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ABSTRACT

Techniques for the high-voltage electron beam welding of pure tungsten and arc-
cast molybdenum-0,5% titanium were developed and evaluated, Welds were pro-
duced in sheet thicknesses of 0.005, 0,050, and 0.100 in, for each material,
Primary emphasis was placed on producing butt welds of maximum strength and
ductility. Limited work was also performed on lap, seam, edge, and spot weld-
ing.

The effects of various welding conditions on weld-zone characteristics were
evaluated by visual, radiographic, fluorescent penetrant, and metallographic
inspection, Welds were inspected for extent of fusion and recrystallization,
grain size, cracking, porosity, and other pertinent effects,

Butt welds of each thickness exhibiting optimum weld-zone characteristics were
evaluated for mechanical properties. Weld ductilities were determined by
transverse bend testing at temperatures to 1200°F, Weld tensile properties
were determined at room temperature and at temperatures to 2800°F,

Results of the metallographic and mechanical property investigations of the

electron beam welds were compared with base-metal properties and with published
date for other Jjoining techniques,.

PUBLICATION REVIEW

This report has heen reviewed and is approved,

FOR THE COMMANDER

’
. te + USAF
Actg Chief, Phys 1 tellurgy Branch
Metals and Ceramics Laboratory
Directorate of Materials and Processes

iii



SUMMARY Lo svvnvvnrrestsanssanesananes

INTRODUCTION. o vvvnnne

L3

TABLE OF CONTENTS

R R R R ]

CORCTUSIONS ., . . vvvvvesacarcraacraos

.

RE COMMEN DA T TON S, s s sttt reareresnessasesanssssssnsonns

DESCRIPTION OF TESTS...

Material.....eoee.
Machining,....ieieaesarsenrana
Base-metal Bvaluation...,....cvvesvesn.

Welding Equipment, ... civiivenenrrrsvvosasnsonassses
Trial Welding...ooevinnravesacasas
Trial-weld Evaluation..........
Final Welding, .vvvieevaoannsucssnaanas

CECECRE I BURE R |

e

L4 %0 s 2 001

PO N I S A S B R B B N N RN U N |

Final-weld Evalustion,,.......

RESULTS OF TESTS. .. ivvveevoavaass

P R R R A R S R L

L R R A R R A IR I B A A )

DR R

R N A N A R R R R L

Rage-metal Evaluation Results........
Trial-weld Evaluation Results.......

Final-weld Tvaluation Results..,...

DISCUSSICN CF RESULTS...

Bage-metal Discusggion ...........

P I I S R R )

Trial-weld Discussion ........

Final-weld Discussion ,.....v0...

BIBLIOGRAPHY ., .....0vs ..
APPENDIX . . v veivinvennns

Tables....coveuns

“

+

FiguresS..vevnsees

LS N B I

PR R I R B

L A R A A B ]

4440 000

P I I I R R RSN RN IR N

- .4 d o .
.. - D]
...... 4 69 a0 8=
A P N ] ..
. LR R «» »
LRI LR R R ) .
LRI . 040 0
DRI . T ]

iv

RN L]
R .
. “ 4 L

RN

e 0Bt EE S ey

I I I I I R R N N ]

L N O N N R |

L A R A B}

LR LR R R R N R )
. " “ PR I S ]
PR R Y . L
.0 * 8 e 2 . .
LRI B LI L A ]
t e a e . R
. . R ]
.. . L] L]
+ 6 v P00 “ s
------- . . “ e
“ e N R

20
20
21
26
31
32

32



Figure MNo.
1

2

=

o =1 oOnoowWn

10
11
12
13
14
15
16
7
18
19
20
21
22
23-28
29-3h4

LIST QF FIGURES

Page No
Molybdenum Tensile Specimen Drawilg.......v.oeveessas e L3
Molybdernum Tensile SPECIMEN . ... iuerreenern e rnrnennennnn L3
Tungsten Tensile Specimen Drawing..........c.ccuvuuss .. Ly
Tungsten Tensile Specimen........ e r e aea e, bl
Room-temperature Tensile Testing Fixture........ovviverevan L5
Elevated-temperature Tensile Testing Setup................ L6
Elevated-temperature Tensile Pull-rod and Grip Assembly... L7
Transverse Bend-test Specimen Drawing,.....vivecinvevesvrss L8
Transverse Bend-test SpPecimen....veeervevernresrnnnennnoss L8
Elevated-temperature Bend-test Setup............. reereans hg
Tlectron Beam Welding Machine Schemetic,......vovveivensen 50
7Zeiss Blectron Beam Welding Machine........ceevennrrnaneens 51
Bamilton-Feiss Electron Beam Welding Machine.............. 52
Trial Butt-weld Specimen Drawing........ et ties et 53
Trial Butt-weld Specimen..........ccivovivssssocasarssnsans 53
Typical Welding Fixture.....iovierniieniiairnininnrenronsns S5k
Seam-weld Specimen Drawing........... e tedee e 55
Lap-weld Specimen Drawing.......c.oeeveerenecsnss e eans 55
Spot-weld Specimen Drawing....... Certe e eeeaan e te e 55
Tdge-weld Specimen Drawing............... i saeereen s 55
Final Butt-weld Specimen Drawing............ e tenaareaaaen 56
Final Butt-weld Specimen......coeveveevsnass e 56
As-received and Recrystallized Molybdenum Base Metal,,.... 57-58

Ag-received and Recrystallized Tungsten Pase Metal........ 58-59



Figure No.

35

36

37

38

39

L0
41-52
53=5k4
55-62
63-66
67-78
79-82
83-86
87-89
90-93
94-97
98-100
101-10h
105-108
109-112
113-116
117-120
121-124

125

LIST OF FIGURES (continued)

Molybdenum Weld Penetration vs Current and Voltege.........
Tungsten Weld Penetrstion vs Current and Voltage...........
Molybdenum Weld Penetrstion vs Welding Speed...... rerensans
Tungsten Weld Penetration vs Welding Speed........... seraua
Molybdenum Weld Penetration vs Transverse Oscillation......
Tungsten Weld Penetrstion vs Transverse Oscillation........
Triel Weld Microstructures; 0.100-in. Mo-0.5% Ti...........
Trial Weld Microstructures; 0.055-in. Mo=0.5% Ti...........
Trial Weld Microstructures; 0.005-in. Mo-0.5% Ti...........
Tungsten Weld Beads....... P esaeas e sttt e e s s

Trisl Weld Microstructures; 0.100-in. Tungsten.............

Trial Weld Microstructures; 0.050-in. Tungsten......c..c...
Trial Weld Microstructures; 0.005-in. Tungsten.............
Finsl Welds; 0.005-in. Mo-0.5% Ti....... Creseseasssarasnans
Final Welds; 0.055-in., Mo-0.5% Ti...... Ceceerereeiaaeaanin
Final Welds; 0.100-in, Mo-0.5% Ti.ivvevvrcvunrnncnnnnrnnens
Finsl Welds; 0.005-in. Tungsten................ ctercceeanes
Final Welds; 0.050-1in. Tungsten.......ecvvvenere teseraanans
Final Welds; 0.100-in. Tungsten.......coverevevevescsasncs.
Sesm Welds; Tungsten end Mo-0.5% Ti......eevvn.. et
Lep Welds; Tungsten and Mo-0.5% Ti.....eveeuesn. e
Spot Welds; Tungsten snd Mo=0.5% Ti..uverrrernnrrrencnnnnns
Edge Welds; Tungsten and Mo-0.5% Ti..vvvuevnennns Crreeereeee.
Strength vs Temperature; 0.055~-in., Mo-0.5% Ti Welds........ |

vi

Page No.
60

61

62

63

6h

65
66-69
69
70-71
T2
73-76

78
79
80
81
82
83

85
86
87
88
89



Figure No.
126-128
129
130-132
133-13h
135-136

1IST OF FIGURES (continued)

Tengile Failures; ¢.055-in,

Strength vs Temperature; O
Tensile Failures; 0,050-in
Bend Angle vs Temperature;

Bend Angle vs Temperature;

Page No
Mo-0.5% Ti WeldS...vewsuununns 90
.050-in, Tungsten Welds,,....... 91
. Tungsten WeldsS......ovevvenne . 92
Mo-C.5% T1 WeldB...oveuuureenes 93-9kL
Tungsten Welds,....vvvvrrenrns. 95-96

vii



Table No.

1

Eow

WO m 1 O oW

10

LIST OF TABLES

Tegt Material....... concereiinenins et aarea Aty
Trial Welding-condition Ranges.......e0a.. e e e
Final Welding Conditions. ... .ciiiiesrrnernciaseransnsassenns
Base-metal Chemica8l ANBlysSes .. ....civvenvvsvsvanrontnsiscasss
Base-metal Hardness Properties............. et e e e
Rage-metal Tensile Properties......... fre s s asaan st e e
Bage-metal Ductile-to-brittle Transition Temperatures.......
Electron Beam Weld Hardness Properties.........oeovisvenans .
Electron Beam Weld Tensile Properties.......... Crte sty .

Electron Beam Weld Ductile-to-brittle Transition
Temperatures, cciverierens r s eseaeat et enraranac s sa ves

viii



SUMMARY

Electron beam welding techniques were developed for produeing sound, crack-
free welds in commercially available pure tungsten and arc-cast molybdenum-
0.5% titanium (Mo-0.5% Ti) in thicknesses of 0.005, 0.050, and 0,100 in, Pri-
mary emphasis was concentrated on butt welding; however, lap, seam, edge, and
spot welds were also produced,

Preliminary welding was concerned with the development of optimum welding tech-
niques through an evaluation of the effects of various welding conditions on
the weld-zone characteristics in each material thickness. Specific welding
conditions evaluated included accelerating voltage (to 150,000 volts), beam
current (to 20 millismperes), welding speed (to 120 inches per mlnutej beam
diameter (0.010 to 0.025 in. 5, beam oscillation (to amplitudes of *0,100 in. ),
and beam pulsing techniques (10 to 3,000 cycles per second with beam on-times
of 0.5 to 1.0 milliseconds),

Trizl welds produced in preliminary welding were evaluated for surface condi-
tion, cracking, porosity, degree of penetration, extent of fusion and recrys-
tallized zone, grain size, and grain solidification pattern. Limited mechan-
icdl -property data were also obtained from the trial welds,

Evaluation of the trial welds indicated that weld-zone characteristics are
strongly influenced by welding conditions. Welds of maximum strength and duc-
tility were found to be dependent on limited fusion and heat-affected zones

of minimm grain size in combination with smooth, continuous, non-undercuf,
crack-free weld beads., Minimum grain size and limited fusion and heat-affected
zones were achieved through the use of maximum possible welding speed a&nd min-
imal beam diameter. Highest-quality weld beads were produced using 60-cycle
beam oscillation in the direction of welding., Grossly defocused beams, slow
welding speeds, and beam deflection across the seam developed welds that were
inferior with respect to grain size and extent of fusion and heat-affected
zZones,

Using the optimum techniques determined in trial welding, final welds were
produced in each material thickness for comprehensive mechanical testing, Be-
fore testing, all final welds were inspected by radiographic and fluorescent
penetrant techniques, The tensile properties of the welds were determined at
room temperature and 1600°F, 1900°F, and 2200°F for the Mo-0.5% Ti and at room,
2200°F, 2500°F, and 2800°F for the pure tungsten. Weld ductilities were de-
termined by transverse bend testing at temperatures to 1200°F, Ductile-to-
brittle transition temperatures were established from the bend-test results.

The tensile-test results revealed that welds in both tungsten and Mo-0.5% Ti
retained base-metal strength at temperatures approaching the recrystallization
temperatures, Relative tensile strengths decreaged with decreasing tempera-
ture, reaching at room temperature eighty percent of the base-metal strength
for molybdenum-0,5% titanium and fifty percent of the base-metal strength for
pure tungsten.

Manuscript released by authors September 1961 for publication as an ASD
Technical Report,



SUMMARY (continued)

The room-temperature ductility of electron beam welds in both tungsten and
Mo-0.5% Ti was inferior to the corresponding base-metal ductility. The tung-
sten welds were particularly brittle at room temperature. In the ductile
region, weldment ductilities approached base-metal ductilities, becoming er sl
at approximately 300°F sbove the weld transition temperature,

Based on the elevated-temperature bend-test results, the ductile-to-brittle
transition temperatures, depending on the material and thickness, varied from
less than 200°F to greater than 400°F above the associated base-metal transi-
tion temperature,

Analysis of the bend testing technique indicated that ductility and associsted
ductile-to-brittle-transition temperature date cannot be directly compared
with comparable data for arc welds, In every case the ductility data gener-
ated for electron beam welds was derived from & much more severe testing tech-
nique,



TINTRCDUCTION

The introduction of tungsten and molybdenum to aerospece applications has re-
quired the development of welding techniques for the production of relisble
Joints of adequate strength in these difficult-to-weld materials., Convention-
al fusion welding techniques for producing welded joints in tungsten and mo-
lybdenum have been investigated., TIn general, such welds demonstrated problems
relative to cracking, low ductility, or comparatively low room or elevated-
temperature strength,

Recently-developed high-voltage electron beam welding processes offer advanta-
ges which show promise of minimizing many of the disadvanteges generally asso-
ciated with other fusion techniques, Among such advantages are the ability to
weld in an extremely high vacuum at comparatively high welding speeds with min-
imal energy input to the workpiece,

The present program was undertaken to investigate the use of high-voltage elec-
tron beam welding as a joining technique for molybdenum and tungsten, The pri-
mary objective was to develop techniques capable of producing sound welds of
optimum strength and ductility in pure tungsten and arc-cast molybdenum-0,5%
titanium in a variety of configurations,



CONCLUSTONS

Results of the electron beam welding development program on tungsten and mo-
lybdenum lead to the following conclusions.

1.

Sound, crack-free welds can be produced in commercially available pure
tungsten and src-cest molybdenum-0.5% titanium by high-voltage, high-
power-density electron besm welding techniques. Configurations weldsble
include butt, sesm, edge, lap end spot. With the equipment used in the
progrem, molybdenum-0.5% titenium cen be through-welded at reasonable
speeds in thicknesses exceeding 0.250 in. end tungsten in thicknesses ex-
ceeding 0,200 in.

Welds of maximum strength and ductility in both metals are associated
with minimum fusion and heat-affected zones in combination with smooth,
continuous weld beads. Minimum fusion end heat-affected zones are de-
pendent on minimum energy input to the workpiece; smooth continuous weld
beads are produced through the use of beam oscillation. Thus, highest
quality welds esre produced with maximum possible welding speeds, minimal
spot sizes, and moderate beasm oscillation in the direction of welding.

Electron beem welds in tungsten end molybdenum-0.5% titanium possess ten-
sile strengths equivelent to base-metal strength at temperatures epproach-
ing the reerystsllization temperature. Relative tensile strengths de-
cresse with decressing temperature, reaching at room temperature eighty
percent of the base-metal strength for molybdenum-0, 5% titanium and fifty
percent of the base~-metel strength for tungsten. For both materials,
electron beam welds have tensile strengths superior to arc welds.

Electron besm welds in both tungsten end molybdenum-O. 5% titanium have
ductile-to-brittle trsnsition temperatures less than hso‘F above the base-
metal transition tempersture. Below the transition temperature,extreme
veld brittleness is perticularly associsted with welds of relatively large
grain size and extended fusion snd heat-effected zones. In the ductile
region, the weld ductility epproaches the bese-metal ductility, becoming
equal at spproximately 300°F above the weldment transition temperature.



RECOMMENDATIONS

The following recommendations sre based on the results of the program.

1. The successful welding methods developed in the present progrsm should be
eveluasted as production techniques through the welding of prototype parts
in tungsten and molybdenum. The prototypes should represent e variety of
configurations snd should be eveluated by techniques pertinent to the end
use of the psrts.

2. Further work should be conducted on the high-power-density electron besm
welding of both tungsten and molybdenum at extremely high welding speeds.
The tungsten used should be of quslity superior to the commercially avail-
sble tungsten used in the present progresm. The electron beam welding of
molybdenum slloys should be concentrated on molybdenum-0.5% titanium-0.08%
zirconium. Evesluation of the welds should be concentrsted on ductile-to-
brittle trensition-temperature testing =nd on tensile testing at tempera-
tures above the brittle-transition temperature.

3. To provide further design flexibility in the use of tungsten and molybde-
num, electron besm welding techniques should be developed for the joining
of tungsten to molybdenum.



DESCRIPTION OF TESTS

Material

Commercially available pure tungsten and molybdenum-0.5% titanium (Mo-0.5% Ti)
in sheet thicknesses of 0.005, 0.050, and 0.100 in, were used for the bulk of
the welding program. A small amount of 0.187-in. Mo=0.5% Ti and pure tungsten
was also avallable for miscellaneous use., All of the Mo=0,5% Ti was arc-cast
material; the pure tungsten was produced by powder metallurgy techniques., Te-
ble 1 lists the material used in the program. A complete description of the
materials appears in Results of Tests, Base Metal,

Machining

The inherent brittleness of the metals, particularly tungsten, required the
development of specialized and carefully controlled machining procedures,
Particular emphasis was placed on developing the lowest-cost techniques con=
sistent with acceptable quality. Techniques were developed for cutting,
grinding, milling, drilling, and polishing.

Cutting of both tungsten end Mo=0.5% Ti in thicknesses of 0,050 in. to 0.187
in. was performed with a 0.032-in. by 6-in. alumina cut-off wheel (de Samno
No. Al20-F-R107). The 0.005-in. tungsten and Mo-0.5% Ti were cut with a
0.015-in. by 6-in., wheel (No. Al50-R-R90). The wheels were mounted on a sur-
face grinder and cutting was performed by a multiple-pass technique using ex-
cess cooling fluid to eliminate heat-induced checking, lamination, or other
machining damage. Approximately 0.015 in. of stock was removed per pass. The
surfaces produced were very smooth, free from laminations, and had sharp, 90-
degree corners. Mo-0.5% Ti was also cut with all-purpose 0.062-in. by 10=-in.
cut-off wheels and on Do=All saws. Cutting conditions on both the wheel and
the saw were similar to those used for mild steels. The resulting edges were,
of course, not as smooth as those produced with the thin cut-off wheels.

Surface grinding of the tungsten and Mo-0.5% Ti was performed with slumina
grinding wheels using slow feeds and excess coolant. To eliminate laminations,
all surface grinding was performed parallcl to the sheet-rolling direction,
Similarly, all edge grinding was performed along, rather than across, the edge.

Contoured surfaces were successfully formed in tungsten using jig-grinding
techniques. Satisfactory results were obtained using a Moore Special Tool Co.
35-3/8D wheel at 8500 RPM with slow material feed. Spark erosion cutting was
also used for forming contours in tungsten; however, Jjig-grinding was pree-
ferred because of lower cost, Contoured surfaces in Mo=0.5% Ti were formed by
both slab and end milling with relatively slow feeds and speeds., Whenever
possible all slab milling was performed parallel to the sheet-rolling direc-
tion.

Spark erosion techniques were used for drilling holes in tungsten. Brass
tools were used with very slow feed. End milling was used for drilling holes
in the Mo-0.5% Ti.

All machined surfaces on specimens subjected to mechanicsl testing were pol-
ished to minimize all machining defects which could propagate premature



DESCRIPTION OF TESTS (continued)

specimen failure. For Mo-0.5% Ti, the polishing was performed with a fine-

grade emery paper. Tungsten machined surfaces were chemically polished by a
five-minute immersion in a solution of 67% lactic acid, 22% HNO;,and 11% HF

followed by a water rinse. (All percentages in volume percent. After ma-

chining, all specimens intended for final welding or for mechanical testing

were fluorescent penetrant inspected for cracks and laminations.

Base-metal Evaluation

Fach individual sheet of material used in the program was visually inspected
in the as~-received condition for cracks, laminations, and general surface
quality.

Chemical analysis was conducted on samples extracted from each sheet thickness
of each heat. Oxygen and hydrogen contents were determined by vacuum fusion
analysis, the nitrogen content was determined by the Kjeldahl method, and me-
tallic elloying elements snd impurities were determined by spectrographic
analysis. Lack of facilities prevented carbon determinations; however, car-
bon analyses were supplied by the material vendors.

A1l material thicknesses were subjected to thorough metallographic examination
in both the as-received and recrystallized condition. The evalustion included
hardness testing and metellographic examination for the presence of inclusions
(such as carbides, nitrides and oxides), laminations, snd other defects that
would inhibit weldebility.

All specimens for metallographic examination were mounted in bakelite and pre-
pared for examination by standard grinding and polishing -techniques. Micro-
structures were revealed by swab etching for 20 to 30 seconds with Murakami®s
Reagent (10g KBFe(CN)6-+ 100 cc HQO). Recrystallization was accomplished by
heating the spacimens one hour in a vacuum at 2L50°F for the Mo-0.5% Ti and
2950°F for the tungsten.

Diamond-pyramid hardness values were determined on a Zwlck Microhardness Test-
ing Machine. Anisotropic behavior of material hardness was investigated by
determining the hardness on three planes of the material. A 3Kg load was used
‘on sheet thicknesses of 0.050 in. and 0,100 in., and a 0,5Kg load was used on
the 0.005-in. material.

Room-temperature tensile tests were conducted on the 0.005, 0.050, apd 0,100-
in. thicknesses of both Mo-0.5% Ti and tungsten. Additionally, tensile tests
were performed on the 0,055-in., Mo-0.5% Ti at 1600°F, 1900°F, and 2200°F and

on the 0.050-in. tungsten at 2200°F, 2500°F, and 2800°F. The specimens used
for both room and elevated-temperature tensile testing, Figures 1 through 4,

were memufactured and inspected using the techniques developed in the machine
ing investigations.

The room-temperature tensile tests were performed using the tensile fixture
jllustrated in Figure 5. The fixture was equipped with a rigid, removable
member which isolated all stresses from the tensile specimen during test set-
up. This minimized premature brittle failures induced by specimen



DESCRIPTION OF TESTS (gontinued)

mishandling. The fixture also provided a more positive method of gripping the
specimens during application of the tensile-test load.

Elevated-temperature tensile tests were conducted in a Marshall 3000°F tensile-
testing furnace at a vacuum of approximately 1 x 10'lL millimeters of merecury,
Figure 6 illustrates the furnace and control console in operating position,

The specimen pull-rod and gripping agsembly for the high-temperature tests is
shown in Figure 7. The grips, either Mo-0.5% Ti bar or tungsten bar, depending
on the testing temperature, were threaded into Tnconel X pull rods, which oper-
ated in cooler regions of the furnace, The tensile specimens were held in the
grips with tungsten pins., To minimize stresses, and thus eliminate specimen
failure during setup, a close-fitting, smooth-walled tube was placed into the
furnace prior to specimen-pull rod insertion. This tube guided the assemhled
pull-rod and gripping unit into position and also protected the furnace heat-
ing element from damage during setup. Temperature measurements were made at
the specimen surface with a platinum/platinum-lo% rhodium thermocouple, All
specimens were stabilized at temperature for five minutes prior to testing,

The short time at tempersture was justified because of the long heat-up times
(epproximately one hour) and the relatively thin specimen thickness,

Transverse bend tests were conducted at room temperature on all thicknegses of
both the tungsten and the Mo-0.5% Ti, Figures 8 and 9 illustrate the bend-test
specimen configuration, All specimens were bent about an axis rarallel to the
material surface but perpendicular to the sheet rolling direction, As the
0.055-in. Mo-0,5% Ti and 0.050-in. and 0.100-in. tungsten were brittle at room
temperature, their ductile-to-brittle transition temperatures were determined
by bend testing at temperatures to 1000°F.

Both the elevated-temperature and room-temperature bend tests were conducted
using the setup illustrated in Figure 10. The figure shows the ambient box
and heating coils used for ocbtaining the elevated temperatures. During test,
a span of 1.25 inches was maintained between specimen-supporting shoulders,
Bend radii employed for the various thicknesses were 1.25 T (T = material
thickness) for the 0.050-in. and 0.100-in. material and 3.00 T for the 0,005~
in, thickness, The rate of deflection used for all bend testing was 0.5 in,
per minute, At elevated temperatures the specimen temperature was continuous-
1y monitored with a thermocouple placed in direct contact with the specimen,
All specimens were bent until failure occurred or the limit of the fixture was
reached,

Subsequent to bend testing, the specimens were visually examined to determine
the degree of duectility exhibited in the failure. Angle of bend at failure
was defined as the angle through which the specimen was bent, from the hori-
zontal plane, at the onset of failure. To serve as a standard for the com-
varison of weld and base-metal properties, the ductile-to-brittle transition
temperature was arbitrarily defined as the temperature at which a bend angle

of 30 degrees was achieved before initiation of failure.

Welding Equipment

All welding was performed on Zeiss and Hamilton-7eiss high~voltage, high-
power-density electron beam welding machines, A schematie representing the



DESCRIPTION OF TESTS (continued)

electron gun and work chamber of the mechines is shown in Figure 11. The
electron optical column contains, in the upper part, the electron beam source
or gun consisting of a cathode emitter, & grid, and an anode, The electron
emitter is & small-diameter, heated tungsten wire in the shape of a hairpin
or a coil. Surrounding the emitter is a long focal-length, cup-shaped grid.
The grid provides the initisl beam shaping by mesns of an electrostatic field
which forces the fog of electrons emitted by the cathode into a cylindrical
column with a focal point downstream of the anode. A second purpose of the
grid is to provide regulation of beam intensity. This is accomplished by
varying the negative voltage imposed on the grid so that it, in effect, acts
as a valve controlling the flow of electrons to the workpiece. As more nega-
tive voltage is applied to the grid, the stream of electrons to the target de-
creases. Volitage can be imposed on the grid in a cyclic manner to provide cy~
clic, or pulsed, operation of the beam., Directly below the cathode and grid
is the anode. The potential between the anode, at ground, and the cathode, at
up to 150,000 volts negative, provides the accelerating potential for the
electrons.

Below the anode are beam adjusting coils. These coils are electro-magnetic
lenses which can be adjusted to align the beam with the optical axis of the
mein electro-magnetic focusing lems. A water-cooled disphragm below the

ad justment system blanks off electrons whose paths are not in the high-power-
density center portion of the beam. After passing through the diaphragnm,the
beam reaches the main electro-magnetic focusing lems. The focal length of
the lens is adjusteble by the machine operator so that the beam can be pre-
cisely focused on the surface of the workpiece. The beam can also be repro-
ducibly defocused to any desired diameter.

Below the main focusing lens is a deflection coil of the same general design
as the adjusting coils. By imposing on this coll any shape 60-cycle A.C. sig-
nal with adjustable smplitude, the beam can be oscillated in either the "t
(along the weld seam) or "Y" (across the weld seem) direction. Using & D.C.
signal the beam can be permanently deflected to any desired location within a
range of approximately 1/2 inch. If desired, A.C. end D.C. signals may be
used simaltaneously.

A viewing system shown in the approximate center of the column makes possible
observation of the workpiece and weld spot along an axis coincidental with the
beam. Benesth the column is the main welding chamber containing the work ta-
ble. A weld is accomplished by passing the seam requiring welding under the
beam. The equipment contains its owﬁ vacuum system required to create and
maintsin the necessary vacuum of 10~ to 10-7 millimeters of mercury.

The Zeiss equipment is illustrated in Figure 12 and the Hamilton-Zeiss in
Figure 13. At the same operating conditions, the welding characteristics of
the two machines ere equivalent. However, the Hamilton-Zeiss equipment has
greater operating flexibility with regard to beam power and welding speeds.
Specific welding condition ranges available are summarized, as follows, for
each machine.



DESCRIPTION OF TESTS (continued)

Zelss Hamilton-Zeiss
Accelerating Voltage 0 to 150,000 volts 0 to 150,000 volts
Beam Current O to 20 milljamperes O to 20 milliamperes
Maximum Beam Power 2 kilowatts 3 kilowatts
Welding Speed 0 to 27 inches per 0 to 120 inches per
minute minute
Beam Oscillation Amplitude 0 to 0,500 in, 0 to 0.250 in,
Beam Pulsing Rate 1 to 3000 cps 0.1 to 3000 cps
Beam Pulse On Times 0.05 to 10 millji- 0.05 to 10 milli-
seconds seconds

Trial Welding

The best welding techniques for each materisl thickness were established
through a comprehensive, trial-welding program., The primary purpose of trial
welding was to establish welding parameters for each msterial thickness that
gave welds of optimum strength and ductility. The work was concentrated on
butt welding; however, spot, seam, edge, and lap welds were also studied,

Triel butt welding was performed using the specimens illustrated in Figures

1k and 15, Seam, lap, spot, and edge welds were produced in accordance with
Figures 17 through 20. To provide good fit-up, the mating edges of specimen
pairs were finish ground to approximetely 32 RMS with sharp, non-broken edges.
Before welding, all specimens were degreased in hot trichloroethylene and then
chemically cleaned, The Mo-0.5% Ti specimens were clesned by a 10-minute im-
mersion in a 180°F solution of 10% NaOH-+ 5% KMnOk + 85% Ho0, followed by &
10-minute immersion in a room-temperature solution of 15% HCl + 15% H,50), +
10% Cr03 + 60% Hy0, followed by a cold-water rinse. (All percentages re%er
to weight percent.) Tungsten weld specimens were cleaned by a 10-second im-
mersion in a solution of 50% HF + 50% HNO, followed by a water rinse. To en-
sure clean surfaces during welding, partiéular emphasis was placed on limiting
the time delay between cleaning and welding. At po time was the time lapse
allowed to exceed eight hours.

A typical butt-welding fixture is illustrated in Figure 16. 'The pieces for
welding were butted together and held in place by clamps. When desired, end
pressure was applied to the pleces by a spring-loading mechanism. Spot, seam,
edge, and lap welds were mede in similar fixtures with modified clamping
arrangements,

Approximete welding conditions required for each metal thickness were estab-
lished by making weld passes at & variety of settings in solid bloeks of

0.187-in, Mo-0.5% Ti and pure tungsten. Parameters studied included acceler-
ating voltage, beam current, welding speed, beam oscillating conditions, and

10



DESCRIPTION OF TESTS (continued)

beam pulsing conditions, Experience hasg shown thet under identical welding
conditions weld-zone characteristics developed in solid material closely ap-
proximate thoge developed in actual butt welds, Therefore, a cross-section of
the weld passes provided a quick approximetion of the range of setting required
for a given penetration,

Butt welds were produced in all thicknesses of the Mo-0.,5% Ti and pure tungsten
at a variety of machine settings. Table 2 lists ranges of settings used for
each material thickness, Welding speeds to 100 inches were not used on all ma-
terial thicknesses because the Hamilton-Zeiss equipment, which has the 100-inch-
per-minute capability, was not available until relatively late in the program.
In 2ddition to the settings listed, variations in fixturing technique and pre-
and post-heating were also studied. As the trial-welding program progressed,
selection of trial-weld settings for each material thickness was closely coor-
dinated with feedback from trial-weld evaluation,

Early in trial welding it was esteblished that the 0.050-in., and 0,100-in. ma-
terial reacted similarly to similar welding conditions., That is, with suitable
adjustment to take care of the thickness differences, welding conditions which
induced specific weld-zone characteristics in the 0.100-in. material were found
to have the same effect on the 0,050-in, material. Thus, the trial welding pro-
gram was generally divided into (1) welding of 0,055-in. and 0.100-in, Mo-0,5%
Ti, (2) welding of 0.005-in. Mo-0.5% Ti, (3) welding of 0.050-in, and 0,100-in,
tungsten, and (L4) welding of 0.005-in. tungsten. Overall, 75 to 100 trial-weld
gpecimens were produced in each of the four hutt-welding pheses,

Trial welding of edge, spot, seam, and lap configurations was conducted on the
0.055«in, Mo-O.S% Ti and the 0,050-in, tungsten, Five to ten trial welds were
produced for each configuration in each materisl.

Triel-weld Eveluation

The main purpose of trial-weld evaluation was to determine, by various weld
evaluation procedures, which combination of welding machine settings produced
the weld-zone characteristics that would promote optimum weld strength and
ductility, The best settings established in trial welding would then be used
for producing welds for final testing. Initially, the assumption was made
that optimum weld characteristics would include minimum fusion and heat-
affected zones, minimum grain growth in both the base metal and fused zones,
and a complete lack of undercutting, cracking, and porosity. As trial-weld
evaluation progressed the validity of each of the assumed points was verified,

The evaluation procedure was conducted in three general phases: (1) visual
inspection, (2) metallographic evaluation, and (3) fluorescent penetrant and
radiographic inspection. Welds which were unacceptable with regard to visual
inspection were either rejected immedlately or were metallographically evalu-
ated for microstructure characteristics, Naturally, all welds that were vis-
ually acceptable were slso subJected to meteallographic evaluation. Radio-
graphic and fluorescent penetrant inspection was eapplied only to trial welds
sgsociated with welding conditions being considered for final welding,

11



DESCRIPTION OF TESTS (continued)

Visual inspection of the welds was performed on all specimens. In fact, in
many cases, the workplece itself was observed during and immediately after

welding through the welding-machine optical viewing system. All welds were
visually inspected for undercutting, cracking, extreme bead roughness, and

simllar surface effects. As mentioned sbove, all visually-scceptable welds
were subjected to metallographic evaluastion; unacceptable welds were either
rejected or subjected to metallographic evaluation of other characteristics.

Metallographic examination of the welds was performed on specimens mounted

and suitably prepared for metallographic evaluation following the same pro-
cedures used for the base material. For the solid blocks contailning simlsted
welds and the butt welds in 0.100-in. and 0,050-in. thicknesses, cross-sections
of the welds taken normal to the welding direction were examined. Trial weld-
ments in 0.005-in. material were evalusted by microexamination of the weld
beads, which in the thin material, gseve a clearer indication of weld-zone
characteristics than did a cross-section.

The welds in the solid blocks were measured for depth of penetration. Depth
of penetration is defined as the distance, in & weld cross-gection, from the
original surface of the sheet to the bottom of the fusion zone. The penetra-
tion values obtalned from the simulated welds were plotted graphically as a
function of the pertinent welding settings.

Weld microstructures were evaluated for overall weld quality and soundness.
Particular emphasis was placed on determining the degree of penetration, ex-
tent of fusion and heat-affected zones, grain size, and grain solidification
pattern. The weld zones were also examined for microcracking and micropores-
ity. Examination was conducted both before and after etching., Murakami's
etch was used on sll welds excepting the 0.005-in. tungsten welds which were
etched by a 10-second immersion in 50% HF plus 50% HNOs;. Results of metallo-
graphic evaluation were correlated with the pertinent welding conditions, and
the information was used in a feedback msnner to guide in the selection of
further trial-welding settings.

Fluorescent penetrant and radiographic inspection techniques were used on
welds produced by potential final-weld settings. The extreme narrowness of
electron beam weld beads required careful radiographic inspection to reveal
all defects. Thus, welds in 0.050-in. and 0.100-in. material were radio-
graphed both normal to the weld bead and at a 45-degree angle across the seam.

The accumulative results of all of the trial-weld evaluation procedures guided
the selection of the final-welding settings. To ensure expected results, all
settings selected for final welding were thoroughly evalusted, by the trial-
weld evaluation procedures discussed above, ijmmediately before the initiation
of final welding.

Final Welding

The best welding techniques established in triasl welding were used to produce
weldments in each thickness for mechanical testing. The final-weld specimen
configuration is illustrated in Figures 21 and 22, The specimens were
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DESCRIPTION OF TESTS (continued)

manufactured so that the edges for welding were perpendicular to the rolling
direction. All specimens were cleaned and fixtured by the same techniques
used in trial welding. Butt, lap, seam, and edge welding was performed per-
pendicular to the sheet rolling direction. The final-weld settings used for
each material, thickness, and configuration are liisted in Table 3.

Final~weld Evaluation

All final weld specimens were visually inspected for undercutting, weld crack=
ing, and degree of penetration. Fluorescent penetrant and radiographic in-
spection techniques were used on all specimens for the detection of cracks and
porosity. Representative final weld specimens from each material thickness
were inspected by metallographic techniques for extent of fusion and heat~
affected zones, grain size, and grain solidification pattern. Micrchardness
values were determined in weld zone cross-sectiions by testing techniques iden-
tical to those used on the base metal.

The tensile properties of electron beam welded Mo~0.5% Ti and tungsten were
evaluated at room and elevated temperatures, Specimens and testing procedures
were similar to those used for the base-metal tensile property evaluation.

All tests were conducted on weldments in the as-welded condition. That is,
the original weld-bead surface was intact with no machining cleanup, and no
specimens were stress relieved.

Specimens of welds in all material thicknesses were tested at room tempera-
ture. Elevated-temperature testing of electron beam welds was performed on
specimens of 0.055-in. Mo-0.5% Ti at 1600°F, l900°F, and 2200°F and on speci-
mens of 0.050-in. tungsten at 2200°F, 2500°F, and 2800°F. Particular care was
used in handling the specimens during setup through the use of the fixtures
discussed under base-metal testing., After fracture, all specimens were ex-
amined for origin {weld or base metal) and type (transgranular or intergranue-
lar) of failure.

Elevated-temperature tensile testing was limited to the 0.050-in, Mo=0,5% Ti
end the 0,055-in. tungsten because of limitations imposed by the present test-
ing technique and equipment. Testing of the 0.005-in. material with the pres-
ent test-specimen configuration at elevated temperature would have resulted in
tear-type failures at the pinning holes in the specimen tangs, Thus, special
shouldered and/or pressure-gripping assemblies would have been required.
Testing of the 0.100-in, material at elevated temperatures imposed excessively
high stresses on the gripping assemblies, particularly the pins. Modification
of both the specimen and pull-rod assembly would be required to overcome the
stress problem.

The transverse bend-ductility of electron beam welds in tungsten and Mo~0.5%
™ was determined on all material thicknesses in the as-welded condition. In
addition, to investigate the effects of stress relieving, tests were conducted
on 0.055-in. Mo-0.5% Ti and 0,005-in. tungsten specimens that were stress re-
lieved one hour at 1850°F and 1900°F respectively. The specimens and testing
procedure were spimilar to those used on the base material.
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DESCRIPTION OF TESTS (continued)

During all testing, the face of the weld (beam impingement side) was placed
in tension. Primary emphasis was placed on elevated-tempersture bend testing
for the determination of the ductile-to«brittle transition temperature. The
fransition temperature for the 0.050-in, and 0.100-in. tungsten weldments was
above the temperature capabilities of the ambient box used for obtaining ele-
vated temperatures. Therefore, propane torch heating was used to perform bend
tests in the range of 1000°F to 1200°F. As with the base metal, the specimens
were visually inspected after test to determine the angle at failure. The lo=-
cation of the failure, relative to the weld centerline, was also noted.
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RESULTS OF TESTS

Base-metsl Evaluation Results

Visusl inspection of the as-received base metal for cracks, laminations, and
other effects revealed no defects in sny of the material except the 0,055-in.
Mo-0.5% Ti. One side of the 0,055-1n. Mo-0.5% Ti was completely satisfactory;
however, the other side exhibited small striations oriented perpendicular to
the sheet rolling direction.

The results of the chemical analyses of all sheet thicknesses from each heat
appear in Table L.

Representative sections of all three base-metal thicknesses in both the as=-
received and the recrystallized condition are iliustrated in Figures 23 through
34, Metallographic examination of the as-received materisls showed no detect-
able inclusions at magnifications to 1000¥. Hardness test results on three
planes of each material thickness are listed in Table 5,

Base-metal tensile test results at both room and elevated temperatures are
presented in Table 6, For reference, the variation of base-metal strength
with temperature is shown in Figures 125 and 129 for the 0.055-in. Mo-0.5% Ti
and the 0,050-in. tungsten, respectively. Due to the extreme brittleness of
the tungsten material in all three thicknesses, values for the yield strength
at 0.2% offset were not realized,

Before the tungsten brittleness problem was fully appreciated, tensile speci-
mens were manufactured in accordasnce with the Mo-0.5% Ti configuration. How=
ever, the small~diameter hole and relatively small gripping tang apparently
concentrated too much stress in the gripping ares, and many gripping failures
resulted. Much better success was realized using the larger~tanged specimens.
Even so, the problem of brittleness in the tungsten material accounted for
four premature failures. Two specimen failures occurred during setup, and
two specimens failed during testing with all fallures occurring outside of
the gauge section.

The ductile=to=brittle transition temperstures determined for the several ma-
terial thicknesses are listed in Table 7. For reference, the variation of
base-metal ductility with temperature is shown in Figure 133 for the 0.055=in.
molybdenum-0,5% titanium slloy sheet, and in Figure 136 for the 0,050-in, tung-
sten, respectively. In all cases, the ductile~to-brittle transition tempera-
ture was arbitrarily chosen to be that temperature at which a bend angle of

30 degrees was achieved before the onset of cracking.

Trial-weld Evaluation Results

Penetration Test Results: Results of the simidated weld tests for the de-
termination of approximate welding settings are illustrated in Figures 35
through 40. Depth of weld penetration as a function of beam current and ac-
celerating voltage is plotted in Figure 35 for Mo-0,5% Ti and in Figure 36 for
tungsten. Figures 37 and 38 present plots of weld penetration versus welding
speed for Mo-0.5% Ti and tungsten, respectively. The effect of transverse
beem oscillation {"Y" oscillation) on penetration in Mo-0.5% Ti is shown in
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RESULTS OF TESTS (continued)

Figure 39 and in tungsten in Figure 40. Because of varying welding speeds and
limited penetration, the pulsing test results were not suitable for graphical
presentation.

Mo-0.5% Ti Trial-weld Results: In general, all three thicknesses of the Mo=
0.5% T1 vere easily weldable by electron beam techniques, No problems were en-
countered in producing sound, crack-free welds. As expected, weld gquality was
strongly dependent on welding conditions. Best quality welds were associated
with minimum fusion end heat-affected zones in combination with smooth, con-
tinuous, crack-free, non-undercut weld beads., Minimum fusion and heat-affected
zones were dependent on minimum energy input to the workpiece through welding
at high speeds with minimum beam diemeter. High~quality weld beads were pro-
moted by moderate beam oscillation along the weld ("X" oscillation).

Micrographs of weld cross-sections and microstructures for the 0.100-in. and
0.055~in, Mo-0.5% Ti butt welds are presented in Figures 41 through 54, In
brief, Figures 4l and 42 show the effects of welding at slow welding speeds,
Figures 43 and 4h4 represent welds produced at relatively fast welding speeds,
Figures 45 and 46 are associated with welding with a pulsed beam, Figures U7
and 48 illustrate the effects of a defocused beam, and Figures 49 and 50 dem-
onstrate the effects of "Y' oscillation. Figures 51 through 54 illustrate the
weld cross-sections and microstructures associated with the final weld settings
for the 0,100-in. and 0.055-in. Mo~0.5% Ti. Both thicknesses were welded at
relatively high welding speeds with focused beams oscillated along the weld
seam,

It is of interest that the Mo-0.5% Ti trial welds with extended fusion and
heat-affected zones were difficult to cut for bakelite mounting without frac-
ture. On the other hand, the welds of limited fusion and heat-affected zones
vere not notably prone to fracture during metallographic preparation.

Etched weld beads from trial welds in 0,005«in. Mo=0.5% Ti appear in Figures
55 through 62. Figure 55 shows the grain structure resulting from slow weld-
ing speeds while Figure 56 represents a weld made st a relatively fast weld-
ing speed. Figures 57 and 58 illustrate the effects of small and large "Y"
beam oscillation st relatively fast welding speeds. The weld of Figure 59
was made at similar conditions to the weld of Figure 58 except at a slower
welding speed. The effects of "X" beam oscillation are shown in Figure 60
and the effects of pulsed beam operation in Figure 61. The weld of Figure 62
was made at settings similar to the weld of Figure 60 except the weld was
chilled by backing the seam with copper during welding.

Tungsten Trial-weld Results: All three thicknesses of the pure tungsten were
successTully welded by electron beam techniques. As with the Mo-0.5% Ti, best
guality welds were associated with minimum fusion and heat-affected zones in
combination with smooth, continuous, crack-free, non-undercut weld beads.
Again, minimum fusion and heat-affected zones were dependent on minimum energy
input to the workpiece through welding &t maximum speeds with minimal beam di-
ameters, Acceptable weld beads were induced by moderate "X" beam oscillation.
Further, the elimination of weld bead cracking was dependent on correct fix.
turing technigues.
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RESULTS OF TESTS (contimued)

Early in the trial welding of tungsten an effect resembling fine shrinksge
cracking was consistently observed on weld-bead surfaces in all three thick-
nesses., Filgures 63 and 65 illustrate this effect on unetched weld beads in
0.005-in. tungsten. Attempts to eliminate this apparent weld cracking were
based on preheating, on fixturing modifications, and on many changes in weld-
ing machine settings. Preheating was the only technique that appeared to re-
duce the effect.

Comprehensive study of the "cracks" revealed thet many of the tungsten welds
that were thought to be cracked were simply showing grain-boundary relief on
the weld-bead surface, Comparison of the unetched weld-bead surfaces of Fig-
ures 63 and 65 with their etched counterparts of Figures 64 and 66 illustrates
this effect. Note that the fine surface traces, which appear to be cracks,
are replaced, upon etching, by grain boundaries,

Other evidence also indicated that the surface effect was not cracking., Filiu-
orescent penetrant inspection of the specimens revealed no crack indications.
Careful metallographic inspection of weld cross-sections indicated that the
effect did not extend into the interior of the weld bead.

Resclution of the weld-bead grain-boundary effect did not mean that sll weld~
cracking problems in tungsten were immediately eliminated. A number of welds
in all three thicknesses did show true weld cracking., For example, Figures 67
and 68 exhibit & weld containing both intergranular and transgranular crack-
ing. In general, the cracking was associated with extended fusion and heate
affected zones. However, to eliminate cracking in welds of even narrow weld
zones, spring-loading of the butted pieces was required.

Micrographs of weld cross-gsections and mierostructures in 0,100«in. and 0.050-
in. tungsten are illustrated in Figures 67 through 82, The weld of Figures 67
and 68 was welded at a slow speed, while the weld of Figures 69 and 70 was
welded at a relatively fast welding speed. Figures 71 and 72 illustrate a
weld produced with "Y" oseillation at slow welding speed. The weld of Figures
73 and Th was also produced with "Y" oscillation but at a faster welding speed.
Beam oscillation in the "X" direction was employed in producing the weld of
Figures 75 and 76. Figures 77 and 78 illustrate the cross-section snd micro-
structure associated with the final weld settings for 0.100-in. tungsten., Plg-
ures 79 and 80 illustrate a weld produced with settings that were intended for
final welding of the 0,050~in. tungsten. Initial final-weld evaluation indi-
cated that the weld was of inferior quality. Therefore, new settings were de-~
veloped employing the faster welding speeds availeble on a recently acquired
Hamilton-Zeiss machine, Figures 81 and 82 illustrate the cross-section and
microstructure developed by the new final-welding technique,

As with the Mo-0.5% Ti, the trial welds associated with extended fusion and
heat-affected zones were extremely prone to fracture during metallographilc
preparation. This again demonstrated the desirability of producing limited
fusion and heat-affected zones.

Etched weld beads from trial welds in the 0.005-in. tungsten are illustrated
in Figures 83 through 86. The weld of Figure 83 was welded at & relatively
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RESULTS OF TESTS (continued)

fast speed. Figure 84 illustrates a weld made with "Y" oscillation while the
weld of Figure 85 was produced with "X" oscillation, Using the higher welding
speeds available with the Hamilton-Zeiss equipment, the weld of Figure 86 was
produced at extremely high welding speeds. In general, the effects of the
various welding conditions on weld-zone characteristics duplicated the effaects
on the 0,005-in. Mo-Q,5% Ti.

Miscellancous Trial~weld Results: The welding effects noted in trial butt
welding also held for the lap, seam, edge, &nd spot welding. However, in view
of the varying configurations, many of the successful buti~welding settings had
to be altered to suit the particular configuration desired. In lap, seam, and
edge welding, emphasis was placed on welding at high speeds. However, signifie
cant YY" oscillation was also employed to create a wide interface between the
welded surfaces. TIn spot welding emphasis was placed on minimum energy input
consistent with adequate weld interface formaticn.

Final~weld Evaluation Resulis

Visual inspection of the final welds indicated that the weld beads were smooth,
continuous, and crack-free. In the 0.,100-in. tungsten, & slight amount of
smooth, shallow undercutting was noted. Radiographic and fluorescent penetrant
inspection revealed no cracking or porosity in the final welds.

Representative examples of the final butt welds in sll three thicknesses of
each material are illustrated in Pigures 87 through 108. Figures 87, 88, and
89 illustrate, in order, an overall view of the 0.005~in. Mo-0.5% Ti weldment,
a8 20X magnification of the etched weld bead, and a 200X magnification of the
weldw~zone microstructure. Figures 20, 91, 92, and 93 illustrate, respectively,
an overall view of the 0.055-in. Mo-0.5% Ti weldment, a 20X magnification of
the weld bead, a 20X magnification of the weldwzone cross-section, and a 100X
magnification of the microstructure. Figures 9%, 99, 96, and 97 illustrate,
in the same order as in the 0.055-in. Mo-0.5% Ti, the weldment, weld bead,
weld cross-section, and weld microstructure for the final welds in 0.100~in.
Mo-0.5% Ti. Figures 98 through 108 present identical illustrations for the
final butt welds in C.005, 0.050, and 0.100-in. tungsten.

Microhardness values taken from fusion zones of the final electron beam welds
in 81l material thicknesses are presented in Table 8, For comparative pur-
poses, the hardnesses of the base metal in both the as-~received and recrystal-
lized condition are alsc listed.

Figures 109 through 124 illustrate final welds produced in the miscellaneous
welding configurations. Figures 109 and 110 show an overall view and a 20%
cross-section of a seam weld in Mo-C.5% Ti. The seam weld in 0.050 tungsten
is shown in Flgures 111 and 112. ZLap welds in the Mo-0.5% Ti material are
shown in Figures 113 and 114, and tungsten lap welds in Figures 115 and 116.
Figures 117 and 118 illustrate spot welding results in the 0,055-in. Mo-0.5%
Ti, and Figures 119 and 12C show ‘the finsl spot welds in 0.050-in. tungsten.
Final edge welds are shown in Figures 121 and 122 for the Mo-0,5% Ti and in
Figures 123 and 124 for the tungsten.
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RESULTS OF TESTS {continued)

Results obtained from tensile testing the final electron beam weldments at
both room and elevated-temperatures are presented in Table 9, The table in-
cludes room-temperature tensile results from seam welds in the 0.055«1in. Mo=-
0.5% Ti. Test results from the tungsten weldments are incomplete due to the
high incidence of premature failures, both in the weld and in the base metal,
during specimen manufacture and test setup., Test results are also missing
for most of the miscellaneous configurations because such configurations did
not lend themselves to a standard test technique. 1In every case, strengths
for seam, lap, spot, and edge welds could be varied at will up to at least the
strength of the recrystallized base metal by varying the weld interface area.

Figure 125 illustrates the effect of increasing temperature upon the tensile
strength of electron beam welded 0.055~in. Mo-0.5% Ti. Base metal results are
also included on the plot.

Photomicrographs representative of tensile failures in the 0.055-in. Mo=0.5%
Ti weldments are presented in Figures 126 through 128. PFigure 126 shows a
relatively brittle weld-zone failure representative of room-temperature frac-
tures. Figure 127 iliustrates the duetile weld-zone failures that occurred
at 1600°F. A representative base-metal failure in & Mo=0.5% Ti weld tested
at 2200°F is shown in Figure 128.

Tensile strength versus temperature for electron beam welded 0.050-in. tung-
sten is shown in Figure 129 along with similar data for the base metal. Be-
cause of the lack of room-temperature data, the curve for the electron beam
welded material is a rough extrapolation, probably on the conservative side.

A typical roometemperature brittle weld=-zone failure in tungsten is shown in
Figure 130. Figure 131 illustrates & ductile fallure representative of test-
ing at 2500 F. A 2800°F base-metal failure, with the weld-zone completely out
of the image area, is shown in Figure 132.

The ductile~to-brittle transition temperatures for electron beam weldments in
all three thicknesses of Mo-0.5% Ti and tungsten are summarized in Table 10.
The changes in transverse bend ductility with temperature for weldments in
0.055=-in. and 0,100-in. MQ-O.S% Ti and 0.005-in. and 0.050~in. tungsten are
shown in Figures 133 through 136, For reference the base-metal results are
included on the same plots (except the 0,100-in. Mo=0.5% Ti, which was ductile
st room temperature). Bend ductility of 0.005-in. Mo-0.5% Ti electron beam
welds are not plotted as a function of temperature as they were ductile at
room ‘temperature,

Bend tests on the 0.100-in. tungsten welds showed that the welds were brittle
to at least 900°F. TPurther testing was temporarily discontinued for lack of
specimens. When more specimens became available it was discovered that super-
ior results were being obtained in the 0.050-in. tungsten by welding at ex-
tremely high speeds. Lack of time prevented the welding of both 0.050-in. and
0.100-in, tungsten at high speeds. Therefore, instead of pursuing bend test-
ing of welds known to be of less than optimum quality, work was concentrated on
the eveluation of high-sveed welding of ©,050-in, tungsten.
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DISCUSSION OF RESULTS

Base-metal Discussion

Visual inspection of the as-received Mo-0.5% Ti and pure tungsten indicated
that, except for the 0,055-in, Mo-0.5% Ti, all sheets were of acceptable qual-
ity. Sheets that were supplied as~rolled exhibited some lamination near the
edges, but these were removed by trimming. The small striations on the one
surface of the 0.055-in, Mo-0,5% Ti were probably introduced during rolling,
To minimize detrimental effects on ductility, all bend testing was performed
with the striated surface in compression.

The chemical analysis of the base materials {Table 4) were within normelly ex-
pected limits,

Metallographic examination of the base-metal microstructures (Figures 23
through 34) revealed some unexpected grain size differences. As anticipated,
the 0.005-in, material (Figures 23, 2k, 29, and 30) exhibited relatively fine
grain size, However, the grain size of the 0,050-in. tungsten (Figures 31 and
32) and particularly the 0,055-in, Mo-0.5% Ti (Figures 25 and 26) was lerger
than the grain sizes of the corresponding 0,1C00~in, material, in both the as-
received and recrystallized conditiom, This indicates that after the last re-
crystallization, the percentage reduction in sheet thickness in rolling to the
0.100-in, thickness was greater than in rolling to the 0,055-in, thickness,

The effects of the fabrication-induced microstructural differences were mani-
fested in the hardness, tensile, and bend properties of the base metal, As
listed in Teble 5, the diamond-pyramid hardness values for the 0,055-in, Mo-
0.5% Ti were significantly lower than the 0.100-in, properties in two of the
three planes of testing, These differences are not apparent in the 0,050-in,
and 0,100-in, tungsten data, probably because of the smaller difference in
comparative grain size,

The tensile properties of the 0.005-in, and 0,10C-in. Mo-0.5% Ti (Table 6)
were within the range of expected values, In the 0.055-in. Mo-0.5% Ti, the
effects of the relatively large grain size held the room-temperature tensile
properties below normally reported values. However, with increasing test tem-
perature the difference between actual and expected values decreased and at
temperatures above 1900°F was non-existent,

Review of the fabricating history of the 0,055-1n, sheet with the supplierl
confirmed that this particular sheet of Mo-C.5% Ti was not of repregentative
quality. The inferior mechanical properties were related to the sheet rolling
schedule and surface condition., The rolling schedule consisted of & series of
reductions and recrystallizations to a 0.125-in, thicknegs before final reduc-
tion. Therefore, the final recll pass, after a recrystallizaticn at 2#50“?,
represented less than a 60% reduction in sheet thickness, (thus, the relative-
ly coarse grain size of Figures 25 and 26, ) Recent experience has indicated
that & reduction of greater than 60% is required to promote the desired
strength and ductility. The small surface striations (0.020 in. to 0.050 in.
in length) on the Mo-0.5% Ti may have also contributed to the low room-temper-
ature tengile properties by acting as stregg-concentrating sites,
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DISCUSSION OF RESULTS (continued)

The room-temperature tensile properties of all thicknesseszs of the tungsten
base-metal were obscured by the extreme brittleness of the material, The
brittleness resulted, in part, from the surface imperfections present in the
commercially available tungsten that act as stress-concentration sites and
promote brittle fracture 2, Every reasonsble precaution was taken to elim-
inate notches, laminations, and other defects that could initiate brittle fail-
ures, This included careful machining, comprehensive visual and fluorescent
penetrant inspection, and chemical polishing. Still, as the widely-variant
test results indicate, defects were present that propagated failure at rela-
tively low stresses. In fact, in both base-metal and weld testing, premature
fractures occurred in all phases of specimen manufacture and test. Further,
even after successful manufacture and tensile-test initiation, a number of
specimens failed outside the reduced test section, Therefore, the room-tem-
perature data reflect only limited information relative to the actuasl tensile
strength and are included solely for rough comparison to weld data.

The tungsten specimens tested at temperatures in the range of 2200°F to 2800°F
ell fajled in a ductile manmner at reasonably uniform values. Therefore, these
data are considered valid,

The bend-test results (Table 7) again demonstrate the difference in quality
between the 0.005-in, and 0,100-in, Mo-0.5% Ti, ductile at room temperature,
and the 0.055-1n, material, which was completely ductile only at temperatures
exceeding 200°F. All testing of the 0.055-in, material was performed with the
striations in compression,

In bend testing tungsten, as in tensile testing, the notch sensitivity induced
extreme brittleness at room temperature in both the 0,050-in, and ©.100-in.
material. However, the ductile-to-brittle transition temperatures of the two
thicknesses (Fig. 136 and Table T7) were within the range of expected results.
The 0.005-in. material demonstrated good room-temperature ductility., This was
undoubtedly associated with the smoother surface finish and finer grain size,

Trial Weld Discussion

Penetration Tests: The effect of current and voltage on weld penetration in
Mo-0.5% Ti (Figure 35) and tungsten (Figure 36} indicated, as expected, an in-
crease in penetration with increasing current and voltege, A simple calcula-
tion from the data demonstrates that at a given beam power greater penetration
is achieved with higher accelerating voltages. In Figure 35, for example,
weld penetration of 0.100 in, is achieved in Mo-0,5% Ti at 1300 watts using an
accelerating voltage of 130 KV and & beam current of 10 ma, With an acceler-
ating voltege of 150 KV {and a current of 8.7 ma) the penetration increases to
approximately 0,115 in,.

Figures 37 and 38 indicate the effect of increased penetration with decreased
welding speed, It appears that with a beam of maximum power (150 KV, 20 ma)
Mo-0.5% Ti could be welded at five inches per minute in thicknesses exceeding
0.250 in. and tungsten in thicknesses exceeding 0,200 in, Data are not in-
cluded for welding speeds in the area of 100 inches vper minute becsuse this
capability became available only very late in the program. However,
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DISCUSSION OF RESULTS (continued)

experience has shown that 0.050-in. tungsten can be welded at 100 inches per
minute with welding conditions in the range of 150 KV and 14 ma,

Figures 39 and LO indicate that weld penetration at first falls off rapidly
and then levels out with increased transverse ("Y") beam oscillation asmplitude,
The results are reasonable, because welding with an oscillating beam should
create the same effect on weld penetration as welding at higher speed, In
fact, it is interesting to note the similarity of the beam oscillation plots
to the welding speed plots,

No curves are included for the effect of pulsing on weld penetration. The re-
quirement for the simultaneous variation of welding speed, pulsing frequency,
and beam on-time made the data unaccepteble for graphical presentation, It
should be noted, however, that the introduction of pulsing drastically reduced
penetration in tungsten and Mo-0,5% Ti.

Mo-0,5% Ti Trial Welds: The wide range of settings used in the production of
electron beam welds in Mo-0.5% Ti indicates a high degree of weldability for

the alloy. The welds illustrated in Figures 41 through 62 are representative
of the many welds produced by a variety of settings, Almost all of the welds
illustrated were sound and crack-free., There are, however, definite differ-

ences in weld characteristics.

The weld of Figure bl, produced at a relatively slow welding speed (7ipm) ex-
hibits the classical wedge-shaped fusion zone. However, the heat-affected
zone is relatively wide and the fusion-zone grain size {Figure L42) is compara-
tively large (ASTM Ferrous Grain Size Standard 3 to 4 at 100X),

By increasing the welding speed to 27 ipm, a weld (Figure U43) of drastically
reduced heat-affected zone was produced, Moreover, the grain size (Figure 4k)
has dropped to AST™ 5 to 6. Fowever, the weld bead is characterized by a notch-
like undercut, Even narrower welds were produced using higher voltages; how-
ever, the undercutting became increasing pronounced,

The weld of Figure 4S5, produced with a pulsed beam, represents an attempt to
eliminate the undercut of Figure 43 while retaining the limited heat-affected
zone, It is obvious that pulsing the beam has decreased the power to such an
extent that penetration is inadequate., Further, even with so little penetra-
tion the heat-.affected zone represents no improvement, and the grain size
(Figure 46) has actually increased to ASTM 3 to b

Results of welding with & defocused beam are illustrated in Figure 47. The
undercut has been effectively eliminated. However, the greatly increased en-
ergy input fo the workpiece has promoted extended fusion and recrystallization,
Although not completely shown in Figure L&, grain size varied across the weld
from AST™ 2 to &,

The effects of welding with a beam oscillated in the "Y" direction are illus-

trated in Figure 49, Both the fusion and recrystallized zones are extremely
large as is the grain size (Figure 50) at ASTM 2.
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DISCUSSION OF RESULTS (continued)

The weld-zone characteristics induced by welding with an oscillated beam as
well as with a defocused beam (Figure 47} will, of course, vary with the se-
verity of the deflection or defocus, The tendency of the weldments of both
Figure 47 and 49 to fracture during metallographic preparation demonstrates
the desirability of limiting the fusion and recrystallized zones., Thus, if
required, "Y' oscillation or beam defocusing should be kept to & minimum con-
sistent with the retention of other desirable weldment characteristics,

In an attempt to eliminate the requirement for defocusing, welds were produced
using "X" beam oscillation., An example is shown in Figure 51, The fusion and
heat-affected zones are slightly wider than with a non-oscillated beam (Figure
43); however, the undercutting has been eliminated. (The apparent defect at

the bottom of the weld occurred during metallographic preparation)., The mi-
erostructure of the weld is illustrated in Figure 52, The relatively fine

grain size (5 to 6) at the center of the illustration represents the last area to
solidify, OCrain size increased at the edge of the weld to 3, The settings

used to produce this weld were chosen as the final settings for the welding of
0,100-in, Mo-0.5% Ti.

As discussed under Description of Tests, the 0.055-in, Mo-O.S% Ti reacted to

- 1like welding conditions in & manner similar to the 0,100-in, material, There-
fore, to prevent undercutting,an "X" oscillated beam was again required on the
0.,055-in, material., Figure 53 illustrates & trial weld in 0,055-in, Mo-0,5%
Ti produced with settings that were chosen for final welding. Because of the
thinner sheet thickness the depth-to-width ratio of the weld is decreased rel-
ative to the 0,100-in, weld, The grain size (Figure 54} and the slightly in-
creagsed fusion and hest-affected zone width result from the fact that with de-
creaged thickness comparatively less mass is available to chill the weld,

Weld beads, rather than weld cross-sections, were used in evaluating the trial
welds in the 0,005-in. Mo-0.5% Ti., Weld-cross sections in such thin material
are of insufficient thickness to assume characteristic weld-zone patterns.
However, a view of the weld solidification pattern along the bead gave mean-
ingful results,

The weld in Figure 55, produced at a relatively slow speed, shows a wide re-
erystallized zone and slightly elongated grain growth, (The direction of
welding in Figures 55 through $2 is right to left), By increasing the speed
(Figure 56), the width of the heat-affected zone was decreased. The tendency
for grain elongation was also inhibited,

Oscillation of the beam in the "Y" direction aggravated the grain-growth prob-
lem, In succession, Figures 56, 57, and 58 illustrate welds of zero, 0,020-
in,, and 0,0k0-in, "Y" oscillation, As expected the fusion-zone width in-
ereases with increased oscillation, However, the extent of recrystallization
in the thin material is apparently not dependent on oscillation amplitude,

Comparison of Figures 58 and 59 demonstrates, as expected, that decreasing the

speed while maintaining beam oscillation simply induces a wider heat-affected
zone ,
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DISCUSSION OF RESULTS (continued)

The use of "X" beam oscillation (Figure 60) gives results almost identical to
those obtained when welding with a non-oscillated beam (Figure 56). The only
apparent difference is a slightly varied grain pattern and a slightly in-
creased heat-affected zone. These "X" oscillation results are consistent with
those noted in the 0,100-in. Mo-0.5% Ti (Figure 51).

Welding with a pulsed beam (Figure 61) tended to reduce the heat-affected zone,
but with the particular settings used, a very straight, continuous grain bound-
ary was formed down the center of the weld.

The use of chills was very effective in reducing the extent of recrystalliza-
tion, 1In fact,the weld of Figure 62 has almost no heat-sffected zone, Fur-
ther, the weld-zone grain size is extremely small and shows no oriented grain
growth, The welding conditions associated with Figure 62 were chosen for the
final welding of the 0,005-in, Mo-0,5% Ti. Chilling was practical only for
the 0,005-in, Mo-0.5% Ti. The 0.100-in. and 0.055-in. material were so mas-
gsive relative to the extremely small fusion-zone size, that chilling was of
little value.

As with the 0.055-in, and 0.100-in, material, the welds in the 0,005-in.
Mo-0.5% Ti again demonstrated the desirability of limited fusion and heat-
affected zones. Many of the welds of wide fusion zone (e.g. those of Figures
55, 57, 58, and 59) failed during handling; whereas those of more limited weld-
zone size were considerably more rugged.

Summarizing the trial welding of Mo-0,5% Ti, best welds were produced by weld-
ing at relatively high welding speeds with minimum spot size, Slight beam
oscillation along the weld was required to produce weld beads of acceptable
quality. Extremely high-speed welding was not investigated on Mo-0,5% Ti be-
cause, as mentioned, the high-speed capability was not available until late

in the program, However, in view of the superior results achieved with the
tungsten, discussed below, it appears that high-speed welding of Mo-0,5% Ti
may offer advantages not exploited in the Mo-0,5% Ti trial welding of the
present program,

Tungsten Trial Welds: In geperal, all thicknesses of tungsten revealed weld
characteristics similar to the Mo-0,5% Ti, However, due to the extreme brittle-
ness of the material, less latitude was available in choosing welding tech-
niques, Figures 63 through 86 illustrate welds representative of those Prow-
duced during the triel welding of tungsten.

The fine, grain-boundary effect, illustrated in Figures 63 through 66, was
noted on all electron beam welds in tungsten. The apparent decrease of the
effect with preheating resulted from the formation of larger grains. Because
of the larger grain size, there were fewer grain boundaries and thus less evi-
dence of grain-boundary relief on the weld-bead surface, Conversely, when
welds of fine grain size were produced, the effects of grain-boundary relief
were increased,

True weld cracking was also noted in tungsten, For example, the weld of Fig-
ures 67 and 68 illustratess transgranulasr crack at the surface and an
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DISCUSSION OF RESULTS (continued)

intergranular crack on the interior, The extremely slow welding speed pro-
moted very large grains at the weld surface (AsT™M O), and extended heat-
affected zone (out of the photo image area). This coarse grain size un-
doubtedly contributed to the cracking. However, by using spring-loaded fix-
tures, welds made at identical welding conditions were crack free. Apparently,
although extremely limited shrinkage occurs across the weld (generally less
than 0,100 in, in tungsten), cracking will occur if the weld is restrained
from shrinking,

The weld of Figures 69 and TO demonstrates that grain size (ASTM 3 to L) and
extent of fusion and recrystallization were reduced by welding at faster
speeds, However, as with the Mo-0,5% Ti, the weld bead was undercut.

Use of extreme "Y' beam oscillation at slow welding speeds eliminated the un-
dercutting, but in the process recrystallized the total weldment (Fig. 71) and
promoted large grain size (ASTM 1), Metallographic mounting of welds of such
extended heat-affected zone and large grain size resulted in many weld frac-
tures.

Tncreased welding speed and decreased beam-oscillation amplitude (Figures 73
and 74) reduced both the grain size (ASTM 3) and extent of fusion and recrys-
tallizetion, However, undercutting again occurred.

Use of "X" beam oscillation (Figures 75 and 76) eliminated undercutting and
simultaneously reduced the grain size (ASTM 3) and fusion and heat-affected
zones., However, there was a tendency for non-uniform depth of Penetration
along the bottom of the weld.

Non-uniform penetration was eliminated through the use of a slightly defo-
cused beam in combination with "X" beam oscillation (Figures 77 and 78). Both
the grain size (ASTM 3) and fusion and heat-affected zones have been slightly
increased., However, the weld-bead condition was improved to acceptable qual-
ity., The welding conditions of the weld of Figures TT and 78 were used in pro-
ducing the final welds in the 0.100-in. tungsten.

Similar final weld settings were used in producing the initial "final" welds
in the 0.050-in. tungsten (Figures 79 and 80). The settings were chosen be-
cause the weld exhibited relatively small grains {(AS™M 3 to L) and limited fu-
sion and recrystallized zones. However, initial testing indicated that the
welds were extremely notch sensitive and subject to premature fracture.

Tmprovement in mechanical properties was obtained in the 0.050-in, weld of Fig-
ures 8l and 82. This weld, produced at extremely high welding speeds (10Oipm),
had almost no heat-affected zone. Further, the fusion-zone size was reduced
relative to the weld of Figure 79, Grain size was ASTM 4. Because of the im-
proved weld-zone characteristics, the settings used in producing the weld in
Figures 81 and 82 were used in final welding the 0,050-in. tungsten,

As with the 0,005-in, Mo-0.5% Ti, trial welds in C,005-in, tungsten were pri-

marily evaluated by examination of the weld bead. The ¢,005-in, material re-
acted to similar welding conditions in & manner identical to Mo-0.5% Ti, as
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DISCUSSION CF RESULTS (continued)

confirmed by Figures 83 through 86,

Welding 0,005-in, tungsten at & relatively fast speed (27ipm) (Figure 83) pro-
duced a comparatively narrow fusion and heat-affected zone with some tendency
for elongated grain growth., The introduction of "Y" beam oscillation (Figure
84) extended both the fusion and heat-affected zones and developed larger
grain size, Use of "X" beam oscillation (FPigure 85) produced a finer grain
size but larger recrystallized zone than when welding with a non-oscillated
beam (Figure 83)., Increasing the welding speed to 100 inches ver minute {Fig-
ure 86) inhibited the recrystallization apparent in the weld of Figure 83.
Grain size was also reduced,

Welding with chills reduced the grain size but appeared to promote cracking,
perhaps due to extremely fast cooling. Therefore, the weld settings associ-
ated with Figure 86 were chosen for final welding of the 0,005-in. tungsten,

In summary, trial welding of the tungsten indicated that best welds were pro-
duced with high welding speeds and minimal spot size., A very small amount of
defocuging of the beam was required to develop beads of acceptable guality on
the 0,100-in, thickness., Premature fractures during metallographic prepara-

tion indiceted that minimum fusion and recrystellized zones are required for

maximum strength and ductility,

Miscellaneous Trial-welds: Effects that were similar to those developed in butt
welding were noted in producing the spot, seam, edge and lap configurations.

To a great degree, mechanicel properties of such configurations are dependent

on the width of the weld interface, Thus, the use of "Y' beam ogcillation was
required, and larger fusion and heat-affected zones resulted. Spot welds were
particularly prone to large-grain formation,

Smaller fusion zones with adequate interface area could have been produced in
seam welding by making successive high-speed weld passes with a non-oscillated
beam, Similarly, a number of smell-diameter spot welds could be used in place
of a single large-diameter weld., However, an investigation of all of the jelol-
sible welding techniques for the miscellaneous weld configurations was not
within the scope of the progrem.

Final Weld Discussion

The consistent production of sound crack-free final welds in a variety of con-
figurations indicates that both tungsten and Mo-0.5% Ti are reproducibly weld-
able by electron beam techniques,

The final butt welds, illustrated in Figures 87 through 108 are, in genersl,
self-explanatory. Tn every case the size of the fusion zones, the recrystal-
lized zones, and the grain size were less than those generally published for
arc welds in the same material thicknesses. Further reduction in grain size
and size of fusion and recrystallized zones in all of the Mo-0.5% Ti thick-
nesses and on the 0,100-in. tungsten would be accomplished by welding at the
higher welding speeds now available, '
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As noted in trial welding, the grain sizes and fusion and heat-affected zone
sizes in the lap, seam, spot, and edge welds (Figures 109 through 124) were
larger than in the butt welds, The cross-sections illustrate varying inter-
face contact areas, which are dependent solely on the choice of machine set-
tings. The extremely large grain size associated with the tungsten spot weld
(Figure 120) resulted from the comparatively long welding time (16 seconds).
In fact, the totel finel weldment reached red heat during welding,

The room-temperature tensile strength exhibited by electron beam welds in all
three material thicknesses of the Mo-0.5% Ti alloy was slightly lower than the
tensile strength of recrystallized base metal, The three material thicknesses
(0.00S, 0.050, and 0,100 in,) all possessed strengths in the same range
(T0,000 to 90,000 psi), an indication of the uniformity of electron beam welds
in various material thicknesses., The elongation obtained in weldments tested
at room temperature was, however, lower than that obtained for base metal.
This can be explained on the basis of reduced ductility in the weld-zone re-
crystallized grains,

Figure 125 shows the continuous approach of the tensile strength of the weld
to that of the base metal with increasing temperature, At 220C°F, electron
beam weldments demonstrated tensile strengths essentially squivalent to base-
metal strength at the same temperature —two failures occurring in the base
material of welded tensile specimens. Based on the data shown in Figure 125,
the tensile strength of electron beam weldments at temperatures approaching
the recrystallization temperature (approximately 2450°F) is eguivalent to
the base-metal strength,

Pigures 126 through 128 show tensile failures representative of those occur-
ring at various testing temperatures., TFigure 126 is a photomicrograph of a
welded tensile specimen, after failure at room temperature. TFailure has
occurred at the interface of the fused and recrystallized zone, and is both
intergranular and transgranular in nature., No apprarent elongation of grains
has occurred. A weld-zone failure that occurred in & specimen tested at
1600°F is shown in Figure 127. The increased ductility of the weld can be
clearly seen in this photo, Considerable elongation has occurred in the fused
grains, Failure occurred by transgranular shear, Figure 128 illustrates a
bage-metal failure in & welded specimen tested at 2200°F, TFailure took place
in the base materisl completely out of the heat-affected zone. Weld ductility
can be seen in the heat-affected zone,

The results indicate that electron beam welded butt joints in Mo-0,5% Ti
possess strength properties in excess of similar joints produced by inert-
atmosphere fusion welding techniques3, At service temperatures abeve

2000°F, electron beam welded joints possess load-carrying capacities 50%
greater than conventionally produced weldments,

In addition to butt joints, several seam-welded joints in 0.055-in. material
were tested at room temperature. The joint failures were tensile in nature

and occurred in the heat-affected zone., Smaller interface areas between the
lapped pieces would have promoted shear—type failures within the weld.
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As with the base-metal,tensile testing of tungsten weldments at room tempera-
ture failed to generate any meaningful results. The compound prcblem of
brittleness due to surface condition snd low weld ductility created many prob-
lems in room-tempersature testing of the tungsten welds,

From the results of the elevated-tempersture tensile testing it can be con-
cluded that good joint integrity can be achieved in butt joints of tungsten
gheet. TFigure 129 shows that the tensile strength of the electron beam
welded tungsten joints approaches that of the bage metal as the temperature
of testing is increased, As was also the case for Mo-0.5% Ti welds, the ten-
gile strength of the tungsten welds appears to be equivalent to that of the
base metal at temperatures approaching the recrystallization temperature,

Room-temperature tensile failures in the weld zone (Figure 130) are brittle
in nature, and occur primarily intergranularly. The weld-zone failure at
2500°F (Figure 131) shows relatively good ductility and considersble amount
of necking prior to failure. Fused grains were greatly elongated during re-
duction in area immediately before failure, A failure that occurred in the
base metal of & welded specimen tensile tested at 2800°F is shown in Figure
132, The weld zone is completely out of the image area,

In the interpretation of the bend test data, a number of factors must be con-
sidered, First, to duplicate expected service application, all bend testing
was performed on weldments whose weld beads were in the as-welded condition.
That is, they were not finish ground, The weld beads of the 0.005-in. Mo-0.5%
Ti and tungsten were comparatively smoother, However, a&as is apparent from
Figures 91, 95, 102, and 106 the beads on the 0,050 and 0,100-in, material,
although relatively smooth to the naked eye, exhibited considerable roughness
under magnification, Molybdenuﬂ,and also tungstenl are sensitive to surface
condition, Semchyshen and Barr™ report a significant chsnge in transition
temperature between, for example, electropolished and caustic dipped molybdenum,
Thus, the ductility for the as-welded electron beam specimens is probably
lower than it would have heen with finish-ground specimens,

A gecond factor to be considered is the effect of strain rate on transition
temperatures. Weare and Monroe? report that "relatively small changes in
strain rate can shift the fracture behavior from ductile to brittle st room
temperature”, The deflection rates used in bend testing the electron beam
welds were on the high side of those reported for other techniques,

The third, and perhaps most important fact to be considered in studying the
bend ductility results is the extreme concentration of stress that ocecurred
in the narrow electron beam weld zone during plastic deformation by bending,
In bending either arc or electron beam welds, the stronger cold-worked mater-
izl on either side of the weld does not plastically deform. Thus, the strain
must be absorbed by the cast and recrystsllized grains until fracture occurs.
With normal arc welds, the weld rone is generally wide enough to include the
total section of the specimen thet is receiving bending stresses. Therefore,
plastic %eformation can occur over perhaps 0.250 in, (as were the size of
Platte's™ weld beads), or the portion thereof subjected to plastic strain,
However, with electron beam welds, the fusion-zone is much smaller, being
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approximately 0,0k0-in, wide in welds of Figures 92 and 96. Therefore, no
metter how wide the span subjected to bending stresses, all of the strain gen-
erated was absorbed by a 0,040-in. wide zone of cast meterial, Thus in bend
testing, the outermost fiber stresses in the weld zone reached extremely high
values with very little deflection of the specimen. Failure, therefore, occurred
at what appears to be & low ductility value even though the actual local de-
formation within the strained region was probably quite high,

As apparent in Figures 92 and 96, weld~zone width does not increase appreciably
with increasing thickness, (Exception must be made for very thin material
which can have somewhat narrower weld zones), The effect of concentrating
bending stresses in the weld zone became more severe with increasing thickness
due to the type of bend test that was performed, At initial stages of epeci-
men deflection, with the comparatively small bend redii employed, little more
than point contact was made with the specimen surface, Thus, with a given
amount of deflection (-%9) the outermost fiber stresses on the thicker mater-
ial were greater, and these increased stresses had to be absorbed by the same
weld width as the lower stressed thinner materials.

The apparent decreage in bend ductility with increasing thickness is demon-
strated in Table 10, Note that the 0.055-in, welds achieved greater apparent
duetility than the 0,1C0-in. welds, although the reverse is true for the base
metal, Since the grain size and extent of fusion and recrystallization, of
the two thicknesses are very similar, the decrease in apparent ductility was
probably due to thickness differences. Similar effects are noted for the
tungsten, although the extreme inherent brittleness and the widely variant
welding conditions undoubtedly had independent effects on ductility.

From the preceding discussion of bend ductility it can be seen that the type
of bend test employed does not accurately reflect the true ductility of the
welds when such ductility data is compared with base-metal or arc-weld dstsa
obtained from similar test conditions. In fact, it would appear that for the
sole purpose of generating "good" ductility data, the fusion zones should be
of sufficient size tc completely comprise the total strained area of the spec-
imen, Test results indicate that this assumption is not true. The advantages
of narrow fusion and heat-affected zones were effectively demonstrated in tri-
al welds where low service ductility was associsted with the welds of extended
fusion and recrystallization,

Correlation of electron beam weld ductility data with comparable data for arc
welding is difficult due to differences imposed by the afgrementioned consider-
ations and also differences in testing technique. Platte reports room-temper-
ature bend angles of 80 to 120 degrees for several molybdenum alloys welded by
the tungsten-arc method. However, the welds were ground gmooth, the strain was
lower (0.1 in. per min, as opposed to 0.5 in. per min, in the present program),
bend radius was not reported, total deflection was messured instead of permas-
nent bend angle, and base-metal properties were different, Further, as men-
tioned above, the differences in weld-zone width effect the apparent ductility,

Kulju and Kearns3 report bend angles at room temperature ranging from 20 to 97
degrees, Again comparison of the data is difficult because of considerations
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regarding differences in bend radii, specimen preparation, deflection rates,
and weld-zone width,

No comparative data for tungsten welds was available, However, the relatively

small grain sizes and limited fusion and recrystallization zones obtained in
the electron beam welds should contribute to comparatively superior ductility.
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TABLE 1

Test Meterisl

Sheet Size

Msterial {inches} No. of Sheets Heat No.
Mo-0.5% Ti 0.005 x 6 x 12 (trimmed) 16 T-5042-42-2

" 0.055 x 26 x 36 (trimmed) 1 XT-5024-B2-2

" 0.100 x 7 x 12 (as-rolled) 7 T-5036B-1-1

" 0.100 x 7 x 12 (as-rolled) T T-5077-4A2

" 0.187 x 8 x 12 (es-rolled) 2 T-5036B~1~2
Tungsten 0.005 x 3 x 12 (trimmed) 32 Uk, 5-297h4

" 0.050 x 6 x 12 (trimmed) 12 UL, 5-297h

" 0.100 x 7 x 12 (es-rolled) 12 Uk, 5-297k4

" 0.187 x 4% x 12 (=s-rolled) i Uk.8-2974
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TABLE 5

Room-tempersture Base-metel Hardness Properties

Msterial Vickers Hsrdness Number
Thickness {Average of Seven Readings)
(in.) Orientation* As-received Recrystallized
0.005 Mo-0.5% Ti Top 359 183
0.005 " End 263 17k
0.005 " Side 325 193
0.055 Mo-0.5% Ti Top 296 270
0.055 " End oho 190
0.055 " Side 24l 189
0.100 Mo-0.5% T1i Top oho 198
0.100 i End 312 186
0.100 " Side 324 186
0.005 Tungsten Top 782 390
0.005 " End 548 370
0.005 " Side 67 379
0.050 Tungsten Top L71 369
0.050 " End LLs 358
0.050 " Side 451 375
0.100 Tungsten Top L50 370
0.100 " End L7 354
0.100 " Side 457 351
T
Y
= 1)
ROLLING DIRECTION END

et

SIDE
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TWO HOLES NOTE: ALL DIMENSIONS IN INCHES

0.190 DIA.
—l - 1000 ‘. 0.560
é} N 4 {3}__‘_ 0.7?50
/—L§\ 0.375 l
1 &
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WELD

AS RECEIVED 1

|;§;| Al I'

Ir— 4000 - {

- -

Fig. 1 Molybdenum Tensile Specimen Drawing

Fig. 2 Molybdenum Tensile Specimen
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NOTE:ALL DIMENSIONS IN INCHES

Fig. 3 Tungsten Tensile Specimen Drawing

Fig. 4 Tungsten Tensile Specimen
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Fig. 6 Elevated-temperature Tensile Testing Setup
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Fig. 8 Transverse Bend-test Specimen Drawing

Fig. 9 Trensverse Bend-test Specimen
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Fig. 10 Elevated~temperature Bend~test Setup
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Fig. 1l Electron Beam Welding Machine Schematic
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Fig. 12 Zeiss Electron Beam Welding Machine
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Figs 13 Hamilton~Zeilss Electron Beam Welding Machine
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Fig. 14 Trial Butt-weld Specimen
Drawing

Fig. 15 Trial Butt-weld Specimen
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Fig. 16 Typical Welding Fixture
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Fig. 17 Sesm-weld Specimen Drawing
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Fig. 19 Spot-weld Specimen Drawing
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Fig. 18 Lap-weld Specimen Drawing

WELD

= ./

Fig. 20 Edge-weld Specimen Drawing
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Fig. 21 Finel Butt-weld Specimen Drewing

Fig. 22 Final Butt-weld Specimen
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Fig. 23 As-received 0.005-in. Fig. 24 Recrystallized 0.005-in.
Mo-0.5% Ti; X200 Mo-0.5% Ti; X200

SR NIE < E

O
e

Fig. 25 As-received 0.055-in. Fig. 26 Recrystallized 0.055-in.
Mo-0.5% Ti; X200 Mo-0.5% Ti; X200
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Fig. 27 As-received 0.100-in. Fig. 28 Recrystallized 0.100-in.
Mo-0.5% Ti; X200 Mo-0.5% Ti; X200

Fig. 29 As-received 0.005-in. Fig. 30 Recrystallized 0.005-in.
Tungsten; X200 Tungsten; X225
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Fig. 32 Recrystallized 0.050-in.

Fig. 31 As-received 0.050-1in.
Tungsten; X200

Tungsten; X200

Fig. 34 Recrystellized 0.100-in.
Tungsten; X200

Fig. 33 As-received 0.100-in.
Tungsten; X200
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WELD PENETRATION (IN.)

0.180
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Fig. 35 Molybdenum Weld Penetration vs Current snd Voltage
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WELD PENETRATION (IN)
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Fig. 36 Tungsten Weld Penetrstion vs Current and Voltege
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WELD PENETRATION (IN)
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Fig. 37 Molybdenum Weld Penetration vs Welding Speed
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Fig. 38 Tungsten Weld Penetration vs Welding Speed
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Fig. 39 Molybdenum Weld Penetration vs Transverse Oscillation
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Fig. 40 Tungsten Weld Penetrstion vs Transverse Oscillation
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Fig. 41 Trial Weld Cross-section; Fig. L2 Trisl Wweld Microstructure;
X20; 0.100-in. Mo-0.5% Ti; 100KV, X100; 0.100-in. Mo-0.5% Ti; 100KV,
10ma, T7ipm 10ms, 7ipm

Fig. 43 Trial Weld Cross-section; Fig. 44 Trial Weld Microstructure;
X20; 0.100-in. Mo-0.5% Ti; 135KV, X100; 0.100-in. Mo-0.5% Ti; 135KV,
1llma, 27ipm 1lma, 27ipm
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Fig. 45 Trial Weld Cross-section; Fig. 46 Trial Weld Microstructure;
X20; 0.100-in. Mo-0.5% Ti; 120KV, X100; 0.100-in. Mo-0.5% Ti; 120KV,
12ma, 4ipm, 300cps, 2ms on-time 12ma, L4ipm, 300cps, 2ms on-time

Fig. 47 Trial Weld Cross-section; Fig. 48 Trial Weld Microstructure;
X20; 0.100-in. Mo-0.5% Ti; 110KV, X100; 0.100-in. Mo-0.5% Ti; 110KV,
8ma, 10ipm, defocused 8ma, 10ipm, defocused
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Fig. 49 Trial Weld Cross-section; X20; 0.100-in. Mo-0.5% Ti; 115KV, llma,
14ipm, 0.020-in. Y oscillation

Fig. 50 Trial Weld Microstructure;
X100; 0.100-in. Mo-0.5% Ti; 115KV,
1lma, 1lbipm, 0.020-in. Y oscillation
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Fig. 51 Trial Weld Cross-section; Fig. 52 Trial Weld Microstructure;
X20; 0.100-in. Mo-0.5% Ti; 135KV, X100; 0.100-in. Mo-0.5% Ti; 135KV,
12ms, 27ipm, 0.020-in. X oscillation 12ma, 27ipm, 0.020-in. X oscillation

Fig. 53 Trial Weld Cross-section; Fig. 54 Trial Weld Microstructure;
X20; 0.055-in. Mo-0.5% Ti; 120KV, X100; 0.055-in. Mo-0.5% Ti; 120KV,
Tma, 27ipm, 0.050-in. X oscillation Tmea, 27ipm, 0.050-in. X oscillation
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Fig. 55 Trial Weld Bead; X20; Fig. 56 Trial Weld Besd; X20;
0.005-in. Mo-0.5% Ti; TOKV, 1.2ma, 0.005-in. Mo-0.5% Ti; 80KV, 1.5ma,
7ipm 27ipm

¥

Fig. 57 Trial Weld Bead; X20; Fig. 58 Trial Weld Bead; X20;
0.005-in. Mo-0.5% Ti; 85KV, 1.3ms, 0.005~in. Mo-0.5% Ti; 85KV, 1.6ma,
27ipm, 0.020-in. Y oscillation 27ipm, 0.0LO-in. Y oscillation
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Fig. 59 Trial Weld Bead; X20; Fig. 60 Trisl Weld Bead; X20;
0.005-in. Mo-0.5% Ti; 85KV, 1.2ma, 0.005-in. Mo-0.5% Ti; 85KV, 1.3ma,
14ipm, 0.040-in. Y oscillation 27ipm, 0.050-in. X oscillation

Fig. 61 Trial Weld Bead; X20; Fig. 62 Trial Weld Bead; X20; 0.005-in.
0.005-in. Mo-0.5% Ti; 90KV, l.2ma,  Mo-0.5% Ti; 85KV, 1.2ma, 27ipm,
Tipm, 30cps, 10ms on-time 0.020-in. X oscillation, chilled

T1



Fig. 63 Tungsten Weld Besd; Fig. 64 Tungsten Weld Bead; Etched;
Unetched; X20; 90KV, 1.0ma, 7ipm X20; 90KV, 1.0ma, Tipm

Fig. 65 Tungsten Weld Bead; Fig. 66 Tungsten Weld Bead; Etched;
Unetched; X20; 90KV, 2.0ma, 27ipm, X20; 90KV, 2.0ma, 27ipm, 0.04O-in.
0.040-in. Y oscillation Y oscillation
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Fig. 67 Trisl Weld Cross-section; Fig. 68 Trial Weld Microstructure;
X20; 0.100-in. Tungsten; 135KV, 8ma, X100; 0.100-in. Tungsten; 135KV,
Lipm 8ms, Lipm

L T "‘« “

Fig. 69 Trisl Weld Cross-section; Fig. 70 Trial Weld Microstructure;

X20; 0.100-in. Tungsten; 135KV, X100; 0.100-in. Tungsten; 135KV,
10ma, 1Oipm 10ma, 1Oipm

T3



Fig. 71 Triasl Weld Cross-section; X20; 0.100-in. Tungsten; 150KV, 1Oma, Tipm,
0.0L40-in. Y oscillation

Fig. 72 Trisl Weld Microstructure;
X100; 0.100-in. Tungsten; 150KV,
10ma, Tipm, 0.04O-in. Y oscillation
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Fig. 73 Triel Weld Cross-section; X20; 0.100-in. Tungsten; 135KV, 1lma, lkipm,
0.020-in. Y oscillation

Fig. T4 Trisl Weld Microstructure;
X100; 0.100-in. Tungsten; 135KV,
1lma, 1lhipm, 0.020-in. Y oscillation
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Fig. 75 Trial Weld Cross-section;
X20; 0.100-in. Tungsten; 135KV,
1lma, lhipm, 0.025-in. X oscillation

Fig. 77 Trial Weld Cross-section;
X20; 0.100-in. Tungsten; 150KV,

16ma, 20ipm, 0.050-in. X oscillation,
defocused
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Fig. 76 Trial Weld Microstructure;
X100; 0.100-in. Tungsten; 135KV,
lima, lhipm, 0,025-in. X oscillation

Fig. 78 Trial Weld Microstructure;
X100; 0.100-in. Tungsten; 150KV,
16ma, 20ipm, 0.050-in. X oscillation,
defocused



Fig. 79 Trial Weld*Cross-section; Fig. 80 Trisl Weld Microstructure;
X20; 0.050-in. Tungsten; 135KV, X100; 0.050-in. Tungsten; 135KV,
12ma, 27ipm, 0.060-in. X oscillation 12ma, 27ipm, 0.060-in. X oscillation

Fig. 81 Trial Weld Cross-section; Fig. 82 Trisl Weld Microstructure;
X20; 0.050-in. Tungsten; 145KV, X100; 0.050-in. Tungsten; 1U5KV,
16ma, 100ipm, 0.065-in. X oscillation 16ma, 100ipm, 0.065-in. X oscillation
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Fig. 83 Triel Weld Bead; X20; Fig. 84 Trial Weld Bead; X20;
0.005-in. Tungsten; 90KV, 1.5ma, 0.005-in. Tungsten; 90KV, 1l.Tma,
27ipm 27ipm, 0.020-in. Y oscillation

Fig. 85 Trial Weld Bead; X20; Fig. 86 Trial Weld Bead; X20;
0.005-in. Tungsten; 90KV, 2.lLma, 0.005-in. Tungsten; 90KV, 2.9ma,
27ipm, 0.200-in. X oscillation 100ipm
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Fig. 109 Seam Weld; 0.055-in. Fig. 110 Seam-weld Cross-section;
Mo-0.5% Ti X20; 0.055-in. Mo-0.5% Ti

Fig. 111 Seam Weld; 0.050-in. Fig. 112 Seam-weld Cross-section;
Tungsten X20; 0.050-in. Tungsten
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Fig. 113 Lap Weld; 0.055-in. Fig. 11k Lap-weld Cross-section;
Mo-0.5% Ti X20; 0.055-in. Mo-0.5% Ti

Fig. 115 Lep Weld; 0.050-in. Fig. 116 Lap-weld Cross=-section;
Tungsten X20; 0.050-in. Tungsten
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Fig. 117 Spot Weld; 0.055-in. Fig. 118 Spot-weld Cross-section;
Mo-0.5% Ti X20; 0.055-in. Mo-0.5% Ti

Fig. 119 Spot Weld; 0.050-in. Fig. 120 Spot-weld Cross-section;
Tungsten X20; 0,050-in. Tungsten



Fig. 121 Edge Weld; 0.055-in. Fig. 122 Edge-weld Cross-section;
Mo-0.5% Ti X20; 0.055-in. Mo-0.5% Ti

Fig. 123 Edge Weld; 0.050-in. Fig. 124 Edge-weld Cross-section;
Tungsten X20; 0.050-in. Tungsten

88



100

B
90~A\\\\

/—-AS RECEIVED

” :M\\\\\\\

N

60 WELDED

ELECTRON BEAM_/

N
e

N

50

ULTIMATE TENSILE STRENGTH (103 psi)

40

\ \u
\f

30
100 500

1000

TEMPERATURE (°F)

1500

2000

2500

Fig. 125 Ultimste Strength vs Temperature; 0.055-in. Mo-0.5% Ti Welds

89



PT=M
faantred

PTaM L %S
fauantied TB}oW-

*0=OW "UuT=650°0
osag d,00ce get

019’4
‘314

TL %S °0=OW *UT-$50°0 05X
3uoz-pTsM J009T LST °"STd

prec gy e,

PT=M
TL %5 °0=OW "UT-$G0°0 f0SX faanTIad
QUOZ~pTaM aanjeaaduay-wooy 92T ‘314

& S *

90



ULTIMATE TENSILE STRENGTH (103psi)

Nno

o
=
>

A BASE METAL

—— —
—
—
—

50' o~ ——
® -/ ~— -
40 ELECTRON BEAM ™~
® WELD -~
30r
20}
ol NOTE: ﬁ‘n
® FAILURE OCCURRED IN GRIPPING
ENDS OF SPECIMEN
o L L] | | T T T
100 1000 2000 2800

TEMPERATURE (°F)

Fig. 129 Ultimate Strength vs Temperature; 0.050-in. Tungsten Welds

91



PTSM us3sBunl ‘ui-0so0°

0 ‘0%X

foanTred Tejsw-ased J,0082 2ET "ITd

PTaM us3sdung ‘ur-05%0°0

faanTIsg 2u0zZ-PTeM 40052 TET

) PTaM
ua3s3ung, ‘Ur-0%0°0 f0SX fsanticd
QUOZ~-pTaM auanjsiadwal-wooy OfT .WE

92



ANGLE OF BEND AT FAILURE

150°%

120°

60

30

AS RECEIVED
al,” ©

[

ELECTRON BEAM
WELDED,STRESS

IEVED AFTER

WELDING

/
/

ELECTRON BEAM
WELDED

100 300 500

700

900

TEMPERATURE(°F)
Fig. 133 Bend Angle vs Temperature; 0.055-in. Mo-0.5% Ti Welds
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Fig. 136 Bend Angle vs Temperature; 0.050-in. Tungsten Welds
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