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INTRODUCTION

The purpose of this research was to investigate the basic physical

phenomena underlying operation of the plasma-arc welding (PAW) process,

to identify parameters whose optimization achieves desired weld quality,

and in particular to measure plasma temperature distributions in the

standoff region and show the relationship of the temperature distribution

to weld penetration and quality in the welding of 12.7 mm (half inch)

thick Ti-6A%~4V, Progress towards this goal has been reported in the

following documents:

1,

C.B. Shaw, Jr., "Fundamentals of Plasma Arc Welding," renewal
proposal, Contract N00014-75-C-0789, Project 471, Rockwell
International Science Center document SC2709T, 25 February 1976.

C.B. Shaw, Jr., B.I. Davis and D.W. Trover, '"Fundamentals of
Plasma Arc Welding," annual report on Contract N0001i4-75-C-0789,
Project 471, Rockwell International Science Center document

SC5031.7AR, October, 1976.

" renewal

C.B. Shaw, Jr., "Fundamentals of Plasma Arc Welding,
proposal, Contract N000l4-75-C-0789, Project 471, Rockwell

International Science Center document SC2832T, 11 March 1977.

C.B. Shaw, Jr., "Temperature Measurement in Welding Plasmas,"
poster session contributed paper, annual meeting, Plasma
Physics Division, American Physical Society, 30 October —

3 November 1978, Colorado Springs, Colorado.

C.B. Shaw, Jr., "Statistical Inference of Four AtII Transition
Probabilities," submitted for publication as a Note in J. Quant.
Spectrosc. Radiat. Transfer, Rockwell International Science

Center document SC-PP-79-72, August, 1979.
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6. C.B. Shaw, Jr., "Effect of Orifice Geometry in Plasma-Arc
Welding of Ti-6A%-4V," submitted for publication in Met. Tramns. B,
Rockwell International Science Center document SC-PP-79-~73,
August, 1979.

T C.B. Shaw, Jr., "Determination of Temperature Distributions in
Welding Plasmas," submitted for publication in IEEE Transactions
on Plasma Science, Rockwell International Science Center
document SC-PP-79-74, August, 1979.

8. C.B. Shaw, Jr., "Reconstruction of Certain Distributions from

Very Limited Projection Data," submitted for publication in

SIAM J. Num. Anal., Rockwell International Science Center - -

document SC-PP-79-75, August, 1979.

9. C.B. Shaw, Jr., "Recent and Projected Research on Plasma Arc
L Welding of Thick Section Ti-6A%-4V," to be presented at the
Naval Sea Systems Command's Workshop on Welding Technology of
Thick Section Titanium Alloys, Annapolis, 18-19 September 1979.

The specific accomplishments reported in the above documents are
summarized very briefly in the following section. Since the four preprints
have not yet been published in their respective journals, they are included
in their entirety as Appendices A-D. This work has led to a contract to
study weld monitoring and control, which will be funded by DARPA and
monitored by the Navy Sea Systems Command.

Py
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ACCOMPLISHMENTS

The following ar~ che key results obtained in this study:

1.

Numerous experimental obstacles to spectroscopic measurement
of plasma temperature during welding were identified and means

to circumvent them were found.

The mathematical technique for determination of plasma

temperature from spectroscopic data was perfected.

The auxiliary ports sometimes used on either side of the main
orifice in the PAW orifice cup were shown to narrow the weld = =
by enhanced cooling of the base metal alongside the weld, not
by cooling the plasma column nor making it more narrow as the

manufacturer conjectures.

The feasibility of selecting the proper current for full-
penetration welding at any selected travel speed and standoff

distance by spectroscopic means was strongly suggested.

Argon ion spectral lines, seen clearly in the plasma near the
torch, fade away near the workpiece; there the electron charge
density is neutralized not only by argon ions but by more easily

ionized metal vapor ions volatilized from the workpiece.

Cyclic fatigue studies indicate that the combinations of
welding parameters selected as above are equally effective at
producing refined welds of enhanced fracture toughness relative

to the base metal.

Metallographic examination shows that use of a convergent

orifice "focused" at the center of the workpiece gives enhanced

penetration and improved nugget geometry.




’l‘ Rockwell International

Science Center
SC5031.8FR

8. Metallography shows that a divergent orifice, which simulates
erosion due to prolonged use of the usual cylindrical orifice,

causes loss of penetration and excessive top-bead width.

9. Plasma temperature measurements permit qualitative explanation
of the preceding two results on the basis of "pneumatic

constriction" of the plasma flow.

10. Statistical analysis of plasma diagnostic data yielded improved
values for certain transition probabilities for four lines in

the spectrum of ionized argon.

Ideally, a welding device would heat the base metal and any filler
material to the liquidus, uniformly along the surfaces to be joined,
without heating any metal but that melted. This would eliminate distortion,
residual stresses, and degradation of the heat affected zone (HAZ), but
requires a line~source of heat moving at infinite travel speed. In
reality, imperfect joint preparation and fitup, and the need to control
puddle circulation, mean that the highest available power density and
travel speed may not give the best results. Even so, the controlled
high power density achieved by the PAW torch is believed to be one of
its principal virtues, which led to the decision to focus this research
on measurement of plasma temperature during welding, and the correlation
of temperature distributions with properties of the weldment. Photography
of the plasma through narrow band thin film interference filters matched
to specific spectral lines was expected to record at snapshot speed all

data necessary for determination of a temperature discribucion.l’2

Earlier
workers needed day-long observation of an artificially stabilized plasma

to record comparable data.3 Also, it had been observed mathematically

that considerable asymmetry in the plasma could be resolved by observing

it from only two view directions4 rather than 37 directions or more.s’6

o ————— - AT W | ok
-
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The apparatus described in Appendix C was therefore set up to photograph
the plasma from two directions by the radiation from two spectral lines,
in order to measure plasma temperature by the two-line met:hod.7 An
iterative procedure (cf. Appendix D) was developed to determine the scale
factor needed for analysis of the data,4_6 and, with meticulous alignment
of all optical elements, it was possible to perform the desired temperature
measurements (Appendix C). These showed that the auxiliary ports (through
which neutral gas flows on either side of the main orifice from which
plasma flows) do not chill the plasma column and make it narrower,
transverse to the line of welding, than it is long, along the line of
welding, as the torch manufacturer states. Instead, the auxiliary ports
make the weld narrower by aiding the cooling of the workpiece on either
side of the fusion zone and HAZ. This is in accord with the previous
demonstration, by means of holographic interferometry, that heat flows
into the workpiece from the plasma, but then through the workpiece and
back into neutral gas immediately surrounding the ionized region.8 In
the plasma itself, the major departure from axial symmetry is an increase
in temperature gradient in front, where cold metal is moving under the
torch, and a decrease in gradient behind, where hot metal moves away from
the torch, the difference in temperature of the metal boundary being
reflected in the temperature distribution of the plasma. This confirms
our belief that the behavior of the weld metal directly influences the
plasma temperature distribution, and can be monitored by observation of
the plasma spectrum.

The apparatus described in Appendix C used mirrors to fold the
optical paths so that the two view directions appeared to be separated
by only 3° instead of the actual 87°. This still avoided overlapping of
the pairs of arc images, as seen from the two directions, but permitted

use of a single two-wavelength camera in which the apparent source
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directions were 1.5° on either side of the camera's optical axis. This
use of a single camera system proved to be grossly false economy. It

is true that at about 1.5° off normal incidence (for the bandwidth,
effective index of refraction, and number of interferometer cavities in
our filters) transmission is greater than 90% of the peak value for
normal incidence,9 but our measurements showed that the transmittance
became a rapidly-varying function of angle just beyond that value. This
meant that satisfactory alignment of the system was quite difficult and
that minor drift in the alignment (due to elastic relaxation of mounts,
differential thermal expansion, or vibration) put one path or the other
of the system into the self-vignetting regime, where the percentage of
transmission for light from one part of the source is not the same as for
another part of the source. Another false economy was use of only two
spectral lines instead of several lines7 for temperature determination.
This meant that only one beam splitter and two narrow band filters and
camera bodies were required instead of, say, three beam splitters and
four filters and camera bodies, but the simplification left our data
precariously poised on the brink of nonsense. It had been realized that
the transition probabilities, needed to compute temperature by comparison
of local emission coefficients for the different spectral lines, were
known only to within 10% at best. However, it was felt this would permit
useful determination of relative temperatures, as influenced by changes
in welding parameters, which could be correlated with properties of the
weldment, even if the absolute values of the temperatures were in error.
All too offen, however, such comparisons and correlations were frustrated
when a key set of data proved, after reduction and analysis, to indicate
that the temperature went to infinity with increasing radius along some
azimuth, or was negative. Realignment and recalibration were then

necessary.

B e e ——




’l Rockwell international

Science Center
SC5031.8FR

The first renewal proposallo and first annual reportll describe the

methods developed to align the system and to determine magnification, view
angle, position in a fixed coordinate system, and overall transmission for
each image, to calibrate the scanning microdensitometer used to measure
the processed film, and determine the actual film calibration curve (log
exposure versus density).

As reported in the second continuation proposal,12 the identification
of a common coordinate system for sets of images was further refined the
second year, to avoid problems of image mis-registration which accounted
for some of the un~physical temperature measurement results. An even
more important change was use of filters to select lines in the near
infrared spectrum of neutral argon (ArI) instead of visible lines of

ionized argon (Ar..). The latter lines have superimposed on them

continuum radiatiii whose contribution to film density must be corrected

for in order to compute the plasma temperature. The ArI lines are free

of continuum. This is particularly important when temperature is to be

measured throughout the plasma. Correction for the continuum had depended

on spectrographic measurement of intensity as a function of wavelength

and of position in a single horizontal slice through the plasma, the

spectrograph and set of images being recorded simultaneously. A technique

was developed which made it possible to change quickly and accurately the

vertical position of the slice sampled by the spectrograph, and several

exposures could be made during a single welding run. Near the torch,

the spectrograms showed that the continuum was weak compared to ArII line

intensities. It was felt therefore that inability to resolve asymmetry

from a single spectrographic view of the plasma did not seriously impair

the accuracy of the small correction. Halfway down the plasma, however,

» the ArII lines weakened to the point where continuum radiation, integrated
across the passband of the narrow band filter, was as strong as the line

intensity. This is indirect evidence of the significant presence of

e e
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ionized metal vapor in the lower portion of the plasma. (The Saha
equation, from which one computes the degrée of ionization, is
simply the chemical mass-action law applied to the "chemical” equilibrium
of neutral atom versus ion plus electron.7 It follows that the density of
metal ions will be greater than the density of argon ions whenever the ratio
of neutral metal density to neutral argon density is greater than the ratio
of the mass-action constant for ionization of argon to the constant for
| ionization of metal vapor. This last ratio is very small, being proportional
to the exponential of the difference in ionization potentials in units
of kT.) Use of the ArI lines obviated this entire problem. Furthermore,
( it eliminated a weak link in film and transmittance calibrations. Standard
[ light sources available for these calibrations were not bright enough at
: the ArII wavelengths to. permit calibration exposure times to be as short
r as plasma exposure times. This required adjustment of the film calibration
curve for reciprocity failure. (Reciprocity is the approximation that '
. final film density depends only on the product of intensity and exposure ’

time, not on these two variables independently.) The ArI wavelengths are

so much closer to the peak spectral radiance of the incandescent standard
sources and the ArI line intensities are sufficiently weaker than ArII
intensities, that the same exposure times could be used for calibration
exposures and plasma exposures. This eliminated reciprocity problems.
While awaiting delivery of sheets of Ti-6A2-4V of proper thicknesses

and their fabrication into weld specimens, welds were made in AISI 1018
mild steel and AISI 304 stainless steel to pursue correlation of key
features of plasma temperature distributions with weldment properties.
Unfortunately, now physically unrealistic calculated temperatures became
even more frequent. This was due to the extreme difficulty of maintaining
the critical 1.5° angle between optical axis and view direction, as

' previously discussed, for wavelengths to which the human eye does not

respond. An attempt was made to use a silicon vidicon camera, sensicive

i ————— o ——
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out to 1.1 um, to aid in the alignment, but to no avail. Successful
- alignment, and therefore temperature measurement, was possible but not
reliably so, and failure could not be detected until long after the
experiments had been completed. Systematic exploration of the desired
correlations between temperature and weldment characteristics were thus
frustrated. Many boxes in the test plan matrix could not be filled, and
the error bars on those measurements whose results seem reasonable are
uncomfortably large. Therefore, the following remains a conjecture rather
than a proven fact. It seems to be that the plasma temperature near the
torch orifice is minimized by choosing a value for one welding parameter
(e.g., current) which barely achieves full penetration with other parameters
(e.g., travel speed, standoff distance, gas flow rates) held constant.
Moreover, each combination of parameters which produces such a minimum
gives equally satisfactory welds. If variation of the one welding
X parameter'has a strong effect on plasma temperature, it also has a strong

effect on the weld. This pairing of strong effects was seen, for example,
when current was varied in order to achieve full penetration at the highest
travel speed used. The current had to be controlled to within 1 or
2 amperes to maintain full penetration without excessive drop through; at
lower travel speeds, the tolerance was 5 amperes.

In addition to the usual transverse sectioning, polishing, and
etching to verify penetration and depth-to-width ratio of the weldment,
some welds were sectioned longitudinally along the center line of welding
to check variability of penetration. Variability of penetration also
seemed to be associated with variability in the measured plasma temperature,
for welding parameters which nominally were being held constant.

As in a parallel program which studied PAW of Inconel 718,13 specimens
of AISI 304 stainless steel on which full penetration welds had been

P 3
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made, using various combinations of travel speed and current, were
fabricated into compact tension specimens. The specimens were precracked
to form a sharp notch and the cracks were propagated under controlled

10 Hz cyclic loading, the ratio of minimum to maximum load being O.1.
Cracks were propagated both in the weld metal and in the parent metal.
The HAZ was not large enough nor uniform enough to be tested. Log-log
plots of the crack propagation rate da/dN versus change in stress intensity
AK showed no significant variation from one set of welding parameters to
another. For low values of AK, however, the cracking rate was higher in
the parent metal than in the weld metal. This indicates that PAW is

a refining process which toughens the metal against cyclic cracking.
These results will not be published because the Inconel 718 data is more
convincing, showing as it does that the HAZ has a crack rate intermediate
between that of the welded and parent materials.

As is detailed in Appendix B, the third year's study of the effects
of orifice geometry on PAW of half-~inch Ti-6A%-4V showed conclusively the
advantage of using a conically convergent orifice rather than the usual
cylindrical orifice, and the complementary disadvantage of using a
divergent orifice — which simulates erosion of a normal orifice operated
too long or at too high a current level. The simple precaution of abrasively
polishing the exit port smooth avoided deleterious double-arcing when the
convergent orifice was used. A set of simple mathematical models of the
plasmadynamic effects of the alternative orifice designs showed that the
concept of pneumatic constriction tied together all the observed effects
of orifice geometry on plasma temperature and electrical resistance, and
on weld penetration, width, and shape.

Statistical methods were used extensively in this study to seek out
systematic error sources. Regression analysis of the residual differences

between observed and theoretically fitted values of spectral line intensities

10
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permitted improvement in the accuracy of film calibration curves
(Appendix C). As an unexpected benefit of this research, significantly

improved values for the transition probabilities of four Ar spectral

lines were inferred statistically from the plasma temperatuii measurement
data (Appendix A). For this final effort, temperature measurements were
restricted to welding parameters for which the plasma could be approximated
as being cylindrically symmetg%s, so that only a single view direction

was required. The spectrographic method, rather than photography through
thin film filters, was used to record data for one horizontal slice at

a time. This avoided both the difficulty in aligning the system for
infrared Ar_ lines, and the difficulty in making the continuum correction

)

for visible ArII lines. Moreover, the line and continuum intensities for

four, rather than two, Ar spectral wavelengths were used systematically,

L
which significantly improved the accuracy of the plasma temperature

measurements.

11
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APPENDIX A

STATISTICAL INFERENCE OF FOUR ARII
TRANSITION PROBABILITIES

Rockwell International Science Center document SC-PP-79-72, submitted

for publication as a Note in J. Quant. Spectrosc. Radiat. Transfer
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NOTE

STATISTICAL INFERENCE OF FOUR ArII TRANSITION PROBABILITIES

C.B. SHAW, JR.

Rockwell International Science Center
P.0. Box 1085
Thousand Oaks, California 91360

Abstract — Using the multi-line method, several hundred
temperature measurements were made in a partially stabilized
high pressure argon arc. Statistically significant evidence
requires revision of transition probabilities for the Ar

II
lines at 476.489, 480.607, 484.790, and 487.990 am.

Spectroscopic measurement of temperature distributions in a
high-pressure flow-stabilized argon arc was undertaken for diagnostic

purposes, as part of an investigation into the physical foundations
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of the plasma-arc welding process.(l-3)

To idealize somewhat,
the discharge is between a cylindrical tungsten cathode with conical

tip, and a ring anode. The cathode is surrounded by a copper

cup, which contains an orifice that is coaxial with the cup, with both

-

electrodes, and with the axis of symmetry of argon streamlines.
A low-subsonic flow of argon passes inside the cup, along the

cathode, through the orifice, toward and finally through the

-2

-

ring anode. A ballast resistor between cup and anode completes

the circuit for passage of a small "pilot arc" current from cathode
to cup, to pre-ionize gas flowing to the orifice, but the primary
current path from cathode to anode is through the flowing plasma.

Deviations from the simple axisymmetric case described above

(1)

are of technological significance. A spectroscopic measurement

method was therefore devised to cope with quite asymmetric plasmas

L@ 3

by means of special experimenta and analytical techniques.

However, a substantial body of data has been recorded for which
the emitted radiation is indeed axially symmetric. Conventional

(3)

Abel inversion rather than its generalization can therefore

be used to recover local emission coefficients from total projected
incensfties. Consider a Cartesian coordinate system in which

the vertical axis of symmetry of the arc is the z-axis. The

observation direction is the y-axis, so that the observed intensity

[3S)]




g(x,z) is related to the local emission coefficient f(r,z),

independent of 6, by

©
g(x,z) = f f(r,z)dz (1)
o
with r?® = x? + 22, The arc was imaged, with magnification
1.5 times, onto the entrance slit of a 0.3 m Czerny-Turner
monochromator (modified for use as a spectrograph). A Dove prism
was used to rotate the image 90° about the y-axis so that the
entrance slit defined a small range Az at z, with x now designating
vertical position on the entrance slit, and on the film, normal
to the dispersion direction. A micrometer drive moved the
monochromator horizontally between exposures to vary z. After
processing, the film was scanned by a microdensitometer with
rectangular aperture, adjusted to give good resolution in x while
integrating over the full width of each spectral line. The nominal
film calibration curves used to relate density to log(exposure)
could be refined from frame to frame by statistical means.(z)
Each value for the intensity of a spectral line was corrected by
subtraction of the average continuum intensity, as measured on

either side of the line. For a certain range of operating parameters,

the data were observed to be well described by

8(x,2) = g,(2) exp [-a2(z)x?] . (2)
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It follows from Eq. (1) that, in these cases, the local emission

coefficient for the ith spectral line depended on position as

fi(r,z) = w-%ai(z)goi(z) exp

with ai and g9 the values fitted
)
The temperature T(r,z) could

method.(A) Suppressing the (r,z)

bA, g, n(T)

- BT P (~E4/kT)

where n(T) and u(T) are the total
function of the plasma, b and the

universal constants and, for each

[-ai(z)rzl (3)

to data for line i as in Eq. (2).
now be found by the multi-line

(4)

notation on fi and T, one has

(4)

particle density and partition
Boltzmann constant k are

line, Ai is the Einstein

spontaneous emission coefficient for the atomic transition producing

wavelength Xi, and 8y and Ey

are the degeneracy and energy of

the upper state from which the transition takes place. It follows

that if the logarithm of the weighted emission ¢i, defined by

L o ————— —_——-—

(3)

N S




is plotted against E,, then the slope m of a straight-line fit

a
to the data:

log ¢i ~a+ mEi (6)
for i = 1,2,**+,N gives the temperature as:
-3
T =-1/km . (7)

Figure 1 shows a typical example of our log ¢i versus Ei
data. The observed values are marked by crosses, the fitted

values by the solid line. The pattern of residuals, T defined by:

1og(¢i) - (a + mE, ) (8)

was observed to repeat with striking regularity for each line Xi,
regardless of position or values of arc operating parameters.
Using all available data suitably described by Eq. (2), a test(s)
based on Student's t strongly rejects the null hypothesis that

the observed residuals for each line are samples from a population
of zero mean — no correction needed for the given line. Our data

(6)

therefore indicate errors in the published values of the

transition probabilities which were used in Eq. (5), if one




assumes Ki and 8 to be correct. The corrections are indicated

in Table I, together with the confidence level(7)

at which the

null hypothesis was rejected. These results are based on

seventeen independent experiments in which the intensities of

AtII lines, after correction for film calibration errors, were

used to find the temperature at a total of 454 points. In Figure 1,
the circles show log ¢i versus Ei when each Ai is adjusted,

as indicated by the mean value of r to the values shown in

i,
Table I.
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Fig. 1. Typical log (weighted intensity) with (0) and without (X)
correction of Ai by average residual for all measurements

of line 1i.

r

Table I. Transition Probabilities Ai for ArII Lines Corrected by

Regression Analysis
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EFFECT OF ORIFICE GEOMETRY IN PLASMA-ARC WELDING OF Ti-6A2~4V
C.B. Shaw, Jr.
Rockwell International Science Center
Thousand Oaks, California 91360
Abstract — Comparisons have been made among the performances of three
plasma-arc welding torch orifice geometries: conically convergent, conven-
tional cylindrical, and conically divergent. The minimum orifice diameter and
all welding parameters (including constant torch-to-workpiece distance rather
than constant voltage) were identical for the three designs when test butt
welds were made in Ti-6A%-4V up to 12.7 mm (0.5 in.) thick. Measurements
were made during welding of the plasma voltage drop and plasma temperature
distribution. The resultant weldments were cross-sectioned and examined.
Compared to the standard orifice, the convergent design produces a greater
voltage drop, higher plasma temperature, deeper weld penetration, and smaller
nugget width-to-depth ratio. The divergent design has the opposite effect on
all these points. A complete plasmadynamic analysis has not been made, but
analysis of simple models relates all these phenomena to ''pneumatic
constriction" produced by flow through the convergent orifice.
INTRODUCTION

The plasma-arc welding (PAW) process is distinguished from the gas
tungsten-arc welding (GTAW) process by the presence of an orifice cup which
surrounds the tungsten electrode, normally the cathode, common to both
processes. The melting workpiece normally serves as anode in the arc
discharge through flowing inert gas, e.g., argon. A small pilot-arc
current, limited by the series resistor which connects the orifice cup

to the workpiece, flows between electrode and orifice cup to pre-ionize




the gas flowing out through the orifice, but the major current flow
between electrode and workpiece is constrained to pass through the plasma
which streams through the orifice toward the workpiece. The tungsten
electrode, a cylinder with a broad conical tip, the orifice and the axis
of symmetry of gas and current flow, are all coaxial.

The welding performance of a PAW torch is well known on empirical
grounds to be superior in several ways to that of a GTAW torch,1 a
superiog}ty which is popularly attributed to "constriction" of the arc
discharge by causing the plasma to flow through the orifice. In view of
this central importance of the orifice to PAW performance, published
research on the effects of orifice geometry and its optimization seem
surprisingly scant. Demyantsevich and Sosnin? included orifice geometry
among the variables they explored in a search for a more "efficient"
plasma torch, using concentration of heat flux and current flow to measure
efficiency. They studied both convergent and divergent orifices, the
latter including a paraboloid of revolution chosen to simulate erosion of
the orifice cup through prolonged use. No evaluation of actual welds was
presented, but by their measure of efficiency the performance of a divergent
orifice is inferior, that of a convergent orifice superior to that of a
cylindrical orifice, and the use of tangential gas feed and an annular
electrode is better yet.

Schulﬁz's group® reported an extensive metallographic evaluation of
the effects of orifice geometry on weld nugget morphology and explored the
range of welding parameters over which each design permitted satisfactory

welding performance. Clear superiority was shown for a design based on




the concept of "striction pneumatique" (pneumatic constriction) which used
a conically convergent orifice section. However, to avoid the problem of
double arcing — in which the main current flow goes from the electrode to
a spot on the orifice cup and from there to the workpiece — which causes
erratic welding and rapid orifice-cup deterioration, they followed the
convergent orifice with a conically divergent section at the outlet. A
similar design concept was used to achieve the greatest single-pass
penetration depths yet attained by the PAW process in the welding of
titanium and steel alloys."

Schultz discussed qualitatively the effects of orifice geometry on

} The present work

gas flow, but neither measured nor analyzed the flow.
was therefore undertaken to supplement metallographic observation of the
effects of orifice geometry on welds in Ti-6A%-4V by measurement of plasma
temperature distributions produced by the various orifice shapes and by
gasdynamic modelling of the flows. The objective was to explore the
physical mechanisms whereby a convergent orifice produces welds which are
superior to those made by a cylindrical orifice using the same welding
parameters, while a divergent orifice (e.g., one eroded by prolonged use)
yields inferior results. The modelling has not been as successful as
hoped, but the reasons for this and the limited results obtained are
discussed below along with the experimental data.
EXPERIMENTS
Blank orifice cups were obtained from the torch manufacturer, and

three types of orifices were machined in them: 1. A right circular

conically convergent orifice, the cone having 15° included angle.




2. A straight right circular cylindrical orifice. 3. A right circular
conically divergent orifice, the cone again having 15° included angle.
These will be referred to as -15°, 0°, and +15° tapers, respectively.
(Additional orifices with +30° and +45° tapers were also produced but
quickly dropped from the test program; they produce welds so broad that
excessive sag and even cutting result before full penetration welds can
be obtained.) The minimum diameter of each orifice was 3.45 mm (0.136 in.),
the diameter recommended by the manufacturer for the intended current
range. The edges at the entrance and exit of each orifice were polished
smooth with abrasives. This was done on the assumption that double arcing
is engendered by electric field concentration, which is known to be
significant at a sharp edge or the point of a burr on a conductor.® No
double arcing was encountered, even with the -15° taper.

Single-pass butt welds were made on Ti-6AL-4V bar stock, each strip
being 38.1 by 305 mm (1.5 in. by 12 in.), with thicknesses from 3.2 to
12.7 mm (0.125 to 0.5 in.). The edges to be joined were filed clean and
smooth immediately before clamping the specimens to the water-cooled
grooved copper back-up bar. The bars were tack-welded together with a
gap of 0.36 mm (0.014 in.). All welds were made in an inert-atmosphere
chamber filled with argon to prevent oxidation and nitridation of the hot
titanium. No shield-gas flow was therefore necessary, but the orifice
flow rate was the normal value for full penetration welding in the keyhold
mode.! Travel speed was selected in the range 50 to 400 mm/minute
according to specimen thickness in order to keep the current in the range

40 to 120 amperes. Constant stand-off distance (from orifice to workpiece)




was used rather than automatic voltage control, the distance being 3.2 mm (0.125 in.)

at low current and 6.3 mm (0.25 in.) for currents of 80 amperes and above.
For every combination of workpiece thickness, travel speed; and current
employed, the following results were uniformly obtained. Relative to the
0° taper orifice, the ~15° taper (convergent orifice) produced a plasma
such that the potential difference between workpiece and electrode was
3 to 6% (1 to 2 volts) greater. That is, the plasma column had 3 to 6%
higher overall electrical resistance and the electrical energy delivered
per unit length of weld was correspondingly greater. The +15° taper
(divergent orifice) produced a plasma for which the potential difference
was reduced 6 to 10% (2 to 3 volts), indicative of correspondingly reduced
overall electrical resistance and reduced electrical energy delivered per
unit length of weld.

® showed that the

Measurement of the plasma temperature distributions
plasma produced by the -15° orifice was 8 to 12% (2.5 to 3.8 x 10° K)
hotter than that from the 0° orifice, while the plasma from the +15° orifice
was 20 to 30%Z (6.3 to 9.5 x 10° K) cooler than the reference. The full
width at half maximum of the temperature distributions did not depend
significantly on taper, but the radius at which the intensity of the
measured spectral lines dropped to the smallest useful value was less for
the -15° taper and greater for the +15° taper than for 0°. Typical results
are shown in Figure 1. The temperature in thousands of degrees Kelvin is
plotted against distance in millimeters from the torch axis of symmetry,

as measured 0.97 mm below the torch orifice while welding 5.3 mm (0.21 in.)

thick Ti-6A2-4V at 70 amperes and € in. per minute. The standoff distance
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was 3.2 mm (0.125 in.). The measured voltages were 34, 32 and 28 volts
for the -15°, 0°, and +15° orifice tapers, respectively.

For every set of welding conditions the -15° taper gave deeper
penetration and a smaller average ratio of width to depth than the 0° taper.
The +15° taper gave 2hallower penetration and a much greater ratio of
width to depth. Quantitative comparison is limited by the frequent
production of pipe defects in the welds. In order to make the most direct
comparison of the effects of orifice geometry, it was decided to accept
defects as they came, rather than to adjust orifice gas flow rate according
to the weld penetration achieved by each orifice design. The pipes, which
are continuous voids parallel to the line of welding and extend for many
millimeters, are not infrequently produced in PAW when the orifice gas
flow rate is adjusted for full penetration keyhole-mode welding but the
current is insufficient to achieve full penetration. Their presence cannot
be detected until the weld is radiographed or sectioned. Once thermal
expansion closes the initial gap between plates the vigorous flow of argon
into the weld pool can produce a bubble of appreciable size within the
circulating weld metal, which flows_above the gas to a cooler region where
it solidifies. The pipe marks the location in which argon (together with
surface tension and inertia) was supporting the molten metal. Figures 2-4
show polished and etched sections of welds made at 90 amperes and 2 in. per
minute in 12.7 mm (0.5 in.) Ti-6A%-4V, using the -15°, 0°, and +15° tapers,
respectively. The standoff distance was 6.3 mm (0.25 in.). A pipe is
clearly visible in the 0° specimen. The fusion zone is delimited by the
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