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ABSTRACT

This report describes the work performed in the second phase of a NASA-
sponsored program to establish a quantitative relationship between weldment
defects and atmospheric contamination in the inert shielding gas medium.

The metal studied in this program was 0.25-inch 2219-T87 aluminum alloy welded
in the horizontal position by the tungsten inert gas shielding process. A uniform
weld schedule, simulating production conditions, was used for all weldments; the
gases (oxygen, nitrogen, hydrogen, and water vapor) were varied from a low level
(commercially pure helium) to 1000 parts per million (ppm) according to a sta-
tistically designed program plan. The levels of contamination additions were con-
trolled with a time-of -flight mass spectrometer by sampling the shielding gas at
the weld cup near the fusion zone.

The quantitative effects of the gas contaminants present in the weld shielding envel-
ope on weldment quality were evaluated in terms of: (1) magnitude, frequency, and
distribution of porosity; (2) fatigue life; and (3) tensile properties. Contamination
effects were studied with each gas individually and in various combinations.

From the program results it has been determined that all of the gases studied have
an effect on weld quality. Hydrogen and water vapor were found to be the major
gases contributing to porosity. Nitrogen and oxygen in general did not cause poros-
ity and were found to reduce the effects caused by hydrogen and water vapor under
most conditions. The low levels of porosity occurring during contamination-free
conditions were not influenced significantly by the addition of nitrogen or oxygen.
Results of the mixed-gas reactions were complex and did not necessarily follow

the aforementioned trends.

Mathematical relationships were developed for calculation of a weld quality resulting
from a specific contamination condition. Quantitative relationships were developed
in terms of mass flow of the gas contamination per unit time, per unit quantity of
weld material formed. This value was then related to specific weldment character-
istics.

 Mechanical properties (fatigue and tensile analysis) were related to gas contamin-

ation, although quantitative correlations were limited by the sensitivity and repeat-
ability of the two examination methods.

Two additional studies were conducted in Phase II to broaden the scope of the program
by determining the effects of: (1) backup gas contamination, and (2) helium flow rate
variation on weldment quality. These tests established that neither backup gas nor
helim flow-rate changes have significant effects on weldment quality using controlled
environmental conditions. The test eliminated the backup gas and helium flow as
variables in the program and further identified the contamination problem as related
to the production situation.

viii
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INTRODUCTION

i The production of Aerospace vehicles, such as the Saturn V, has necessitated

the improvement of reliability in many of the fabrication processes. Welding of
aluminum alloys, one of the most important methods of fabrication, has the problem
of achieving the required high reliability, particularly with respect to the reduc-
tion and control of porosity in weldments. As a part of the integrated NASA pro-
gram to quantitatively define welding parameters for ultimate resolution of the
aluminum welding problem, Boeing is conducting a study of the role of shielding

gas contamination on weldment quality.

The experimental program was designed to simulate gas contamination conditions
that would be experienced during production welding., Atmosphere influx and im-
purities in the helium shielding gas were simulated by the additions of oxygen, nitro-
gen, and water vapor. Hydrogen was also studied because many gases or materials
entering the shielding zone will decompose in the arc and form atomic hydrogen. A
standard production weld schedule was established for all weldment test panels with
the major variables being the gaseous additions.

The experimental evaluation was geared primarily to the porosity problem. Porosity
was evaluated by: (1) radiographic analysis for size, frequency, and distribution, and
(2) metallographic and gravimetric methods to determine the actual percentages. In
addition, mechanical testing was performed to determine variations in tensile and
fatigue properties resulting from the gas/metal reactions.

In Phase I, procedures and experimental methods were established. The results of
Phase I are contained in Boeing document D2-23647-4, dated November 1, 1965.
Only improvements or variations in experimental or evaluation methods will be in-
cluded in this report, with the major context being devoted to a description of test
results and the conclusion drawn from the program.

This report is presented in five sections: (1) equipment procedures and material
preparation; (2) weldment evaluation procedures; (3) statistical program weld speci-
men evaluation and results; (4) conclusions; and (5) recommendation for additional
studies.
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EQUIPMENT, PROCEDURES, AND MATERIAL PREPARATION

EXPERIMENTAL TEST EQUIPMENT

The test equipment used to prepare the Phase II weldments is shown in Figure 1.
The system (see schematic in Figure 2)vincluded an atmosphere control chamber,
a weld control unit, a time-of-flight mass spectrometer, and a gas flow control
panel. In operation, a test panel was placed in the weld fixture, the chamber was
evacuatedand backfilled with helium, the desired impurities were introduced into
the backup and weld cup and the weld was made while continuously measuring the
contamination levels during the process. Excellent weld quality repeatability was
obtained under these carefully controlled environmental conditions.

MATERIAL EVALUATION

The preliminary examination and analysis of the Phase II 2219-T87 aluminum

plate is given in the preweld data sheet, Figure 3. A comparison between the

Phase I and Phase II materials is given in Figure 4, in which several differences
were observed. A preliminary material qualification experiment was conducted

with two panels each from Phase I and Phase II materials. One panel was prepared
using helium only and one using hydrogen from each of the material lots. These
tests indicated that the materials were comparable from a weldability and gas

effects standpoint; therefore, it was concluded that the Phase II material was accept-
able for use in the program.

TOOLING

An O-ring sealed backing bar design was used throughout the program. In the
Phase II study a "'tough pitch" copper base bar having the thermal and electrical
conductivity of the electrolytic copper previously used in Phase I and the hardness
of Mallory 3 grade was used for the contact tooling. The purpose of this change was
to reduce tooling deformation caused by clamping pressure and high temperature,
while also accelerating the weld bead solidification. A design change in the inlet
portion of the backing bar was made to improve the gas flow characteristics at low
pressure and reduce the amount of scrapped start-end material.

An improved silicone rubber compound, Dow Corning 1255, which is softer and has
higher resistance to temperature and abrasion, was incorporated into the backing
bar. Recessed grooves to accommodate copper tubing for water cooling were
machined on the outer edges of the bar, on the back side. The purpose of the cooling
was to maintain a uniform panel temperature during the welding to reduce undercut
occurrence, especially in the last few inches of the weld.
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WELD SCHEDULE

The criterion for the establishment of a weld schedule was to consistently produce
high quality weldments having minimum undercut, good penetration, and a low

level of porosity using commercially pure helium shielding gas. The small amount
of porosity occurring with the program weld schedule was considered advantageous
for the investigation of gas effects on the residual porosity. This residual porosity
probably originates from a metallurgical or contamination condition in the filler
wire or base metal. It therefore would be of interest to determine if improvements
in quality can be achieved with gas additions. A typical weld schedule used in

Phase II is shown on the weldment experimental data sheet, Figure 5. The only
variations in schedule from Phase I were: (1) a program amperage increase of 5 amp
in the initial 2 inches of weld; and (2) a five-fold increase in shielding gas flow. The
5 amp increase allowed the desired weld form to be reached rapidly, yielding more
usable inches of weld for evaluation. The initial 2 inches of weld were not included
in the evaluation of the weldments.

WELDING PROCEDURE SUMMARY

Several variations in the fabrication procedures used to prepare the weldment panels
were made in Phase II to improve measurement control during the process. The
following steps summarize the procedure established for Phase II welding.

Step 1 — The chemically cleaned panels were mechanically scraped along the sur-
faces to be welded to remove contaminants and the oxide layer.

Step 2 — The surface condition of the scraped joints was then analyzed for uniformity
by a Boeing-developed contact potential apparatus. The test equipment is shown in
Figure 6 and consists of: (1) a sensing element; (2) a mechanical traversing mechan-
ism; and (3) a readout system. The principle of operation is basically the measure-
ment of the potential difference generated by two dissimilar metals due to the differ-
ence between their work functions., A gold reference electrode is used in the sensing
element. A radioactive source provides an electrical path between the gold element
and the part to be tested, eliminating the need for physical contact. Small amounts of
surface contaminants such as oils, greases, moisture, and oxides cause a change in
the contact potential reading.

The usefulness of this addition measurement became evident when the instrument was
initially placed into operation. As variations were detected, careful visual inspection
of the scraped surface would show small discontinuities in these suspect areas. As a
result of these observations, the welder's technique for scraping the joining surfaces
was rapidly improved to a point where rescraping of panels was seldom required.
Figure 7 is a contact potential plot of a typical set of panels. The upper set of curves
show the surface variation of a matched pair of weldment panels. It is of interest to
note that the two curves for the panels A and B, obtained from adjacent areas of the
same Plate of material, follow a similar pattern. This was characteristic of all pairs

7
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CONTACT POTENTIAL APPARATUS
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of panels sufficiently scraped. Obvious variations were observed when the panel
was contaminated, shown by curve C. After rescraping, the measurement along
the surface would correspond to the matching panel, shown in curves C' and D,

Step 3 — The panels were placed in the atmosphere control chamber and evacu-
ation was initiated. Clamping of the panels allowed for thermal expansion and
contraction during welding. The upper panel was clamped securely in place
while the lower panel received less clamping torque, permitting the majority of
the movement to take place along the lower panel.

Step 4 — The chamber was evacuated and adjustment of gas contamination was
initiated by passing helium gas to atmosphere and introducing required concentra-
tions into the flow. In Phase I, the adjustment was made flowing helium into the
chamber. This new step allowed more time for measurement and adjustment of
the gas concentrations yeilding better accuracy, as well as speeding up the weld-
ing process.

Step 5 — The chamber was back-filled with helium and the shielding gas flow was
started. The concentrations of the shielding gas were again measured at the weld

cup and final adjustments made.

Step 6 — The weld was made observing the gas analysis, the voltage and amper-
age reading, and the formation of weld bead.

Step 7—The panel was unloaded, the fixture cleaned and prepared for the next
weld.

11
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WELDMENT EVALUATION PROCEDURECS

Following radiographic analysis, the weldment panels were machined to obtain
the required specimens for evaluation. The cut pattern for the test specimens
is shown in Figure 8 and consists of 2 gravimetric, 2 tensile, 3 fatigue, and 1

metallographic samples. The excess material was identified and stored in the

event that additional tests should be required. The test specimen configuration
is shown in Figure 9 and evaluation was performed as follows.

GRAVIMETRIC SAMPLES

The gravimetric samples were prepared by machining the majority of the base
metal from the weld bead, A sample of base metal was also taken adjacent to
the gravimetric sample to obtain a density comparison reference. The density
was determined in the manner described in the Phase I report.

FATIGUE AND TENSILE SAMPLES

The fatigue and tensile specimens were machined from the weldment panel at pre-
determined locations. Many of the panels had some degree of undercut along the
top edge of the weld, due to weld bead sag. Because it was the intent of the fatigue
and tensile tests to determine the effect of the contaminants on the mechanical
properties of the actual weld material, it was determined that the undercut condi-
tion should be eliminated. As a result, all test specimens were reduced in gage
from 0. 25 to 0.20 inch which provided samples of uniform dimensions for test

and comparison.

METALLOGRAPHIC ANALYSIS

The purpose of the metallographic analysis was to provide additional porosity infor-
mation particularly in the areas of microporosity and total percent voids. Also,
variations in crystal growth and microstructure were to be reviewed. One speci-
men was prepared per weldment as described in the Phase I report.

12



D2-23647-5

2T

NY3LLYd LND T1dWYS ‘8 8anbi

|plI9DW ss8OXT | 5388
(12und /ouQ) ajdwog Aojdsiq «G/° X ,6°1 a
(|eund /|poipieA suQ ‘[pjuoziioy suQ) ajdwog yibuang a|isuaj i
9|dwpg o14joWiADIO) |PIBYY Bspyg q
(jeung /om}) @|dwpg S114EWIADISY \G* | X | ')
(Z 40D uo Jaunq /euo ‘| yn) uo |aund /ea1y]) s|dwpg onbipy |
- (19upd /2uQ) °|dwog u__.._a.u._mo__u,,oi al X uS* W
1ND 40 NOI1di¥Ds3Ia 140D
- z o ay T
- e —«DU —
..-n-.ou_ - lm wl T..c.mll_..!.uMwL.l.R._Lﬂt W£'8 m_._ ln_.c.N..OAl...o.T,_..mT_.n.mll'
X s w CRRERX, S lIII_OA " W WM ucmm._wom,m
3 QR s e X
S 3 X
k'S o R X 2 X 2 SX o
4 I_ml_ m
ﬂw.l lwd —t—2-1 3 L ) W
W. 3% ".. Z-$X & wmwm & nu-m-m 3 3 -4 SER S L=SX
e 198 1
T, \\:4!&

13



D2-23647-5

OO

O
o
O
\\\\\\W

\ /
N

FATIGUE SPECIMEN

—_ o
. QA A A AP I I T I I IS @ 77
_/ \___

LONGITUDINAL TENSILE SPECIMEN

O B O

TRANSVERSE TENSILE SPECIMEN

||
1 1
? Zh
Z iz
METALLOGRAPHIC I/ |
SPECIMEN A
|
WELD BEAD
GRAVIMETRIC

Figure 9: SPECIMEN DIAGRAMS

4

o=y



D2-23647-5

STATISTICAL PROGRAM

STATISTICAL EVALUATION

The data from Phase II of this program has been analyzed to study the significance
of the effects and interactions of the contaminants as they relate to the various
measures of weld quality. Regression equations have also been obtained to re-
late the level of contamination to weld quality. Following is a discussion of the
experimental design, the statistical analysis, and the significant results of the
analysis.

EXPERIMENTAL DESIGN

The experimental design for Phase II is basically a response surface design to
provide the data needed to fit mathematical models for each measure of weld
quality. The design consists of selected combinations of the four contaminating
gases (oxygen, hydrogen, nitrogen, and water vapor), which provide the condi-
tions for welding the test panels. For purposes of the statistical analysis, the
des1gn can be separated into several parts, as shown.

N

A2 Factomal ‘:)

C 4

All 16 combmatlons of the four contaminants at two levels (Low Level = 250 ppm;
High Level = 750 ppm).

Variation From the Center of the Factorial

Varying each contaminant at three levels (5, 250, and 750 ppm) while holding the
other three contaminants constant at 500 ppm,

A 1/2 Replicate of a 2% Factorial

Eight of the 16 combinations of the four contaminants at two levels (Low Level =
100 ppm; High Level = 750 ppm).

Replication at the Center of the Factorial

Six repeated welds with all four contaminants at 500 ppm.

Replication With the Base Gas

Ten repeated welds with the base gas. All four contaminants are < 5 ppm.

Variation of Individual Contaminants

Varying each contaminant at five levels (100, 250, 500, 750, and 1000 ppm) with
the other three contaminants < 5 ppm.
15
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A 1/2 Replicate of a 24 Factorial

Eight of the 16 combinations of the four contaminants at two levels (Low Level <
5 ppm; High Level = 1000 ppm).

Note: With more than one confaminant at 1000 ppm welding became very erratic;
therefore these panels were not all welded.,

This data has also been arranged in this order on the data sheets (Figures 10
through 19). The data in Figures 10 through 13 show the radiographic analysis
results for all weld panels included in the program. Those weld panels marked
with an asterisk (*) were not evaluated for the other weld quality characteristics
(density, metallographic porosity, tensile strength, and fatigue life) shown in
Figures 14 through 19, A total of 66 weld panels were evaluated for all measures
of weld quality. The results from these panels were used for the statistical
analysis.

STATISTICAL ANALYSIS
The following measures of weld quality are considered for the statistical analysis.

Radiographic Analysis

Y1 = Defects per Inch of Weld Bead (porosity sizes up to 0.024 inch)

Y, = Defects per Inch of Weld Bead (porosity sizes 0.025 to 0.049 inch)
Y5 = Defects per Inch of Weld Bead (porosity sizes 0.050 to 0.150 inch)
Y, = Total Defects per Inch of Weld Bead (porosity sizes up to 0.150 inch)
Y5 = Defects per Gram of Weld Bead (porosity sizes up to 0.024 inch)

Y6 = Defects per Gram of Weld Bead (porosity sizes 0.025 to 0. 049 inch)
Y7 = Defects per Gram of Weld Bead (porosity sizes 0.050 to 0.150 inch)

=
[0 ¢]
i

Total Defects per Gram of Weld Bead (porosity sizes up to 0.150 inch)

Note: Yg through Yg were obtained by dividing Yy through Y4 by the weight
of the weld bead (grams per inch) for each panel to eliminate any effect
due to variations in the weld bead between panels.

Density

Yg = Weld Bead Density
Yo = Base Metal Density - Weld Bead Density

Note: Y Was obtained as the difference between the density of the base
metal and the weld bead to eliminate any effect due to variations between
panels.

16
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Metallographic Analysis

| Y11 = Volume Percent Porosity
Tensile Test

Y9 = Longitudinal — Ultimate Strength (psi)

it

Longitudinal — Yield Strength (psi)

=
i

Longitudinal — Elongation (percent in 2.0 inch length)
Y5 = Transverse — Ultimate Strength (psi)
= Transverse — Yield Strength (psi)

=

=

=N
|

Y, = Transverse — Elongation (percent in 2.0 inch length)
Fatigue Test

Y; g = Transverse — Cycles to Failure
FACTORIAL ANALYSIS

The results of the complete 24 factorial part of the experiment, where each con-
taminant was considered at two levels (250 and 750 ppm) were analyzed first.
The purpose of this analysis was to estimate the effects and interactions of the
contaminants and determine their significance. The results of this analysis are
shown in Figure 20. The main effect of each contaminant is the average change
in weld quality (Yj) resulting from increasing that contaminant from 250 to 750
ppm. For example, the average effect of increasing hydrogen from 250 to 750
ppm is to decrease the longitudinal ultimate strength by 1762.5 psi.

The interaction effect provides a means of determining whether the effects of the
contaminants are independent or whether the effect of increasing a contaminant
depends on the levels of the other contaminants. For example, if there is an
interaction between two (or more) contaminants this means that the effect of in-
creasing one of those contaminants changes as the levels of the other contaminants
change.

All effects and interactions have been tested for significance. Significant effects

are indicated by a single asterisk and highly significant effects by a double asterisk.
An effect is considered significant if there is less than a 5 percent chance (a =

0. 05) that a difference this large could occur due to the random variation between
weld panels and highly significant if there is less than a 1 percent chance (o0 = 0, 01).

If an interaction is significant, the contaminants are not independent. When
studying significant effects, the highest order interactions should be studied first
and then all lower-order interactions or main effects contained within the higher-
order interaction will also be explained. ‘
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Figure 20 also shows three averages for each measure of weld quality; the mean
of the factorial, the mean at the center of the factorial (500 ppm), and the mean
with the base gas (< 5 ppm). The mean with the base gas can be compared with
the mean at the center of the factorial to show the effect of welding with all con-
taminants at 500 ppm. The mean of the factorial can be compared with the mean
at the center to determine whether the relationship between the contaminants and
weld quality is linear or curved. If the relationship is linear these two means
will be approximately equal.

The standard deviation and its associated degrees of freedom are also tabulated
in Figure 20 for each measure of weld quality. TFor all porosity, density, and
fatigue data, the standard deviation is based on the repeated welds at the center
of the factorial. For these measures of weld quality the variability increases

as the value of Y; increases; therefore, the repeated welds with the base gas were
not included. For the tensile data, the variability did not change as the strength
increased; therefore, all repeated welds were used to estimate the standard devi-
ation, The standard deviation shown was used to test the significance of the
effects and interactions.

REGRESSION ANALYSIS

The data was next analyzed to obtain regression equations relating the levels of
contamination to each measure of weld quality. A stepwise regression procedure
programmed for the 1107 computer was used to obtain regression equations for
each measure of weld quality. The program computes a sequence of multiple
regression equations in a stepwise manner. At each step, the variable that makes
the greatest reduction in the error sum of squares (the variation between actual
and estimated values) is added. The stepwise procedures continues to add terms
until no further improvement can be made. Because the factorial analysis indi-
cated that many of the interactions are significant and that some of the relation-
ships may be nonlinear, the following model was used for the stepwise regression
program,

+ b123 X)X Xg F.es b234 Xy Xg Xy ¥ 095, X9 X, X5 X

+byg X2+ .. + by X42

where
Y; = Weld quality
X1 = Oxygen
Xy = Hydrogen
X3 = Nitrogen
X4 = Water vapor
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This model includes a constant (b,) plus 2ll terms from the factorial analysis plus
all squared terms. For each measure of weld quality only those terms that pro-
vide a significant contribution will be included in the final equation. The regres-
sion equations obtained will be the best equations for estimating Yi when consider-
ing the above model; i.e., the equations obtained will provide the minimum vari-
ation between the actual results obtained in the experiment and those predicted by
the equation.

Two separate regression analyses have been performed using the above model.
These analyses consider the levels of contamination as parts per million (ppm)
and cubic centimeters per gram of weld bead (cc/gm). These two analyses are
described as follows.

Regi‘ession Analysis (ppm) — In this analysis the levels of contamination, X
are the ppm in the shield gas envelope. For purposes of the statistical analysis
the levels of contamination have been coded as:

_ Oxygen (ppm) - 500 -

S 250

X. = Hydrogen (ppm) - 500
2 250

X, = Nitrogen (ppm) - 500
3 250

X = Water Vapor (ppm) - 500
4 250

The coding results in the following values for X

CONTAMINATION LEVELS

ppm. Xi
5 | -1.98
100 -1.6
250 -1.0
500 0.0
750 1.0
1000 2.0

The results of the stepwise regression analysis relating weld quality (Y;) to the
contamination levels X;) are shown in Figure 21. This figure shows the regres-
sion coefficients (b's) for each term included in the model for a particular Y;.

A blank space means that the term was not included because it would not improve
the regression equation.
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The following information is also included in Figure 21: (1) the coefficient of
determination (RZ) which is a measure of the portion of the variation of Yi’ which
can be explained by the fitted equation; @) the coefficient of multiple correlation
(R) which is a number between 0.0 and 1.0, which indicates the degree of com-
bined relationship of the independent variables (Xi's) to the dependent variable
(Y;'s); (3) the standard error of the estimate (Sy;) which is a measure of the
variation of the actual test results of Y, from the estimated values over the vari-
ous levels of the X;'s; and (4) the degrees of freedom (DF) associated with the
estimate of Sy;. This is the number of test results (66) minus the number of
terms (b's) in the regression equation,

Regression Analysis (cc/gm) — In this analysis the contamination level is in terms
of the cubic centimeters of contaminant available per gram of weld bead formed
(C;)). The value X; is replaced by C; for each contaminant in the regression model
previously described.

Q
Jury
|

= cc of Oy/gm of weld bead

Q
I

o = cc of H,/gm of weld bead

Cq4 = cc of N, /gm of weld bead
C,4 = cc of HyO/gm of weld bead
where
i
C; =7 = cc of Contaminant (i) /gram of weld bead
R; = cc of Contaminant (i)/inch of weld bead
W = Grams/inch of weld bead

This results in the following values for Ry

CONTAMINATION LEVEL

ppm Rj = cc/in.
5 0.01134
100 0.2269
250 0.5672
500 1.1345
750 1.7017
1000 2.2690

The appropriate value of R; is divided by the value of W (gram/inch of weld bead)
for each weld panel. The resulting values of Cj are shown in Figures 14 through 16,
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The results of the stepwise regression analysis relating weld quality (Y;) to the
contamination levels (Ci's) are shown in Figure 22. Figure 22 contains the same
information as previously described in Figure 21.

STATISTICAL CONCLUSIONS

The significant effects and interactions from the factorial analysis may be further
studied by the use of an equation that contains all terms in the significant effect.
This equation can then be used to calculate the average values for selected com-
binations of the contaminants. For example, to study the interaction between Hy,
and I, 0 for fatigue life, an equation including all combinations of Hy and HyO can
be written as follows:

Il

Y = Mean of Factorial +-;— [Effect X Hg + Effect x HyO + Effect x Hy x HZO]

1
242,712 + 5 [- 85,325 x Hy - 111,325 x Hy0 - 100,075 x Hp x Hp0]
The above numerical values are circled in Figure 20.
Then the average fatigue life at the combinations of the contaminants at their low

(-1) and high (+1) levels may be calculated by using (-1) and (+1) in the equation
to represent the levels of contamination as illustrated:

Hp
Fatigue Life -1 +1
-1 265, 988. 5 330, 738. 5
H,0 +1 254,738.5 119, 338.5

This shows that increasing Hy at the low level of HyO increases fatigue life by
65, 000 cycles and increasing H,yO at the low level of Hy decreases fatigue life by
11,000 cycles. However, if both Hy and HoO are increased at the same time,
the fatigue life decreases by 147,000 cycles.

Tables of treatment meang for all significant effects have not been calculated.
However, they can easily be obtained using the above technique for any significant
interaction of interest.

The actual test results from the complete experimental design have been plotted
for selected measures of weld quality and will be discussed in their respective
sections., These plots contain much more data than the 24 factorial portion of
the design and are included for study of significant effects. The results of the
factorial analysis (Figure 20) may be used as a guide to show which effects and
interactions are significant and should be studied.

The results of the regression analysis shown in Figures 21 and 22 indicate a high
degree of correlation between the levels of contamination and the radiographic
results, with the exception of the large (0.050 to 0.150 inch) defects. Comparing
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the analysis of defects per inch with defects per gram shows essentially no dif-
ference in the results. This would indicate that the variation in the size of the
weld bead was too small to have any effect on the level of porosity observed.
Considering the level contamination as cc/gm rather than ppm results in a slightly
better equation as noted by the improvement in RZ and Sy; for the radiographic
results.

The equations for the density data also show a high correlation. A slight improve~
ment in the equation is obtained for both ppm and cc/gm when the density of the
base metal is considered. Also, the equations for ce/gm are better than those

for ppm.

The equations for metallographic porosity, tensile streﬁgth, and fatigue life do
not show good correlation and their usefulness is questionable. Also, considering
the levels of contamination as cc/gm rather than ppm did not improve the results.

The regression equations obtained in Figures 21 and 22 have not been evaluated
for their ability to estimate weld quality over the complete range covered by the
experiment. The usefulness of these equations to predict weld quality has as yet
not been established.

35



i

D2-23647-5

WELD SPECIMEN EVALUATION AND RESULTS

RADIOGRAPHIC ANALYSIS

The radiographic analysis is one of the most significant tests conducted in this
study in that the size, distribution, and frequency of porosity were determined
for each level of contamination. The composite radiographic data, Figures 10,
11, 12, and 13 show: ( 1) the location of porosity (top, center, and bottom of the
weld); (2) the number of pores within a specific size (top, center, and bottom of
the weld); and (3) the total number of pores per inch of weldment.

There are many ways to evaluate the data, such as variation of size and distri-
bution with addition of contaminants. In Phase II, the total defects were statisti-
cally evaluated and related to individual gases and combinations of gases. Figure
23 is a plot of the individual gas effects. Both hydrogen and water vapor increased
porosity. Hydrogen causes the greatest increase in porosity, becoming significant
above 250 ppm. The level of porosity remained at the base gas condition with the
addition of oxygen and nitrogen.

The frequency of residual porosity, which occurred with base gas, was not re-
duced by either nitrogen or oxygen.

Figure 24 shows the two factor reactions with other contaminants remaining at
250 ppm. Starting with the upper curve, the following observations are made:

1) Oxygen, nitrogen, and oxygen-hydrogen combination reduced the number of
defects;

2) Oxygen and water vapor addition only slightly increased the number of defects;
3) Nitrogen and water vapor,.and nitrogen and hydrogen increased porosity;
4) Hydrogen and water vapor, as expected, caused the greatest increase in

porosity.

Figure 25 shows the effect of individual gas additions, with other contaminants at
the 250 ppm level. At this level of contamination, all gas additions decreased
porosity.

Figure 26 shows the effect of addition of individual gases with all other contami-
nants held at 500 ppm. At this level of contamination the graphs show:
1) The number of defects is increased with addition of Ny, H9O, and Hy;

2) The number of defects is decreased with additions of oxygen below 250 ppm
and increased with addition of oxygen above 250 ppm;

3) Increasing any of the individual contaminants above 250 ppm increases porosity,
with oxygen and nitrogen additions resulting in the highest porosity levels.
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Figure 27 shows the three factor relationships. Again, those combinations that
include oxygen predominantly show fewer defects per inch. Those combinations
including hydrogen and water vapor at the high levels show more defects per inch.

Figure 28 shows the two-factor effects with all other contaminants held at 100
ppm. Increases in the number of defects per inch are generally noted with the
exception of the nitrogen-oxygen combination.

GRAVIMETRIC POROSITY ANALYSIS

Ten plates of 2219-T87 material from one heat lot were used in the Phase II study.
Density was found to change, Figure 29, from plate to plate, which required a
base metal sample to be checked for each of the weldments.

The accumulated density and metallographic data is tabulated in Figures 14, 15,
and 16. Figure 30 is a graphic plot of density data as related to total cubic centi-
meters of contamination. The type of gases added are identified by their molecu-
lar formula. Some of the gas additive effect on density of the weld bead are easily
observed. It is of interest to note that the density of the weld bead was often higher
than that of the base metal.

The statistical analysis of the density data is graphically illustrated in Figures 31
through 36. The gas contamination effects shown in this graph follow closely the
trends established by the radiographic porosity analysis, except that density in-
creases caused by oxide formation caused some differences.

METALLOGRAPHIC EVALUATION

The metallographic specimens were cross sectioned and examined in the polished
and etched conditions.

The porosity was measured as a volume fraction of the total weld portion in the
polished condition. Some specimens showed relief from polishing effects simu-
lating cracks.

In general, the porosity was localized along each side of the weld bead. For this
reason, the grid used for volume fraction analysis was placed to cover a portion
of the central area as well as the porous area. The results of this technique are
reproducible within +1 percent for volume fractions up to approximately 10 per-
cent. Above 10 percent the accuracy decreases. The values are given in Figures
14, 15, and 16. ’

In general, the eteched microstructure remained the same. The central area of
the welds exhibit an acicular etch pattern. At higher magnifications the structure
is dendritic. The heat affected zone (HAZ) remained about the same width on each
sample, range of 0.130 to 0.150 inch. The eutectic melting within the HAZ appears
normal with no evidence of porosity. Radiographically, this zone may show
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FATIGUE AND STATIC TEST DATA

Figure 59

L - LONGITUDINAL WELD STATIC TEST

T - TRANSVERSE STATIC TEST
F - FATIGUE CYCLES TO FAILURE
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variations in density, which could be mistaken for porosity. This is caused by
the agglomeration of incipiently melting constituents, primarily copper.

No attempt was made to correlate the porosity data from the three methods al-
though similar trends were apparent. Each method is considered complementary
to the other. The metallographic examination is most useful in obtaining a visual
appreciation of the level of porosity experienced with the specific contamination
conditions. Polaroid photographs of each of the weldments for ready reference
are incorporated in Figures 37 through 46. The photos show the polished and
etched condition for each contamination treatment.

STATIC TENSILE TESTS

The static tensile tests proved to be the most consistent and reliable of mechanical
analyses. The tensile test data are shown in Figures 17, 18, and 19. The statisti-
cal analyses are graphically plotted in Figures 47, 48, 49, and 50 and are sum-
marized as follows:

1) Figure 47 shows that the addition of the individual gases except oxygen de-
creases in the longitudinal and transverse ultimate strengths, approximately
2 percent. The addition of oxygen shows no significant effect;

2) At 100 ppm of the individual gases, the strength decreases and then increases
at 250 ppm. This observation is of interest because all of the points follow
similar trends. Each point generally represents two weldments and two test
specimens per weldment.

Figures 48, 49, and 50 show the factorial results. The curves basically indicate
decreases in strength with increased contamination. Hydrogen and water vapor
combinations were generally most detrimental causing 20-percent decreases in
strength in some instances. In contrast, oxygen and nitrogen addition increased
strength about 1 percent higher than the base gas reference under some contami-
nation conditions. Further intensified study of these curves will be of importance
when production contamination conditions are defined.

VISUAL EFFECTS

One of the most significant effects of contamination was changes in surface con-
dition forming undercut, discoloration, and roughness. Because it is difficult to
place a numerical value on surface condition, two weldment sample displays have
been prepared for reference. The displays include: (1) the mixed gas weld
samples mounted in the configuration shown in Figure 51; and (2) the individual
gas weld samples mounted in order of increasing contamination. To provide a
ready reference of a particular sample characteristic, the analysis and visual
observations have been described in Figures 52 through 56 in the same basic con-
figuration as the mounted samples in the display. The porosity and mechanical
data are shown in a similar manner in Figures 57; 58, and 59. Surface variations
caused by the individual gases are summarized as follows:
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1) 500 ppm total contamination is necessary to cause a significant change in
appearance, which could be considered cause for weldment rejection;

2) 100 ppm H90 caused yellowish surface appearance fading to grayish, with
. roughening of the surface at 500 ppm;

3) Oxygen gave a silvery to grayish appearance and increased the undercut with
increasing concentration;

4) Nitrogen gave a blackish appearance along the edge of the weld bead. This
discoloration increased in intensity with increasing contamination from 100
to 500 ppm; the surface in the center of the bead began to yellow at 500 ppm;

5) Hydrogen gave a grayish rough appearance and decreased undercut was ob-
served as concentration was increased; at 250 ppm the undercut was elimi-
nated.

Increased surface effects were noted with the mixed gases, because for most of
the conditions, the total contamination was in excess of 500 ppm. Between 750
and 1000 ppm total contamination, the arc begins to wander leaving a wavy bead.
At 1500 ppm total contamination, the arc becomes erratic and unstable.

FATIGUE EVALUATION

Two fatigue specimens were analyzed for each weldment panel, except where weld-
ments received duplicate contamination treatment, and then only one specimen was
analyzed from the second panel. Five fatigue specimens were prepared from a
base gas panel and were used to establish an S/N (stress/cycles to failure) curve.
The stress level chosen was 26,000 psi. Above 26,000 psi, excessive necking

down was experienced in the weld bead region indicating that the elastic limit had
been exceeded. Below 26,000 psi, the cycles to failure were in excess of 1,000,000
and were unrealistic from the standpoint of time required to test the samples.

The fatigue analysis data is given in Figures 17, 18, and 19. Extreme amounts

of variation in results occurred with specimens from the same weldment or with
similar contamination treatment. Even with the high degree of variability, definite
positive trends were evident when log averages of the fatigue specimens were com-
pared. The great amount of variability does limit the extent to which quantitative
values for this physical property can be defined. Graphic plots of the fatigue test
data are shown in Figures 60, 61, 62, and 63 and are summarized as follows:

1) The plot of individual gas effects, Figure 60, was of special interest for com-
parison with the tensile results, Figure 47. For example, at 100 ppm, tensile
values decreased for all contamination conditions, while it was observed that
the average fatigue life increased for samples. At the 250-ppm level, tensile
values increased and the fatigue values decreased. Above 250 ppm, decreases
in tensile strength are generally observed, while fatigue life increased with
nitrogen and oxygen at 500 ppm and decreased with water vapor and hydrogen
at 500 ppm. This observation is significant in that both test methods com-
plemented the other in identifying the mechanical property change.
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Figure 61 shows the results of the factorial analysis varying contaminants to
750 ppm, with the level of the other gases at 100 ppm. Fatigue life with all
contaminants at 100 ppm was significantly reduced. At this level of contami-
nation, 750 ppm nitrogen addition increased fatigue life to near the base gas
level. Oxygen and water vapor showed an increase. However, the cycles

to failure were still significantly below the base gas level.

Figure 60 shows the interactions observed with all other contaminants held
at 250 ppm. At this level, nitrogen in combinations is predominantly occur-
ring, when increases in cycles to failure are observed. Hydrogen and water
vapor decrease predominantly.

Figure 61 shows the effects of varying contaminants with all others held at
the 500-ppm level. In this case, nitrogen and hydrogen addition decreases
fatigue life. Water vapor had very little effect and oxygen showed a general
increase. It should be emphasized that fatigue life is reduced with increase
in shielding gas contamination and this reduction becomes quite significant
with concentrations above 500 ppm total contamination.
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ADDITIONAL STUDIES INCLUDED IN THE PROGRAM

Two exploratory surveys were included in the program as an addition fo the origi-
nal scope of work. These investigations were performed to further identify the
contamination problem and possible sources of weld porosity. Following is a
brief discussion of the problem and results of the tests performed.

HELIUM FLOW EFFECTS

The determination of the effect of helium flow rate variation on weld quality is
obviously quite important to establish that weld property changes are being caused
by the contaminant additions. To perform this evaluation, a fest panel was pre-
pared having the same basic configuration of panels used in the program. The
panel was marked at three points along the surface to divide it into four separate
sections. Welding was initiated with a flow rate of helium of 80CFH and decreased
to 60, 40, and 20CFH at each of the marks. Flow was terminated 2 inches before
the end of the weld for comparison with the no-flow condition. The results of this
test showed that the weld bead configuration and appearance remained uniform
with no visual changes occurring until the flow was terminated. The residual
chamber contaminants in the atmosphere control chamber entered the arc area
when flow was stopped, causing increased undercut and penetration. Radiographic
analysis showed no change for the different flow conditions. It was concluded from
the test that: '

1) Large variations in helium flow rate have insignificant effects on weldment
quality or weld bead configuration while welding in a confined area without
atmospheric disturbances;

2) Contamination effects were not influenced by small changes in flow of the
helium shielding gas;

3) Flow rates for production shielding can be determined by the rate necessary
to maintain contamination within an acceptable limit.

CONTAMINATION IN THE BACKUP BAR

Throughout the program, contamination concentration in the backup bar was main-
tained at the same level as the shielding gas. It is considered important to deter-
mine the amount of contribution the backup gas makes to a specific weld quality
change. This information is also important from a production standpoint because
weldments are often prepared without shielding the root side of the weld. This
presents the problem of contamination effects on weldment quality by influx through
the weld joint. The contamination introduced along the backup included: (1) air;

(2) 2-percent hydrogen; (3) 100 ppm H90 in helium; and (4) 1000 ppm H20 in helium.

‘'The test data is shown in Figure 64. Figure 65 shows the metallographic photo-

graphs. The results compared to base gas samples are summarized as follows:

1) Porosity levels did not increase even at 2-percent hydrogen in the backup;
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SAMPLE D/ [ METAL. DENSITY!
NG, TOP CENTER BOTTOM |, 4ulrorosiid BEAD Vpace | o/IN
_
511 |1/34] o |1/3a)6/34|2/34)1/34|13/34/8/34|4/34] 1 | NONE |2.83798] 2.83614[3.71782
512 |7/34{2/34] 0 l6/3413/34] o] o | o | o |18/34] NONE |2.83810]2.85701{3.99157
B jJololololo |o]lololo]o | NONE |2.84197]2.83985 4. 16009
1412 oo fololo | of]o|olo |i/3sa] NONE |2.84274]2.83955}4.28732

POROSITY DATA
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2) The undercut was slightly increased for all contamination conditions;

3) The surface appearance with 2-percent hydrogen added, showed discoloration
 equal to panels having 500 ppm or more contamination. No perceptible dif-
ference was noted between surface appearance of base gas samples and the
air and helium moisture conditions in the backup.

It was concluded relative to test conditions used in this program that:

1) The contribution of contaminants in the backup to changes in weldment quality
is relatively insignificant;

2) Contaminants entering the arc zone are the major factor in a quality change;

3) In general, production welding would not require shielding along the root of
the weld.
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CONCLUSIONS

DEFINITION OF CONTROL LIMITS

Weld shielding-gas contamination is directly related to the weld quality require-
ments of a particular production part. Once the requirements are defined, the
data accumulated in the study can be used to establish the control limits. As a
potential guide for generating control parameters, some of the significant con-
tamination effects have been combined in chart form (Figure 66). The concen-
tration points, relative to a contamination effect, indicate where occurrence of
a weld quality change is initially observed. In using this chart, shielding gas
flow rate must be considered in setting weld contamination limits, because
changes in flow at a given contamination level vary the quantity of contamination
introduced to the welding arc per unit length. '

SOURCE OF CONTAMINATION

The determination of the quantitative effects of gases on weldment quality pro-
vides an insight into the sources of contamination. High-quality weldments would
generally be expected with the present shielding gas purity level if commercially
purchased gas were the only consideration. However, contamination originates
from many sources (such as residual impurities in the shielding gas, dirty or old
connecting line from the cylinder to the torch, atmosphere influx, airborne par-
ticles, oil, water or atmosphere leaks, and surface contamination), and the
combination of these determines the absolute level of the impurities introduced
to weldment. As demonstrated in the program, 250 ppm of any of the contami-
nants studied was necessary before significant quality changes were observed.
Should a 250-ppm limit be required for a production process, exceptionally

tight control would be necessary on the various sources of contamination. To
illustrate, Figure 67 shows a plot relating grams of surface hydrocarbon to level
of hydrogen generated. Although this curve is only an estimate and will vary
depending on the type of hydrocarbon, it does serve to illustrate the amounts that
may be tolerated. As shown, less than one milligram per inch would be neces-
sary to continuously generate 250-ppm hydrogen in the shielding envelope. Also
shown is the estimated level of hydrogen generated by welding through a single
fingerprint. The results would be 750-ppm hydrogen increase in the area con-
taminated and a significant increase in porosity. These estimates have been
based on the assumption that hydrocarbons on the surface of the weld joint would
have the same effect as an equivalent amount of hydrogen being introduced as a
contaminant in the shielding gas. However, hydrocarbons on the surface are
expected to be more detrimental because they enter directly into the arc area
without dilution, while only a portion of the shielding gas comes in contact with
the molten puddle, permitting adsorption into the weld metal.

Water vapor or hydrocarbons from atmosphere influx appear to be an unlikely
major source of hydrogen contamination. To illustrate this, Figure 68 shows
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| MECHANICAL PROPERTIES SIGNIFICANTLY
2,000 REDUCED

1,750 :
BEAD DEVELOPES DULL APPEARANCE

1,500 ARC STABILITY REDUCED TO ERRATIC STATE

1,250

1,000

ARC BEGINS TO WAVER

750 UNDERCUT BEGINS TO EFFECT SCHEDULE

FATIGUE LIFE BEGINS TO REDUCE -

500 SURFACE DISCOLORATION BEGINS TO OCCUR

SCALY SURFACE BEGINS TO OCCUR
POROSITY BEGINS TO OCCUR WITH H,

ADDITION AND DENSITY DECREASES
HoO BEGINS TO CAUSE DENSITY DECREASE

250
O2 BEGINS TO INCREASE DENSITY
OXIDE SPOTS BEGIN TO APPEAR
0 BASE GAS

Figure 66: CONCENTRATION LEVELS WHERE SIGNIFICANT
CHANGES OCCUR
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(APPROXIMATE LEVEL OF HYDROGEN AVAILABLE
FROM A SINGLE FINGERPRINT)

750

500

(LEVEL WHERE POROSITY
{BEGINS TO OCCUR WITH

HYDROGEN)

RESULTING PPM H,

250

100

.2 4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0

MG. OF HYDROCARBON PER INCH OF WELDMENT
(CHOLESTEROL USED AS A BASIS FOR CALCULATION)

Figure 67: CALCULATED VOLUME OF HYDROGEN AVAILABLE TO
WELDMENT FROM HYDROCARBON CONTAMINATION
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“————— 100°F

250

RESULTING PPM H2

(POINT WHERE POROSITY
BECOMES SIGNIFICANT)

(POINT WHERE HyO BEGINS
TO REDUCE DENSITY)

2% 4% 6% .8% 1.0% 1.2% 1.4% 1.6% 1.8% 2.0% 2.1%
PERCENT AIR AT SATURATION IN BASE GAS

100

Figure 68: VOLUME OF WATER AVAILABLE TO WELDMENT FROM
SATURATED AIR CONTAMINATION
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the amount of atmosphere influx necessary to provide a continuous level of 250-
ppm water vapor into the shielding envelope.

Extension of the above comparison can be made for many different situations to
further define the contamination problem. Therefore, the results of this program
will provide visibility on the sources of contamination, which in turn places em~
phasis on the more important areas requiring control,

INDIVIDUAL AND MIXED GAS EFFECTS

This study shows that the optimum contamination condition for highest weldment
quality would be to maintain impurities in the arc below the levels achieved with a
250-ppm addition to shielding gas. A definition of the actual production contami-
nation levels would establish the feasibility of maintaining such a low maximum
limit,

In the case of porosity, addition of a contaminant, such as oxygen, could improve
weldment quality under certain conditions. It should be emphasized that improved
characteristics could be obtained only in isolated circumstances and that the quality
would generally be lower than the optimum low-contamination condition.

In the case of undercut, due to weld-bead sag, the addition of hydrogen decreases
the tendency for formation of this condition. Undercut is essentially eliminated
at 250-ppm hydrogen in the shielding gas without any perceptible change in me-
chanical properties or porosity levels. The necessity to conduct a second pass
weld, which causes a significant decrease in weld strength, might feasibly be
eliminated by hydrogen addition if environmental conditions could be sufficiently
controlled. It is highly questionable at this time whether the high degree of con-
trol necessary for hydrogen addition could be accomplished in a production
application.

As previously discussed, the program will be of significant value in arriving at
shielding gas control levels required for various production situations. In
Saturn V welding it would be desirable to establish the optimum control limit
below 250 ppm. However, when welding under field conditions, where contami-
nation cannot be carefully controlled, additions of specific contaminants might
feasibly be used to improve general quality. The data accumulated would be of
value in identifying the particular addition and control lumts necessary to im-
prove a weld characteristic.

STATISTICAL TREATMENT OF DATA

The statistical evaluation was a key factor for the successful correlation and
definition of quantitative contamination effects on weldment quality. Mathematical
relationships were established for calculation of a specific quality effect when -
contamination levels are known. The mathematical formula is limited in that the
equation does not provide a universal fit for all points within the ranges studied.
More effort is necessary to improve the mathematical expressions.
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As expected, the statistical treatment of the radiographic and density data yielded
the best correlation. The tests were extremely sensitive to the small changes in
weldment defects caused by the gas contamination. The mechanical tests were not
expected to differentiate between small changes in defects, but did define signi-
ficant variations in the fatigue and tensile properties due to contamination.

METHODS OF EVALUATION

All of the methods used to evaluate the weld quality provided some useful defin-
ition of the weldment characteristics. The radiographic and density analyses
proved most sensitive to determination of porosity change, while the metallograp-
ic analysis provided a visual indication of the porosity levels. The fatigue analysis
had a great deal of variability between specimens of the same general quality, which
indicates that future evaluation of fatigue life should be based on more samples than
were used for this study. The tensile analysis did not show any appreciable change
until large amounts of porosity occurred. However, a good definition of mechanical
properties related to porosity has been made in this study, and future efforts would
not require these tests unless a better fatigue life correlation is required,

REVIEW OF PROGRAM OBJECTIVES

The basic objective, which was to quantitatively establish the relationship between
contamination in the shielding gas envelope and porosity in 2219-T87 weldments,

has been achieved. The mathematical equation describing this relationship is shown
on PageZ 7 of‘this report. In view of the complexity of the welding process and the
many variables that could effect weld quality, excellent and repeatable results were
obtained regarding effects of shielding gas contamination. The accumulated data
provides a better insight into the contamination problem, and it is felt that the pro-
gram results can be an important factor in defining the corrective action necessary
to resolve the problem of porosity in weldments.
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RECOMMENDATION FOR CONTINUED INVESTIGATION

This study of shielding gas contamination effects on 2219-T87 aluminum has em-
phasized the need to control the levels of various gases within the shielding gas
envelope. However, there are a number of weld schedule conditions, commonly
encountered in the production process, lacking sufficient definition for general
shielding gas control. These areas are summarized below and are recommended
for continued study.

CONTAMINATION EFFECTS AT VARIOUS VOLTAGES AND AMPERAGE LEVELS

During welding it has been cbserved that small variations in the voltage and/or
amperage at a specific contamination level would markedly change the weld char-
acteristic (especially surface condition). In some cases it was noted that a detri-
mental surface condition could be completely eliminated by changes of the voltage
and/or amperage. In two instances (see Figure 11, sample pairs (1002 and 1103)
and (1004 and 1303)) the surface condition was markedly improved while the poros-
ity level increased ten-fold over the weldment produced with the initial weld setting.

In production welding, it is expected that contamination influx could change surface
appearance sufficiently to require a weld schedule compensation to maintain a de-
sired weld bead characteristic. Frequent schedule changes also occur in produc-
tion due to the large variety of material configurations and joint preparations.
Whatever the cause for deviation in schedule, it would be desirable to establish
or predict weldment quality, at a given contamination level, resulting from the
new set of weld parameters. Because there are positive indications from this
study that the corrective action could improve or degrade the weld properties,

a study program is necessary to evaluate the weld quality in terms of contamina-
tion, with variations in voltage-amperage, travel speed, and other weld param-
eters. The program would result in definition of the contamination problem for
different weld schedule conditions providing increased control flexibility asso-
ciated with actual production situations. Specifically, the study would provide
information to: (1) establish the feasibility of correcting for effects of contami-
nation by weld schedule change; (2) determine the contamination limits for various
weld schedule conditions; and (3) establish the contamination control criteria for
production fabrication condifions.

SURFACE CONTAMINATION

A recent request for proposal by NASA defined the need to conduct a study of sur-
face contamination as related to weld quality. This program has emphasized the
importance of such a study in that, surface and organic matter plus airborne par-
ticles appear to be a probable source of high hydrogen concentrations causing high
porosity levels experienced in production. The investigation would result in defi-
nition of surface contamination control limits, a significant step in ultimate pro-
duction control leading to increased weldment reliability.
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CONTAMINATION EFFECTS WHEN WELDING WITH HELIUM AND ARGON
MIXTURES

Because significant gas mixture relationships are involved in achieving a specific
weldment quality, the introduction of still another gas (such as argon) is also ex-
pected to influence the weldment properties. A preliminary study at Boeing indi-
cated that argon would in fact play an important role in affecting a specific welding .
characteristic at a given contamination level. In the preliminary investigation it
was found that high quality weldments (equivalent to the best welds made in this
study) could be produced using mixtures of helium and argon up to 50 percent.

This was accomplished by varying the weld schedule, basically increasing amperage,
and lowering voltage as the argon concentration was increased. However, it was
also found that contamination levels (approximately 100 ppm), which could be
tolerated using the helium shielding, would create extreme undercut and arc in-
terruption resulting in completely unacceptable weldments. It was concluded that
the mixture increased the sensitivity to contamination and that the results given

in this report would not apply when using different shielding mediums. Therefore,
it would be beneficial to conduct a study to establish the contamination control
limits using mixtures of helium and argon. The result of such a program would

be to obtain additional information necessary for production contamination con-

trol using a He/Ar shielding mixture.

ADDITIONAL DEVELOPMENTS

In addition to the extension of the contamination effects studies, this investigation
has emphasized the need to improve production control of contamination, particu-
larly hydrogen and hydrogen-bearing constitutents, to maintain weldment porosity
within acceptable limits. Essentially, the purity of the helium shielding gas and
the cleaning procedures used in this program were adequate to effect high-quality
weldments; however, it is important to note that an inert gas control chamber is
not the normal environment for the majority of the production fabrication processes.
Such factors as atmosphere influx into the shielding envelope, impurities in the
shield gas, and part contamination following cleaning will play an important role
in production weld quality. Ultimately, it would be desirable to measure the vari-
ous levels of contamination just prior to welding to provide a means of corrective
action before an unexceptable weld is made. To accomplish this objective, it is
necessary to develop instrumentation for measurement of contaminants in the
shielding gas envelope and on the part surface.

Developmental programs have been conducted at Boeing that have established the
feasibility of an in-process shielding gas contamination control system, and lab-
oratory models of monitors capable of being integrated into production process
have been developed and successfully demonstrated.

It would be very desirable at this point to conduct a program for the purpose of
developing in-process production control instrumentation for ensuring that con-
tamination is within acceptable limits. A realistic approach to this program
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would be to construct a single control system capable of preweld and in-process
control by: (1) miniaturization and adaptation of state-of-the-art measurement
tools; and (2) development of new measurement instrumentation where required.
This development would result in improved weldment reliability and maximum
utilization of accumulated contamination data.

ADDITIONAL ANALYSIS OF DATA

Considerably more information can be obtained by further analysis and reduction
of data from this study. The statistical evaluation of: (1) size and distribution
of porosity; and (2) comparison of the different analytical methods are examples
of work yet to be performed. A continuation study would therefore be valuable

in converting the information into the most useful form for the production
application.
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