(- . ‘
- SPACE
‘-, VILVET V0 FLIGHT
= CENTER
HUNTSVILLE, ALABAMA
| W
: ’[W/ELDING PROGRESS SUMMARY
| Work Sponsored By
\
‘ GPO PRICE  $ — —

- Welding Development Branch
CFSTI PRICE(S) S fanufacturing Engineering Laboratory

ﬁ' 3 1D_D__ orge C., Marshall Space Flight Center

% 95

Hard copy (HC)

Microfiche (MF) Prepared For And Distributed By
 mes3 Ju 85
\ Technology Utilization Office
George C. Marshall Space Flight Center

N66 21784

(ACCESSION NUMBER) (THRW)

o, v | '
/O 0330 o :

(NASA CR OR TMX OR AD NUMBER) (CATEGORY)

FACILITY FORM @02

4

3715
3 MSFC - Form 454 (Revised September 1961) Y /67 5
{ ¥



SUMMARY

QUANTITATIVE ANALYSIS OF TIME TEMPERATURE
EFFECTS IN 2219 ALUMINUM WELDING

Conference February 18, 1965
ebruary '8, 1965
MSFC - R-ME -
Huntsville, Alsbama




ABSTRACT

QUANTITATIVE ANALYSIS OF TIME TEMPERATURE
EFFECTS IN 2219 ALUMINIM WELDING

I, Introduction:

The welding process as applied to metals joining is often referred to
as the "art" of welding rather than the "science'" of welding. To place welding
on a scientific level, in a space age environment that demands better strength
to weight ratios, we must utilize quantitative data analysis tools such as ex-
perimental design, regression anaylsis and other related mathematical tools.

The guantitative data analysis approach is used in this study to determine
which controllable effect the time-temperature relationship in welding 2219 Al-
uminum Alloy. By controling these time-temperature relationships, weld variable
responses can be predicted, controlled and ultimately optimized.

II. Expressions for Heat Input:

A, Joules/In/In

For many years, Joules/In/In has been used for an expression of heat
energy input. This expression is used in various welding publications today.
This expression is not adequate for expressing weld heat input since various
combinations of the independent variables voltage, current and travel speed
will give the same expression for Joules/In/In but gives quite different re-
sponses.

B. Time Temperature

The time-temperature characteristic curve is felt to provide an adequate
expression for weld heat input. Maximum temperature is defined as the peak tem-
perature the material reaches during the welding cycle., Time@ temperature is
defined as the time that the material being welded is above that temperature that
adversely affects strength properties of the base material.

III. Approach:

There is a particular "set"” of time-temperature characteristics curves
that optimize such weld variable responses, as weld strength properties. The
"set" of curves for this investigation are those taken from temperature measure-
ments in the weld bead, 1", 1", 1" and 2" from the center of the weld bead.




To control and reproduce such time-temperature curves, we must define
and establish quantative relations between maximum temperature, time-at-temper-
ature and their dindependent variables. Once these relationships have been es-
tablished, the time-temperature characteristic curve can be reproduced within
tolerances, based on the confidence level of the curves,

With the ability to control and reproduce the time-temperature character-
istics curve within acceptable tolerances one will be in a position to predict
and optimize weld variable responses. '

To define the time-temperature functional and response relationships it
was necessary to establish the following basic mathematical relationships:

Yo = F(X1, X))
Y3 = F(xl, X2)
and

X, = F(X3, X4 ... X9)
= F(x3, x4 ...'rxg)

»4
[\ R
|

Y1= Yield strength

Y5 = ultimate strength
Y3 = elongation

X1 = maximum temperature
X, = time @ temperature
X3 = voltage

X4 = current

X5 = travel speed

X6 wire speed
torch angle

gas flow

X9 tungsten length

talka)
o ~3
o

A fractional factorial experimental design was used with the range of
each independent variable set at predetermined high and low points. Four re-
plications were conducted at the midpoint of the range to aid in the development
of regression equations.

<The critical independent and dependent variables were recorded with the
aid of low speed tachometers, thermocouples and other measurement devices.



A step-wise multiple regression analysis was used to develop math-
ematical relationships between the controllable independent variables. A
quadratic equation solution program was utilized to solve the regression
equations based on pre-determined increments of the independent variables.

IV, Result: Maximum Temperature @ Time @ Temperature

The results of this study indicates something contrary to our belief
prior to this investigation, that is; time @ temperature does not play as
significant a role in determining strength properties as believed. I say
this with some qualification, at lower maximum temperature an increase time
@ temperature above approximately 24 seconds did not contribute to a decrease
in u%tilate strength, however at maximum temperatures above approximately
1250°F 2n increase in time @ temperature caused 2 decresse in strength pro-
perties throughout the time @ temperature range investigated.

Based on the results it was found that a maximum yield and ultimate
strength of 35,128 psi and 54,388 psi respectively could be obtained with
a maximum temperature of 1500CF/& a time temperature of 15 seconds. The
actual’ observed time @ temperature corresponding to the 1500°F level is
approximately 52 seconds. Consequently the maximum temperature observed
corresponding to a time @ temperature of 16 seconds was approximately 860°F.
From a practical view point it would appear difficult to attain these valves
of 1500°F for maximum temperature and 16 seconds for time at tempersture un-
less some exotic chilling mechanism could be developed. If it is practical
to reproduce these values that optimize strength properties, this fast cooling
rate could have an adverse effect on the overall weld properties by increasing
crack formation.

For elongation we had a different situation as far as values that pro-
duced acceptable elongation properties, A yalue of 4,87% elongation was
obtained with a maximum temperature of 1500 F and a time @ temperature of
52 seconds. In seeking to optimize elongation properties we go to the opposite
end of the time @ temperature scale for a value of 52 seconds. The value
for elongation obtainable when we optimize yield and ultimate strength was
4.38%.

Controllable Weld Variables vs Méx. Temperature and Time @ Temperature

In analyzing the controllable weld variables, there are four variables
that contribute significantly to variation in strength properties. They
are:

Voltage
current
travel speed
wire speed

and we will call them primary weld variable. This is not to infre that variasbles
such as gas flow aee not important only that a variation in this variables does
not contribute significantly to a variation in the strength properties of the
weldment .



There was not a combination of controllable weld variables that
gave values of time @ temperature and maximum temperature in a combi-
nation of 16 seconds and 1500°F respectively.

The combination of controllable weld variables that come nearer
giving the value of time @ temperature and maximum temperature was:

voltage - 10.4 volts
current - 185 amps

travel speed - 6.0 in/min
wire speed - 19.4 in/min
torch angle - 1/2° lead
gas flow - 120 CFH
tungsten length - .38 in

These values for time @ temperature and maximum temperature are:

time @ temperature - 29,0 sec
maximum temperature - 14,685°F

The corresponding strength property values are:

yield strength - 30,691 psi
ultimate strength - 40,165 psi
elongation - 2.89

Conclusions:

To date, based on observed data, it is felt the time-temperature
approved to controlling weld variables is feasible. Temperature measure-
ments other than in the weld bead alone should be relied upon for a
three dimensional temperature profile.

In addition, it is felt that the time-temperature characteristics
curves can be shaped to produce, increased strength properties. This
can be accomplished by utilifing improved independent variable control
techniques and chilling mechanisms, However, the limits of time-tempera-
ture approach will have to be defined taking into consideration the

effects on defect levels such as weld cracking and porosity formation
characteristics.




SUMMARY PROGRESS REPORT
on
WELDING BASE METAL INVESTIGATION
to

GEORGE C. MARSHALL SPACE FLIGHT CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

from
BATTELLE MEMORIAL INSTITUTE

February 24, 1965

OBJECTIVE

The objective of this research is to study the effects of base metal
and filler metal chemical content, gas content, internal impurities, and external

impurities upon the occurrence of weld defects in the aluminum alloys 2219 and
2014.

PROGRAM APPROACH

The research in this program is divided into two phases. In Phase I,
the effects of the above factors are studied using bead-on-plate welds with no
filler metal added. In Phase II, the effects of the above factors are studied
using controlled-composition filler metals to deposit bead-on-plate welds.

Four steps were used in the program. First, materials were prepared
with controlled levels of four factors: chemical content, gas content, internal
impurities, and external impurities. Second, welds were made in these materials
under carefully controlled conditions. Third, the welds were examined visually
and by radiographic and metallographic methods to determine the type, number,
and size of weld defects present. Finally, the results were analyzed to deter-
mine the effects of the four factors. The program was statistically plammed and
the results are being analyzed statistically. All welding equipment and instru-
mentation are accurate to specified requirements so that the data obtained in
this program will be transferable to other programs.




DEFINITIONS

The chemical content of the base plate in this program is defined as
those metallic elements for which both a maximum and a minimum level is specified
in current alloy specifications (Cu, Mn, V, Ti, and Zr for 2219 base plate and
Cu, Mn, Si, and Mg for 2014). Gas content is defined as the hydrogen in the
metal which is detected by vacuum-fusion analysis. Internal impurities are
defined as those elements for which only a maximum level is specified (primarily
Si, Fe, Mg, and Zn in 2219 base plate and Fe, Zn, Ti, and Cr in 2014). External
impurities are defined as the purity of the helium shielding gas used during the
welding. The low external impurity atmosphere has a -60 F dewpoint. The high
external impurity atmosphere has a +10 F dewpoint. The base plate used in both
atmospheres is chemically cleaned prior to welding.

MATERIALS

Two levels of each factor were studied. Eight different material
"types'" were fabricated. Each type contained a different combination of levels
of the four factors. The level of each factor for each type is shown in Table 1.
As shown in Table 1, the hydrogen content of the finished plate was not completely
controlled by any of the methods described in Table 2. The three other factors,
chemical content, internal impurities, and external impurities were controlled
successfully. '

The hydrogen content of an available lot of commercial 2219 base plate
was about 0.1 ppm by weight. No commercial 2014 base plate was available for
analysis.

WELDING

All test welds made during Phase I were deposited in the horizontal
position as bead-on-plate welds with no filler metal. All welds were made with
the d-c straight polarity TIG process utilizing an automatic, voltage-regulating
head. Arc amperage, arc voltage, and arc travel speed were carefully regulated
and precisely recorded for each weld. Welding was conducted in a vacuum-purged
controlled-atmosphere chamber to insure reproducible gas-shielding conditions.

DEFECT STUDY

Pores were the only significant weld defects observed during Phase I,
Most of the pores were so fine that they were not visible in radiographs of the
welds. A point counting method was used to determine the porosity level of




TABLE 1. COMPOSITIONS OF X2014% AND X22192 BASE PIATE

Actual Hy Content
X2219 X2014

Number Contentb Impuritiesb Impuritiesb Content 1/4 in. 3/4 in. 1/4 in. 3/4 in.

Type Chemical 1Internal External Target

(= pi= +]

1 L L L L 1 3 3 3
2 L H L H 8 5 7 1.9
3 L H H L 6 .5 .4 7
4 L L H H 3 1 4 1.8
5 H L L H 1.1 7 6 5
6 H H L L 5 4 8 7
7 H L H L 1 1 5 3
8 H H H H 7 .5 9 8

(a) The prefix "X" denotes materials prepared in the laboratory to distinguish them from
commercial materials.

(b) L = Low Level.

High Level.

-]
]




TABLE 2. CONTROL OF HYDROGEN CONTENT

II.

Low Hydrogen Content (target of less than 0.2 parts per million, by
weight of hydrogen)

Method 1:

Method 2:.

long chlorination time (15 minutes)

low pouring temperature (1300 F)

(X2319-1, 3, 6, 7; X2219-1, 3, 6, 7; X2014 only 1/4 inch
type 3 plate)

no chlorination

long holding time '(20-30 minutes)

low pouring temperature (1300 F)

(X2014-1, 3, 6, 7 only '3/4 inch type 3 plate)

High Hydrogen Content (target of more than 1.0 ppm hydrogen by weight)

Method 1:

Method 2:

Method 3:

short chlorination time (6 minutes)

long holding time at high temperature (25 minutes at
1500 F)

(X2319-2, 4, 5, 8; X2219-2, 8)

no chlorination

gas flame played over melt with mild stirring (5-10 minutes,
metal at 1400-1450 F)

(X2219-4, 5; X2014-2, 5, 8)

melt stirred with graphite rod wet with water at frequent
intervals

(X2014-4)




from two to four metallographic cross sections taken from each weld. The cross
sections were photograpbed at 20X and a grid of at least 10 lines per inch was
superimposed on the final print during the photographic processing. A typical
weld cross section with a superimposed grid is shown in Figure 1. Two quantities
were obtained from each photograph. The total number of grid intersections
within the weld fusion zone was obtained by measuring the fusion zone area with
a planimeter and multiplying this by the number of grid intersections per unit
area. The number of grid intersections that coincided with pores in the weld
was obtained by counting. The per cent porosity is equal to the number of inter-
sections coincident with pores divided by the total number of intersections within
the weld, times 100. Table 3 lists the average porosity level for each type of
base plate composition (see Table 1 for the composition of each type).

Segregation and Porosity Occurrence

During the study of a limited number of cross sections of welds, a
rTelationship was noted between segregation in the weld and the occurrence of
pores in the weld. Figure 2 shows a transverse section of a weld made on X2219
base plate. A microhardness traverse across the weld revealed a hardness .
‘difference between the light bands in the weld (in which most of the pores
were located) and the dark bands. The hardness traverse gave no conclusive
results above Point 6, in Figure 2, where the resolution of the bands was
difficult.

Figure 3 is a photomacrograph of a longitudinal section of a weld on
X2014 base plate. The pores were observed to be ordered by size and were
distributed in families of curves. A study of a limited number of other
longitudinal weld sections, both porous and nonporous, :showed several common
features. The welds all contained two distinct domains of pore or segregation
grouping: one in the lower part of the weld and one in the upper part. The
similar features of shape and size of porous areas and of segregated areas
within the weld related occurrence of pores to weld solidification on a micro-
scopic scale. Further study of pore occurrence will be made in later work during
this program.

OBSERVATIONS AND CONCLUSIONS

The following observations and conclusions were made tentatively since
the analysis of results is not complete:

(1) Tentatively, the significance of the high levels of the four
factors can be ranked according to their effect on the porosity
level. A high level of external impurities caused the porosity
level to be significantly higher than the porosity level caused
by a high level of gas content or internal impurities. A high
chemical content was the least significant and caused the lowest
porosity levels.



20X Etch-Polish RM40008

FIGURE 1. TYPICAL CROSS SECTION OF 3/4-INCH-THICK X2219-8 WELD
GW-87 cross section 10 inches from end of weld.

Porosity = 11.0%.




TABLE 3. AVERAGE POROSITY LEVELS FOR WELDS IN
X2219 AND X2014 BASE PLATE

- 4
Average Porosity Level er cent
X2215 base plate X2014 base plate
Type 1/4 inch 3/4 inch 1/4 inch 3/4 inch
Number thick thick thick thick
1 0 0 0 0
2 0 0 0 0
3 4.9 6.0 9.6 14.2
4 4.0 4.3 4.9 19.7
5 0 0 3.1 0
6 0 0 3.0 0
7 3.7 3.9 6.1 13.5

8 7.2 10.2 11.1 15.3
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FIGURE 2. LOCATION OF MICRO-HARDNESS VARIATIONS IN X2219 WELD

* Hardness deke
Point Knoop hardness number Band
1 83.0 Dark
2 83.0 Dark
3 73.5 Light
4 71.5 Light
5 80.5 Dark
6 77.0 Dark

* Results above Point 6 not reported
interpretation difficulties.

*% 50-gram load.

due to
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PREFERENTIAL PORE OCCURRENCE IN A WELD ON X2014-4 BASE PLATE

FIGURE 3.
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An interaction between internal impurities and chemical content
which affected the weld porosity level was conclusively demon-
strated for 3/4-inch-thick X2219 base plate. With a low internal
impurity level, the porosity level did not change significantly
when the chemical content was changed from low to high (gas

" content and external impurities remained constant). With a high

internal impurity level, the porosity level doubled when the
chemical content was changed from low to high (gas content and
external impurities remained constant).

The higher porosity levels in X2014 base plate welded in a
helium atmosphere of about +10 F dewpoint indicated that X2014
welds were more sensitive to moisture in the shielding gas than
were X2219 welds.

Pores were observed to occur in welds made in low dewpoint
shielding gas only on 1l/4-inch-thick Types 5 and 6 compositions
of X2014 base plate (see Table 1).

Some fabrication problems were encountered with base plates of
1/4-inch-thick X2014 and X2219 Types 5 and 7 compositions. Some
plates of these types contained minute surface cracks not
detectable by ultrasonic inspection to Class "A" of MSFC-SPEC-283.

FUTURE WORK

planned for the completion of the program is summarized below:

The analysis of welds made on base plate with no filler wire will
be completed.

Eight separate compositions of X4043 and X2319 filler wire will
be used to deposit bead-on-plate welds on 2014 and 2219 base
plate, respectively. ’

Defects in the welds made with filler wire will be studied and
the results will be analyzed.
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ABSTIRACT

A theoretical model for the formation of porosity in aluminum welds is presented
in terms of nucleation and growth theory. The limitations of both the theory

and the techniques are discussed.

Since limited data are available, oniy tentative trends can be observed. A
good correlation sppedrs to exist between ?ﬁe microscopic and specific gravity
measurements for volume fraction of porosity. The total hydrogen content of
weld pools, pore nucleation and pore growth ail appesr to show consistent
behavior. Initisily, the porosity nucleates as mony fine pores. With increas~-
ing weld soliditication times the pores grow.and have time to escape from the
meit. Other smaller pores which form during and after this aggiomeration phase
have time for some growth, but not enough time to leave the weld. This is
evidenced by decresses in the total hydrogen contents and in the pore growth
rates and & small increase in the pore nucleation rates which occur after
maximum @scape of hydrogen from the weid pool. The reasonable agreement of the
pore voiume fraction as a function of the Johnson-Mehl parameter gives confidence
that the theoretical and practical approximations and the resultant data are

reasonably well founded.

Future work is outlined.




JNTRODUCTION

This work represents an attempt to explain the mechanisms responsible for
porosity in aluminum welds in terms of metallurgical phenomeia as well as
weiding parameters. Hydrogen is considered to be largely responsible for this
problem. The kinetics of this behavior are not well known. Thus, the major

emphasis is being placed upon the way in which porosity forms and grows.

JHEORET ICAL,_BACKGROUND

Consider a molten metal, or alloy, of a given initial composition which is
exposed to a gas under equilibrium conditions. This assumes that the temper-
ature of the liquid-gas system and the composition and pressure of the gas
will remain constant. The composition of the gas is considered to be constant
because the vapor pressure of most liquid metals is small near the melting
point. Under these conditions, some of the gas will be absorbed by the liquid
metal. The amount of such absorption is a function of the partial pressure o;
the gas. Another way of expressing this is: the amount of gas absorbed by
the liquid metal will depend upon the quanfffy of that gas in contact with the
liquid metal. This will be a constant for eny given set of "equilibrium®

conditions.

If the equilibrium conditions chenge, the amount of gas dissolved by the liquid
will change. |f the composition and pressure of the gas are held constant and
the temperature is increased, the amount of dissolved gas willyusually increase.
If the temperature is decreased, the quantity of dissolved gas will also
decrease. Thus, for most liquid metals, as the temperature of the melt
decreases, the amount of gas which the liquid can contain in solution decreases

sharply. That portion of the gas which the liquid metal cannot retain is




rejected from the melt as the familiar poro-::y seen in castings and welds.

The question is how does such rejection of s from the melt occur? The

most convenient way of understanding this U -wvior is based upon thermodynamics
and provides a probability of whether or noi the reaction will occur. The
thermodynamic measure of this behavior is'coiled the change in free energy of
the system ( A F). 1t, however, does not provide information as to the rate

of the reaction.

Under the equilibrium conditions previously noted, the quantity of gas in
solufion in the liquid metal was constant; in this case A F = O and no change
will occur. When the temperature of the melt is decressed, AF will be negative
and a decrease in the solubility of the gas is expected. Conversely, when

the melt temperature is raised, no gas rejection will occur; actually, more

gas will be dissolved. Under these conditions, A F will be positive. Thus,

the sign of A F indicates whether a reaction will or will not occur.

In order to employ this concept for evalGating porosity formation something
must be known about the behavior of a molten liquid which contains gas atoms

in solution. A convenient picture of this consists of an assembly of metal

and some gas atoms, which are in rapid, random motion. In this state several
gas atoms will occasionally encounter each other, They may remain together, or
they may separate. If the conditions are proper, they remadin together and
little clusters of gas atoms will persist and grow in the melt. These ore
known as gas nuclei and are assumed to be tiny spheres. Changes in the
pressure and composition of the gas and the temperature of the melt caen cause

these nuclei to grow or to disperée.




For a given set of conditions the formation or dissolution of nuclei can be
predicted by the sign of A F. The temperature, pressure and composition of
the gas over the melt and an approximation of the smallest size of a stable
nucleus must be considered for this prediction. When the other variables are
maintained at 2 constant level, the size of the smallest gfable nuclei can be

used to predict the sign of A F.

This approach readily provides an approximation for AF; AF is found to

vary inversely as the.square of the radius of the nucleus. .This information

permits an spproximadtion of the nucleation rate. This is ailso found to vary
inversely 8s the square of the radius of the nucleating particle. Unfortunately,

the radius of the nucleus cannot be measured directly during the welding cycle.

One way of circumventing this problem is to utilize the time-temperature cycle
that the weld undergoes during solidification. This will provide a measure

of nucleus size.

Since the aluminum alloys under consideration here are representative of
eutectic systems (which show a pronounced thermal arrest upon solidification),
their thermal arrests may be used as an “anchor point™ upon which to base the
subsequent calculations. For & given heat input per unit volume of metal and
relatively constant cooling conditions, the 'I'embera'rure of this thermal arrest
will occur at a nearly constent temperature, This fact is useful in simplify-
ing the expressions for approximating the rate at which these nuclei form,

It is also important to note ;rha't most of the porosity formation will have
been completed by the time that this temperature is reached. Thus, this

temperature marks the lower limit of pore formation.




Since heating and cooling rates are very fast and temperatures are difficult
to measure, the time to reach the eutectic or "anchor" temperature is used to
measure the time available for pore formation. This also gives a readily
measurable but indirect approximation of the temperatures andcooling rates

that are of interest in welding.

Now, knowing the time for a weld to reach the eutectic temperature and the
relationship previousiy obtained for the nucleation rate, the nucleation rate
is found to be approximately inversely proportional to the square of the time
required to cool the weldmetal to the eutectic temperature - & more readily

useable relationship than one based upon exact temperatures or nuclei sizes.

In a8 similar way the growth rate of the nuclei can be shown to be approximately
directly proportional to the square ot the time required for the weld to cool
to the eutectic temperature. Other quantities such as the area fraction
occupied by pores and the average pore size can 3lso be approximafed in this

wady. The derivations of these relationships are given in the appendix.

EXPERIMENTAL METHODS FOR DETERMINING PORE RELATIONSHIPS

The methods of obtaining pore data to verify the theory are briefly described
below. The significant pore parameters are obtained by metallographic exam=-
ination. Sections of a given weld nugget are examined under magnification
using a grid which is about 0.04 x 0.04 inches and contains i44 squares.

The pores in each grid are counted and an estimate of their area is made,
This process is continued until the entire section has been explored. The
average pore area is obtained by adding all of the pore areas and dividing
this quantity by the total number of pores. The average pore area permits

the calculation of the average pore radius. The volume of the average pore




divided by the time to reach the eutectic temperature provides an approxima-
tion of the average pore growth rate. The total number of pores divided by
the time to reach the eutectic temperature provides an approximation of the

nuc jeation rate.

in order to make practical use of these relationships the way in which they

were derived must be kept in mind. The precise mechanism of nuclei formation

is not known on 2n an 2tomic scale 2nd is considered to be based upon the laws
of probability. Furiher, the theoretical relationships used in the preseant work
are approximations. The experimental methods used for pore detection and
measurement provide average values of those pores which are visible; many

pores, particularly those formed just before solidification is completed,

are sub-microscopic in size and connot be included in this analysis because of
the practical difficulties of counting and measuring them. In addition, the
welds which are being studied here are not true welds in the sense that two
pieces of metal are being joined. When these factors are considered in the
light of practical applications to real welds, where many additional

variables are operative, then it becomes apparent that it is imperative that the
general understandings of the formation and growth of porosity be obtained.

(The acquisition extremely detailed relationships would be very difficult to
apply to real situations.) Thus, the primary objective of this work is to
establish broad relationships regarding the factors affecting the formation of
porosity which can be used to understand and minimize this problem in a

practical way.

In order to establish these relationships, the variables have been selected so
that they include situations encountered in welding practice. The variables

1o be investigated are: the contamination level of the atmosphere, the arc



current and voltage, the arc time and t he material thickness. Combinations
of these five factors are being tested according to a statistical plan given
in Table I. This plan will permit the determination of the individual effects
of the variables and will also help to indicate if any two-way interactions

exist between the variables.

EXPERIMENTAL TECHNIQUES

A schematic diagram of the test apparatus is given in Figure |. Two=inch

discs are being used for Phase | of the program. The specimens are cleaned

Wi?h a mixture of nitric and hydrofiuoric acid, rinsed in water and dried. They
are then cleaned in Freon T-F vapor. The specimens are then stored in the
Eringard welding box, Figure 2, where they are stored in either an atmosphere

of dry helium or in a vacuum,

Prior to welding, the specimens are briefly removed from the chamber and are

drilled to receive the tharmazourls vires. Ther n-e 2qirie Clzanad Sn Srsor
T-F vapor and returned to the chamber. The specimens are kept in the chamber
overnight under a vacuum before testing. This procedure is used to minimize

surface confaminafion,parficularIy moisture, which might influence the

experimental results.

The specimen is placed upon the fixture, Figure 3, and the assembly is inserted
into the test chamber within the Eringard welding box. A shim,Figure 4, is used
to ensure that the desired distance between the top of the specimen and the
electrode will be within 0.005 in. The test chamber is sealed and the con-
trolled atmosphere is Introduced into it and monitored, Figure 5, until the
outlet sampling indicates that the desired atmosphere moisture content has

been established. The devices which are used to measure and record welding




variables are shown in Figure 6. The prescribed welding cycle is then
applied to the specimen. Upon completion of this cycle the atmosphere is
again anélyzed. At this point, pure dry helium is used to purge the test
chamber. This is done to prevent contamination of interior of the Eringard
welding box. When the purge is completed, the welded samplée is removed for

examination. Figure 7 shows a radiograph of a typical specimen.

After the radiograph is made, a macrophotograph of the top surface is made.
The specimen is then sectioned to provide a portion of the weld which contains
the center and is about 1/8"-in thick. This specimen is polished with 600
grit A1203, etched with Flick's reagent and repolished with the Al,O3 followed
by Mg0. The polished specimens are used to determine the average pore &res,
the average pore radius, the average growth rate and the average nucleation

rate, as previously indicated. Figure 8 is a sketch of a fypical’pore count.

The sectioned specimen is radiographed for X-ray density measurements, Figure 9.
Such measurements have not been helpful because of the very large amount of
very fine porosity. These pores are too fine to permit estimates of pore
fraction by X-ray techniques. After this, micrographs are made for the
determination of dendrite-cell size (Figure 10). The nugget is then carefully
excised with & jewellers saw and its specific gravity is measured. Following
this, the nugget is chemically analyzed for hydrogen content. Selected

nuggets are also given complete chemical analyses. Measurements of surface
ripples have as yet not been possible to make because these do not appear on
the surface of the specimens. These will be measured on the bead-on-plate

specimens. The electron microscope may be of assistance in this work.



EROBLEM AREAS

Two major difficulties have been encountered. The first of these concerned the
placement of the thermocouple wires. Trial runs were made on specimens to
determine the size of the nuggets. When these were known, holes for the wires
were drilled into the circular face so that, after welding, the thermocouple
wires would be about 1/32 in, away from the nugget. This frequently resulted
in the melting of the thermocouple wires. These holes are now drilled into

the edge of the specimen so that their ends occupy the same locations as
before. This technique alimost alwayé provides good readings. An attempt is
now being made to further improve this situation by inserting & couple from

one edge only. This work is not yet completed.

The second major difficulty was to select arc current~arc time combinations
which would be suitable for both the 1/4-in. and 3/4~in. thick specimens.
When low current-low time settings were used an extremely small weld pool
resulted on the 3/4-in. specimens. When high current-high time settings were
used, uncontrollable melting occurred on these specimens. This lack of con-
trol appears to have resulted from the greater volume-to-surface ratio of the
thicker specimen, |t was thought that the statistical plan might have to be
changed. A 0.010~inch zirconia coating was applied to the specimen holder.
This served to retard the heat loss from the |/4-in. specimens without
materially affecting that of the 3/4~in. specimens. This modification

permitted the retention of the original statistical plan.




PRESENT STATUS OF PROGRAM

The status of the experimental work is given in Table 2. The asterisks

indicate the tests which have been made or are about to be made in aay given

experiment. Table 3 lists the data which are now avaijlable.

The analytical data are necessarily incomplete at this time. Therefore, it is

only possible to try to discern trends among the data. This is especially

true since five variables are simultaneously operative. Thus, the trends
discussed must be considered to be tentative; these relationships may be

changed 8s more information is gathered.

As indicoted in Figure |li, a correspondence does exist between the volume
percent of porosity as determined by the microscopic and specific gravity
methods. It appears that a somewhat less than ideal correlation (1.0) might
be present. |f this should prove to be the case, and a correiation of about
0.8 exists, useful information regarding the transfer of data from one method
to the other will be available. This will also firmly establish the degree

of validity of the microscopic method.

The determination of hydrogen by means of the vacuum-fusion method includes
that hydrogen which was contained in the pores as well as that contained in
solution in the solidified melt. Since the total hydrogen is determined, it
may be impossible to separate these two contributions. However, useful
information may still be obtained. It is interesting to note, Figure 12, that
the total hydrogen content appears to increase for solidification times up to
about 3 seconds, and decreases thereafter. |t was originally considered that
the hydrogen content would incresse up to a given solidification time and then

decrease. The decrease is considered to result from the longer opportunity for



hydrogen pores to float to the top of the melt and to escape during longer
solidification times, This tendency was expected to exert a strong influence

in all of this work.

The average pore nucleation rate is high for short solidification times (about
1100 pores/sec after three seconds) and decreases rapidly to about 40 pores/
saec after about 5 seconds. See Figure I13. The nucleation rate then reverses
its trend and begins to increase. The initial decrease in the nucleation rate
is thought to result from the agglomeration of pores which have not been able
to escape from the melt. A minimum amount of nucleation appears to occur at a
solidification time of about 5 seconds when the sgglomerated pores may have
had sufficient time to escape from the moiten metal. The reversal of this
trend for solidification times greater than five seconds might represent the
formation of "second generation' porosity which procedes as time increases but

which cannot escape.

This hypothesis appears to be confirmed by the data in Figure l4. The growth
rate, G, of* the pores seems to reach a maximum size affer a solidification
time of about 3 to 5 seconds. This is presumed to represent the agglomeration
phase previously noted. At solidification times of about 5 seconds maximum
pore escape has apparently occurred. For longer solidification rates, the
data probably represent the growth of the "second generation® of porosity
which occurs after most of the original pores have left the melt. The longer
solidification times permit more hydrogen to escape. The remaining pores have
not had much time either to grow or to escape. This gives rise to the

decreasing apparent pore growth rate.

The average pore nucleation rate changes more markedly than does the growth

rate., In addition, G is very much smaller than is N. Since the pore size is




a function of G/N, the average pore size must be very small. This explains
the large amount of very fine porosity which obscured the X-rsy readings and

precluded measurements of the pore area fraction by this means.

The pore volume fraction is shown as @ linear function of the Johnson-Mehl
parameter (Reference l) in Figure I5. This is significant because the factors
N and G, which previously were considered only individually as functions of
time, 3re now combined in & complex wady with time to provide a broader picture
of porosity behavior. It should be noted that this function appears to be
consistent over four orders of magnitude of the parameter. This lends con~
fidence that the theoretical and practical approximations as well as the re~-

sultant date appedr to be reasonably well founded.

SUMMARY,

The following preliminary trends have been observed:
le A reasonable correlation appedrs t0 exist between thé microscopic and
specific gravity methods for the determination of volume fraction of

porosity.

2. The total hydrogen content of weld pools shows & maximum with solidifica-
tion time. This behavior depends upon the time available for the hydrogen

pores to agglomerate and leave the melt.

3. Porosity nucleation shows comparable behavior, but with a2 minimum after
solidification times of about 5 seconds. This seems to indicate that the
pores form, agglomerate, and then leave the melt. This trend is reversed,
after 5 seconds, by the formation of new pores which have some time to

grow but do not have time 1o escape.




4. Porosity growth rate data seems to confirm this behavior by indicating 2
sharp increase in pore growth for the first 5 seconds which is then
followed by a decrease in pore growth. This apparent decrease in pore=
growth rate at longer solidification times probably is a result of longer

times available for the escape of hydrogen.

5. The observed pore nucleation and growth rates explain the large amounts of
fine porosity which obscured the X-rays and precluded measurenents of the

pore area fraction by this method.

6. The good, linear agreement of pore volume fraction as a function of the
Johnson-Meh| parameter appears to provide reasonable assurance that the

techniques empioyed as well as the resultant data are valid.

EUTURE WORK

The program indicated in Table 2 is being continued. The analytical work on
these specimens is also being accelerated. Some additional specimens also

will be tested to verify the data in the first nine experiments.

Work has also been started on the assembly of the test chamber for the weld-

ing of the bead-on-plate specimens.

REFERENCES

l. Saperstein, Z. P., and D. D. Pollock, "Porosity and Solidification in
Aluminum Welds", Dougias Aircraft Co. Engineering Paper 3046, Presented to

MSFC Aluminum Welding Symposium, Huntsville, Ala., July, 1964,

(This paper contains a comprehensive list of references on the effects of

hydrogen in aluminum welds.)




TABLE |

PHASE I BASIC DESIGN
(ALL MATERIAL 1S 2219-T87)

Arc
Atmosphere Arc Arc
Experi- Contami- Cur- Volt- Arc Material
ment Block nant rent age Time Thick-
No. No. Level Level Level Level ness
1 1 M M M M L Center
2 L L L L L
3 H H H H L
4 2 H H H L H
5 L L, L H H
6 H H L H H
7 L L H L H
8 3 L L H H L
9 H H L L L
10 4 M M M M L Center
11 H L H H H
12 5 L H L L H
13 L H L H L.
14 H L H L L
15 L H H L L
16 6 H L L H L
17 H L L 1L H
18 L H H H H
19 7 M M M M L Center
20 H M M M L
21 L M M M L
22 M H M M L
23 8 M L M M L
24 M M H M L
25 M M L M L
26 M M M H L
27 M M M L L

L = L.ow, M = Medium, H = High
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FIGURE 2
ERINGARD CHAMBER

FIGURE 3

WELDING FIXTURE WITH SPECIMEN IN PLACE




FIGURE 4
FIXTURE IN WELDING CHAMBER WITH SHIM IN PLACE

FIGURE 5
FIXTURE INSIDE CHAMBER PRIOR TO WELDING




FIGURE 6
DEVICES TO MEASURE AND RECORD WELDING VARIABLES

FIGURE 7

RADIOGRAPH OF TYPICAL |/4-INCH SPECIMEN
SHOW ING POROSITY AND LOCATION OF THERMOCOUPLE WIRES
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FIGURE 9

TRANSVERSE RADIOGRAPH OF TYPICAL |/4-INCH THICK SPECIMEN

FIGURE 10

MICROGRAPH OF TYPICAL DENDRITE CELL STRUCTURE
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FIGURE 12 IMFLUENCE OF SOLIDIFICATION TIME ON TOTAL NYOROGEM CONTENT
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APPENDIX
POROSITY FORMATION AS A NUCLEATION AND GROWTH PROCESS

The evolution of gas from a melt is a process which is dependent upon two
major mechanisms: the nucleation of stable agglomerations of gas molecules
and the growth of such nuclei into bubbles, which appear as voids or porosity
in the solidified matrix. Classical thermodynamics (Reference 12) may be
used toc demonstrate the factors affecting the two major parameters and to
show how these may be used to explain observed, experimental behavior.

Nucleation

A stable nucleus of formerly dissolved gas will form when the Gibbs free
energy {(AF) becomes negative, This quantity may be expressed as the sum
of component free-energies:

AF = -AFm + AF’ + AFc (1)

where AFm is the chemical free energy of the nucleating gas, AF. is its
surface free energy and AFc is its strain energy. Since this work is pri-
marily concerned with gas evolution in the liquid state, AFc will be negligible.
Under these conditions, AFs sets the lower limit on t.he size of the stable
nucleus, If AF' is too large (molecular agglomeration too small), the nu-
cleus will redissolve. If AF. is small (molecular agglomeration large), the
nucleus will grow.

Equation (1) may be rewritten as

AF = -k, 33+kzaz , @

where kl is the chemical energy per unit volume and kz is the surface energy
per unit area and a is the radius of the nucleating particle. The equilibrium
nucleus size derived from equation (2) is found to be
k
22
l.o = n-i— (3)




and the change in free energy thus becomes

4 k3

Ao (4)
1

The smallest stable nucleus that will form an observable void in a eutectic
system, such as ugder. consideration in this work, is that which forms at the
eutectic temperature and has sufficient time to grow. Under these conditions,
the equilibrium nucleus size, a, of equation (3), will be a constant, and equa-

tion (3) may be employed to reexpress equation (4) as

AF = Const. kZ (5)

Thus, the change in free energy will be an inverse function of the radius (r)

of the particle as given by

AF = Const, — (6)

since the surface energy varies inversely as the area of the gas nucleus.

In the liquid state considered here, the diffusion of the gas atoms through the
liquid to the growing nuclei will be relatively unimpeded (Reference 13), The

nucleation rate, N, may be approximated by

N = Const, exp-AF/RT (7

However, the temperature at the eutectic is constant until solidification is
completed, so that equation (7) may be rewritten (using equation (6) and a

series approximation for e™) as

Const,
N = 2ofst (8

r




Pore Growth

Equation (8) provides an approximation of the rate of nucleation of the small-
est observable gas bubbles which grow at the eutectic temperature, The
rate of growth, G, of these bubbles must now be described. The growth rate
of a sphere is given by (Reference 14)

G=g?V-=4_n_ng%'_ (9)

where V is the volume of the growing bubble and t is the time, At a given
temperature, the eutectic temperature, the bubbles may be assumed to grow
at an essentially constant rate. Expressed mathematically,

dr = Const, dt (10)
Integration of this equation gives

r = Const, (t - tE) R (11)

where te is the time of growth at the eutectic temperature, For a given
aluminum alloy composition subjected to a given amount of superheating, te
will be very nearly a constant value. Thus, all bubbles which grow larger
than what was previously defined as the smallest observable bubble will have
ra;dii that are a direct function of the time fha.t the molten material was

allowed to graw at temperatures above the eutectic.

Equation (11) may also be employed to providé further insight into the nuclea-
tion rate as given by equation (8); this becomes

N = Const. (12)
(t - tE)

Thus, the nucleation rate is shown to be inversely proportional to the time
that the melt is kept above the eutectic temperature — in agreement with ob-

served behavior.




In applying equation (11) to equation (9), the growth rate may be rewritten as

G = Const. (t - tg)° (13)

Integration of both sides of this equation with respect to time, between the

limits of te and t, gives

t
f Gdt = Const. (t - tE)3 (14)
25!

. This is an expression for the total volume of all bubbles at an initial time, t.

The total volume of voids grown after that is

t
dfé[det]N(l-f)dt , (15)
t
E

where f is the fraction of the gas that is contained in the bubbles, When

equation (15) is integrated and equation (12) is substituted for N,

- Const.t4
(t -t

f (16)

E

Thus, the fraction of the gas that has precipitated from the melt and coalesced
to form bubbles is primarily a function of the time that the melt spent above
the eutectic temperature. To a first approximation, equation (16) may be
shown schematically as in Figure 2-10, 'where most of the bubble formation
occurs before te. The volumetric fraction of porosity is also expressed by

equation (16), except that the proportionality constant is different,




FRACTION OF VOLUME OF AVAILAVLE GAS IN BUBBLES
(THE FRACTION OF VOID FORMATION AFTER tg 1S LARGELY

UNOBSERVABLE).
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FIGURE 2-10

Pore Size

The expressions for N and G, equations (12) and (13), permit the calculation

of the average void size, s, since.
s = Const, (%) (17)

Upon substitution, equation (17) becomes

s = Const. (t - tg)* (18)

or the average bubble size is directly proportional to the fourth power of the

time that the melt is above the eutectic temperature,

In this analysis of the Tormation and growth of pores in molten alloys, it will
be noted that all of the significant parameters necessary for the understand-
ing of this reaction have been reduced in terms of time spent at or above the




.eutectic temperature, This is important because these factors may be meas=~
ured with a high degree of accuracy, and the equations are thus more valid
than those with some less accurately determinable parameters. Another
important point is that the use of such time factors automatically provides
that the parameters affecting bubble .formation will be sensitive to the rate of
heat transfer from the molten alloy., In other words, 'since the time for
solidification is a function of the temperature difference between the molten
metal and the surrounding solid material, the mechanism of porosity forma-

tion may be a function of the time-temperature cycles.

A similar set of equations may be derived in terms of the initial temperature
of the melt and the eutectic temperature of the alloy. Such an analysis would
not be as helpful in understanding these phenomena as that just given, be-

cause it does not account for the rate of heat removal.

The analysis presented here implicitly assumes that all of the gas ejected
from the melt will be retained as pores in the solidified weld and that none
of it would float to the surface. It also considers that no pores will form
after solidification., When such factors are taken into consideration with the
simplifications made in the mathematicai analysis, it is apparent that the
experimental data will deviate somewhat from the theoretically predicted be-
havior. Where significant deviations do occur, these will be explained in
terms of the parameters affecting the phenomenon in question. The behavior
predicted by the equations does agree with observed behavior, provides an
insight into the mechanism of porosity formation, and furnishes a guide to

the experimental verification of this phenomenon,
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NAS 8-11435
PROGRESS REPORT
15 February 1965
OBJECT:
The object of this program is to establish extreme confidence in transferring

weld settings and data from machine to machine and facility to facility.

PROCEDURE :

Eguizn_ent

Welding Unit No. 1 (Universal Test Jig)

Power - Sciaky Model S-6 functional control 600 amperes d-c welding
powver source,

Head = Alrco Model HME-E automatic head for the gas tungsten arc
welding process.

Carriage « Lockheed developed all-position boom and carriage mounted

on & Webb weld positioner. The carriage is controlled by
8 Servo«Tech tachometer feedback govermor.

Wire Feed = Airco Model AHF~-B feed rolls with Airco Model AHC-B feede
back type governor control.

Instrumentation = Texas Instrument "Servo/riter" 4 channel potentiometric
recorder,

Welding Unit No. 2 (Test Bed)

Power - Sciaky Model S-6 functional control 600 amperes welding
power source,

Head « Precision Scisky (MIG) (TIG) welding head with proximity
head control.

Carriage = Servo-Tech control system to operate a Lockheed designed
carriage.

Wire Feed « Alrco AHC-B wire feed control with tachometer feedback
governor.

Instrumentation ~ Minneapolis-Honeywell "Electronic 17" four channel potentio-

metric recorder.
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The analysis of significance of the variables and the regression analysis is

being run.on Unit No. 1.

Unit No. 1 and Unit No, 2 are to be used for transferability.

Experimental Design:

The experimental design used during the development program to determine the
significance of the variables and to establish response characteristics is a
1/16 replication of nine factors in eight blocks of four units each., This
design is being used completely randomized with several two factor interactions

measurable., (See pages 5 and 6.)

Welding Variables:

The following variables (independent) have been chosen for consideration during
the TIG portion of the development. (See pages T, 8, and 9.)
C = Welding current, recorded so that each chart line (2.5 mm) 1s equal to 0.5 amps,

V = Welding voliage, recorded so that each chart line (2.5 mm) is equal to 0.05
volts,.

T e Welding travel speed; recorded so that each chart line is equal to 0.5 in/min
or 0.2 in/win,

Ws m Fliler wire speed, recorded so that each chart line is equal to 1,0 in/min
or 0.2 in/min,

Wd a Volume of flllzr wire deposited (in?/inch of weld). This 1is calculated from
weld travel and wire speed and entered directly as a weld variable on the
computer data sheets,
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Gp = Inert shielding gas (Helium) purity measured in parts per million total
impurity. The high Impurity gas for the experiment has been contaminated
with air to produce high, medium, and low impurity gas as follows:

Impurity-ppm No H20 (07] Butane Total ppm
Low impurity 15 4 2 1 22
Medium impurity 60 8 12 1 81
High impurity 110 13 25 1 1k9

Gf = Shielding gas flow rate (cfh) using calibrated flow gages. Helium is
being used throughout the TIG program.

Of « Temperature of the weldment prior to welding. This is controlled using
a direct reading contact pyrometer to determine uniformity and temperature
level.

J e Weld Joint spacing or gap measured in inches, Shims are used during the
specimen tack weld operation to control the Jjoint gap.

D = Diameter of the electrode tip measured in inches. The 3/16 thorated
tungstens electrodes are machine ground with 2,40 taper and then blunted
to the desired tip diameter.

The torch resistance variable is under control by the use of the Lockheed,
high amperage, low resistance torch.

Responses or Dependent Veriables

Ftu « Ultimate Tensile Strength
Fty = Yield Strength 2% Offset
e = Elongation, % of 2 inches,

M » Crosa section area of the apparent melt zone as measured from specimen
macrographs.
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Cross section area of apparent heat affected zone as measured from specimen
macrographs,

Depth of penetration of melt as measured from the top surface of the specimen.
Overlap in melt penetration when specimen is welded from both sides.

Electrical energy of the welding arc in joules per inch of weld.

Temperature envelope as recorded from Cramel Alumel thermocouple taped to
the back side and in the center of the weld joint. This envelope data is
transferred to computer data sheets as maximum temperature, time above
4500F, and area under the curve above 4500F,

Radiographic, Porosity in the weld is measured by using a grid system that
provides a porosity level from O to 100% over ten inches of weld, This
number is applied directly to the computer data input.

Present Status

The computer analysis of the data from the 1/4" TIG is being accomplished., This

is to include the analysis of variance, the regression analysis, the solution of

the quadratic equations from the regression analysis and the plotting of selected

response surfaces and parameters.
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ANALYTICAL AND STATISTICAL STUDY ON THE EFFECTS
OF POROSITY LEVEL ON WELD JOINT PERFORMANCE

PROGRESS REPORT, 18 FEBRUARY 1965
Presented at Marshall Space Flight Center by John F. Rudy - Martin Denver

I. OBJECTIVE

The objective of this program is to establish a correlation between
defects — primarily porosity -— and mechanical behavior of a weld. A more
specific objective is to be able to use this relationship to derive working
weld acceptance criteria. It is recognized that the industry is already in
operation with not one, but several weld acceptance criteria. This program
does not intend to duplicate these criteria, but to make them more definitive,
In essence, the benefit of this program is to place the user in a position to
confidently accept more defects in the as~is condition, so that the intro-
duction of the specific defect, which is weld repair, will be minimized. This
argument can be more fully appreciated when corisideration is given to the
reduction in mechanical properties which is caused by multiple repair,

IX. DISCUSSION

The practical success of this program depends on the ability to make
the criteria more definitive. If relationships for more accurate prediction
of the influence of a defect are to be made, the defect must be more accurately
defined in terms of those characteristics of the defect which influence the
mechanical properties of the joint. Thus, we must develop a classification
system which considers, in greater detail than presemt criteria, size, shape,
and position of the defect with respect to the boundaries of the weld puddle.
Once the classification system is derived, the relationship between the system
and mechanical properties will be established by a straightforward empirical
approach using statistical techniques.

The first task in the study of defects is to find the defects to study.
The practical task to which the program has been addressed for the larger part
of the effort to date, is to find a means of producing defects with sufficient
predictability and consistency of occurrence to allow a statistically planned
and efficient program to be conducted, If we are to obtain the
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II. DISCUSSION (Continued)

required numbers of defects within a given classification, we must develop a
technique for producing defects which introduces a minimum of welds which must
be scrapped as good,

At the begimning of the program it was established that the defects
which would be produced would be done so with a minizmum of deviation from
standard welding procedures. This is necessary in order that the infiuence
which is measured reflects the defect itself, rather than the means which was
used to produce the defect., Since curremt technical thinking attributes the
larger part of porosity type defects to hydrogen or water vapor, artificial
means of introducing these contaminants have been the primary experimental
variables,

III.  PRESENT STATUS

Contaminants have been introduced to weld bea.ds by contaminating the,
surface of the weld filler wire, or by contaminating the shield gas which
surrounds the electrode. Filler wire treatments have included the following:

1. As received,

2. 600°F dry atmosphere bake.

3. Surface cleaning with an alkaline solution,

L. Exposure of the wire to high~-humidity, warm air,

5. Soak wire in hot water.

6. Anodige the wire with various current densities, bath temperatures,

and times to obtain a porous coating.

7. Cathodically charge wire with hydrogen.

The above wire treatments generally did not give sufficient porosity,
in the downhand welding position, to enable a broad range defect study. The
anodized wires did give porosity, but not enough to provide the whole range of
experimental interest. Perhaps later work on horizontal position welding will
show more promise for these techniques.

The second technique, adding contaminant gas to the shield gas, has been
more successful in providing a controlled and predictable level of porosity.

We have added moisture up to a dew point of approximately +4,0°F, and hydrogen
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III. PRESENT STATUS (Continued)

up to the ratio 15 CFH hydrogen to 80 CFH helium, and have added mixtures of
the two gases in levels up to these values., Cross-section micrographs and
x~-rays were shown which demonstrated that, with flat welding, the high extreme
of porosity which is of interest was obtained with a +25°F dew point, sero
hydrogen; or with low dew point (as received), and 580 hydrogen. In the
horizontal welding position "bad" porosity was obtained with lesser amounts of
hydrogen and moisture. A conclusion from these data is that predictable levels
of porosity can be obtained with horizontal welding at contamination levels
which are sufficiently low to have a minimal influence on arc stability and are
heat input. Thus, a modification of the program was suggested which places the
major emphasis on horizontal welding, which will be followed by verifications in
the defect~porosity characteristic in the vertical and flat positions.

Side effects were illustrated in terms of arc currert and arc voltage
stability with various levels of contamination. Side effects were also
illustrated ih terms of bead surface, showing a deterioration in surface smooth-
ness with increasing hydrogen or molsture.

Iv. CONCLUSION

The conclusion which can be offered at this time is that the program
has developed sufficient background information to enable predictable and con~
trollable introduction of defects to aluminum welds. We had preliminary
correlations between mechanical properties and defective welds to establish the
range of experimental interest for a controlled statistical program. At this
time, we are able to initiate the intentional defect program in a statistical
fashion to develop the final correlation which is the objective of the program.
Mechanical properties will be reported in both longitudinal and transverse
tension, ultimate strength, tensile strength, bead shape, welding parameters,
and elongation in gage lengths of .2, .4, .6, .8, 1.0, and 2,0 inches,
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