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ABSTRACT

An investigation was made of the welding characteristics of three
commercial columbium base alloys, F382, D31, and F48. Tungsten inert gas,
electron beam, spot, and flash butt welding methods were included in this
investigaticn. The effect of the welding variables travel speed, shield-
ing gas cemposition and purity, filler metal additions, preheat and post
heat were studied. Thermal cycles were measured in the fusion zone and
heat affected zone-of TIG welds to help explain mechanical properties and
microstructure on the basis of physical metallurgy of each alloy.

The effect of welding on all alloys investigated was to increase the
ductile to brittle transition temperaturs, This temperature was increased
200°F for FS82, 800°F for D31, and 500° to 800°F for FUB over that of the
as-received wrought sheet. Of several post heat treatments investigated
those most beneficial in lowerding the itransition temperature of welds were;
2000°F for l; hours for F3882, 2100°F for 2L hours for D31, and 2500°F for L
hours for FL8.

The electron beam welding process consistently produced more ductile
welds than the TIG process.

Ductile spot welds could be made readily in FS82 alloy; however, a
relatively high electrode force is reguired to minimize center porosity
and electrode sticking. Tungsten and molybdenuwn tipped electrodes were
tried but neither offered an advantape over Class I copper elecirodes in
regard to sticking. Solid phase recrystallization spot welds were recom-
mended for D31 and FL8 to minimize eracking which usually occurs in fused
spot welds.

A limited effort on flash welding has shown that a post weld heat
treatment is required with FS82 and D31 alloys to achieve adeguate room
temperature ductility at the weld interface. FLE flash welds were not
ductile at room temperature even after heat treatment. It is believed
that the upset fiberocus structure at the weld interface oriented normal
to the sheet surface and rolling direction is in part responsible for the
low ductility of flash welds,
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I INTRODUCTTICN

This report describes the efforts and results of a cne year research
program from January 16, 1961 to January 15, 1962 to investigate the weld-
ing characteristics of three commercial columbium bhase alloys. This work
was sponsored by the United States Alr Force, Aeronautical Systems Division,
Directorate of Materials and Processes, Wright-Patterson Air Force Base.

Colunbium and its alloys along with other refractory metals are of
interest as structural materials for supersonic aircraft, space re-entry
vehicles and components of jet engines. Columbimm is particularly at-
tractive for these applications when compared to other refractory metals
(Mo, Ta, W) because it combines the features of a relatively high melt-
ing point with ductility, relatively low density and resistance to
catastrophic oxidation at high femperature.

Alloys of columbium have been developed to increase the high tem-
perature tensile properties and to increase the resistance to oxidation
at high temperatures. While several alloys have been developed on an
experimental basis to achieve these results it has usuvally been at the
expense of fabricability and weldability. In addition, the ductile-te=
brittle transition temperature is raised by additions of the alloying
elements, W, Mo, and Cr, generally linearly with percentage addition.
Titaniim, zirconium, tantalum, and hafnium are elements which cause a
minor increase in the transition temperature. The elements W, Mo, and
Zr are most effective for imparting high temperature strength and creep
resistance to columbium alloys. Titanium in small percentages develops
a moderate increase in high temperature strength but as the percentage
increases strength levels off and drops, On the other hand, titanium
is the most effective alloying elemert in improving oxidation resistance.
Its reduction in strength can be offset by additions of other alloys.
Tantalum is a moderate strengthener but deoes not raise the transition
temperature significantly and does not improve oxidation resistance.

Although most of the columbium alloys are ductile well below room
temperature in the cold worked stress relieved condition, in some alloys
recrystallization of the wrought structure results in raising the ductil-
ity transition temperature several hundred degrees above room temperature.
Since the welding operation produces a zone of fused metal and a recrystal-
lized heat-affected-zone the problem of greatly reduced weld ductility is
encountered in most of the higher strength columbium alloys.

The purpose of this program was to investigate the effect of a
nunber of welding methods on the mechanical properties and microstructure
of welds in columbium alloys. Welding parameters and filler materials

Manuscript released by authors March 1962 for publication as an ASD Technical
Documentary Report,



were studisd to determine which combination of wvariables resulted in the
smallest loss in ductility. In addition, post weld heat treatments were
investigated for the purpose of restoring ductility of the weld zones,
The effect of atmesrhere purity, material cleanliness and interstitial
content of the alloys was alsc studied.

The alloys included in this program for investigation were FS82, D31,
and FL8. F882 (Cb-33%Ta~1%Zr) was developed and is produced by Fansteel
Metallurgical Corporation. This alloy was included because 1t is a mod=
erately high strength material which can be welded by most techniques with-
out seriocugly reducing ductility or tensile properties. However, the weld
zone in this alloy can lose ductility by an aging reaction between 1L00°
and 1800°F, asg this investigation has shown, a range which includes a portion
of the service temperature for this material. Most of the basic weld para-
meter cdeterminations were performed on this alloy to develop base line data
which then was translated to the other alloys which were more difficult to
weld.

D31 (Cb-10%Ti-107Mo) was developed by Du Pont Pigments Department and
is being produced on a commercial basis by their Metallurgical Products
Department, This 1s a moderate high~temperature-strength good oxidation
resistant alloy. In the wrought form it is generally ductile down to
~275°F, However, heat treatment causing recrystallization also causes a
precipitation reaction which raises the transition temperature to about
600°F, This condition appears in the weld zone of D31,

FuB {Cb=l5W-5Mo-1Zr) was developed by General Electric TFlight
Propulsion Department in cooperaticn with the G. E. Research Laboratory.
It is in the laboratory producticn stage at both Allegheny Ludlum Steel
Corporation and Crucible Steel Corporation. FL8 exhibits high strength
at elevated temperatures but is not particularly resistant to oxidation
at high temperatures. Lack of oxidation resistance is not considered
to be a serious handicap because it is agreed that most columbium alloy
hardéware will require a protective coating for service. Like D31, this
alloy becones severely embritiled by welding, '



IT LITERATURE REVIEW

During the past several years a large amount of research has been
condncted on the metallurgy of columbium and columbium alloy systems.
Before 1961 the important researches on columbium alloy welding were
performed at Westinghouse Research Laboratorises, General Electric Flight
Propulsion Laboratories and Oak Ridge National Laboratories. Prior to
these investigations, rescarch efforts were concerned with the welding
of commercilally pure columbium,.

Dr. ¥Yntema (1) indicated that columbium and tantalum can be welded
by the same processes; resistance welding, submerged arc welding under
carben tetrachloride, and tungsten inert gas welding. In each case em-
phasis was placed on joint cleanliness and protection of the weld area
from atomspheric contamination during the weld cycle. Resistance welds
may be made in thin sheets in air or under a blaonket of inert gas, while
thicker sheets must be welded under water ito insure rapid cooling to
minimize contamination. Manual welding with a carbon electirode, of com-
ponents, while submerged in carbon tetrachloride has been applied exten-
sively to tantalum., Small amounts of carbon are introduced into the
weld area with apparently ne undesirable effect in the particular ap-
plication., Tungsten inert gas welding was used more where the process
conld be automated. The operation was carried out in a chamber flushed
with helium and great care was exercised to nrevent contamination of the
weld with metals in the holding fixture.

The British Welding Research Association (2) reported work on the
welding of 0,012 in, and 0.030 ine unalloyed columbium sheet by the
tungsten inert gas process. The as-welded hardness of the fusion zone
in work hardened sheet was comparable to the annealed hardness of this
sheet., However, after annealing at 1832°F in vacuo, weld zone harden-
ing occurred as a result of surface oxides diffusing into the metal,
This effect was reduced considerably by welding in an inert gas purge
chamber or in a vacuum purge chamber where surface contamination during
welding was minimized, Spot welding was performed in air with 1 or 2
cycles heating time. It was recommended that seam welding be done
under water to cool the welds as quickly as possible,

Hardness measurements, mechanical tests and metallographic ex-
aminations were used by Begley (3) to evaluate the effects of atmos-
pheric impurities and alloying additions on welds., Bead-on-plate type
of welds were used. Nitrogen additions of 1 and 10% to the welding
atmosphere caused slight weld discoloration while 0.63% oxygen caused
severe discoloration, However, nitrogen in these amounts raised the
bend transition temperature above L82°F while the 0.63% oxygen welds
were ductile at 77°F. Hardness measurements of welds made in purified
argon, commercial welding grade argon and argon with 1 and 10% nitrogen
and 0.63% oxygen additions indicated that nitrogen was the principle
cause of hardening in the weld zone. 8ince commercial argon was found
to contain 0.08% nitrogen it was recormmended that helium, which normally
contains less nitroten, he used as the shielding gas. Hardness surveys
were run on welds in binary columbium base alloys of V, W, and HF.
Porosity observed at the fusion line was believed to be the result of
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a reaction of 0 and ¢ to form CO which was trapped because the metal at
this location solidified rapidly.

Further work by Begley and Platte (l;) was performed in a vacuum
purge chamber aff{er evacuating to 1 x 10~° mm of mercury pressure and
back filling with tank helium. Bead-on-plate welds were made in which
the weld was started and stopped on the plate about 3/4 in. from each
end to induce high shrinkapge stresses and thereby expose any tendency
for hot cracking in each alloy welded., All welding was done with a
tungsten electrode, straight polarity and at a speed of 3 ipm. Binary
alloys of Cb plus 1, 5, 10 and 20%Ti, 0.5, 1, 5, and 10%2r, 1%Hf, 1 and
5%W ard 1 and 5%V were studied. Before welding the sheets were surface
grouwn, etched in 607HNO3-LOZHF sclution then annealed at 2732°F in
vacuum for 1 hour. Compared with a 30 point VPN hardness increase in
the weld fusion zone of unalloyed columbium the Cb-lZr exhibited a 120
point increase in the fusion zone and the Cb=10Zr a 100 point increase
in the fusion amd heat affected zones. The fusicn zone hardness of Ch-
1Ti increased 160 points while the Cb-16Ti fusion zone hardness decreased
& points. Weld porosity at the fusion line was noted as in the earlier
work on unalloyed columbium,

Fugardi and Zambrow (5) discussed the welding of columbium c¢lad
stainless steel in which an iron barrier layer was used between the two
sheets. Butt joints were prepared by machining the stainless steel back
5/16 in. so that when the higher melting columbium was welded first
there would be no alloying with stainless steel. Welding was performed
in g dry box under an argon atmosphere. Aimosphere purity was checked
by applying L.5 volts to a 3 volt flashlight bulb without the glass
inside the welding chamber. 4 filament life of 8 minutes indicated a
satisfactory atmosphere while a dew point of -GO°F or higher caused the
filament to burn out in less than 6 minutes. Tensile tesis of the
composite welds indicated that the columbium was more ductile than the
stainless steel,

Franco-Ferreira (6) reported that contamination-free welds in 1/4
in. ard 1/2 in. unalloyed columbium were produced in air with a trailer
gas shield and machine welding techniques. The procedure was to fuse
the root of a groove butt joint with the tungsten inert gas process
then f£ill the remainder of the groove employing the consunable electrode
inert gas shielded process. Extensive work has also been done on the
aging of welds in Cb-12r at temperatures from 1300° to 1800°F for times
up to 250 hours. Although the Cb-1Zr alloy is completely ductile at
room temperature after welding, exposure of the welds for extended periods
between 1500° and 1700°F caused loss in ductility. At the higher tem-
perature loss of ductility occurred after a relatively short time (10
hours) but was regained after 100 hours exposure. At the lower tem-
peratures ductility was lost after about 25 hours and was only partly
restored after 250 hours. At 1800°F no loss of ductility was observed.
When welds were annealed at 2200°F for 1 hour prior to the aging treat-
ments no loss in ductility was found. It appears that an aging reaction
oceurs in this alloy and that overaging proceeds at the hipgher tem-
peratures and longer times.
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Stacey (7) describes the fabrication of a prototype leading edge
structure of 04O in. F382 columbium alloy. Manual T-melt-down welds were
made in a vacuum purge chamber after evacuating to 0.03 microns of mercury
pressure and back filling with argon. Fixturing and control of warpage
were of primary concern in this work.

Johnson and Derry (8) in welding 1/16 in. Cb to 1/16 in. V sheet ob-
served a tongue of columbium extending into the fusion zone of the weld
indicating that a low melting alloy of Cb and V was formed with little
direct melting of the columbium, The hardness changed abruptly from 140
VPN in the ¢olumbium to 350 VPN in the fusion zone,

Burrows, Schwartz, and Gagola (9) welded FS82 and D31 in a gas purge
chamber in both argon and helium atmospheres. Helium was preferred because
a hotter arc was attained and a cleaner atmosphere resulted. Atmosphere
purity was checked by welding on titanium sheet. FS82 was ductile in the
as-welded condition but strength was lowered slightly. Of three fusion
welds made in D31 sheet, only one did not crack during welding. They ob-
served what was described as a precipitate or solid solution melting in
the interface between the fusion zone and the heat-affected zone. High
temperature heat treatments were tried for improving weld ductility with
limited success, Satisfactory spot welds were made in FS82 sheet from
0.002 in. to 0,032 in. thicknesses, Electrode sticking and need for fre-
quent reshaping of tips were the main problems with this alloy. Harder,
Class 2 electrode material maintained its shape longer and required less
dressing than the softer, higher conductivity Class 1 material, It was
necessary to use a multi-impulse welding technique on D31 to eliminate
sticking and to give a fine grained sclid phase weld. Both D31 and FS82
were brazed with Ti, Pd, 90Pt~10Ir, 90Pt-10Rh and Pt at temperatures from
2900° to 3L50°F, Of these, only Ti produced joints with good ductility
and limited erosion of the base metal. The 90Pt-10Rh alloy caused severe
erosion and very brittle joints., Brazing was done in a cold wall vacuum
furnace.

Work performed by Young (10} at the G. E. Flight Propulsion Laboratory
has shown that welds made in He in a vacuum purge chamber on pure columbiwum
and on Cb-0.7Zr can be bent 1B0° in a sharp radius. However, when pure Cb
is welded in air with no trailer shield the weld zone becomes brittle. After
removal of the surface layers a 105° 1T bend can be achieved. Welds have
been reported in .0L2 in. FS82 made in a vacuun purge chamber in He with the
addition of ,OLS in. diameter FSB82 filler wire, Although ductile as welded,
ductility was reduced by a 1950°F l-hour healt treatment. However, ductility
could be restored by a subsequent 2100°F l-howr treatment. A double heat
treatment of 2100°F for 1 hour followed by 1950°F for 1 hour did not reduce
ductility probably because the 2100°F causes overaging by non-coherent pre=
cipitation of the embrittling phase. Since aging may occur during service
of a welded part or during application of an oxidation resistant coating, it
vas recommended that welds in FS82 be overaged at 2100°F for 1 hour. Welds
made in FS82 without a shielding chamber buit with a trailing shield and inert
gas backup were ductile as welded. An aging behavior similar to that oceurring
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in the chamber welds was encountered.

FLi8 welds were made in a vacuum purge chamber back filled with Grade
4 helium., Prior to welding, samples were vapor blasted then etched in a
IM03-HF sclution. Filler metals consisting of Cb-lZr, Ch-8Ti, Ch-5 and
10Y, Cb-1Ce, Cb-1l mischmetal, and FS82 were zdded to manual welds. TFiller
materials were etched prior to welding to minimize the amount of immurities
introduced into the weld from surface films. Tight fixturing of FLB welds
caused cracking during cooling., Looser fixturing corrected this condition
hut allowed more distortion to take place. A 500°F preheat was provided by
a guartz lamp in the fixture to allow weld stresses Lo become equalized
while above the itransition temperature., Of this combination, only welds
made with the Cb~1lZr filler material and annealed at 2500°F for 2 hours
produced ductile welds at room temperature., The Cb-1Zr filler metal welds
annealed at 2200°F for 10 hours yielded some ductility with failure oce-
curring in the heat-affected zone. It was speculated that the trittle
fracture was caused by precipitation of carbides in grein boundaries of
that part of the recrystallized heat-zffected zone which had exceeded
3000°F. As-welded hardnesses in Fi8 welded with Cb-1Zr filler metal were:
fusion zone 21l VPN, heat affected zone 252 VPN, and parent metal 24,8 VPN,
After aging at 2200°F the heat-affected zone hardness increased to 330 VPN,
while the fusion zone and parent metal each increased about 10 points VPN,

FS82 was spot welded in thiclmesses of 0.010 in., 0.025 in., and 0.070
in. Tensile shear strengths of 850 and 950 lbs. in the 0.025 in. sheet were
obtained with l-cycle weld times and LOOO 1lbs. electrode force, Sclid phase
welds thus obtained did not present a problem of electrode sticking. Both
FS82 and FL8 sheet were cleaned before spot welding by rubbing with steel
wool then rinsing with acetone. There is a possibility that this procedure
aprlied a microfilm of iron to the surfaces which helped in solid phase bond-
ing. Spot welds were made in 0.0L0 in. FLE sheet at the following sequence:
preheat €0 cycles - 3500 amps - 650 1lbs. electrode force, weld 2 cycles -
17,500 amps - 1500 1lbs. electrode force. Titanium shims, 0,001 in. and 0,003
in., thick, improved the as-welded strength of spots. A 2500°F 2-hour dif-
fusion heat treatment increased the strength of welds with and without Ti
foil te the extent that thsy were nearly equal., Heat treatment also decreased
the tendency for failure to occur by cleavage at L5° with the rolling direction.
Room temperature tensile strength of 870 to 1270 lbs. were reported with the
0.001 in Ti foil plus 2500°F 2-hour heat treatment, At 350°F ductility in-
creased and loads of approximately 1500 lbs, were obtained,

McDonnell Aircraft Corporation (11) performed extensive work on the
spot welding of FL8 alloy in thicknesses from 0.012 in, to 0.080 in. A4l-
though difficulty was encountered in welding this material, satisfactory
welds could be obtained under carefully controlled conditions in uniform
quality material, In general, a recrystallization or solid phase type spot
weld produced better properties than a fusion or cast nugget type spot weld.
Inert gas arc butt and T welds were performed in F582 alloy in thicknesses
from 0.1 to 0.5 in. It was found that cleanliness (atmosphere, sheet and

6



filler wire) was the most important factor in producing ductile welds in
this alloy.

Trabold and Bank (12) of Grumman Aireraft in a study of the fabrica~-
bility of D31 alloy tried high energy rate techniques such as spot welding
and electron beam welding which would minimize the heat affected gone. In
both cases extreme brittleness and low strength were observed. Cracks ex-
tended from the fused nugget of spot welds cut to the surface.

Robertshaw (13) has reported the results of welding studies on Fh8
alloy sheet produced from hot pressed powder compacts. Full penetration
bead-on-plate welds were made manually on 0,050 in. sheet in a vacuum
purge chamber with a helium atmosphere. Weld specimens heat treated at
2500°F for 2 hours exhibited about the same degree of ductility as welds
similarly heat treated in sheet made from arc cast ingots. 4n average
bend angle of 77° was obtained for electropolished weld samples bent at
room temperature around a 6T radius.

The solid phase bonding of columbium has been investigated by Paprocki,
Hodge and Gripshover (1, 15, 15). Unalloyed columbium was bonded to itself
at a temperature of 2100° to 2L00°F and a pressure of 10,000 psi for 3 hours.
The surfaces to be bonded were etched in a solution of 657 HNO3 and 35%HF to
remove 0,001 in. of material, The components were then enclosed in an evac-
uated envelope or welded around the edge to form a gas tight assembly. This
method of bonding has produced joint strengths of L0,000 psi with 90% re-
duction of area. Metallographically this produces a bond in which there is
complete grain growth across the original interface,

Ultrasonic welding techniques have been considered as a logical method
of joining the columbium alloys which become erbrittled in normal fusion
welding. Since bonding is accomplished by relative mechanical motion at
the joint and relatively little heat is generated, recrystallization and
formation of brittle intermetallic compounds is eliminated. Equipment for
ultrasonic welding refractory metals has been developed by Jones et al (17)
and data on D31 alloy weld properties have been reported. Weare and Monroe
(18) reported the results of their efforts to ultrasonically weld 0.020 in,
columbium sheet to 0,018 in. type 316 stainless steel and to 0.018 in,
Inconel sheet. A tensile shear strength of %0 ~ 100 lbs. was obtained
between columbium and stainless steel and a strength of 130 - 145 lbs.
between columbium and Inconel when these materials were welded to each
other directly. TUse of a 0.005 in. iron insert between the columbium and
stainless steel increased the tensile shear strength to 160 - 175 lbs.

Rajala and VanThyne (19) in developing improved vanadium - columbium
base alloys observed that V-80Cb alloy was strongest at 2000°F with an
ultimate strength of 62,000 psi. A V=-5Ti-20Cb alloy exhibited a tensile
strength of 50,000 psi at 2000°F and when welded passed a 180° 3T bend
without post heat itreatment. HNo welding studies were reported on the V=
60Ch alloy.



An evaluation of brazing materials for columbium base alloys was cone
ducted by Young (20). From a study of the brazing behavior on FL8 and Che
12r, four brazing alloys were selected for further investigation. These
alleys, Zr-28V-16Ti, Ti-fFe~4Cr, Ti-30V, and V-35Ch exhibited useful braz-
ing strength and little effect on the ductility of the base metal.

IIT MATERTAL

A. Source, Thickness and Analysis

As far as possible material for this investigation was obtained in

three thicknesses, 0.020 in. for resistance welding, 0.060 in. for tungsten
arc, electron beam and resistance welding and 1/8 in. for flash butt welding.
The source, quantities, thicknesses, and hardness of each alloy are given

in Table 1. While the FS82 and D31 were obtained from Fansteel and Du Pont
their respective developers and producers, the FL8 alloy was obtained from
three sources, Allecheny Ludlum, General Electric and Wright Fleld. The
FLB obtained from Wright Field was through the courtesy of Sgt. Jesse Ingram
from material produced on the McDonnell Refractory Metals Structural Develop-
ment Program. Chemical analysis of these materials are listed in Table II,

B. Mierostructure

Rockwell hardness measurements and metallographic sections were taken
at several locations on each individual sheet as shown in Figure 1. Repre-
sentative microstructures of each heat of material are presented in Figures
2 through 9.

Two heats of F582 alloy were obtazined for this program, one having what
is considered a standard oxygen level of 500 to 1000 ppm and the other desig-
nated HS (high strength) with the oxygen between 1000 and 1500 ppm. Both
grades of FSB82 were iIncluded because it was believed that the oxygen content
would effect the ductility and strength of welds. This material was reported
by the manufacturer to be shipped in the fully annealed condition. A com-
parison of Figures 2 and 3 indicate that the recrystallization of the standard
alloy was not complete over all areas of the sheebt received, These variations
could have been caused by variations in composition, amount of cold work or
by temperature differences in the annealing furnace. This variation in
structure and hardness did not cause any sericus difficulty in welding this
alloy. As the microstructure and hardness indicate, Figure li, the hich oxygen
FS82 received a full recrystallization anneal, There was no indication of
rolling direction in the microstructure, therefore it was considered that the
greater dimension of the sheet was in the rolling direction.

The microstructure of the two heats of D31 represented in Figures 5 and
6 indicate a stress relief heat treated condition. The lesser degree of
recrystallization in Figure é indicates a somewhat lower stress relief tem-
perature., It will also be noticed that sheet CA, Figure 5, exhibited larger
and less uniformly distributed carbide particles, particularly as shown by
the light and dark irregular bands in the flat section,
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TABLE I

SHEET MATERIAL DATA

Alloy Source Heat No., Code® Thicknegs
Fs8z2 Fansteel B2-A-111  AA-AT L0680
Fansteel  82-4-111 AJ .020
Fansteel 82-A-181 AK-AW 125
FSB2HS Fansteel  82-A-244  BG-BD 060
Fansteel 82-A-2/J BE .020
Fansteel 82-A-244 BA-BB .125
D31 Du Pont.  31-007 CA-CC 060
Du Pont 31-007 CD .020
Du Pont 31-038-02 CE 060
Du Pont 31-038-02 CF 021
Du Pont 31-038-2 CI 125
F,i8 Allegheny
Ludlum DB-DD 055
Allegheny
Ludlum DE 061
F.i8 ASD D or
McDonnell 8954 5954  ,090-.147

*ote:

Weight
Lbs.

24.6

11.0

Rockwell Hardness

Aver., Max, Min.
76,88 8,B 67B
80.38 83 77.5B
93.5B 97B 873B
70.1B 71.5B 67.5B
74.1B 75B 73B
71.3B 74B  T7ZB
8l,0G 900G 74.5G
89.5B 93B 858
B4.36 8% 82.5G
98.1G 100G 96.5G
998 100 98B
85.2G¢ 90G 282G
84.5G 90G 80G
85.76¢ 990G g81c

In the material code the alloy is identified by the first letter as

follows:

A=FS82, B=F882HS, C=D31 and D-F.8,

The second letter of the

code identifies each individual sheet of an alloy and in this way tles

in with a particular heat number.
AI are F382 heat 82-A-111 0,060 in. thick.
82-4-111 0,020 in, thick,

For example, sheets marked AA through

Sheet AJ is FS82 heat

gystem was initiated and is identified as either S954 or D.

411 fusion weld and resistance weld data for FS82 was determined on heat
82-4-111, flash weld data was obtained from heat 82-4-181,
data was obtained on heat 82-4-244.

All

F48 heat 8954 was received before the coding

FSE2HS

Most fusion weld data for D31 was ob-
tained on heat 31-007, that obtained on heat 31-038 is identified by the

code CE on the ductility and hardness curves,
spot weld data were obtained on heat 31-038,
weld data for Fi8 were determined on one heat marked DB, DC and DD.

Flash weld and ¢.020 in,
Spot weld and most fusion
Data

obtained from other heats are identified as DA, DE, and S95A or D as

indicated shove.

9
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ROCKWELL.HARDNESS — 3 IMPRESSIONS EACH LOCATION

METALLOGRAPHIC SECTIONS

F- FLAT
L- LONGITUDINAL
T- TRANSVERSE

Figure 1, Diagram Showing Locatlons of Hardness Impressions
and Metallographic Samples Taken on Each Sheet of
Material.,
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Longitudinal 1000X 2742

Figure 3 Microstructure of FS82 Alloy Sheet AD
Hardness 172DPH
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Flat 100X 3028

Longitudinal 100X 3027

Longitudinal 1000X 3030

Figure 4 Microstructure of FS82HS Alloy Sheet
BC Hardness 152DFPH
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Longitudinal 100X 2746

AR

Longitudinal 1000X 2745

Figure 5 Microstructure of D31 Alloy Sheet CA
Hardness 234DPH
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Flat 100X 3066

Longitudinal 100X 3067

Longitudinal 1000X 3068

Figure 6 Microstructure of D31 Alloy Sheet CE
Hardness 288DPH
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The structure of the heats of FL8 obtained for this program are pre-
sented in Figures 7, 8, and 9. It is clear from the flat sections that all
these sheets were cross rolled and received approximately egual amounts of
work in both directions. The sheet received from Sgt. Ingram, Structures
Branch, Flight Dynamics Laboratory, ASD, was obtained from a wide sheet
which had cracked on U5 degree angles on rolling leaving pieces large enough
for welding samples. This accounts for the L5 degree directionality of the
flat section in Figure 7. The larger number of carbide particles indicates
a higher carbon content than sheet DA, Figure 8, obtained from General
Electric. The microstructure of the FL8 received from Allesheny Ludlum
is shown in Figure 9. As the microstructure indicates this material is in
a cold or warm worked condition,.

Bend ductility tests and room and elevated temperature tensile tests
were performed on the as-received sheet material., Test methods are dis-
cussed in the weld evaluation section under Experimental Procedure., Hesults
are presented in the Discussion of Results under each alloy.

The material obtained for this program was considered to te represent-
ative of commercially available sheet at the time procured. Although a
variation in microstructure and hardness was observed in each material this
is considered a normal consequence of the melting and fabrication methods
used.

C. Material Preparation

Sheet specimens of the D31 and FL8 alloys were cut from larger sheets
by band sawing out somewhat oversize blanks. The FS82 alloy sheet was
sheared on a foot operated platform shear. Edges to be welded were ground
straight and square removing approximately 1/32 in. of material per edge.
Before welding, samples were cleaned in acetone and the edges to be welded
ard adjacent sheet surfaces were etched in a solution of 22%HF, 8%HNC3 and
15%HpS0), to present an oxide free surface for welding,

TV EXPERTMENTAL PROCEDURE

4. Tungsten Inert Gas Fusion Welding

The majority of the experimental welding for this program was performed
by the inert gas shielded tungsten arc process. Two degrees of atmosphere
purity were studied to cover this latitude of welding conditions., Welds were
made in a vacuum purge atmosphere chamber to represent the best readily at=
tainable atmosphere, In addition, welds were made without a chamber but with
inert gas flow in a trailing shield and a backing shield as well as in the
welding torch,

l. Vacuum Purge Chamber Welding

Controlled atmosphere welding was performed in the vacuum purge
chamber shown in Flsure 10. This equipment could be evacuated to less than
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Longitudinal 1000X 2945

Figure 7 Microstructure of F48 Alloy, Sheet D
Hardness 290DPH
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Flat 100x 2940

Longitudinal 100X 2941

Longitudinal 1000X 2942

Figure 8 Microstructure of F48 Alloy Sheet DA
Hardness 309DFH
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Flat 100X 3245

Longitudinal 100X 3246

Longitudinal 1000X% 3247

Figure 9 Microstructure of F48 Alloy Sheet DB
Hardness 275DPH
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05469-7

Figure 10 Vacuum Purge Welding Chamber
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0.1 microns of mercury pressure in approximately 30 minutes. It is equipped
with an automatic welding head and electronic centrols capable of maintaining
arc voltage to preset values within 0.1 volts. The head control also gives
transverse motion of the torch, up to LS iem. Longitudinal motion of the
work up to 39 ipm is provided by cart iravel driving through a lead screw
powered by a DC motor with thyratron speed control. Figure 11 shows the card
pulled out on a factory delly to allow material, fixture and tools to be
loaded and placed inside the chamber for evacuation. Arc current and voltage
were measured and recorded on Esterline-Angus sirip chart recording meters.

The procedure followed in chamber welding was to place the sheet
material, and tools inside the chamber, evacuate to 0.3 microns and then f£ill
to 1 atmosphere pressure with either welding grade argon or tank helium, With
the intermal pressure equal to atmospheric pressure the glove covers could be
remnoved and fixture loading and positioning could be accomplished manually by
the operator working through neoprene gloves. Before any welding was done on
the columbium alloys, the purity of the chamber atmosphere was verified by
welding on titanium sheet. The titanium sheet was clamped only at one edge
and a high heat input was used so that a large area was heated., The titanium
absorbed much of the residual contaminants in the inert gas atmosphere and
would indicate by color change any serious amount of contamination.,

Sheets to be welded were cut to approximately L in. by & in. rec-
tangles with the primary rolling direction parallel ito the L4 in. edges. The
6 in. edges were prepared, butted together and clamped in a steel fixture of
the kind shown in Figure 12 with a copper backup bar and copper edged clamp-
ing bars. The copper backup bar contained a groove 5/16 in. wide and 1/16 in.
deep milled in the top surface to prevent copper contamination and excessive
chilling of the root of the weld. The abutting edges of the sheets to be
welded were centered over this groove and the clamping bars were tightened
to give a 5/32 in. space between the edge of each clamping bar and the butt-
ing edges at the center of the weld, This backing groove dimension and the
clamping bar separation were found to yield ample chilling and yet not inter-
fere with adequate weld fusion.

Some of the preliminary welding was done with a 1/8 in. wide back-
ing bar groove and 3/16 in. distance from weld centerline to clamping bar
edge for the purpose of providing meore rapid chilling of the weld. Although
close clamping provides repid chilling of the weld zone, a substantial current
increase is required to obtain full weld penetration and increased heat capacity
of the fixture is required ito soak up the exira heat input.

Except for a few welds, welding was done with 2% thoriated tungsten
electrodes held in a copper block on the welding head. To prevent mutual
contamination of the welds and electrcdes “he arc was initiated with the aid
of a high freguency voltage superimposed on the DO welding voltage. When the
arc became established, the high frequency was cut off immediately to prevent
it from interfering with the electronic controls of the torch and traversing
mechanisma
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05469-6

Figure 11 Vacuum Purge Welding Chamber Showing Cart with Fixture
Ready to be Loaded
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05469-4

Figwre 12 Fixture Used for Welding




Most all joints on 1/16 in. sheet were made with 1 in. square tabs
at each end of the welds to permit adjustment of current and voltage at the
start and also to allow the arc to be stopped on a tazb to eliminate a crater
in the main weld. Welds were made at speeds of 5, 15, 21, 28, and 35 ipm in
atmospheres of argon and helium. Arc currents and voltages were established
for each combination of speed, atmosphere and material to cbtain adequate
fused penetration bul not excessive fused width,

The welds and corditions under which they were prepared are compiled
in Table A-1 appendix. Most welds were made in the same type fixture without
deliberate preheat. However, as successive welds were made by reloading one
or two fixtures inside the chamber, a moderate preheat, approximately 150 to
200°F was developed from previous welds.

After completing a weld, a strip approximately 9/16 in. wide and
6 in. long containing the weld was sawed Lfrom the joilned sheets. In this
manner, four 1l-1/L in. long bend ductility specimens could be obtained from
each weld. The remaining somewhat narrower strips were again prepared for
welding YWy prinding, cleaning and etching the saw cut edges. This procedure
was repeated until approximately 1-1/2 in. wide strips remained for rewelding.
This procedure permitted cutting bend specimens so the axis of berd would be
perpendicular to the welding direction and still would be economical of
materials. It was felt that use of narrower than 1-1/2 in. strips would pre-
gsent an unrealistically low stress pattern in the welds and a tendency to-
ward stress cracking during welding would not he detected,

Welds were made in each alloy in the chamber with deliberate air
contamination to determine the effect of atmosphere Impurity on the weld
mechanical properties. Intended atmosphere impurity levels of 200, 600, and
1300 ppm air were sought by evacuating the chamber to 150, LOO, and 1000
microns pressure respectively before each back-filling with helium. Ordi-
narily the chamber is evacuated to 0.3 microns before back-filling so that
the impurity level in the chamber is essentially that of the inert gas intro-
duced which usually runs between 50 and 100 ppm.

2e Hon~Chamber Welding

lHon-chamber tungsten inert gas welding was performed on the auto-
matic butt welder illustrated in Figure 13. With this equipment arc voltage
can be maintasined within 0.1 volt of any preset welding potential by the
electronic are voltage control. Uniform travel speeds up to 80 ipm are
available with the side beam carriage and electronic governor control.,. In
addition to inert gas flow in the welding torch, gas shielding was provided
to the top of the weld by means of a trailing shield, Figure 1, and to the
bottom of the weld through holes in the backing bar. The trailer shield
was fitted with a 1/bL in. thick piece of porous bronze which allowed the
inert gas to blanket the welded area with a minimum of turbulance and air
contamination. Arc current and voltage were read from panel meters. As
in the case of chamber welds, high frequency arc starting was practiced to
prevent weld contimination from the tungsten electrodes. Sheet size and
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Figure 13 Automatic Tungsten Inert Gas Shielded VWelder and Control
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Figure 13 Automatic Tungsten Inert Gas Shielded Welder and Control
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05469-5

Figure 1/ Inert Gas Shielded Tungsten Electrode Welding Torch,
Showing Trailer Shield and Filler Wire Positioner
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preparation were the same as used for chamber welds. Welds made without
the addition of filler metal or without preheat were made in the same fix=
ture used in the chamber to eliminate the variables of fixturing in compar-
ing the results with chamber welds. Non-chamber weld parameters are given
in Table A-2.

3. Preheat of Welds

Preheat was used for the single purpose of raising the sheet ftem-
perature closer to the transition temperature of the welds and thus allow
weld shrinkage stresses to be relieved by ylelding while the material is
ductile, From the standpoint of preventing embrittling metallurgical re-
actions from occurring, it is believed that chilling would be desirable to
decrease the time that the weld zone 1s in the embrittling temperature range.
But unless the cooling rate is rapid enough to prevent embrittlement, shrink-
age stresses produced on cooling can cause transverse and longitudinal weld
cracking.

Preheating in the chamber was accomplished in a fixture similar
to that shown in Figure 12 but fitted with three 500 watt resistance heate
ing elements. Temperature was controlled and measured by means of a thermoe
couple inserted in the backup bar of the fixture, Temperatures of up to
500°F could be maintained readily with this arrangement.

Outside the chamber preheated welds were made directly on the butt
welder to take advantage of its built in heating bar. Samples tc be welded
were positioned over a 2 in. wide 1/2 in. thick backing bar so the abutting
edges were centered over a 1/l in. wide 0.0 in., deep groove. The top clamp-
ing bars were also 1/2 in. apart with the opening centered over the joint.
Preheat temperatures in excess of 500°F were possible on this equipment.,

Le Filler Metal Additions

Filler metal was added to some welds in the form of 0.0L5 in. wire
of uvnalloyed columbium, Cb-1%Zr (FS80), and FS82 alloy. The wire was fed in-
to the leading edge of the arc by an automatic wire feeding device at rates of
12 to 22 ipm. The positioning device employed for nonwchamber welds is ile
lustrated in Figure 1lLh. A4 similar wire feeding and positioning device was
used for adding metal to welds inside the chamber. TIn this case the spools
of wire and drive rolls were contained inside the atmosphere chamber,

S« Fusion Weld Thermal Cycle Studies

Since most alloy properties depend considerably upon previocus
thermal history, weld metal properties depend to a great extent upon the
thermal cycling which occurs during the welding process. The thermal
cycles of a weld refer to the heating and cooling behavior of each point
included in the fusion zone and heat affected zone,

The temperature of a peint in or near a weld raises rapidly to a
peak as the arc approaches then cools more slowly as the arc passes the point.
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If the time temperature relations of points of increasing distances from
the weld centerline are plotted, a family of curves will result in which
each curve will at any given time be at a lower terperature than curves
representing points closer to the weld centerline, Increasing the weld
energy input or the initial sheet temperature has the effect of reducing
the cooling rate of all these curves.

Thermal cycles can be determined by attaching thermocouples to
the underside of sheets at strategic locations in the weld zone and re-
cording the millivolt signals on an oscillograph. A comrrehensive deter-
mination of thermal cycles in 1/16 in. coluubium alloy sheet would require
a separatsz program and is beyond the scope of this investigation, However,
an exnloratory study was performed on F382 alloy in 1/16 in thickness to
enable a general patiern to be determined.

Temperature of welds were measured with platimm-platinum 10%
rhodium and tungsten-tungsten 265 rhenium thermocouples in contact with
the bottom surface of the sheets,

Tungsten-tungsten 267 rhenium thermocouples were used to record
temperatures in the fusion zone and the hotter regions of the heat affected
zone. The lower temperature regions were measured with platinum-~platinum
107 rhodium thermocouples. To simplify the thermocouple attachment problem,
full penetration bead-on-plate welds were made on approximately 2 in. by
6 in, sheets. 4s a result of difficulty in welding the tungsten and tung-
sten 267 rhenium wires to the columbium sheet, the individual wires were
held in spring contact with the underside of the sheet in the required loca-
tion. As meliing of the sheet occurred the wires were fused into the bottom
of the weld forming excellent thermal contact of the hot junction. Where
fusion did not occur the sharp cut ends of the thermocouple wires made spring
contact with the sheet surface and yielded reproducible results in most cases.

The platinum-platinum 107 rhodium wires were readily spot welded
to the under surface of the sample sheet to form hot junctions. In all cases
the distance between wires was approximately 0.10 in. The use of platinmm-
rlatinum 107 rhodium thermocouples was limited to the outer edges of %he heat
affected zone because melting occurred at the junction of the wires and sheet
when welding,.

Thermecouple millivoltages were recorded in a 6 channel, direct
recording oscillograph. Four of the amplifier units were rewired to provide
two recorder channels, each with two amplifier units in series. This ar-
rangerient was necessary to obtain readable pen deflectlions from the thermo-
couples. Thermal cycle deberminstions have been made by welding outside the
chamber on the original standard fixture used for most of this work. A '
trailing shield and gas backup were used on all runs. Representative oscil-
lograph traces are reproduced in Figure 15.

Weld temperatures were recorded on FS82 alloy at welding speeds of

g, 15, and 30 ipm with helium and at 15 ipm with argon torch gas. Attempts
made to measure temperature at locations of the hottest point directly under
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the center of the weld and at a point spproximately 1/16 in. from the weld
centerline.

B. Resistance Welds

1. Spot and Projection Welds

Spot and projection’ welding was performed on a 75 KVA air operated
spot welder capable of applying a maximum electrode force of 1560 pounds,
This machine was equipped with a phase shift heat control and weld timer
which provided the functions of squeeze, weld, hold and off time.

Welding current was determined by measuring primary current then
miltiplying by the turns ratio of the itransformer. Electrode force was
measured as air pressure on a dial gage which was previcusly calibrated
against an electrode force gage. Electrode tip materials included Group
A Class I copper allcy, molybdenum, and tungsten,

Tip radii of I to 12 in. were used for spot welding like thick-
nessas of sheets. When welding thin to thick sheet, a small tip radius was
used against the thin sheet and a large radius or flat electrods was used
against the thick sheet to obtain proper heat balance for location of the
fused nugget at the interface. The AWS considers that the fused nugget
diameter of a spot weld should be three times the sheet thickness plus 0.06
in. This criterion was set as an arbitrary geal when determining spot weld
parameters. DElectrcde tips were cleaned with fine aluminum oxide c¢loth
after each weld to remove the variable of electrode deterioration as welds
were made., Initially, dies and punches for forming projections in sheet
were made according to AWS recommended practice for 0.020 in. and 0,062 in.
thicknesses in stainless steel. As the work progressed, it was obvious that
the projections in FS82 0.062 in. sheet were collapsing prematurely causing
undersize weld nuggets. In fact the weld diameters were considerably smaller
than spot welds formed in the same materials and thiclnesses, Therefore, a
puch and die set was made to form somewhat larger and stiffer projections,
than that recommended for 0,078 ine sheet.s The contours and dimensions of
the AWS recommended projections are shown in Figure 16.

One-inch sguare pieces of sheet in thiclkness combinations of 0,020
to 0.020 in., 0.020 to 0.060 in., and 0.060 to 0,060 in. were welded together
at the center then were sectioned so that the metallographic structure, size
and type of bond could be determined. With this method, it was possible to
narrow-dovn the welding parameter ranges with the use of a minimum of mate-
rial. After this, a number of tensile shear specimens were welded over a
narrow range of current for determination of weld strength,

2. Flash Bautt Welds

A1l flash butt welding for this program was performed on a 100 KVA
experimental flash welder at the Taylor Winfield Corporation in Warren, Chio.
This machine was equipped with a servo-hydraulic system for controlling the
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flashing and upset portions of the weld cycle. The flashing curve exponent
as well as the total [lashing time and distance could be varied independently
to achieve a wide range of flashing parameters. In addition, the variables
of initial clamping distance, upset distance and upset current were investi-
gated. Flashing was done in air with no inert zas coverage of the weld area.
Specimens of 1/8 in, x 1 in. section were used for this investigation. Flash
welding data are given in Table A-L Arpendix.

C. Electron Feam Welds

Electron beam butt welds were made in 0.060 in. sheet of all three alloys
on the bean welder illustrated in Ficures 17 and 18. This equipment is rated
at a beam current of 300 ma at 25 KV. A movable electron gun and cart pro-
duce travel speeds up to 70 ipm. Welding was done in a vacuum of less than
0.l micron rressure. Weld data are presented in Table A-3 Appendix.

D, Weld Heal Treatment

Alloys which generally becanme embrittled on welding were post weld heat
treated to try to restore some ductility. This included D31 and F48. Welds
in F802, vhich normally is not greatly embrittled by welding, were aged at
a number of tenrerstures to determine whether embrittlement could occur in
service at elevated temperatures after welding. All heast treatment was per-
Tormed in z cold-wall vacwum furnace in a vacuum of less than 0.1 micron
pressure. Temperatures below 2350°F were measured with a platinum=platinum
107 rhodium thermocouple. A4bove this temperature measurement was by optical
pyrometer calibrated against the thermocouple at 2350°F, Heat treating times
and temperatnres are given in Table ITI,

In addition to heat treatments, the effect of applying a Cr-Ti-S5i oxidaw-
tion protective coating on ductility was studied by applying this ceating to
welds for bend testing.

. Weld Evaluation

Welds and as received sheet were evaluated for bend ductility transition
temperature, room and elevated temperature tensile strength, hardness, and
microstructure. Defore performing mechanical tests, welds in 0.060 in, sheet
were radiographed at an exposure of 120 XV 10 ma and 7.5 min. to determine
the extent of porosity.

Drawings of the test specimens are shown in Figure 19. Dend test specimens
of TIG and =lectron beam butt welds were cut with weld centered and parallel to
the length of the specimen as indicated. Thus in testing the axis of the bend-
ing probe radius was normal to the direction of the weld so that fusion zone,
heat affected zone (HAZ) and parent metal all exrerienced the same angle of
bend. 3pecimens were supported on twe 3/8 in. diameter bars resting on a fix-
ture so that their centers were 3/l in. apart. Bending was performed around
a 1/16 in. radius tipped probe at a speed of 0.2 ipn to give a 1T bend radius
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Figure 17 FElectron Beam Welder and Control Panel



Figure 18 Work Chamber of Flectron Beam Welder Showing Gun and
Work Table
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TABLE TIIIX

TOST WELD HIEAT TREATMENT SCHEDULE

Alloy Temperature, °F Time - Hours

D3l 1900 24,72
2100 by 24, 72
2350 24, 72
2550 4

F.8 2100 by R4, T2
2350 by 24, 72
2500 A

FS&R 1400 4y 16, 72
1600 4, 16, 72
1800 4y 16, 72
2000 4y 24
2000 4
1800 4, 16
2200 2
1800 16
2400 1
1800 16
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on the 0.060 in. sheet. Load-deflection curves werec recorded for each spec-
imen on an Instron testing machine. OGrosshead movement was stopped at the
Zirst sharp drop in load or ul.on the deflection corresponcing to a 0° to
100° bend was reached. Elevated temperature testing up to 800°F was per=-
Jormed with the fixtire placed inside g cylindrical fwrnace. Tor cryogenic
testing the fixture was placed inside on insulated box., A dry ice-acetone
mixtre was used for attaining temperatires down to -95°F, while temperatires
below this and down to =320°F were obtained Yy gpraying liquid nitrogen
through rlass wool packed around the fixture. Teumnerature was measured by
two thermocouiples in contact with the specimen surface on each side of cen-
ter. Chromel-glunel thermocouples were used for elevated temperzture meas-
arenents while copper-constantan theriocouples were used to measure below
roon temperatures. Ductile to brittle transition temperatures were deter-
nined by plotting anzle of bhend versus test temreraiure and selecting the
temperature {rom the curve at which a 45° bend anrle was obtained,

Tensile specimens were taken with the welding direction normal to the
specimen length and direction of loading. The weld was located at the cen-
ter of a reduced scetion as 1llustrated in Pipure 12, This testing was
performed in an Instron testing machine obtaining load deflection curves.
Elevated temperszture tensile tests were per’ormed at 2200°7 with a resist-
ance heated tube Tornace for the heat source. To minimize zir contamination
of the specimens abt 2200°F, srecinens were spray coated with an aluminun
powder slwry, flowed at 1370°F for 30 min. in argon then diffused at 1200°F
for 1 hour in argon. Dwring testing arcon was pessed through the fMrnace at
a rate of 35 cfh.

Spot and projection welds were evaliated metallosraphically by section-
ing welds made bebween two l-in, sguare pieces. Tenslle shear test welds
were made by overlapping 1 in. x 3 in. pleces of shect 1 in. and welding at
the center of the overlapred area., iedvced section tensile specimens were
machined frou [lash welds as showm in Tigre 19,

V DISCHS3ION OF RESULTS

Tungsten Inert Gas Welds

Fusion welds were made both inside and ocutside the vacuum purge atmos-
phere chamber on the FS82, D31, and FLB columbium alloys. Those welds made
in the chamber are termed chamber welds. Welds made outside the chamber are
referred to as non-chamber or open-alr welds. As was pointed out before,
great care was exercised to protect non-chamber welds from atmospheric cone
tamination by providing an inert gas flow tlroush the backing bar and a
trailer shield as well as in the welding torch. Bend ductility curves for
the as-received sheet material are presented in Figure 20 for comparison
with weld ductllity in the discussions to follow.

A.  FS82 Alloy
Figure 21 furnishes the bend ductility data for FS82 columbium alloy,
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welded without filler metal addition. Very little change in ductility was
observed by increasing the welding speed from 5 to 15 or 36 ipm. Houwever,
indications are that at 15 and 36 ipm, welds made in helium yield a lower
transition temperature than welds made in an argon atmosphere. It is ap-
parent, regardless of the welding speed chosen, that the transition tem-
perature of the FS82 azlloy in the as welded condition is below room tem-
perature, but some 200°F above the transition temperature of the unwelded
wrought sheet., The transition temperatures for non-chamber welds made at
S and 15 ipm are approximately 300° and 150°F respectively above that for
chamber welds made at the same speed. Although the welds produced outside
the vacuum purge atmosphere chamber compared favorably in color to thoss
produced inside the chamber, it is obvious from the bend test results that
contamination to some degree occurred in open-air. The higher welding speeds
appear to reduce the contamination when welding in open air.

A speed of 15 ipm was established as a standard and practical welding
speed for tensile and post heat treatment specimens.

The bend ductility data for FS82HS columbium alloy welded at 15 and 36
ipm in the vacuum purge atmosphere chamber is displayed in Pigure 22. The
limited amount of data collected for welds at 36 ipm indicate that no ductil-
ity advantage would be gained by using this welding speed. These results
show that the transition temperature of the FS82HS alloy is in the range of
00 to 200°F., A comparison of these results with those of the low oxygen
alloy indicates that raising the oxygen content of the FS82 to 1500 ppm or
more, as is done in the FS82HS raises the weld transition temperature some
200° to 300°F. This same trend is noted with bend ductility curves of welds
made in open~air on the F382 alloy, Figure 21 where the transition temperature
is above the transition temperature of this same alloy welded in the chamber.
However, the open-air welds still appear to have a lower transition temperature
than the FS82HS alloy welded in the chamber,

The bend ductility data for the FS82 alloy welded with pure columbium,
FS80 and FSB2 filler wire are shown in Figure 23. In each case the transi-
tion temperature is higher than welds made without filler wire added. I%
appears that the FSB? wire produces a somewhat lower transition temperature
than developed with the other two wire additions. Furthermore, it can be
noticed that the FTSB82HS and FS82 with wire addition in air have higher tran-
sition temperatures than the FS82 alloy. Comparing Figure 22 with Figure
23 it appears that the addition of FS82 filler wire to the high strength
material lowers the transition temperature some 50° to 100°F., It is thought
that the oxygen level in the weld is reduced by dilution in the filler material
thus lowering the weld transition temperature,

Ingtead of adding filler metal as wire, T-melt down welds were made in
which the filler metal was added in the form of a 0.020 x 0.080 in. FS82 shim
placed between the abutting edges of the sheet to be welded. The bend ductil-
ity data for these welds, also plotted in Figure 23, correlated quite well
with that for welds made with FS82 wire as the filler metal.

Non-chamber welds were made in FS82 with FS82 filler wire added to the
weld puddle, The transition temperature was about the same as those made
at 5 ipm but higher than those made at 15 ipm and higher than welds made in the
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chamber with filler metal additions. The addition of filler metal in open-~
alr has not appreciably affected the transition temperature.

Photomicrographs of welds made at 5, 15 and 36 lpm showing the heat
affected zone, and the fusion zone are presented in Fisures 2L, 25, and 26.
The absence of dendritic coring in the fusion zone is obvious in all of
these welds. This factor makes it difficult to determine the precise leca-
Tion of the interface between the fusion zone and heat affected zone hecause
there is a gradugl reduction in grain size as the distance from the weld
center increases, Lack of a cored structure is a result of the narrow melt-
ing range of this alloy. As the center of the weld is approached the micro-
structure changes from a fine recrystallined grain structure containing
numerous particles of a second phase to large solidification-oriented grains
containing only a few particles, It is bslieved that most of the particles
are dissolved in the fusicn zone leaving few nuclei to initiale precipita-
tion. The hish tempersture side of the heat affected zone 1s dotted with
fewer particles of this second phase than the cocler side indicating that
some sclution has taken place here, Very little difference appears in the
microstructure of this alloy between the welding speeds of 5§ and 15 ipm.
However, it appears that the fusion zone and heat affected zone in the 36
ipm weld contains fewer of the fine particles compared to gimilar areas of
thie microstructure in welds made at the slower speeds., It is possible that
at the faster cooling rate in the 36 ipm weld, Figure 26, that the particles
go inte golution but do not have time to preCLpltate on coollng.

Photomicrographs of welds made in the FS82HS alloy in helium at a speed

£ 15 ipm showing the heat affected zone and fusion zone are presented in
Ficure 27. The microstructure of the heat affected zone is very similar to
that of the F382 alloy except that oxide inclusions which were present in
the parent material still appear in the heat affected zone. These inclusions
are taken into solution in the fusion zone then appear as many finer particles
on cooling. The presence of this secondary phase sugcests that lower ductil-
ity, compared to the FS82 alloy, is caused by supersaturation of the matrix
with oxygen which may form a coherent precipitate on further cooling or re-
sult in solid sclution strengthening. The electron micrographs at 10,000X
in Figure 27 show a fine precipitate which appears to have been formed on
cooling after welding., Electron micrographs, at 6000X, of the FSR2 and
FSH2HS parent material are shown in Figure 28 for comparison. Large oxide
particles shown in FS82HS at 1000X were not included in the eleciron micro-
graphs.

Room and elevated temperature tensile properties for FS82 and FS82HS are
listed in Table IV, page 50. The effect of high oxygen in the FSB2HS alloy is
apparent in the higher yield strength and lower elongation of +the welded room
temperature tensile specimens. Although the room temperature tensile strength
of the FS582 sheet is much lower than for the D31 sheet., Table V, page 70,
the 7582 appears to have more strength at 2200°F,

Hardness surveys of FS82 welds are displayed in Figures 29 and 30. .The
increase in hardness in the welds 1s probably a result of the solution of
oxyrgen from an oxide phase causing interstitial solid solution strengthening
or precipitation hardening., Either of these mechanisms could account

Ll
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36 ipm Helium
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Figure 26 Microstructures of FS82 Welds 1000X
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Figure 27 Microstructure of FS82HS Welds
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FS82 Longitudinal 0595

FS82HS Longitudinal 0596

Figure 28 Microstructure of FS82 and FS82HS Alloy Sheet  6000X
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TABIE IV

ROCM AVD ELEVATED TEMFERATURE
TENSILE PROPERTIES PR FSE2 AND FSG2HS

Test Tltimate 0.2% Offset % ¢ Reduction

Specimen Type Temperature Strength Yield Strength Elong. 0f Area
% AFPM 1-1 PM RT 71,350 57,300 32.7 7740
% AFPM 2-2 PM RT 71,350 57,400 31.9 75.7
AFFH 2-6 PM RT 68,100 57,300 35.6 7ha3
ATPM 2-7 PH RT 48,200 55,300 33.3 82.L
% FEDPM 2-1 PH RT 6L, 200 48,400 35.8 70.6
# BDPM 2-2 PU RT 61,000 148,000 35.8 72.5
DR 2-5  PM RT 6,100 46,500 38.6 69.9
PY 2-6  PH RT 63,500 46,500 37.3 60.5
s AAT Weld RT 8l;,100 70,900 25.6 L3.9
w3 AMR Weld RT 83,200 70,L00 31.h 43,7
e ADL Weld RT 82,600 71,400 23.9 56.9
s AL Weld RT 89,000 69,100 25.6 39.6
e BOL Weld RT 86,800 73,500 16.9 27.8
%% ED5 Weld RT 91,400 75,500 16.1 22,0
e AC 5=2 Weld RT 79,900 - - -
md A 53 Weld RT 80,000 - - -
wes AD Sel Weld RT 75,200 - - -
skt AD 5=2 Weld RT 77,200 - - -
Fs82 PM 2200°F 26,600 - - -
#E AD 5-3 Weld 2200°F 26,100 - - -
e AD G-l Weld 2200°F 25,000 - - -
s AD 5-5 Weld 2200°F 26, 300 - - -
e AD Bwb Weld 2200°F 21,900 - - -
BCPM 1 PM 2200°F 19,000 - - -
# BCPM 2 PM 2200°F 16,900 - - -
wse BC 1 Weld 2200°F 16,900 - - -
we B0 2 Weld 2200°F 16,700 - - -

Direction of loading transverse to direction of rollin-.
s Sheet material was cross rolled.
w4 Direction of loading transverse to direction of reolling
and parailel to weld.
et Direction of loading transverse to weld and parallel to
direction of rolling,
All elevated temperature specimens were aluninum coated,
Rate of loadinz 0,050 in/min.
Mote: The first letter of the specimen number identifies the materials
A = F382, B = FSB2HS
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for the increased transition temperature of the weld over base metal. The
non-chamber welds and welds made with the addition of 1300 ppm air to the
atmosphere appear to have increased hardness at a greater distance from the
weld centerline than the chamber welds. This hardening could be caused by
oxyzen and nitrogen pickup.

The bend ductility curves for FS82 welds made in an atmosphere purpose-
Iy contaminagted with controlled amounts of air are described in Figure 31,
A small but noticeahle decrease in ductility is apparent as the amount of
air is increased from 200 ppm to 1300 prr.

Bend ductility curves for FSB2 alloy ared at a number of temveratures
and times after welding are displayed in Fi-ures 32 and 33. Considering
that as-welded FS82 exhibited a transition temperature of aprroximately
-100°%, it is obvious that a loss of drectility has occurred at 1L00°, 1600°,
and 1800°F. The transition temnerature increase is meost pronounced after
the 1600° and 1800°T aging treatments. However, the 2000°F treatments lower
the transition temperature to between -250° and ~300°F resulting in an ime
provement in duetility over the as-welded condition. The results seem to
indicate that the aging reaction follows a normal C=curve behavior where
the loss of dnetility occurs at shorter aging times as the temperature is
raised from 1400° to 1B00°F. At 2000°F treatments it is believed that the
ductility is increased hecause over-aging occurs giving a non-coherent pre-
cipitate and reduction in solid seclution strengthening. To verify this,
welds were aged at 2000°, 2200°, and 2L00°F then subsequently heat treated
at 1800°F. The bend ductility data are presented in Figure 3l,. This shows
that the subsequent heat treatment of 1800°F does not embrittle the materisl
as in the case of the 1800°F at L and 16 hours without the preceding over-
aging heat treatnents. It is expected that much longer aging times ab
1800°F would cause over-aging and thus would restore ductility, Electron
microgrephs, Figure 35, help to substantiate this. The fusion zone and
heat affected zone after 1800°F for 70 hours show no evidence of a pre-
cinitate indicating that a ccherency precipitate could have occurred. Af-
ter 2000°F for 2l hours a precipitate is readily distinguished showing that
over-aging probably did occur,

Pusion welds made in the vacuum purge almosphere chamber were coated
with the TRW Cr-Ti-Si vapor deposited coating vhich involved temperatures
of 2050°, 2300°, and 2150°F. It was found that the welds were fully ductile
down to =320°F., After an oxidizing treatment of 2500°F for 50 hours the welds
vere gtill fully ductile down to -200°F, the lowest temperature at which they
were tested.

Thermal cycle measurements of the weld and heat affected zone were
teken on the 7882 alloy, and the results of these measurements are pre-
sented in Firure 36. It is imediately obvious that the hicher welding
speeds canse faster heating and cooling rates and considerable less time
at elevated temperatures than the slower welding speeds. The reason for
this is apparent<when one considers the energy input in wat! second or
Joules per inch of weld to achieve full fused penetration for each speed
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ol travel, At low welding speeds this heat is lost by conduction to the
fixture. The heatl energy supplied by the arc must egual that needed 4o
heat and melt the joint plus that lost to the adjacent plate and fixture,
Ancther way to consider this is that at the slow speed the effective dwell
time of the arc at any peint is longer than for fast speeds hence the ex-
tended time alt temrerature,.

A compariscon of the effect of helium and argon shielding gases is
shown in Figure 36. The higher energy input required to obtain full penectra-
tion with argon causes slower cooling rates and a longer time at elevated
temperatures.

It is observed that the effect of increasing travel speed from 15 to
30 ipm did not produce as great a change in heating and cooling rate as oc-
cared on increasing from 5 to 15 ipm. This indicates that the benefits of
further shortening the time at elevated temperature by increasing welding
speed is marginal above 15 ipm for tungsten inert gas welds.

Since weld thermal cycles indicate the time thait every peint in a weld
remains at a given temperature and cooling rate, information of this naturs
is usefnl in predicting and understanding the properties at each of these
points in the weld.

High quality welds in 0.080 in. F382 and F3SB82!3 sheet can be made in
helium in a vacmm purge chamber at 150 - 140 amneres, Ll - 16 volts and a
gpeed of 15 ipm. Transition temperatures of -100°F for the F382 and 150°7
for the F882HS can be expected mder these conditions., Addition of 7362
filler wire to the puddle raises the itransition temperature of S82 welds
approximately 70°F and lowers the transition temperature of #382H3 welds
approximately 50°F. Welds can be made outside the charber with very care-
ful helium shielding at 180 amperes, 16 volts and at a speed of 15 ipm. A
ductile to brittle transition temperature of SO°F can be obtained for 7382,
Nver-aging at 2000°F for L hours is necessary if service temperatures in
the range of 1L400° to 1800°F are expected,

B. D31 Alloy

The bend ductility cwves for D31 zlloy welded at 5, 15, and 36 ipm in
the vacuum purge atmosphere chamber, are presented in Figure 37. Contrary
to the belief that a fast welding speed can minimize the embrittling reactlon
in this alloy the faster welding speeds tend to produce a somewhat higher
transition temperature than the slow speeds. It was observed *hat all but
one D31 weld made at 36 ipm contained transverse cracks across the fusion
and heat affected zone as 1llustrated in Figure 38. The dimples at the end
of the crack indicate ductility in the unaffected base metal., It is believed
that the magnitude of restraint and steep thermal gradient developed during
welding are partly responsible for this crack formation. This restraint nay
produce a number of microfissures in the weld which tend to increase the bend
ductility transition temperature by forming siress raisers. An apparent
microfisgure is shown in the heat affected zone, Figure L2, of a weld made
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Figure 38 Cracks in D31 Welded at 36 ipm



at 36 ipm. These could be the cause of extremely poor ductility of the bend
specimens obtained from 36 ipm welds. The rough surface condition of the D31
alloy visible in Figure 38 could be partly responsible for weld cracking and
contribute to the high transition temperature of some cf the as-received sheet.

One weld, made at 21 ipm, had no visual signs of cracking, however, of
13 welds made at 15 ipm %ransverse cracking did appear in three of them. Ad-
ditional welds were made at 15 ipm in cold fixtures and after the fixture had
been preheated to 150° to 200°F by a previous weld. There was nc significant
difference in the influence of this amount of preheat on weld cracking. To
study the effect of preheat temperatures on weld cracking, chamber welds were
made at 15 ipm with a S00°F preheat. The bend ductility curve for these welds
is presented in Pigure 37 along with the 15 ipm chamober welds. The curve tends
to fall in the same general area of the other welds, however, the results are
not as scattered.

Welds made at 5 and 15 ipm exhibit a fairly broad scaiter in bend ductil-
ity in the temperature range of 600° to 800°F. The scatter in resulis could
be caused by random cccurrence of microfissures in welds. The drop in ductil-
ity as 800°TF is epproached could be caused by strain aging at this temperature
with diffusion of oxygen or nitrogen intc the material a contributing factor.

The use of argon or helium at 15 and 3¢ ipm did not make a significant
difference in ductility, but at 5 ipm welds made in helium generally were
nore ductile than those made in argon.

The bend ductility curves for chanber welds made with the addition of
FS82, FS80, and pure columblum filler wire to the weld puddle are cemonstrated
in Figure 39. It appears that welds made with F380 wire have the most consist-
ent results and a lower transition temperature than welds made with FS82 and
pure columbium wire additions.

Microstructures of the D31 welds made at 5, 21, and 356 ipm are presented
in Figures L0, L1, and L2 respectively. 4&n ontstanding difference between
the fusion zone in D31 and F522 is the cored nebtwork in the D31. At 36 ipm
the segregations are sharper and these appear to contaln some microporosity.
The coring at 5 ipm is more diffuse and contains an acicular vhase. In the
heat affected zone, most of the carbide particles have been taken into solu~
tion.

The electron micrographs of D21 show a somewhat larger aclcular pre-
cipitate in the © ipm welds as a result of the slower cooling rates involved.
A comparison of these structures with parent metal structure, Figure 52, shows
that the banded particles of carbide have been dissoclved and reprecipitated as
fine acicular particles.

Microstructures of welds made with the additicon of filler metal are

shown in Figure L3. The fusion zones contain the typical cored network found
in welds made without filler metal. However, the heat affected zone of the
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Figure 40 Microstructure of D31 Welded at 5 ipm in Helium
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weld made with the addition of pure columbium does contain a larger amount
of the precipitate found in the welds made at 21 ipm without filler wire
addition, Figure 41. This is a function of the slower cooling rate of the
welds made with filler wire additions.

Microstructures of D31 welds at 15 ipm with a 500°F preheat are shown
in Figare Lli. The effect of preheat and the expected slower cooling rate has
produced a structure with a greater amount of coring in the fusion zone and
the appearance of a network phase in the heat-affected zone., The electron
micrographs, when compared with the structure of a similar weld made with no
preheat show a greater amount of an acicular precipltate both in the fusion
and heat affected zones. This would be expected as a normal consequence of
the slower cooling rates involved.

A series of fusion welds were made outside the vacuim purge atmosphere
chambar on the D31 alloy. These were made on a cold fixture and also on a
fixture preheated to 300° and L50°F, In all cases the bend angle for these
welds was zero from roon temverature to 800°F. Only those welds which were
comparable in color to welds made in the chamber were used for testing with
the excertion of welds made with a preheat of LS0°F. It was found that pre-
heating to this temperature caused copper pickup from the eclamping jaws on
the surface of the alloy in the heat affected zone, It was noticed that
whenever this alloy was welded with helium as the shielding gas, a heavy
black smut was formed, covering the weld and heat affected zone. It is
hypothesized that this smub consisis of titanium vaporized by the arc and
condensed on the surface of the sheet, This is quite cormon in titanium
base alloy welds.

Room and elevated temperature tensile properties for D31l are furnighed
in Table V, Although the room temrerature results indicate that the ultimate
strength of this alloy is high as compared to FS82 the elevated temperature
tensile strength is relatively low. The two specimens tested without the
aluminum ceating show a noticeable increase in strength probably caussd by
oxygen diffusion and hardening. All specimens fractured in parent metal with
the exception of the two wncoated ones which fractured in the weld.

Hardness surveys across the weld in D31l are presented in Figures L5 and
46. After heat treatment the hardnesses of base metal, heat affected zones
and fusion zones have leveled off to a value of approximately 235 DPH come
pared to a hardness of arowund 280 DPH in the fusion zone as welded. The
hardnesses of non-chamber welds and those made in purposely contaminated
atmospheres show an increase in hardness in the fusion zone and heat affected
zone above 300 DPH,

The bend ductility curves for welds in D31 made in an atmosphere pur-
posely contaminated with controlled amounts of air are illustrated in Figure
L7. Although the curves follow the same general shape as those of welds made
in uncontaminated atmosphere it is found that full 90° bend ductility is not
reached and the maximum bend angle obtained is approximately LO degrees at
600°F compared to 90 degrees for welds made in an ideal atmosphere.
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TARLE V

POOM AND ELFVATED TEMPERATURE

TENSTLE PECFIRTIES FOR D31

Test Ultimate ©C.2% Qffset Z % Reduction
Speeinen Type Temperature Strengbth Yield Strength ILleng. Of Area
CCFM 2-1 FM RT 100,200 92,300 23.2 39.7
CCFM 2-2 FM RT 94,900 G2,100 25.1 42.1
CCFM 2-3 PM RT 101,000 93,100 21.2 41,9
CCFM 2-4 FM RT 99,200 92,200 23,7 L8.3
CEFM 2-1 IM RT 105,200 100,900 20,9 62.7
CEFM 2-3 BM ET 111,600 103,200 16.8 31.6
CR 17-1 Weld RT 112,100 - 14,0 -
CR 17-2 Veld RT 113,100 - 2.0 -
CC 15-1 Weld RT 121,100 - - -
CC 15-2 ‘Weld RT 110,400 - 11.C -
C4 17-3  Veld 2200°F 19,300 - - -
CcC 15-3 Weld 220C°F 23,900 - - -
CC 15-4 ield 2200°F 18,400 - - -
GC 15-5 Veld 2200°F 21,800 - - -
CC 15-6 Weld 2200° F 19,000 - - -
ch FM 2200°F 18,800 - - -
GC M 2200°F 19,400 - - -

3

¥

Firection of loading transverse to direction of rolling.
Sheet material was cross rolled,
specimens excert CC 15-3 and CC 15-5 were aluminum coated

before testing,
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Welds made at 15 ipm in D31 were post heat trested at 2100°F for 2L and
72 hours. The %end ductility curves for these welds are shown in Figure }8.
For each treatment the transition temperature was lowered significantly by
heat treatment and some ductility was obtained at room temperature. After
both 2100°F heat treatments the welds have full ductility down to 150° to
200°F,

Figure L© demonsirates the affect on bend ductility for D31 alloy welds
heat treated at 2100°F l-hours, 2550°F L-hours, and 1900 °F 24 and 72 hours.
The transition temperature has been lowered some 200°F by post heat treat-
ments of 2100°F L-hours and 1900°F 72-hours, Very little Improvement was
observed as a result of the 2550°F li-hour post heat treatment. The 2100°F
24~hour treatment lowers the transition temperature approximately LS0°F for
welds in this alloy. Above 24 hours at 2100°F no further gain in ductility
was obtaired. While 4 hours 4id not i-prove ductility as much as 2L hours,
it is possible that an intermediate time such as 8 or 12 hours would be
adeguate,

Photomicrographs of the fusion zones and heat affected zones for the
2100°F 2l4-hour heat treatment aprear in Figure 50. Structures of the 2100°F
T2-hour treatment are shouwn in the lower part of Figure 51. After both times
the fusion zone sesregated phase has become more distinct than in the welded
condition indicating that some additional precipitation has occurred here.
Also the carbide particles which aprarently had been dissolved in the heat
alfected zone have reprecipitated as fine platelets, and a crain boundary
vrase has apneared, possibly a caerbide,

These microstructural changes and the improvement in ductility sugrest
that T31 welds become ambrittled by a solution of a phase, probably carbides,
and sunsagrent early-state ceoherency precipitation. A hich temperature over-
agin~ treatment can cause azrlomeration of the original precipitate and in-
creased ductility.

Piotomicroorzphs of the heat affected zone and the Dusion zone for D31
welded at 15 ipm then heat treated at 1900°F 72-hours are shown in the top
of Tigure 51, These structures are almost identical to structures resulte
ing frem the 2100°F 21 ard 72 hour heat treatments. Carbide particles which
gprnarently had been dissclved in the heat affected zone of the as-wrlded
material have reprecipltated as fine platelets and a grain boundary rhase
arpears, The fusion zone sesregated phase has hecoms more pronounced.

The effect of the 2100°F 2h-hour heat treatment is illustrated by elec-
tron mierosraphs in Figure 50. A4 corparison with corresponding :zones in
Pieure U1 shows that this heat treatment has cansed the formation of ad-
ditiornal acicular nrecinitate and a discontinuons srain boundary phase. The
unasfected narent metal which rectived this heat treatment differs from the
as-reccived metal structure, Tigure 52, in that a very fine precivitate has
formed in the hezt treated material. This fine precipitate is present in
the weld strictures in Figure 50.
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Photomicrographs of the 2350°F 2l-hour heat treatment are presented in
Figure 53. The banded precipitate in the heat affected zone contains larger
particles than the 1900° and 2100°F heat treatment structures and the grain
boundary phase is more distinct and centinuous. 4 smaller amount of the
cored precipitate in the fusion zone is apparent. The microstructure re-
sulting from this heat treatment gives evidence that the fine carbide plate-
lets are being taken into solution and are being reprecipitated as larger
particles at this temperature. The electron micrographs do not show evidence
of the very fine evenly distributed precipitate which is present in the 1900°
and 2100°F microstructures,

Fusion welds made in the vacuum purge atmosphere charmber and coated
with the Cr-Ti-5i coating had a transition temperaturs above 800°F., It was
expected that the coating treatment which involved exposure at 2050° and
2150°F would improve weld ductility. The reason for this behavior probably
stems from a thin brittle diffusion layer which can cause cracks to initiate
into a notch sensitive material.

The extreme brittleness resulting from TIG welding D31 alloy in open-
air necessitates the use of an atmosphere welding chamber. [urthermore, the
high transition temperature (550°F) resulting fros TIG weldirg nder ideal
corcitions in a chauboer nakes post heat treatment desirable, The most sat-
isfactory chamber welds in this alloy were produced in a helium atmosphere
at a welding speed of 15 ipm 150 - 160 ameres and 1y - 15 volts followed
by a post heat treatment of 2100°F for 24 hours. This procedure has re-
sulted in weld transition tempsraturss of 100°F,

C. FLE Alloy

A smaller amount of welding was performed on the FLE alloy than on the
other alloys because the material avallable was limited in guantity. Fusion
welds were made at 5 ipm in heliam and argon, at 28 ipm in argon and at 15
ipm in heliwn. It was found that welds in the as-welded condition were quite
brittle having maximuam bend angles of 28° at 610°F for welds made at 5 ipm,
33° ab GE5°F for welds made at 15 ipm, and 5° at 400°F for welds made at 28
1Difle

Thias work showed that preheating was necessary to preclude weld and
parcnt ~metal cracking when welding PL8 sheet. The hend ductility data for
L8 welds, nreheated to 500°T on material previously vacnum annealed at
2L50°TF for 1 hour, is preserted in Tigure S, These welds have a 45° bend
transition temrerature of approwimately 350°F achieving full ductility at
GO0°TF.

The bend dructility curves for chamber welds made with the addition of
pure columbium and F'S82 filler wire to the weld puddle are included in Figure
5. Contrary to results obtained oubside the charber, welds made with FS80
filler wire appear Lo be nore dactile than welds nade with pure columbiumm as
the filler netal.
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Figure 53 Microstructure of Weld in D31 at 15 ipm in Helium
Heat Treated at 2350°F for 24 Hours
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A series of fusion welds werz made outside the vacuum purge atmosphere
chamber on the FLE alloy. These were made on a cold fixture and on a fix-
ture preheated to 300° and L50°F. The bend ductility for these welds was
essentially zerc up to BO0°F. 4 maximum bend angle of agpproximately £° was
obtained in the test tempsrature range of 600 -~ 700°F,

Photomicrographs and electron microcraphs of an FLE weld made at 15 ipm
are presented in Figure 56. The microstriucture of the heat affected zone has
distincet grain kboundaries with 1litile sizn ol a grain boundary precirnitate,
The crains contain a fine barely resolved precipitate at 1000X hut no indica-
tion of fine banding. The fusion zcne nas sharp grain boundaries and a faint
sign of coring. At 6000X, a fine, well defined preclpitate is shown in the
heat affected vone with some indication of a banded distribution. The fusion
zone at G000X contains a finer more evenly distributed rrecipltate than the
heat affected zone and some somblance of a network phase.

The microstroctures of a weld made at 15 ipm with a 500°F preheat in
helimm are shown in Figure 57. At 1000X the cored structure of the fusion
zoneg has becose more distinct and a network phase has appeared in the heat
affected zone. At 6000X it can be sesn that a larger amount of the second
phase has devcloped in the fusicn zone when cormpared to Figure 56, The heat
affected zome does not contain the distinct precipitate revealed in the
corresponding zone of Figures 56, but a rough surface indicative of a super-
saturated condition,

The microstructures of a weld made with pure columbium filler wire and
a weld made outside the chamber, both in helium and at 15 ipm, are illustrated
in Figure 58. At 1000X there is no significant difference between the struc-
tures of Figures 57 and 58 and the 15 ipm structure of Figure 56.

Room and elevated temperature tensile properties of FU8 are presented
in Table VI. The extreme brittleness of the alloy in the as-welded condition
presented many preblems in machining specimens that were not cracked, hence
hot tensile properties of welds were not determined. This alloy has a much
higher strength at room temperature and at 2200°F than either TS82 or D31,

Hardness surveys of welds in FL8 as-welded and after heat treatments,
are plotted in Tigures 59 and 0. Both heat treatments of 2100°F and 2350°F
for 2l hours have effected more than 100 DPH reduction in herdness of the
fusion and heat affected zone. Approximately 50 DPH reduction of the parent
metal occurred at the same time. The slightly higher fusion zone hardness
of the 2100°F treatment corresponds t~ the lower ductility produced by this
heat treatment, Figure 63,

The bend ductility curves for welds in F48 made in an atmosphere pur-
posely contaminated with controlled amounts of air are displayed in Figure
6l. It should be noted that the FL& welds made under these conditicns ex-
hibit a lower transition temperature than the D31 alloy. Also no explana-
tion can be offered for the greater ductility for the FLB weld made with
600 ppm air contamination.
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TABLE VI

DOOM AND RLEVATED TEMPIRATURE
TFENSILE PTOPERTITS FCR F48 ALLOY

Test Ultimate ©.2% 0ffset 3 % Peduction
Specimen Type Temperature Strength Yield Strensth Zlong. Of Ares
S954FM 1-1 M RT 112,400 100,000 0.1 12.4
S954FM 1-2 ™M™ RT 112,400 98,000 ?5.0 32.0
DB ™ RT 121,300 100,700 T4 10.1
DE9-3 Weld =T 126,400 - - -
DD M 2200°F 59,900 - - -
F.8 M 2200° F 61,100 - - -

411 material cross rolled,
All elevated temperature specimens aluminum coated.
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Bend ductility data for FLiB alloy heat treated at 2350°F for L, 24, and
72 hours and 2500°F for 4 hours are illustrated in Fipwre 62. Post heat
treatment in these temperatire ranges have effected a significant lowering
of the transition temperature to approximately 150° to 200°F.

Figure 63 presents the bend ductility curves for FhE alloy heat treated
after welding at 2100°F for L, 2L, and 72 hours, A4lthough the 2100°F heat
treatment does lower bdhe transition temperature, it 1s not as effective as
the 2350° or 2500°T heat treatments. PFigure &l depicts the microstructure
of the fusion zone and heat affected zone for the 2100°F 72-hours, and 2350°F
72~hours heat treatments. The 2350°F 2L-hours microstructures are shown in
Firure (5. Refering to the microstrictures of these welds, particularly the
heat affected zone, it can be noticed that at 2100°F 72-hours a fine bhanded
precipitate is present and a few indications of a grain houndary vhase can
be sesn. In the 2350°F 2h-hour treatment, Figure 65, the fine banded pre-
cipitate has increased in guantity and a grain boundary phase is nresent.

At 6000¥, the fusioen zone coraed precipitale is more distinct but the banded
phase in the heat affected zone is not obvious. Instead, a fine incipient
precipitate is found, After 72 hours at 2350°F, the quantity of fine banded
precipitate is less than after 24 hours at this temperature. This is pro-
bably caused by a variation in the parent material cemposition. The bend
ductility curves corresponding to this heat treatment, FTipure 62, suggests
that improved duetility stems from an overw-aging reaction.

Electron micrographs, Figure 66, of a weld aged at 2100°F for 24 hours
show a supersaturated condition and the start of fine rrecipitation. The
gtructure of the as-received sheet at 6000X is included here for comparison
with the weld structures, The start of precipitation after the 2100°F 2i-
hour age ties in with the moderate improvement in transition temverature to
hetween 4O0O® and 550°F. The 2350°F 72-hour heat treatuent lowers the transi~
tion temperature to the 200° %o 300°F range while the 2350°T 2h-hour treat-
ment lowers the iransition o between 100° and 200°F. The fusion zones
associated with gall these conditlons azre somewhat similar showing sisns of
a cored precipitate. Fusion welds made in the vaciim rurge atmosvhere charboer
and coated with the Cr-Ti-3i coating exhibited zero bend ductility up to 500°7,
Although the coating heat treatment is close in temperature to rost heat treat-
ments which improved weld ductility, less cductility was the result. As with
D31, the coating produces a brittle difftsion layer which is believed to help
initiate cracks in a notch sensitive material.

Iaximum as-welded cuctility Tor this alloy can be obtained by welding in
an atmosphere chamber with a 500°T preheat, in helium at 15 ipm, a current of
135 amperes and 15 arc volts. These conditions have resulted in a bend tran-
sition temperature of arproximately 350°F, A transition tcmperature of ap=-
proximetely 100°F has been obtained in FLE welds which were post heai treated
at 2500°F l-hours.,

D.  Electron Leam Welds

Electron beam welds were made on FS82, FSE2HS, D31, and FLE columbium
alloys to compare the effect of electron bean welding on the transition tome
perature of these alloys.,
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1, 7s82 and FSB2HS Alloy

The band ductility curves for F382 and FSB2HS alloy electron beam
welded are presented in Figure 67. The L5° bend ductile to brittle transi-
tion temperature appears to be at approximately ~280°F compared to approx-
imately =200°F for TICG welds. This significant lowering of the transition
temperature is attributed to the high purity atmesphere obtained by the
electron beam welding equipment, the narrow weld bead, and consequent narrow
heat affected zone.

Microstructures of the fusion and heat affected zone for FS82 elec-
tron beam welds are presented in Figwre 68. These microstructures do not
differ greatly from FS82 TIG welded; however, the small grain size in the
heat affected zone is quite noticeable. Electron beam welding FSB82HS material
has lowered the transition temperature more than 200°F from approximately 150°F
for TIG welds to ~00°F for electron beam welds. Some of this can be attributed
to the nature of the process; however, some of it is probably due to a decrease
in the oxygen content of the fusion zone while welding., Microstructures of
FS82HS electron beam welded are presented in Figure 69, These are almost
identical to those for FS82,

2. D31 Alloy

Bend ductility data for D31 electron beam welded at 20, 30, L0, and
60 ipm is presented in Figure 70, The effect of welding speed on the transi-
tion temperature of this alloy is not noticeable over this range of speed,
However, the electron beam process cdoes lower the transition temperature some
100°F to 300°F when compared to TIG welding., Photomicrographs of the fusion
zone and heat affccted zone of an electron beam weld in D31 are presented in
Figure 71. As in the case of TIG welds the fusion zone has a cored structure
and a network phase 1s found within the grains in the heat affected zone. At
000X, the main difference in the structure from the 15 ipm TIG welds is the
smaller amount of a very fine evenly distributed precipitats.

3. FLB Alloy

The bend ductility curves for FL8 alloy electron beam welded at
various welding speeds are presented in Figure 72. The 2, ipm weld appears
to be more ductile than the 20 ipm weld. It is believed that a variation in
the parent material is the cause for this. The 2L ipn welds were made from
material recelved from Allegheny Ludlum while the 20 ipm welds were made on
material procured from Wright Field. The LO ipm welds were all made on
Allegheny Ludlum material. The difference in ductility appears to be the
result of the 2L50°F vacuum anneal given the one plate prior to welding. It
was believed that residual sitresses in the material were the cause for parent
metal cracking during TIG welding. However, the anneal did not appear to be
bereficial in TIG welding. The & ipm welds were all made on material fur-
nished by Wright Field,

The bend ductility data presented here indicates that the fransi-
tion temperature is lowered at least 100°7 by comparing electron beam welds
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Figure 68 Microstructure of Electron Beam Weld in FS82 at 40 ipm
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Figure 69 Microstructure of Flectron Beam Weld in FS82HS
at 40 ipm
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to those made with a preheat of 500°F, Fizure 5lh.

Microstructures of electron beam welds made in FU8 are prescnted
in Figure 73. In this case a I'iner cored structure 1s found in the fusion
zone than in TIG welds and the heat affected zone grains are smaller. At
000X a supersatursted condition is indicated by the rough appearance. The
fast cooling rate probably has prevented the formation of a precipltate.

Electron beam welding has afforded a significant irprovement in
ductility over TIG welding for all alloys studied. For 0.060 in. sheet a
welding speed of LO ipm was found te be satisfactory. DBeoth 7SB2 and FLE
were welded at a beam energy of 22 KV and 120 MHA while D31 was welded at
20 KV and 100 MA. These parameters have given apprroximate transition tem-
peratures of «280°F for 7882, ~80°F for FSO2MHS, 250°7 for D31 and 25C°F
for FLB.

E.  Spot and Projection Welds

One of the major rroblems encomntered in resistance welding colwnbinam
alloys and all refractory metal #lloys is the tendency of the weldinr elec-
trodes to weld to the sheet ocuter surfaces. This is caused br the electrode
sheet interfaces becoring suificiently hot to bond when adequate heat is
produced to form a satisfactory weld between the sheets, In addition to
sticking, fused nugpets ~enerally contalned seme depgree of poroesity and in
the case of the more vrittle materials weld cracking anpeared,

The approaches taken to reduce electrode sticking were te increase
alectrode force, weld with a low current-lonr tine crele and nse molyb-
denum or tungsten tirs on the electrodes. A selid phase hond was sought
with the low current-lonz iime approach which would at the same tine
elininate the weld porosity and reduce the cracking tendency.

Yost spot welds in the 0.000 in. sheets were made at electrode {orcas
at or near the 1540 lbs. maximun force avallable. A small number of spot
welds were made in TSB2 sheet of this thickness at forces urn to 3000 lbs.
on a machine at Taylor Winfield Corp. The use of the hipgh uwelding force
did not reduce electrede sticking., IS was found that the hisher corrent
necessary to form an adeguate weld at hizgher forces offsets the gain of
lower contact resisiance,

The use of Fo or W tiprped electrodes was expected to recdnce sticiting
by vresentin- a higher melting point material at the contacts. Tunssten
tips normally stuck slizhtly less than corper tips but on ozeasions stick-
ing was great enough to pull a plug of tunzstern from the tip. Molybdenum
tips stuck somewhat more than Class I Greup A copper electrodes. The Mo
or W tips apparently reach a considerably hicher surface temp~ature during
the weld cycle because thelir lover thermal and electrical condu-tivity cauce
more heal to be generated at the surface and also restrizts heat Tlow away
from the surface. The low current lon- time weld sequence was found to be

more effective in minimizing electrode stizking., With the lover c¢urrent
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Figure 73 Microstructure of Zlectron Beam Welds in F48 at 40 ipm
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the rate at wilch heat is renerated ot the convacts appareatly is low enough
so that the water cooling and saperior condhuetivity ol the comper elecirodes
can maintain this surface below the melting point of copper.

Phobomacrooramhs of representatire spot walds in 582 are showm in Fi~ure
7h. In the dissimiler thickness weld it will be noied that the Mised nurset
is eniirely within the 0.080 in. sheet, in srite of the nse of a flat elec-
trode on the 0.0:0 in, sheet and a L in, radius electrode on the 0,020 in,
sheet to achieve heat bzlence, The two lower macrographs show representative
solid nhase and fosion tyre snot welds in 0.080 in. sheet. The projection
welding techniaue was evrecied to minirnize electirode sticldine bat This was
not the case. After a few welds the elscirodes became indented 'mder the
projection causing higher contact resistance and sticking. FProjection weld-
ing did wrovide z method of heat balance for welding dissimilar thicknesses
by placinc~ the nrojection in the thicimr sineel. Representative projection
weld macroeravhs of three thickness combinations sre ineluded in Fiure 75.
The A3 recommended projection for 0,062 in., stainless sheet was used for
the 0,060 in. to 0.020 in. weld while a larzer projecticn, that recoriended
for 0.078 stainless sheet, was sed for ‘ne 0,000 in. to 0.000 in. welds.

Lesults of teonsile shear tests of spot and rrojection welds Jor r362
alleyr are niven in Tarls ¥VIT, Hepresentative weld hardnesses, fused and
recrvstallized dianeters are listed in Tacle IX,

At an electrode force of T30 lbs. and © cyveles weld time, shear strengths
of 850 - 20C 1lbs. were obtained at a ¢urreat of 10,000 amps and 1070 - 1140
lbs. were oblrined at o current of 12,000 amps for 0.041 in. sheet,

Hirher electrode [orces were used for 0.020 in. sheet than previously
nsed for 0.Ch1 in. sheet to heln minimize slectrode sticking snc to elim-
inate porosity at the center of the nuogets. *lecirode forces up to ap=
proxinatelv 1200 lbs. vrobably would be satisfaciory, for the (.0l in.
sheet butthls was not verified v erporinent,

The tensile shear results for the 0.020 in. sheet show breaking load
values from hh0 to 520 1bs. over 2 curreat rangse of HI00 to 12,300 amps.
then settins up a spot welding schiedule 1t is desiraile to operate at a
current value where a small variation in current till resalt in an insipge
nificant change in weld strensth. Over this same current ranpe the diameter
of the recrystallization bonded area veried from 0,118 in. to 0.1h2 in. as
measared on renresentative metallegraphic sections. Only at 12,300 amps
was a fair-sized fused diameter of 0.122 in. obtained. A plug type failure
occurred in each of these 0,020 in. sheet sarles indicating that reliable
strength and duactility can be obtained with spot welds in this material with
either recrystallization or Mision bonding. Tn a »lag tvpe failire of a spot
weld test specimen, faillure occurs by sasaring around the ronded orea in one
or both sheeds rather than by shearing throush tne bonded area.

The tensile shear ressults and mode of fallure for spol weids in the
0.060 in, TSR2 sheet show a leveling off point at 15,700 to 19,570 amps.

~
b

Lelow this value of current Lhe shear strenghn £111ls oif sharnly and the
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Figure 74 Photomacrographs of FS82 Spot Welds 10X
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Figure 75 Photomacrographs of FS82 Projection Welds 10X
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TABLE VII

RESTSTANCE WELDING PARAMETERS AND RESULTS, ALLOY Fsg2

Sheet Tip Electrode Weld Weld Shear
Weld Thickness Radius Force Time Current Strength  Type
No. (In.) {In.) Lbs. Cycles Amps  Comments Lbs. Failure
1% .020 4 730 3 12,3200 245
1R 020 4 730 2 10,300 1,5
71k 020 4 730 3 10,300 2 420 Plug
T2R 020 4 730 3 10,300 2 490 Plug
73R L020 4 730 3 11,100 2 500 Plug
T4R 020 4 730 3 11,100 2 500 Plug
75R L02C 4 730 3 12,300 3 480 Plug
TR L0020 4 730 3 12,300 3 530 Flug
113 120 4 850 3 8,900 1 470 Flug
114R 020 4 &850 3 8,900 1 440 Plug
115R 020 4 850 3 2,600 1 480 Plug
116R 020 A 850 3 9,600 1 520 Plug
R 041 4 730 6 10,000 00
0 041 4 730 & 10,000 850
8r 041 4 730 6 10,000 &850
oF LAY 4 730 6 12,000 1140
10R 41 4 730 6 12,000 1125
11R D41 4 730 & 12,000 10¢0
133R L0A0 12 1580 15 17,80 3,5
12 L0580 12 1580 15 17,800 2 2380 Shear
135R 060 12 1580 15 17, 800 2 2100 Shear
136R 060 12 1580 15 18,700 4,5
137 080 12 1580 15 18,700 3 2500 Plug
138 e 12 1580 15 18,700 3 2610 Flug
139% 060 12 1580 15 19,600 4y5
1A0R 040 12 1580 15 19,700 4 2710 Flug
141IR 060 12 1580 15 19,600 4 2750 Plug
LR 060 12 1580 15 16,900 2,5
143R 000 1z 1580 i5 16,900 2 2210 Shear
144R 000 12 1580 1 16,900 2 2100 Shear
219R LED 12T 1580 15 15,400 2 2720 Flug
220R LO50 127 1580 15 16,400 2 2770 Plug
2217 L5 1T 1580 15 16,400 2 2700 Flug
2307 L20-,080 0 Flat 730 g 10,700 2P 628 Flug
23m; L0720~ .050 Flat 730 g8 10,700 2P 664, Plup
222R L0060 Flat 730 g 10,700 2F £22 Flug
23R .020-,060  Flat 730 g 12,000 3P 64,5 Plug
Q34R L20-,060  Flat 730 8 17,000 4P 568 Plug
235 JO20-, 060 Flat 730 8 12,000 4P 545 Plug



TABLE VII (Continued)

Comments: (1) No sticking and electrode pickup. (2) Light electrode
sticking and pickup. (3) Moderate electrode sticking
and pickup, (4} Heavy electrode sticking and pickup.
(5} Metallograrhic sample.
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specinen fracture chances from a plug (shearing the sheet material) to shear-
ing through the weld interface. At 12,500 amps, electrode sticking and cop-
rer pickup were vecoming excescive maling this an impractical weld parameter.
Metallogravhic examination indicated a recrystallization diameter of 0,256
in. to 0.272 in. A fused diameter of 0.181 was obtained a2t 19,000 amps.
Welds made a2t similzr paramclers with tungsten elecctrodes attained the same
strength level and plug tvpe failures at 15,400 amps as obtained with Class 1
electrodes at 17,700 and 17,000 anps, A fuscd zone dianeter of 0,207 in. had
oroviously heon obtained at 1150 Ibs. elcetrofed foree, & cycles and 16,500
amps put the conter of the nuyzet contained a hole approximately 0,02 in.
dizneter with vertical cracks branchine from it, The electrode force and
consequently the weld heat were increased to minimize the porosity and crack-
ing.

Results of tensile shear tests and parameters for D31 spot welds are
presented in Table VIII, The higher strength obtained in 0.020 in. D31 spot
welds connared to 0.020 in. 7S82 is attributed to the higher strength of the
D31 and 2 slightly larger weld diameter. %Vhen exanining microsections of
welds made in each material under identical conditions it was observed that
a larger fnsed clameter was obtained in the D31, A lower melting tcmperature
and higher resistivity of D31 could account for this behavior, Althouch all
but sample 11972 erhibited plug-type failures, examination of wmicrosections
of a series of welds made at similar conditions indicnted that only the sam-
ples welded at 13,000 amps contained a fused nugget. Vhile most of these
welds mlled nlass there were indications of low ductilivy where cracks
first formed in the sheet at the edge ol some of the welds.

The spot weld tensile shear strength obtained with the 0.060 in, D31
sheet was approwimately halil the strenglh obtained with the same thiclness
362, This benhavior, which is irconsistent with the strengihs obtaired in
the 0,020 in. sheet, is nrobably caused Ly the longer time at high tempera-
ture and resulbting embrittlenent of the welds in the 0.050 in. shest. Since
shorter time welds at hizher current would increase the electrode sticking
condition, lower current longer lime recrystallization itype welds were in-
vestinated. The &0 cycle welds were stronger than the 12 cycle welds as
listed in Table VIIZ, Heat itrentment of both 12 cycle and 60 cycle welds
at 2100°F for 2l) hours incressed the shear strength but changed the mode of
failure %o cracking across one of the sheets at the edge of the weld. The
heat treatment increased the ductility of the weld area but lowered the
ductility of the sheet,

The fact that spot welds in D31 become embritiled in 12 cycles heat
tire points up the problem ol trying to aveid a brittle condition in fusion
welds where the time al elevated temperatures is much lonper. For example,
the time that the [usion zone is above L000°I in a weld made at 30 ipm is
aoproxinately 0.75 second or 5 cycles according to Figure 36. At slower
welding speeds the time 18 correspondingly longer.

Macrosections of D31 spot welds in 0,020 in. and 0.060 in. sheet are

displayed in Fisure 76. V“hen sufficient heat was developed to form a fused
zone in the 0.020 in sheets a transverse craclc appeared. This was a common
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TABLE VIII

RESISTANCE WELDTG PARANKTERS aMD RESTLIS, ALLOYS D31 AT FLB

Tip Electrode Veld Weld Shear
Weld Thickness Radius Force Time Current Strength  Type
Ho,. (In.) (In.) Ibs., Cycles Amps Comments No. Failure
117k .020 L 910 6 10,300 2, 8
118R 1t ] 1 [ " o 720 Plug
119R " " t th 1 2 660 Shear
120R " n " " 11,400 2, 8
121R i " n i " 2 70 Plug
120R ] " n n " 2 1 Plug
1238 " n n " 13,000 3, 8
12IR n n b n i 3 630 Plug
125R 1t i [} 1 1 3 7h0 Plug
126R L 1 " L 1h,300 h, 8
110R D80 12 120 - 12 14,200 1, 8
127% n ] it it i} 1 1230 Shear
128R " " n " " 1 1390 Shear
111R R n " " 16,L00 2, 8
1291 " n h i " 2 1230a Crack
130R " " " " " 2 1270b Crack
112R n i " n 18, 700 2, 8
131k n [} ] ] 1] 3e l?hO Shear
132R " " " 1 " 3e 1130c Crack
160R " " n " 12,800 1, 5 20Lo d
1618 L ] 1 n it 1, 5 2805 d
162R U t ] h 1t 1, 5 320 d
203R L " 1500 €0 11,000 3, 8
213R " " ] 1t 1 2 1425 Shear
2oLk n t t " 11,900 L, 8
215 " " " " 11,000 2 1420 Plug
217R L " " " 11,000 2 1270 Flug
21LR ] 1 1 u it 2, 5 21335 d
216R " " " L " 2, 5 2280 d
21818 u n " n Li4 2, g 1660 4
190R 060 12 1500 60 11,900 2, & 7
191R 1" 0 " tr 10’500 2, 8*;
156R " 127 " L 7,000 2, 87
205R " 12 " L 12,800 L, 8 ~
208R L 127 " L 8,800 2, 8
209R " 1 # " " 2, 6, 7 965 d
223R n L] 1t n 1 ﬂ, 6, 7 7ho d



TASLE VIIT (continued)

Commentse

@+ I Y o W e W0 38—

1

Fo stickine or electrode pickup.

Light electrode stickinz or piclup.
Moderate electrode sticking or pickup.
Heavy electrode sticking and pickup.

Post heat treated at 2100°F for 2l hours,
Post heat treated at 2350°F for 2L hours,
Fi& alley, all others are D31.
lletallosrarhic sample.
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=1 M

Cracked at 800 pounds,
Cracked at 730 pounds.,
Cracked at 780 pounds.,

Sheet cracked acrdéss zl edce
of weld,

Exrmlsion

Tungsten tips.



TABLE IX

SFOT WILD HAPDUTSSES AND DTAMUTIRS

Weld Hardness DFPH ield Tiameter In,
No, * Alloy FZ HAZ Sheet Fused Recryst. Comments
1 Fs82 ¢.122 G,142
1% " - 0.122
13R " 0.126 0.256
136r " 202 181 185 - L2404
139K " 0,181 0,272 P
14R H
11CRr D31 £.181 0,256 c, P
111r " 378 374 354 0.224 06,276 c, F
117R " 0.276  0.276 P
117R " - 0,138
120R " - 0,150
1R " 0,106 0,120 c
12€6R " 0.157 C.157 P, C
203R " 362 318 207 - 0.256
204R " 0,114 0,268
1SCRr F48 - 0.2
191k " - 0.169
196R " - 0,132
a05R " 0.067 C.1€1 c
208r " 374 3238 325 - 0.212

* Veld parameters are given in Tables VII and VIII
C Cracks
P Foroszity
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Figure 76 Photomacrographs of D31 Spot Welds 10X
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occurrence in both the 0,020 in., and 0.060 in. D31 sheet. The two lower
macrographs show a good fusion weld and a good recrystallization weld in
0.060 in. sheet. A4 slight increase in the current reguired to form a
fusicn spot weld would cause excessive porosity, internal and radial sure
face cracks and excessive elecirode sticking,

Pigure 77 illustrates the fusion and recrystallization tyne spot welds
obtained in FL48 alloy. Usually the formation of a fused nupget in this
alloy was accompanied by transverse cracks, some of which extended teo the
outer surfaces. Recrystallization bonds were most effective in minimizing
center porosity, cracking and electrode sticking. Resulfs of two tensile
shear tests in 0.060 in, sheet are given in Table VIII. These welds were
heat treated at 2350°F for 24 hours. Although the welds did not shear apart
but failed by cracking across at the edge of the weld the low strength is
probably an indication of severe notch sensitivity of Fi8 in this heat treat-
ed condition.

All three of these alloys can be spot welded but as was true with arc
fusion welds both D31 and F48 spot welds display brittle behavior., Best
results were obtained with solid phase recrystallization type welds rather
than fused welds. The lonp-time low current weld cycle used for recrystal-
lization welds eliminated porosity and minimized electrode sticking. Post
heat treatment of the D31 and FLE spot welds increased the tensile shear
strength and ductility.

F.  Flash Welds

The variables studied during the flash welding portion of this program
included flashing distance, upset distance, flashing time, flashing curve,
upset current and upset time. The initial flash welding was done on FS82
alloy because fewer weldability problems are encountered. At first it was
planned to investigate total flash-off values of 0.3, 0.4, and 0.5 in. start-
ing with the 0.l in. value. Since the results indicated that adequate flash-
off was obtained, lewer values of 0,2 and 0.25 in. total flash-off were
studied in addition to the 0.4 in. amount.

Setting the value of the acceleration factor (a) in the flashing curve
determined the initial slope and the flashing accelsration. A low value of
(a) resulted in a flashing curve starting at a relatively high velocity with
a small amount of acceleration during the cycle. With a high value of (a)
the starting velocity was low but the high acceleration rate developed a
higher final velocity than the low acceleration curve. All other factors
being the same the total distance traveled, i.e., total flash off, and total
flashing time are the same in both cases. The effect of increasing the ac-
celeration factor (a) is to cramp the bulk of the flashing toward the end
of the cycle, A high acceleration rate minimlizes the depth of the heat af-
fected zone while developing adequate interface temperature for prorver up-
setting, Rapid final flashing can be achieved by shortening the total
flashing time for a given amount of flash-off; however, this can result
in butting at the start of the cycle if the initial velocity is too great.
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Figure 77 Photomacrographs of F48 Spot Welds 10X
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The first sample welded at 6.5 secondary volts butted during the first
50 cycles of weld time, burned oren and then flashing began. An excessively
bulrzed joint resnlted, 4ll remaining welds were made at a higher voltapge,
10,5 volts, to prevent butting. The next three welds made with 0.40 in.
total lash-off (0.20 in. per bar) and 1.5 to 2 cycles of upset current at
1007 heat were cracked after romoving from the welder and could be fractured
by hand. Uecreasing the upset current magnitude but increasing the time
eliminated the severe brittleress and cracles., Bend and tensile tests of
several 7502 welds in the as-welded condition displayed low ductility not
exvected for this material. Iletallographic examination of several welds
revealed a highly worked directional flow normal to the rolling direction.
Some welds with a small amount of upset or low upset heat exhibited what is
believed to be a high oxygen phase at the interface as shown in Fizure 78,
Hechanical test specimens corresponding to these conditions broke while being
machined indicating very low ductilitr. Other tenszile and bend specimens
corresponding to a microstracture with no oxide =hase but similar to the
interface stricture of fipure 79 exhibited low strenpgth and ductility. From
this it is asswned that a high level of oxygen is in solution near the inter-
face but is not obvicus as a separate phase. Hardness surveys, Figure 80,
across a aunber of welds show increased hardness at the interface. [S82
weld 'o. 13 vhich was pset only 0,15 in. total exhibited the network oxide
rhase in TMoure 70 and the peak interface hardness of 370 DPH in Figure 80,
There was no obvions oxide phase in the interface of weld Mo, 11, bubt the
hardness survey, #i-ure 80, contained a pezk interface hardness of 308 DFH.
This indicated thal oxyvzen and possibly hot=cold work was increasing the
hardress at this location,.

After a L hour 2000°F vacuam heat treaminment, weld ductility was improved
sreatlys with 2 sli-ht decrease in ultimate strength, 1t is presumed that the
hest treatsent allouwed the hish oxygen concentration at the interface to be
docreased by diffusion.

Welds in D31 and 718 were made at essentially the same parameters as
fownd satisfactory for the ¥S82 alloy welds, Iferostructure and macrographs
of these welds are shown in Tigures 81 and 82 and hardness surveys are given
in Miruare %0, Since the need for post heat trestment had been demonstrated
previously for other welding methods additional welds made for tensile tests
were heat trected as “ollows: F3£2 and FSH2HS = 2000°F L-hours, D31 - 2100°F
2li-kowrs, FLE ~#33 - 2350°F 2li-hours, #42 - 2500°F li-hours.

The results of tensile and bend tests on flash weld sanples are listed
in Tabkle X. Samnles not listed were sectioned for metallograrhic examina-
tion. The low *tensile strength of 27,300 nsi for FLil is considered as un-
realisticnlly low becrnuse this specimen fractured cutside the weld on a i5°
nlane. This tynically brittle mode of fracture occurred on the other samples
of this 2lloy during machining of ftensile srecimens. Tensile strengths for
708 flash welds 33 and L2 were calenlated from the mascimum bending load using
the Ilexure formula for the naximum fiber stress in rectansular beans., These
results uere more reasonavle for FLA,

Tlash welds were made in 302, F302:S and D31 alloys: however, to achieve
adenquate room terperature ductility post heat treastments were required, 2000°7F
120



~ ) \Q\-\@ .
< "'3_,_;—%‘,'_1\1‘__ .."3;‘\-'.‘:-’.
B it PN AT

' - i i L ¥ -~

[} . :,\-':f_": i ,-.‘ i /
/. ! - :
ey
A\ o
) \ll
=
\.-r‘*"?;
% 2
;

SN A
L % tn ,&1}1’" -
- / h AR :
N

\fF

4461

Figure 78 Microstructure of Flash Welds Showing Oxide Fhase
at Interface

1000X
121



| o~
1__ 4
o =4
NG { ]
NS :
C .
Y
“r ]
-

&

10X

;
4
s
A

,.1..,. ‘- .a.u.t..“ _..i

X ....ﬁf\/ﬂ»\.wl P
NNy T T
2 N e JEN Y 70 A 5

R

Heat Affected Zone

1000X
Figure 79 Flash VWeld in FS82, Weld No. 17
122

Interface



HARDNESS,DPH

380& T l l

360 FS 82
X WELD NO. I
340 o WELD NO.I3
OWELD NO. 17
320
300h
}
i
280
i
i
260 ; T -
i P
2404 z
1 A AR
/
22014} ”L
I\ oL L
2001 "
‘\*\? R L e f
180 \\;_I’EET.——T“ﬁ— |
o
160 okld &
360
:1--|:|-:r'p¢:|--::|--|::--:\~..,,.~ Q o
340 D‘\‘ D3l WELD NO.25 __|
\J\ 0 F48 WELD NO.27
\
N
320 5
[
300 . ~ -
L r-.,,_-_{---
280 - EE K EY N o
-
260 _

0 20 40 60 80 100 {20 140 160 180 200
DISTANCE FROM WELD INTERFACE ,INCHES

Figure 80. Hardness Surveys of Flash Welds.

123



o { e Sy L -
. AV 0.\‘. ) W A - el
o = (-] o 0- » 3
° ’ . \ *
2| e Pty % ]
o s - B o
v-w p .‘ g L J .\. - n r'l
.-—o..h ] n..../_..a. [ Ql : fn
» l) -~ N . - - .‘l
. A R T o W ® = ~y
4 e, ) o s .
ﬁ -y | - =
T N A
- ~ [y - = = BH
-p.| . rf- ® “ = 2 Ee o
o A R0 U Y 5
T y X -
i smd N S
3 : 3 x s
Ve & Sahe ot % g
- /ﬁ. n, - uq.! - # ._o..*ﬂbv
b - . s ey = = P
bl H ] 7 =N RS ¥
: LY e =5 +
- = A e % Ll G
> ' L SN i e < <0
e ®° u. ../1 h .
b ﬁ - . X ...\‘.n o @]
8 . 4 =k e - .ad o]

Yx.
s o, T..l.\m

- 'y 4 |l|t- .I..Il!l“!ll‘. ;MY 4 \
I A.vlfmﬂ....uhm. PR & S

Interface

1000X

Figure 81 Flash Weld in D31, Weld No. 26

124



VR IR, LRI N TN T N
& \h_\“‘?\‘; A NE R R RS o (LSRR
/" A0 Y T A SR X

L K ‘{l{.\\k\\

LT At
g Tl e A k\q N a‘-‘.}
{ el i
oA e

Y
| 3™ 1
o) SRR A S

./f -r‘\a._. J

WY hfg 2
il

A

= -7y

A\ {
R
1}. ;. '%‘I”‘%\ i-,lf_“ <  Fi "‘\\'-'. L_
é!‘l YA ---_\1\{,!.-’.{}\.;‘_‘1;. RUEERE R e

Interface

A
Y

1000X

Figure 82 Flash Weld in F48, Weld No. 27
125



TABLE X

MLASH WEID MECHANICAL PROPERTIES

Tensile Reduction Bend Bend Max.

Yeld Strencth Of Area Angle Fiber Stress
Vo, Material PSI % Degrees PST

6 Fs82 B - B -

8 Fs82 B - B -

10 7382 13,200 0 0 -

12 382 29,200 0 0 -

16 Fs82 B - B -

18 Fs82 82,300 30.5 0 -

20 582 kt, 600 0 0 -

22 F382 B - B -

29 7382 - - 5 -

30 F382 - - 5 -
31% F382 71,900 - - -

3L rs82 - - 5 -
35% FS82 7h,100 52.0 - -
38% 7582 73,970 69.6 90 -
35 7882 75,000 39.6 90 -
25A% D31 90, 600 11.5 - -
264 D31 B - B -
Lo D31 92,300 2843 %0 -
L1 D3l 92,200 22.9 57 -
274 LB B - B -
333 L8 22,300 2 0.5 0 137,000
2% FL8 B - 0 115,000
L3 FL8 B - B -
36% F58213 él,000 52,7 96 -
37 FS62HS 61,200 19,0 oL -

B - Broke while machining
# = Heat treated after welding as follows:
FS82 - 2000°T" Li-hours
D31 - 2100°F 2L-hours
FL8 - 33 ~ 2350°F 2li~hours
L2 - 2500°F L-hours
a - Failed on 45° angle in parent sheet
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L hours for FS&2 and FS382HS and 2100°F for 2l hours for D31. The Fiu8 welds
were not ductile at room temperature even after heat treatment.

VI SUMMARY

The three alloys included in this investigation are weldable by the
TIG process under carefully controlled conditions. However, the bend
ductility trensition temperature is raised in each of them as a result of
welding. For D31 and F48 the 45° bend ductility transition temperature is
raised to above 550° and 350°F respectively so that a post heat treatment
is required to achieve reasonable ductility at room temperature. Post heat
treatments of 2100°F for 2L hours and 2500°F for L hours are proven to be
most beneficial in lowering the transition temperature of welds in D31 and
FLh8 respectively.

The as-welded L5° transition temperature for FS82 is -100°F; however,
this alley is embrittled by azing in the 1400° to 1800°T temperature range.
Doctility is restored in FS82 by overaging at 2000° to 2L00O°F. A greater
loss of ductility occurs in all three alloys when TIG welded outside the
vacuum purge atmosphere chamber.

F382 and 0.020 in. D31 are successfully spot welded by conventional
techniques. However, spot welds in 0.080 in. D31 are brittle and require
post heat treatment to achieve ductility. Recrystalliization type spot
welds are superior te fused nugget spot welds in thabt cracking is eliminated
in brittle materials and electrode sticking is minimized,

Flash welds in all materials are brittle as welded but post heat

treatments in the FSE2 and D31 welds cause a significant improvement in
room temperature duetility.

VII CONCLUSIONS

1., High grality welds can be made in 0.060 in. FS82 and FSO2HS alloys
at 15 ipm in helium in a vacuum purge atmosrhere chamber at 150 ~ 160 amperes
and 1} - 16 arc volts. inder these conditions a bend transition temperature
can be expected of =100°F for FS82 and 150°F for FS82HS., Additions of FS82
filler metal raises the transition temperature of FS82 about 70°F and lowers
it approximately 50°F for FS82HS. Welds can be made outside the chamber with
careful helium shielding at 180 amperes, 16 volts and a speed of 15 ipm. A
bend transition temperature of 50°F can be expected for F382 in this situation.
Overaging at 2000°F for 5 hours is recommended if service temperatures in the
range of 1400° to 1800°F are expected.

Similar propertles can be expscted for welds in other sheet thicknesses
of this glloy. However, it is necessary to modify the welding parameters
according to thickness.
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2. Satisfactory welds can be produced in 0,080 in. D31 in a helium

atmosphere in a vacuum purge atmosphere chamver at 15 ipm, 150 - 160 amperes
and 1, - 15 volts followed by a post heat treatment of 2100°F for 24 hours.
4 bend transition temperature of approximately 100°F can te expected by fol-
lowing this procedure. If the post heat treatment is omitted, the transition
temperature of the weld will.be approximately 550°F. Non-chamber welding of
D31 is not recommended.

Jimilar properties can be expected for thinner D31 sheet welded
with modified parameters. Thicker D31 sheei may te more snsceptable to
weld cracking as thickness increases,

3. Maximum as-welded ductility of 0.060 in. P8 alloy can te obtained
by welding with a 500°F preheat in a helium atmosphere in a vacum purge
chamber at 13L amperes, 15 arc volts and 15 ipm. A transition temperature
of about 350°F can be expected under these conditions. The transition “em-
perature can be lowered to approximately 100°F by post heat treating at
2500°F for L hours.

Similar weld properties can be expected for other thicknesses of
Fi.8 sheet provided welding parameters are adjusted accordingly. This mate-
rial may he more susceptable to weld cracking as tne thickness increases
sbove 0,060 in.

L. Electron beam welds in these columbium base alloys are significantly
more ductile than TIG welds. For 0.080 in, sheet, a welding speed of LO ipnm
was satisfactory. DBoth FS82 and FLB can be welded at 120 na and 22 kv while
31 can be welded at 100 ma and 20 kv, Transition temneratures of -28C°F for
7882, -80°F for FSB2HS, 250°F for D31, and 250°F for FLE can be expected with
these parameters,

Se F382 sheet in both 0,020 in. and 0.080 in. thicimesses is ductile
as spot welded; however, both D31 and FLE exhibit britileness in the weld
area, $olid phase recrystallization type welds achieved by a low current
long time sequence are recommended for D31 and FLE sheet to eliminate weld
cracking and porosity. This procedure is helpful in minimizing electrode
sticking to the outer sheet surfaces. Post heal treatment of the D31 and
FLB welds as suggested for TIG welds, increases the tensile shear strength.

6. The limited investipation of the flash butt welding of these alloys
has indicated that FsS82, FSB2HS, and D31l can ve joined with no protective
atmosphere., To attain adeguate room temperature ductility it is necessary
to heat treat FS82 and FSB2HS at 2000°F L-hours and D31 to 2100°F Zi-hours,
F48 flash welds remained brittle after a 2500°T L-hour heat treatment. Tur-
ther work on flash welding these columbium alloys is required, bhoth in azir
and under a protective atmosphere.
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APPENDIX

TABLE A-l

PARAMETERS OF WELDS MADE TN VACTTUM ATMOSPHERE WELDRING CHAIBER

Welding
Speed ATungsten  Weld
Weld No. Haterial In/Min. Amps Volts Gas Size Quality

AA-1 Fs82 5 195 10.5 A 1/8 pure 1
AB-1 " " 205 12.5 " 3/32 1
A1 t " 215 12.5 " u
AD=1 n ] 220 13,5 ] ]
AE-1 " " 160 15.5-16,5 He " 1
AF=1 1 15 n 15 n i 2
AG=1 tH " n ] n 1t
A1 n 36 ZHO 17.5 It "
CA-1 D31 15 160 12.5 " n
CB-1 t 36 250 17.5 " " 3
co-l n n 2&5 15.15.5 1t L 3
CAw? 1 " 230 14 " ] 3
CBw? 4] n zhz 15 " ] 3
AT-1 FS82 " 290 17 A " 1
CC-2 D31 " 340 1645 " 1/8 3
AA=2 Fs82 " 345 15.5 " " 1
CA-3 D31 28.5 200 16.5 He 3/32 3
GCB=3 " 21 178 " n "

CB-U i 5 180 11.5 A " 2
GC-3 n 15 220 1 " n 2
CE=1 i " 215 134 " "
CCak n 36 310 1 noo1/8 3
Chm? n n 300 n " i
ARw? F582 1 305 it 1"t n 1
AD=2 n L] 350 15 " " 1

T 2 n 1" 380 it ] " 5
AA=3 t it 360 " n " b
AGw? tt n n 13 " "

ED-1 F382HS " 370 12.5 " * 5
BDw=? * " 330 " u n
AF=2 Fs82 15 222 13.5 " 3/32

RD=3 *S82HS " 220 1L " ;
£B-5 D31 " 150 13.5 He "
Ch=5 1 " n 13 n H
CA-6 t n it " L] n 3
Ch=3 n n n 15,5 ] 1
CE=L 1 " tt 13 n t I
CB=6 ft 1] ] 1 1t " 3
CEaS " " n 13.5-14.5 © 1"
CRB-T " n n 1.5 [} n 3
Adeli FgR2 0 " 15.5 1t H
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TABLE A=l {continned)

Welding
Speed £Tungsten Weld
Weld Mo, Material In/Min.  Amps Volts Gas Size Nuality

BD=l F382HS 15 150 13-15 He 3/32
AF=3 P38z % t 15.5 ] il
Ad=? t L L L5 n i
AT=2 n n " 15 " u 1
AC=3 " 1 " 1] n "
Ni=3 " i ; ] 1 n
AE=3 it n 160 1t 1} it
AD=3 i ] 150 1 n 1t 1
AB=3 ] n 168 1.5 i i
AA-S ] " 165 0 1t n
AB-h ] t t 1t 1t n
AF-h h ] n It 1 n
AG-h n n " " 1 "
CC-5 D31 n " 1h.5-15.5 * "
OB=8 " ] ft i} n n 3
CE-S t th fn 1t (] t
DA ¥18 1t n " n n 3
DA=? t i n n t " 3
CA-T D31 1t 1 n " n
CR-9 0" 1t i (] it " 3
CC=6 # n " 1 " " 3
CE-7 1 n " n ] n
AD-h 7382 L] [t} n [} "
AH-M H " ] [ n ]
BD-—S FS82HS # 1t 1 it 1
Ab=T FS82 1 1 1t It 1t
Elwl FSEZHS " t L it "
CE-8 D31 5 130 L " " 3
Da-3  FL8 " 140 15.5 " " 7
Da~-h h it 160 1.5-15 t n
AE-h 382 15 1} ] 1] 1t
AA-8 1] " 150 tt t "
DA-5 FL8 15 165 Up-di5 " "
DA-6 1t ] n 15 ] u
nB-1 " # n n " #
Tl n it 150 15.5 it 1
DC=p ] 1t t " 1 1"
DG-3 n 1" 0 " n f 3

7.7 382 1 165 " n i
CC«10 D31 n 160 15 " "
AH-8 Fs82 L 165 15.5 " "
DE-L FL8 n 160 16 n L 3
Dn-4 H " 170 156.5 n H
BC=5 FS82ES " 150 15 n "
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TARLE A-1l (continued)

Welding
Speed £Tungsten Yeld
Weld No, Material In/ifin.  Amps Volts Gas Size Nuality
BG=6 TSB2HS 15 160 15 He 3/32
DDw17 L L 165 16.5 t "
DE-T7 t i 170 n ] h
cB-15 D31 " 160 15 : "
0C-12 n " " 1 n ]
%¥AB-13  F382 n 165 1t L "
#NC=5 th ] 1 ] it i
#B-16 D31 f 160 1.5 " n
#33C=13 n n " 15.5 H "
w3 D0=7 FLO i ] 16 1] "
s AR-1k FSR2 1 " 15 " ]
s Ad-11 " ] " n n n
E00-10 D3l ] u 1.5 u 1
D E=8 FLB n " 15 n t
wDBR=5 n n n ] " n
co=7 D3l " 150 U 1 n 3
(Bel10 " ] 1t 1" n "
CE=9 n # ] 1 n n
C A-B 1" " t It 1] H
DA~T7 FLE " 165 15 " , 3
T }.-8 L] 1t 160 1 n " 3
DE=2 1" 1 n i " i
AF-5 Fs82 L 155 n " "
AH=5 H ] n " 1t n
AG-S L} " " t ] ]
AB=D5 1t " t 1t 1} ]
AT=3 " n n 1t n ]
AB-6 i " n 1t 1t t
AC=ly L L t ] " %
M_9 n " 1t t n 1
CE=1N D31 ] un t n "
DA=C B t n 15.5 ] "
DB=3 1 " t 16 n 1t
CA-9 D31 " 150 " " i
CB-10 i " 155 15.5 : ;
cc=8 ] 1 15‘0 15 " ]
CE-11 " 36 220 17.5 " " 3
AT-5 Fs82 15 155 15 ; " 1
AR-O n n 160 16 n 1
AB=10 h " n " :: n
QT 1 it " n n )
ca-10 D31 n 165 16 " i
CB-12 n " n n " u
AB_ 11 F382 n It n n L]
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TABLE A-1 (continued)

Welding
Speed ATungsten  Weld
Weld No, Material In/Min. Amps Volts Gas Size Quality
Al-6 F382 15 165 16 He 3/32
AB=12 " u n 15,5 n n
AH=b " n " [ n n
AH=7 n 1 " " " "
AF-8 t " ] n ] n
BC=-3 FSB82HS " " .5 " n
BC-h ] " n n n n
DA-1D L8 n " 15 1 1t 3
DE_B " 1] 1& 15' - 5 n n
g TC=8 " n 135 15 n m 1
a BC-9 " n " " " 1
a CB-18 g " 1.0 1.5 1 n
a CB-17 W n 150 16 n il
a CA-19 u n 0] " it 1
AC-5 Fs82 " 170 15.5 " 1
AD=5 f " it ] 1 t
DE-9  TL8 n 176 1645 " "
DDw=8 " " " It " 1t
CA~17 D31 u 168 15,5 " "
CC-15 n 1t ] ] n u
b AC=5 rs82 n 200 16 n n
b AD-6 n n 190 n 1 n
b AE-5 0 0 # 16.5 n "
b CA=20 D3l " 200 15 ] 1
#uCC=-15 " " 150 15.5 n 1 3
d AF-10 Fsg2 " " 17 n "
d AC-T t n 1 16 u 1
d AA-10 i n ] " n n
c CC=16 D31 " " 1645 u " 3
d CA=21 " " " n n "
d AC=8 Fs82 " " 1 " #
d DD-9 Fi8 L 200 18 n 1
d DD=10 f 1 1t I 1" 3
c AH-12  FS82 " 195 16,5 " "
c CA=22 D3l n " 17 1 f
¢ CA=23 " u n " 1" n
¢ CBR-18 " " 190 i it 1t
¢ DD=11 Fii8 n 185 n n f
c DD-12 u 1 190 t 1t n
c CB~10 D31 " 170 17 1 n
¢ 04=2L n " 175 1t " "
b BC~6 F3B82HS " 180 16 n l
b LCa7 n u " i n Tl
b BD-H " n " " M n
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TABLE A-1 (continued)

Weiding
Speed £Tungsten Weld
Weld No. Material In/Min. Amps Volts Gas Size Quality
AC-9 Fs82 15 168 16,5 He 3/32
AD-T7 i ] tt n ] "
AE=6 ) u ] 1 n n
#%AC-lO " n 175 16 " "
e ARST 1} 1 180 15 .5 1 i
DD-13  FLB " 170 16 " H
S9SA.-1 n " it ¥ ] n
BC-8 FSB2HS i 160 15 " 1

= Insufficient penetration

- Wide weld bead

- Transverse cracks

-~ Longitedinal cracking

- Amperage too high, burned holes

= Weld not satisrfactory for testing

= Severely cracked

- Preheat 500°F

- FS82 filler wire added to weld puddle

- FSB0 filler wire added to weld puddle

Pure columbium filler wire added to weld puddle
- 2% thoriated tungsten except where noted

- FS82 shim used for filler material

- 200 ppm air admitted to chamber atmosphere
800 ppm air admitted to chamber atmosphere
1300 ppm air admitted to chamber atmosphere

AR O O B ~3 NS RS
1

T
1

X
"~
o
H
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TABLE A-2

PARAMETERS OF WEIDS MADE OUTSTDE TEE VAGUUM ATMOSPHERE PURGE CHAMBER

Welding
Filler Speed __ Helium Flow, CFH Weld
Weld No. Alloy Wire Amps Volts In/Min., Torch Trailer Back up Quality
#DE-1  Fl8 None 220 18 15 32 70 20 2y 3
AB=7 Fs82 n 180 16 " Lo " 5
Clu9 D31 ] ] n " ] n "
DBmd) FL8 n ] 17 I L " i
AT~y  Fs82 " 160 16 5 " n " 1
AB-8 L it 175 1 " n it " L
CE=-12 D3l 1 t 7 t 1 i n i
DC-1 F)_;.B t n n 1} 1t " " l, h
CB=11 b3l " ] i " h n i o
AC=6  Fs82 L o " . " " 2
DE=2 FL,8 ] " L 1t M H it 3
#Ca-11 D31 " 280 12,5 36 " 80 10 2
#DD-2  FL8 " 160 I 15 U " "
#3003 n 1 220 ] 1 n n [
#3CB=13 D31 it n h t 1 " "
AH-9  FS82 PS8 L 16 " Lo 15 5
AF-B L] 1] 210 ] t 8] tt 1t
CA=12 D31 " 190 18 i L n " 2
Ca=13 ] ] L] t " i ] " 2
DC=L #L8 ] 195 1 1 1 " "
DE=5 i " " n H " " 1 2
DD=5 u Pure Cb 220 16 " " " "
CE=13 D3l ] " ] ] n " i
Ca=ll Fs82 200 18 n " " "
C3-1 Pure Cb 220 16 " v " "
bh=6 th 1} ] ] " " ] n
001 D31 FSSO n I n 1] ] It 2
CE-lh n n ] n " L n n 2
DEwbf th n ] 1} 1 n n "
DC=5 L None 180 16 " " " L
OA=15 D31 n " n " n t "
CA=16 ] 1 i ] ] ] ] n
AF=0 TSR L " " " n L ]
AH=10 " 1 it ] n n ] n

1 Insufficient penetration L, Contaminated by air
2 Transverse cracking # Preheat 300°F
3 Severly cracked ## Preheat LSO°F



TABLE A~3

PARAMETERS OF WELDS MADE BY TIY ELECTHON BIAM FHOCESS

Welding Gun Distance
Speed From York

Weld No, Kv MA In/Min. In, Focus
ACEB=1 22 116 ho 1.5 62
ACEB=2 22 116 Lo 1.5 62
AHEB=3 22 140 Lo 1.5 &0
BC2EB-1 22 135 50 1.5 &0
ADEB-1 22 132 Lo 1.5 61
OOE3-h 19 52 20 1.5 60
CCEBm2 21 L7 20 1,5 62.5
CAREBl 21 50 20 1.5 62.5
CCEB=3 19 155 60 1.5 57
CA2EB-1 25 L5 30 1.5 62,5
CAZERw? 20 100 Lo 1.5 60
CBEB=2 20 102 Lo 1.5 60
DG1ZB-1 22 135 Lo 1.5 60
DD1EB=1 26 135 2l 1.5 68
DS9S AEB-2 22 120 Lo 1.5 62
DA9SAEB=3 22 118 Lo 1.5 62
DS95AEB=), 22 117 10 1.5 62
DWEB~1 22 135 Lo 1.5 &0
DWEB-2 22 135 Lo 1.5 &0
S95AEB-12 19 150 60 1,5 57
S9CAER=6 20 137 60 1.5 58
595 AEB=9 13 1,7 &0 1.5 57

1.5 55

S95AEB=10 15 117 20
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TABLE A-l)

FLASH WEIDTHNG DATA

Initial Total
Die Flash- Total Flash TFlash Upset Upset

Opening Off Upset Curve Time Heat Time
Weld NOQ Allgx In. In. In. A Sec . % 358C.,
1 Fs82 1,00 040 0420 2.718  3.65 100 1.5
2 Fs82 1.00 040 0.20 2.718  3.65 100 1.5
3 FSe2 1,00 040 0.30 2,718 3.6 100 1.5
b FS82 1,00 0.h0 0425 2.718  3.65 100 1.5
5, & F582 1.00 0.0 0425 2.718 3,65 70 1.5
7, 8 FS82 1.00 0.L0 0.25 2,718  3.65 ho 1
9, 10  FSB2 1.00 0.40 0.25 2,718  3.65 50 a5
11, 12 Fs82 1.00 0440 0.25 2,718 1,82 50 4.5
13 Fgh2 1.00 0.20 0.15 2,718 1,30 50 .5
i1 Fsée 1.00 0420 0.25 2,718  1.30 50 .5
15, 16  Fsb2 0475 0420 0.25 2,718  1.30 50 h.5
17, 18  Fs82 0.75  0.20 0.25 5.0 1.30 50 4.5
19, 20  Fst2 0.70 0.20 0.20 5.0 1.30 50 L5
21, 22  FsB2 0.70 0420 0.20 2,718 1.30 50 4.5
23 D31 0.70 0.20 0.20 2.718  1.30 50 L5
2l D31 1.00 0.L0 0.25 2,718  3.65 50 Le5
25, 254 D31 0.80 0.25 0425 2.718  1.30 50 4.5
26, 26A D3l 0.80 025 0s25 5.0 1.30 50 b5
27, 27A  TUB 0.80 0425 0625  2.718  1.30 5o Le5
29 FS82 1.05 0.40 0.30 2.718  3.65 70 b5
P, 31 Fs82 1.05 0.L0 0,30 5.0 3.65 70 L5
32 F48 1.05 0.l0 0.25 5.0 3.65 70 4.5
33 FL8 1.05 0.40 0.30 5.0 3.65 70 Y
34, 35  Fs82 1.05 0.l0 0.30 5.0 3.65 70 b5
36, 37  FS82HS  1.00 0.40 0.30 5.0 1.82 70 LS
38, 39  FsS82 1.00 0.40 0.30 5.0 1,82 70 Le5
W, 41 D3l 1.00 0.40 0430 540 1.82 70 L5
W2, L3 TLB 1.00 0410 0.30 5.0 1.82 70 L.5
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