. 

A 16 mm Fastax model WF3T 
camera was therefore used to es
tablish compatible sets of photo

graphic and welding parameters. 
Typically, a 3 in. (75 mm) lens (3X 
telephoto) is used with a 0.25 in. (6 
mm) extension tube so that the full 
frame field of view is approximately 
2.2 by 1.65 in. (55 X 40 mm) when 
focused at two feet. (Shortest use-
able subject distance is 22.5 in. or 56 
cm; the additional 1.5 in. allows some 
flexibility.) Kodak 5498RAR film (a 
nominal ASA160 emulsion) in 16 mm 
Sp430 load, is used without filters, but 
with the lens stopped down all the way 
to f/22. Full line voltage (117 V 60 Hz) 
is applied to the camera drive motor, 
so that the frame rate (according to 
manufacturer's specification) has a 
mean value of about 3400 fps, for 
which speed the exposure time is 60 
/usec. Precise photogrammetric de
termination has not yet been made, 
but exposure is visually normal to one 
stop overexposed when the GTAW 
parameters are 70 A and 14 V with 
1/16 in. (1.5 mm) electrode (2% 
thoriated tungsten, 10 deg half-angle 
conical taper) mounted with 1/8 in. (3 
mm) stickout in a 3/8 in. (9 mm) cup, 
flowing commercial pure argon at 11 
cfh. 

The static anode is a 1 x 2 x 3 in. 
specimen of 1020 steel, on the end of 
which the vertical arc was struck 1/2 
in. from edges and front. Such a low 
power arc has a length and maximum 
radius, visually, just over 2 mm, 
resulting in an image on each frame 
only 0.4 to 0.5 mm in characteristic 
length. Since useful resolution of this 
class of film is limited to 25 to 50 lines 
per mm at the very best, we would ex
pect to read density at some hundred 
locations within the image — which 
should be ample. 

Indeed, resolution of 10 lines/mm 
would suffice for only a slightly larger 
image — say that of a 300 A, 34 V arc, 
taken with the same lens system and 
object distance. With the camera 
pushed to full speed (6000 fps) by use 
of a goose unit — a programmed 
source of overvoltage up to 220 volts 
— and a neutral density filter of 1.0 to 
1.6 (10% to 2.5% transmission) nor
mal exposure should be obtained with 
the more powerful arc, which is also a 
more efficient light source. 

Note that some 1500 times more 
arc light — in the bandwidth the emul
sion responds to — is available (by 
opening the aperture to the widest 
stop, f/2.5, and discarding the neutral 
filter) than would actually be used for 
imaging the high powered arc in the 
stipulated fashion. An ASA400 emul
sion should push the factor close to 
4000, and an effective speed of 3000 
(attainable by various combinations of 
emulsions and special processing) 
makes it 30,000. The significance of 
these factors will become apparent in 
the following two sections. Note that 
we are discussing mean exposures 
which yield an image density properly 

centered in the total density range of 
which the film is capable — a dynamic 
range of at least two and generally 
three orders of magnitude in signal 
strength. 

The Fastax camera contains two 
timing lights which are used to 
calibrate the time axis for the pho
tographically recorded data. Their 
light is focused along either edge of 
the film just outside the image frames. 
One is usually driven by a constant-
frequency source to generate a uni
form coordinate interval (essential 
since the film never really stops 
accelerating during exposure of the 
reel) while the other can be used to 
mark special events such as a ref
erence time t = 0. The neon lights 
originally installed can be replaced 
with light emitting diodes, to give 
shorter rise and lag times and thus 
(with a suitable pulse generator) more 
precise timing marks. Alternatively, 
one of the timing lights can be re
placed by a photodetector and some 
internal light shielding removed, so 
that an electric signal is generated by 
light which enters the camera as the 
recording of each frame begins. That 
signal can then be used externally to 
trigger an event (e.g. an oscilloscope 
sweep or firing of a laser pulse) which 
one wishes to begin when the shutter 
effectively opens. 

We now face the question of the 
number of frames per second re
quired to record interesting data. 
Since the (nominally) dc commercial 
power supply is a simple, full wave 
bridge filtered by a single series in
ductance, there are present heavy 
components of 120 Hz ripple and 
higher multiples of the 60 Hz line fre
quency, to drive instabilities in the 
arc. With a dual trace oscilloscope, a 
Hall-effect current sensor to monitor 
arc current, and a PIN photodiode to 
detect light produced by the arc, we 
have verified that the light output 
tracks power supply fluctuations in 
amplitude and phase, well into the 
kilohertz range as plasma theory 
predicts. 

It is commonly accepted that one 
requires a minimum of 2w data points 
per cyc le to s tudy p e r i o d i c 
phenomena. Thus only 754 fps (ob
tained with good regulation if the 
Fastax WF3T is operated on 16 V dc) 
is required to follow phenomena 
driven by the fundamental ripple fre
quency, and full speed, with and 
without the goose unit, for this model 
tracks the 8th and 15th harmonic of 
line frequency, respectively. It is 
therefore entirely feasible to under
take cross correlation analyses of 
power supply driven oscillations in 
arc voltage, current and local 
luminosity, from which to determine 
the element values of an electrical 
equivalent network representation for 
the arc. Current dependent oscilla-
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t ions above 2 5 KHz, however , 
produce only a flicker even when the 
WF3T is operated with elevated 
voltage. Faster cameras, running up 
to 16,000 fps, are available and would 
be needed to study pulsed GTAW 
operation. 

4.2 Extended Range Photography 

The motion of the pool of molten 
metal produced by the welding arc is 

believed to be an important factor in 
the determination of weld quality. It is 
therefore important to study the mo
tion quantitatively, by experimental 
and theoretical means, and thus to 
determine the dependence of the mo
tion on macroscopic parameters. The 
reaction of metal motion on the arc (of 
which it is an important electrical and 
thermal boundary) is also of interest. 
Several techniques (e.g. projection of 
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Fig. 5 — Spectroscopic temperature profiling using thin film interference filters 

Table 3 — 

Filter 

1 
2 
3 

Filter Characteristics 

NominalA 
nm 

480.690 
482.392 
487.990 

M easuredA 
nm 

480.69 
482.29 
488.07 

FWHM, 
nm 

.37 

.34 

.36 

Spectrum 

A r i l 
C r l 
A r i l 

Moire patterns onto the liquid sur
face) are known and can be used to 
derive quantitative information on the 
motion at least of the free surface of 
the l iquid. However, any combination 
of photographic variables which re
sults in useful exposure of the molten 
pool will, given the limited latitude of 
photographic emulsions, result in 
gross overexposure of the arc image. 

It is therefore attractive to explore 
the capabilities in this application of 
an extended range f i lm, XR, de
veloped by EG&G to photograph 
nuclear detonations. XR film is a three 
layer black and white negative fi lm (a 
color version has recently been in
troduced, but has little to interest us) 
all layers p a n c h r o m a t i c a l l y s e n 
sitized, but the top layer showing an 
effective ASA speed of 400, the mid
dle 10, and the bottom layer 0.004. 
Image formation is by means of dye-
forming couplers (yellow, magenta, 
and cyan respectively) in the three 
emulsion layers which yield separate 
color coded records of three ranges 
of light intensity. The normal silver im
age in each emulsion is bleached out 
du r i ng d e v e l o p m e n t p r o c e s s i n g , 
which is the same as for Kodacolor. 
Resolution of the film is advertised as 
70 l ines/mm for the fast layer, 50 
l ines/mm for the medium speed, and 
30 l ines/mm for the slow. Failure of 
reciprocity (the exact trade-off be
tween exposure t ime and lens open
ing) as between exposures of 10~2 

and 10~6 seconds is claimed not to 
be a problem at all for the 400 speed, 
limited to about one stop for 10 
speed, and worse than 2 stops only 
for the 0.004 speed emulsion at ex
treme densities (greater than 2.5 or 
less than 0.5). 

In practice, one uses the fast layer 
to photograph the most dimly lit re
gion of interest and relies upon the 
advertised virtue that it is "virtually 
impossible" to overexpose the slow 
layer. For the 300 A, 34 V arc dis
cussed in the previous section, it 
should be necessary to open the lens 
wide and slow the camera speed to its 
minimum of 150 fps to overexpose the 
slow layer. At 3000 fps, even with the 
lens wide open, our only problem 

Fig. 6 — Arc by Ar 11 line (left) and Continuum. Al Anode 
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should be to provide adequate fill 
light for the 400 speed emulsion to 
record the molten surface. 

Because of the expense of XR mo
tion picture film, only preliminary tests 
of fill light arrangements were carried 
out using still photography. With ob
ject distance 2 ft, exposure was fixed 
at f/16 and 10-3 sec. Pairs of 750 W 
reflector spotlights were mounted 
only 9 to 10 in. from the arc, which 
was struck on the end of a 304 stain
less cylinder. The arc employed the 
same electrode geometry described 
previously for a range of parameters 
from 20 A, 12 V to 120 A, 20 V, while a 
VB in. electrode and #7 cup, flowing 
argon at 13 cfh, was used from 120A, 
18 V to 300 A, 34 V. In this case half 
the exposures were made with a 
single pair of fill lights, half with two 
pairs. Separation enlargements of the 
three images contained in each pho
tograph, which can be obtained by 
use of Wratten filters, are required for 
detailed study. The results, while 
fascinating, have not yet encouraged 
an attempt to make practical use of 
the techn ique in high speed 
cinematography. 

4.3 Monochromatic Photography 

Olsen's classic spectroscopic 
measurements of arc temperature 
distributions in a meticulously sta
bilized, shielded, symmetric arc, 
burning over a water cooled copper 
anode held well below its melting 
point (Ref. 17), required day-long 
scanning. It now appears that in about 
one millisecond we can gather 
equivalent data regarding the freely 
burning asymmetric arc over a molten 
anode, using photography through 
thin film interference filters (Ref. 18) 
as shown schematically in Fig. 5. A 
millisecond is of course orders of 
magnitude longer than the charac
teristic time to achieve the partial 
local thermodynamic equilibrium 
assumed in the two-line spec
troscopic temperature calculation 
(Ref. 4), but still quite short in terms of 
fundamental oscillations of the molten 
puddle. 

Collimated light from the arc goes 
first through a broad band inter
ference filter BBF, which typically 
passes an interval AAof 10-20 nm full 
width at half maximum (fwhm), sup
plemented by dye-filter blocking to 
the infrared. This minimizes the back
ground interference due to continuum 
radiation and the vast number of 
spectral lines other than the pair of 
lines in the spectrum of a single 
species required for temperature 
measurement. A beam splitter per
mits spatial separation on the film of 
two images of the arc, each of which 
records the integrated intensity dis
tribution of a single spectral line A, or 
K, as selected by the narrow-band in

terference filters NBF-1 and -2. The 
density of the processed film effec
tively records (not quite linearly, but 
with an error for which one can com
pensate) the intensity l(z,x) as a func
tion of position on the film. 

For any given plane section z = 
constant, the sketch at the bottom of 
Fig. 5 indicates that in the over
simplified limit of infinitely slow op
tics, intensity as a function of x is 
proportional to the integral with 
respect to y of the unweighted ra
diance of all elements along y. There
fore one must solve an integral 
equation* to find the radiance S v for 
each spectral line as a function of x 
and y. As the equations in Fig. 5 in
dicate, it is the ratio of radiances at a 
given point which determines the 
temperature T of the radiating species 
at that po in t . (The q u a n t u m -
mechanical quantities appearing in 
the equation were actually de
termined experimentally by Olsen, in 
a series of measurements using his 
highly stabilized arc.) 

Details of the experiment and 
analysis, which determine quantita
tive arc temperature profiles from the 
monochromatic arc photographs, will 
be published in a more appropriate 
journal. The photographs reproduced 
here illustrate the direct qualitative 
impression, hopefully of real diag
nostic value, a welding engineer can 
derive from observation of his welding 
arc through narrow-band inter
ference filters, which pass single 
spectral lines. The filters actually used 
had the properties shown in Table 3. 

Figures 6 and 7 show a 100 A arc 
with 3 mm gap between the tungsten 
and the base metal. In each case the 
left image, taken with the argon ion 
line at 481 nm through Filter 1, shows 
that the argon ions are concentrated 
much closer to arc axis than one 
would suspect from the glow seen 
through welding goggles. The latter 
impression is more nearly rep
resented by the right-hand image in 
Fig. 6. This is made by continuum 
radiation and incandescence of the 
tungsten, which happen to lie in the 
pass-band of Filter 2, together with 
the tiny fraction of all the other ion and 
neutral argon spectral lines which 
leak through the filter outside its 
nominal pass band. The left-hand im
age thus shows the electrically con
ductive region, where heat is gen
erated; the right-hand image shows 
the much larger region through which 
heat is leaking away and being par
tially converted into light by heating 

*lf the arc is symmetric, the Abel integral 
equation may be solved by one of the 
methods reviewed in Ref. 4. If the arc is 
asymmetric, simultaneous observations 
from more than one direction are re
quired and a generalized Abel equation 
(Refs. 19-22) must be solved. 

the shield gas. 
Whereas the base metal in Fig. 6 

was 6061 Al, in Fig. 7 it is 304 stain
less steel, and we clearly see (through 
Filter 2) a bright patch where 
chromium is being vaporized out of 
the alloy. Note that the ion distribu
tion is even more constricted in Fig. 7 
than in Fig. 6. This may well indicate 
the reaction of temperature distribu
tion in the base metal on that in the 
arc. A relatively poor conductor like 
steel is heated to a given tempera
ture over a smaller region by a given 
power input than is a good conductor 
like aluminum. 

The eight monochromatic photo
graphs in Fig. 8 show the effect of 
electrode taper on temperature dis
tribution. All show a 150A arc, 3 mm 
electrode and gap, shot at 1/200 sec, 
f/70. The region in which high 
temperature maintains a given degree 
of ionization, as revealed by intense 
ion radiation, is concentrated near the 
tip of a sharp electrode but spreads 
(and extends closer to the base metal) 
for more blunt shapes. This is in com
plete accord with the predictions of 
the very simple mathematical model 
of the arc presented in Section 6 be
low. Careful comparison of the pairs 
of images taken through Filters 3 and 
1 show the recorded 481 nm radia
tion always extends farther from the 
tungsten than the 488 nm line. From 
the quantum mechanical quantities in 
the radiation formula, especially the 
fact that 0.46 electron volts more 
energy is required to excite an argon 
ion so it can radiate 488 rather than 
481 mm, and that the peak tem
perature is about 22000 K or 2 elec
tron volts, we can immediately es
timate an axial temperature gradient 
of three to five thousand degrees 
Kelvin per millimeter. 

5. Holographic Interferometry 

A hologram is usually employed to 
reconstruct the wavefront of a pulse 
or continuous beam of laser light, pre
cisely (as to relative phase as well as 
relative intensity) as it was scattered 
from or transmitted through some 
object (Ref. 23). One can then in
spect the wavefront visually or photo
graph it, almost exactly as though the 
original object were being observed 
directly. Holographic interferometry, 
on the other hand, constructs the dif
ference between two such reflected or 
transmitted wavefronts, allowing the 
resulting interference patterns to be 
observed or photographed. One dis
tinguishes between two techniques of 
holographic interferometry: frozen 
fringe and live fringe. Frozen fringe 
means that two exposures are made 
on the same holographic emulsion. 
Once the resultant double exposure 
hologram is developed, recon-
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struction (i.e. illumination with a 
properly-oriented laser beam) will al
ways reveal the same pattern of inter

ference fringes, available for detailed 
study. Presence of a maximally dark 
fringe at a given point means that the 
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F/g. 8 — Monochromatic photographs at 488 (left) and 481 nm (right), (a) Conical taper 
halt-angle 7.5 deg; (b) same with 0.1 mm flat; (c) conical taper half-angle 60 deg; (d) com
pound taper 60 deg tip on 7.5 deg 

optical path length (integral of local 
index of refraction n times geo
metrical path length L along the 
path of light propagation) from the 
laser to the given point, differed by 
some odd multiple of half a wave
length when the second exposure was 
made, as compared to the optical 
path length when the first was made. 
The brightest fringes represent points 
where the optical path length change 
was some whole number (perhaps 
zero) of wavelengths. For the purpose 
of arc diagnostics, the optical path is 
passed through the arc and changes 
optical length when the index of re
fraction changes. Since n-1 is propor
tional to density for gases, the fringes 
will measure the change in mass per 
unit area along the propagation 
path.** 

The integrated change in density, 
as measured by the interference 
fringes, is in turn related by the equa
tion of state to a change in tempera
ture between the times of the two ex
posures, if the gas is quiescent or 
flowing steadily. If one exposure is 
made with the arc off, the other with 
the arc on, temperature contours 
(perhaps modified by streaming if 
sufficiently intense) may be revealed 
by fringes modelling surfaces of equal 
density change. If both exposures are 
made with the arc on, one expects to 
see the cellular structure of a con
vective pattern or turbulent vortices, 
which can be studied as a function of 
time between exposures. Note that 
one is free to observe and photograph 
the frozen fringes from various angles 
and at various stations along the op
tical path through the arc, thus 
measuring density changes in three 
dimensions. 

The live fringe technique employs 
an ordinary single exposure holo
gram, exposed and processed in the 
usual way. Interference is observed 
between the reconstructed wavefront 
of light as determined by the con
figuration of the object as it was at the 
time the hologram was made, and the 
wavefront as determined by the actual 
object later. Thus one can observe 
fluctuations with time of integrated 
density through the arc along a 
chosen path, up to any chosen focal 
plane, the fluctuations again being 
measured in units of phase shift. The 
optical elements used for illumina
tion need not be as meticulously per
fect as in Schlieren and Mach-
Zehnder methods, since only dif
ferences are recorded. 

To evaluate the suitability of the 
welding arc as a phase object 
(studied by transmission rather than 
reflection) for holographic inter-

"The index n is less than 1 in a highly 
ionized plasma, but the effect should be 
negligible in a welding arc. 
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ferometry, several points had to be 
considered. First, how large a phase 
effect will the arc produce? The phase 
index of refraction of argon in the visi
ble region is roughly 1.00028 at stan
dard temperature and pressure so 
that n-1 is reduced from 2.8X10-" at 
room temperature to 10 -6 at arc 
temperatures. If we take (Ref. 17) 1 
cm or 104 ^m as the maximum path 
length through the heated base of a 
300 A welding arc, we see that the 
relative change in optical path length 
due to operation of the arc is 

(L/A)A(n-1) = 2.7/ im/A«4 

Four full sets of fringes (for the ruby 
laser wavelength, 0.694 fim) should 
be found between the center and 
either edge of the arc, at its widest 
point . Since one cus tomar i l y 
measures changes of intensity within 
a hundredth of a fringe, the con
touring should be readily visible — 
neither too sparse nor too cluttered. 
However, the laser must operate in a 
single mode — one wavelength — not 
the more easily obtained closely 
spaced collection of many com
peting modes. 

The second key point is the laser 
light intensity required to produce 
holograms in the presence of the light 
of the arc itself. We can use a narrow
band interference filter designed to 
pass the laser line, and protect the 
holographic plate from stray light. The 
10 kW arc (300 A, 34 V) discussed 
earlier again is assumed to emit no 
more than 2 kW as light. Assuming 
isotropic radiation into a half-space 
(total reflection from the base metal) 
this is approximately 300 W per stera-
dian. At a convenient working dis
tance of 1 m, a circular clear aperture 
of 2.5 cm diameter subtends (at most, 
depending on orientation) a solid 
angle 5X10 -4 and will therefore pass 
only 150 mW. A mechanical leaf 
shutter, open when the hologram is to 
be exposed but not all the time the arc 
burns, could thus limit arc light 
energy to 1 mW-sec or 104 erg per ex-
posure. Distr ibuted over sub
stantially the same 5 cm2 area as the 
clear aperture, this is an energy den
sity of 2X103 erg/cm2 per exposure, 
or 4X103 erg/cm2 for a double ex
posure hologram. This is to be com
pared with the reported exposure 
(Ref. 24) of 75 erg/cm2 required to 
produce 0.6 density on the best Agfa-
Gevaert holographic material, Scien-
tia 8E75. 

For Scientia 10E75, which has grain 
size 0.08 fim and emulsion thickness 
12 nm, compared to 0.05 and 6 for 
8E75, the corresponding exposure is 
20 erg/cm2. If 0.2 ^m grain size can be 
tolerated, Scientia 14C75 (emulsion 
thickness 7 Mm) requires only 1.2 
erg/cm2. These figures actually are 
for He-Ne wavelength, 0.633 nm, but 
are not greatly different at 0.694 ^m. 

FSM 

Laser 

BS 

Arc 

f^\ it * 
J i— Collimator 

Ir is Shutter 

_U L_ 
p—i i 

Filter Film I 
l _ . 

Shield 

P? SM 

Beam 
Expander 

Fig. 9 — Holography of welding arc. (FSM = first surface mirror, BS = beam splitter) 

Clearly, with our problem of strong 
background light, we should use8E75 
and — lest the arc itself totally over
expose the plate — an electronic 
shutter and/or a filter to reduce the 
exposure to arc light by 30 db. Note 
that if ample laser power is available, 
a neutral density filter (density 3 or 
even, to be conservative, 4) could be 
used with the mechanical shutter. It is 
possible that image degradation 
might be minimized by this con
figuration. 

In order to bias the photographic 
emulsion into the center of the linear 
range, it is customary to employ a 
ratio of reference beam to object 
beam intensity in the range 3:1 to 
10:1, so for present purposes the 
laser light exposing the holographic 
plate may be taken to be the ref
erence beam alone. This, we have 
seen, must deposit 75 erg/cm2 for 
density 0.6, which requirement must 
be increased to about 200 erg/cm2 if 
density 2 is desired. Considering the 
collimating, beam-splitting, reflec
t ion, beam spreading and re
combination which must be done, 
however, it seems desirable to be 
able to deliver 800 erg/cm2 or 4X103 

erg through the aperture. If the inter
ference filter/mechanical shutter 
combination is employed, and the 
filter actually reduces unwanted light 
by 30 db, we need only allow for the 
attenuation of the filter across its 
nominal pass-band, and conclude 
that 2X10" erg will suffice. 

Since these considerations have 
been based on the assumption of a 
shutter speed of 1/150 s, the re
quired laser power level is only 0.3 
watt cw. It must be stressed, how
ever, that the strong possibility of 
somewhat larger than estimated 
losses in the optical system make it 
inadvisable to use less than one watt, 
and that this level is predicated upon 
the ability of the narrow-band inter
ference filter to provide 30 db protec
tion against radiation other than the 
desired laser light. An alternative 
procedure is to deliver 2X104 erg — 
times the safety factor — in a single 
giant pulse, rather than from a cw 

Fig. 10 —- Virtual image of pulsed-laser 
hologram of welding arc system in opera
tion 

laser. The difficulty of achieving single 
mode operation from a pulsed laser is 
greater than for cw operation, how
ever. A possible setup for holog
raphy of welding arcs is shown 
schematically in Fig. 9. 

The laser properties just derived 
fall into an awkward range so far as 
commercial units, pulsed or cw, are 
concerned. Inexpensive cw units, 
spectrally pure and stable enough for 
our purpose, lack the power to over
ride interfering arc light, while larger 
pulsed ruby holographic cameras, al
though suited for study of large 
rocket engine plumes, represent very 
expensive overkill. (The cost of a 
holocamera is determined by the 
volume to be studied, as well as the 
power needed.) Therefore, an older 
giant-pulse ruby laser which hap
pened to be available was exten
sively modified to satisfy the special 
requirements of holography (Ref. 23). 
It now produces single mode pulses 
of a few megawatts, with duration ad
justable around 50 Msec, for a total 
energy of about 0.1 J (10° erg) which 
has proved to be more than ade
quate for our needs. 

Fig. 10 is a photograph of the virtual 
image reconstructed by a pulsed 
laser hologram of a GTAW system. 
The bright background is a ground 
glass diffusing plate, introduced be
tween the beam splitter and the arc so 
that the scene could be recon
structed as seen from various direc
tions. Note that the backlighted 
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tungsten electrode is seen quite 
clearly, with no indication (in this 
single-exposure case) that the arc 
was actually operating at a 2 kW 
power level when the hologram was 
made. Both live fringe and frozen 
fringe holographic interferograms 
have subsequently been made, but — 
due to some subtleties of equipment 
ad jus tment for proper f r inge 
measurement which remain to be 
made — they are not yet of a quality to 
justify extensive analysis. 

(Part 2, "Mathematical Model," the 
concluding portion of this paper, will 
appear in the March issue of the Re
search Supplement). 
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Standard Methods for 
Mechanical Testing of Welds 

AWS B4.0-74 
All qualification of welding procedures and most qualifications of 

welders and welding operators rely on the results of testing specimens 
removed from test samples. 

B4.0-74, Standard Method for Mechanical Testing of Welds (a 
revision of A4.0-42 and its 1945 Supplement) encompasses all mechanical 
tests for welds which have widespread use. 

Among the tests covered are: tension tests and bend tests for butt 
welds; break tests and shear strength tests for fillet welds; T-bend and 
varestraint tests for weldability and hot cracking sensitivity; Charpy V-
notch impact, dynamic tear and drop-weight tests for fracture toughness. 

The list price of Standard Methods for Mechanical Testing of 
Welds is $5.00. Discounts: 25% to A and B members; 20% to bookstores, 
public libraries and schools; 15% to C and D members. Add 4% sales tax 
in Florida. Send your orders to American Welding Society, 2501 N.W. 7th 
St., Miami, Florida 33125. 
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