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FOREWORD

This report was prepa: . by Nuclear Metals, Inc. under USAF Contract No.
AF 33(616)-7065. This contract was initiated under Project No. 7351, "Metal-
1lic Materials,” Task No. 735104, "Beryllium and Beryllium Alloys."™ The work
wvas administered under the direction of the Directorate of Materials and Proc-
essea, Deputy for Technology, Aeronautical Systems Division, with Lt. S. S,
Christopher, succeeded by Capt. L. F. Bubba, acting as project engineer.

This report covers work performed from 1 April 1960 to 30 September 1961,
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ABSTRACT (VOLS. I AND II)

The report summarizes the work conducted on the Beryllium Research and
Development Program for the period April 1, 1960 through September 30, 1961. The
aim of this program is to make beryllium more useful as an Air Force structural
material.

The program was divided into eleven major efforts, eight of which were sub-
contracted and three carried out at the site of the prime contractor, Nuclear
Metals, Inc. Detailed atstracts of each program are presented in their respective
sections. In addition, work c(ortemplared for a furure program is described in a
separate section,

Two programs deal with the purification ard evaluation of purified teryllium:
(1) "The Preparation of Pure Beryllium Metal bv the Iodide Decomposition Method"
(Nuc lear Materials and Equipmert Corporacior), (2) "Purification of Beryllium by
Distillation" (Nuclear Metals, Inc.). Ir this effort ir was found that high
purity beryllium could be produced by a vacuum distillatior process Preparation
of pure metal by decompositior of +he iodide did rov appear to be feasible

Four programs deal wirh rhe joiring of beryllium: (1) "Brazing of Beryllium"
(The Brush Beryllium Company), (<) "The Forge Welding of Beryllium'" (The Brush
Beryllium Company), (3) "Investigatior of *he Ultrasonic Weldability of Beryllium
Metal Sheet", (Aeroprojecrs Inc.), (4) "Resistance Welding of Beryllium Sheet"
(Rensselaer Polytechnic Institute). The feasibility of joining beryllium by
ultrasonic welding was shown. The resistance spot. welding program led to definition
of the welding parameters, ard to methods of altering the weld nugget structure and
of eliminating cracking and porosity The application of warm working in the form
of roll-planishing improved ro some extent the mechanical behavior of welds made by
the Tungsten-arc Inert Gas (TIG) process. In the brazing effort, the optimum time
and temperature for brazirg bteryllium with silver was defined and the effects of
post-braze heat treatment on the room temperature and elevated temperature mechani-
cal properties were determined.

’

The remaining programs, dealirg with the flow and fracture characteristics of
beryllium and the effect of impurities and alloying additions are: (1) "The Role
of Oxides and Voids in Beryllium" (Manufacturirg Laboratories, Inc.), (2) "A Study
of the Brittle Behavior of Beryllium by Means of Transmission Electron Microscopy"
(The Franklin Institute), (3) "Surface Damage in Beryllium'" (Lockheed Missiles and
Space Company), (4) "Aging and Strain Aging in Beryllium" (Nuclear Metals, Inc.),
(5) "Raising the Yield Strength of Beryllium" (Nuc lear Metals, Inc.).

In this group of programs, heat-treatment of commercially pure Brush QMV
beryllium was found to alter the mechanical properties These changes were shown
to be due to the precipitation of a fcc compound having a lattice parameter
a, = 6.07 A. This appears to be associated with a precipitation reaction involving
Fe and possibly 5i and Al. The occurrence of a yield point in beryllium was shown
to be consistent with the locking of dislocations by impurities.

iii




Techniques for determining the distributior of beryllium oxides and voids in
beryllium by replication electron metallography have teen improved and the morphology
of oxide layers artificially introduced between pressure bonded beryllium discs
under different conditions were studied.

Many very fine precipitate particles were found, by trarsmission electron
microscopy, to be present in commercially pure beryllium. These particles appeared
to affect the movement of dislocations. Dislocation strucrures associated with
"bend plane" formation were also fourd

Twinning was found to be one of the major factors contributing to surface
damage in beryllium. Cracks were fournd to bte a relatrively minor factor. Inclusions
were found to play a role in the i iriaricon of cracks

A low reduction rolling process was developed that produced sheet having three-
dimensioral ductility superior %o high reducrion rolled sheet and equivalent tensile
properties. A Be-1 %/o Cu alloy showed uniaxial proper:zies superior to unalloyed
Be but somewhat lower three dimensioral properties.

PUBLICATION REVIEW

This technical documentary report has teen reviewed and is approved.

A b e

I. Perlmutter

Chief, Physical Metallurgy Branch
Metals and Ceramics Division
Directorate of Materjials and Processes
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SECTION 1

INTRODUCTION

This report* summarizes in detail the work carried out on the Beryllium Research
and Development Program for the period April 1, 1960 through September 30, 1961.

The Beryllium Research and Development Program was the first attempt to co-
ordinate within a '"management' type contract all the research and development work

on bery!lium sponsored by Materials Central. Nuclear Metals, Inc., as prime con-
tractor, has responsibility for the planning and performance of a series of projects
aimed at making beryllium more useful as an Air Force structural material. It was

intended that the approach to this goal be twofold. First, part of the program was
to be aimed at changing the chemical and physical nature of the available beryllium
by such processes as purification; second, part of the program was to be directed
toward gaining a better understanding of beryllium in its current level of purity
and developing the technology for its use.

Nuclear Metals, Inc. was to perform approximately 40% of the work at its site
and was to let approximately 607 of the work to judiciously chosen subcontractors,
subject to the approval of the Air Force.

It was the duty of the program manager to keep up with advances in research
and technology as applied to beryllium. This involved continuing study of the
literature, as well as visits to sites engaged in beryllium research and develop-
ment work. The program manager was also required to impart to the subcontractors
information that would help in the performance of their work, and to arrange for
meetings at which the subcontractors and other people involved in beryllium research
and development could review their programs and keep up with current advances in
beryllium technology.

There were twelve projects in all: eight of these were subcontracted and four
were conducted at Nuclear Metals, Inc. The following is a list of the projects,
the sites at which they were carried out, and the principal investigators:

PRINCIPAL
PROJECT SITE INVESTIGATORS
Preparation of Pure Beryllium Nuclear Materials and L. Pepkowitz
Metal by the lodide Decomposi- Equipment Corporation B. Vondra
tion Process
Ultrasonic Welding of Beryllium Aeroprojects Inc. J. B. Jones

N. Maropis

J. G. Thomas

H. L. McKaig, Jr.
Oxide and Void Distribution Manufacturing Laboratories, S. Allen
in Beryllium Inc.
Role of Dislocations in Franklin Institute F. Wilhelm
Beryllium H. G. F Wilsdorf

* Manuscript released May 1962 by the author for publication as an ASD Technical
Documentary Report.




PROJECT

Surface Damage in Beryllium

Brazing of Beryllium

Forge Welding of Beryllium

Resistance Spot Welding

Distillation of Beryllium
Evaluation of Products

Aging and Strain Aging in
Beryllium

Raising the Yield Strength of
Beryllium

SITE

Research Laboratories,
Lockheed Missiles and
Space Division

Brush Beryllium Company

Brush Beryllium Company

Rensselaer Polytechnic
Institute

Nuclear Metals, Inc.
Nuclear Metals, Inc.

Nuclear Metals, Inc.

Nuclear Metals, Inc.

PRINCIPAL

INVESTIGATORS
E. C. Burke

M. 1. Jacobson

F. A. Almeter

B. M. MacPherson
R. B. Magalski
R. G. 0'Rourke
B. M. MacPherson
W. W. Beaver

E. Nippes

W. Savage

F. Wassell

J. P. Pemsler

E. D. Levine

L. R. Aronin

A. K. Wolff

E. D. Levine

L. R. Aronin

The sections to follow summarize in detail the work that has been accomplished
on the different projects. The final section of the report describes the future

plans for the program.




SECTION 2

THE PREPARATION OF PURE BERYLLIUM METAL
BY THE IODIDE DECOMPOSITION METHOD

B. L. Vondra, F. J. Shipko, and L. P. Pepkowitz

(Nuclear Materials and Equipment Corporation
Apollo, Pennsylvania)

ABSTRACT

The work under this contract was undertaken to determine the feasibility of
producing high purity ductile beryllium metal by the iodide decomposition process.
The activities included preparation of stoichiometric Bel,; static and dynamic
methods for the thermal decomposition of the halide and evaluation of materials
of construction. It was concluded that filament temperatures compatable with a
beryllium metal filament are not sufficiently high 'to decompose Bels in an irre-
versible manner or that the rate of distillation of the deposited Be metal from
the filament exceeds the rate of dissociation of Belp on the filament. Suggestions
are presented for future work.
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2-1 INTRODUCTION

This program was undertaken to determine the feasibility of producing high
purity ductile beryllium by the iodide decomposition (van Arkel-De Boer) process.
Production of other highly purified metals by this technique has reached an advanced
state of development, allowing tonnage quantities to be produced. Among these
metals are zirconium, hafnium and vanadium. No success has been reported in pro-
ducing beryllium by this method.

Two variations of the process are possible. In the first, the dynamic process,
the metal iodide is simply distilled or sublimed at a low vapor pressure through an
evacuated chamber containing a heated filament. As the vapor contacts the heated
filament the iodide is thermally decomposed, depositing the metal on the filament
and releasing iodine which is pumped from the system.

The mechanism of the second or static process is also basically simple but
more readily adaptable to large scale production. The volatile iodide of the metal
is vaporized at a low pressure in an evacuated vessel. A thin filament in this
chamber is heated to a suitably high temperature. Dissociation of the iodide occurs
at the temperature of the filament and the metal is deposited on it. The iodide is
prepared continuously by the reaction of the iodine released in the dissociation
with a crude metal supply in the deposition vessel. Undesirable impurities in the
crude metal are left behind as the cyclic process transfers pure metal to the fila-
ment .

For either process to be applicable, the metal must have the following proper-
ties:

(1) The metal should react with iodine at a reasonable temperature.

(2) The iodide must have a suitable vapor pressure - temperature
relationship so that adequate volatility will occur at moderate
temperatures (i.e., room temperature to ~600°C).

(3) The iodide should be highly compatible with reasonable materials
of construction.

(4) Decomposition of the iodide at the filament should take place
below the melting point of the metal to be deposited.

(5) The rate of vaporization of the metal deposit at the filament
temperature must be lower than the rate of deposition.

Investigations into the physical and chemical properties of beryllium indicate
that its iodide forms and has a suitable vapor pressure within a favorable tempera-
ture range. Experiments with various materials of construction have uncovered a
major problem area that has not yet been adequately investigated.

oRequirements (4) and (5) place an upper limit for the beryléium system of
1283°C, the melting point of beryllium. Temperatures below 1100 C may be required
to minimize vaporization of the metal.




It is not possible to make any exact calculations for the reaction

BeIZ(Vf__—+ Be(s) + IZ(V)

since reliable thermodynamic values are not available and the species involved in
the reaction are unknown. However, it can be assumed that the reaction is con-
trolled by kinetic considerations such as the rate of thermal decomposition at the
filament, the rate of diffusion of free iodine away from the filament, and the rate
of Bel, diffusion toward the filament.

2-2 LITERATURE SURVEY

A survey of the literature was made on the thermal decomposition and hydrogen
reduction processes for beryllium halides. Very little work on beryllium has been
reported except for a few papers in which the formation of pure beryllium was
assumed, but not unequivocally demonstrated or reduced to a practical process.

The history and application of the van Arkel - De Boer technique of pregaring
pure metals by the pyrolytic decomposition of volatile iodides is presented( ) in
detail by Shapiro. A beryllium iodide decomposition method was reported(2) by
Sloman. His work was carried out in evaguated Pyrex equipment, decomposing the
BeI? on a tungsten filament at 700 - 900°C. He reported the deposition of a

1 - 3 mm thickness of beryllium which contained ccnsiderable boron and silicon.
The deposit was coarsely crystalline and very brittle. It was indicated that
Ni-Cr alloys might be suitable as container materials instead of glass; however,
the program was not continued.

Kopelman and Bender reported(3) on the dissociation of BeIy in platinum o
equipment. They observed an interaction of Bel, with the platinum at 575 - 1060 °C,
forming a Be-Pt alloy of undetermined composition with the evolution of elemental
iodine. However6 when a beryllium crucible insert was used, free iodine was not
obtained at 1200 C. It was concluded that the decomposition of the iodide in the

absence of platinum is controlled solely by kinetic considerations.

Kellog, in reference to the thermal decomposition process, calculated(a) that
3.6% of the Bely present would be dissociated at 1500°K and 10-2 atmospheres. Hec
suggested that decomposition of the halides in an arc would overcome the temper
ture limitation of the hot wire process.

Hackspill and Besson ):eport:(5> the reduction of BeCl, with hydrogen on the
surface of a hot tungsten wire. They obtained a deposit of beryllium or a Be-W
alloy, depending on the filament temperature.

2-3 EXPERIMENTAL

2-3.1 Preparation of Pure Belp. Since the successful preparation of pure
beryllium metal will depend on the purity and stoichiometry of the starting material,
the first step in the present program was to prepare pure Belp,. It was mandatory
that no elemental jiodine be present in the product since it has been shown(1) that
trace excesses of iodine can reverse the direct reaction. Various methods of




preparing Bel, were evaluated. These relied on direct reaction of elemental beryl-
lium and iodine, or reaction of BeyC with HI.

(1) Preparation at Atmospheric Pressure by Direct Reaction. Several
batches of Bel, were prepared in both Pyrex and stainless steel systems. The pro-
cedure employed the vaporization of iodine in a stream of argon (0.1 liter per
minute) at a temperature of 80 - 90°C. The 1od1ne vapor contacted a bed of
Pechiney beryllium flake maintained at 450 - 500°C. The resultant product deposited
in the cooler portions of the reaction chamber inthte form of a white crystalline
powder. However, as the reaction was continued, the product became slightly brown-
ish due to unreacted iodine becoming adsorbed on the Belp. The Bel; was then sub-
limed from the reaction chamber to collection bulbs. Even after several re-

sublimations the iodine coloration in the product could not be completely eliminated.

The results were the same in both steel and Pyrex reactors.

(2) Preparation Under Vacuum by Direct Reaction. Due to the inability
to rid the iodide of iodine in the flow system, Bel, was prepared under vacuum in
a Pyrex apparatus. To achieve this purpose, a versatile vacuum apparatus (Figure
1 ) was designed and constructed for iodide preparation as well as for thermal
decomposition studies. Several batches of pure white crystalline product were
prepared. lodine was vaporized at 90°C from the iodine reservoir through a bed
of beryllium metal flake maintained at 450 C. The iodine pressure in the system
was kept low with the aid of a liquid nitrogen trap attached directly to the re-
action chamber. The iodide collected in the chamber directly above the beryllium
metal, with any excess iodine removed by continuous pumping. The Bel, was sublimed
from this chamber into side arm sampling tubes in which it was collected and sealed
off for analysis. Free iodine could not be detected in the product.

(3) Preparation from Be,.C and HI. Essentially pure Be,C was obtained
from Nuclear Metals, Inc. and used as the starting material, The HI was prepared
by mixing purified H2 with iodine at 100°C and passing the mixture through a bed
of platinized asbestos at 700 °C. Unreacted iodine was collected in a cold trap
(-30°C) beyond the reaction zone.

BejC was reacted with the HI in an hydrogen atmosphere.

Be2C + 4HI —— 2BeI2 + 2H2 + C
The Be,C was contained in a carbon liner inside a quartz tube and heated to 550°C.
The product of the reaction (Bel,) had a brownish tint similar to that prepared
from direct reaction of the elements at atmospheric conditions. This coloration
was not removed after sublimation.

The experiment was repeated under vacuum conditions. Liquid nitrogen was
used to freezg HI in a bulb connected to the reaction tube. After degassing the
system at 550 °C, the HI was slowly evolved from the bulb by gradual warming. A
white crystalline powder collected beyond the reaction zone. This material had a
composition similar to that prepared directly from the elements and was free of
iodine.
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(4) Selection of Best Preparation Method and Evaluation of Product. The
preparation of Bel, from the elements under vacuum conditions proved to be the most
acceptable method and was chosen for further preparations of the compound. The
starting materials are readily available in high purity and do not require any.pFe—
liminary preparation or manipulations which easily introduce undesirable impurities.
The use of Pyrex for the apparatus was not found to be detrimental since only trace
quantities of silicon could be found in the product and no attack on the glass was
evident.

Spectrographic analysis of a typical Bely preparation is presented in Table 1.

Several batches of Bel, were prepared and sublimed into small Pyrex tubes which
were subsequently analyzed %or Be, I, and free I, (Table 2). The individual sam-
ple tubes were broken under deionized water and the Bel; hydrolyzed to HI and
Be(OH)Z. A glass stoppered flask was used to prevent escape of HI vapors. The
solution was made to known volume and aliquots taken for analyses. Beryllium was
determined by precipitation with ammonium hydroxide, drying and igniting to BeO.
Titration of the sample with sodium thiosulfate solution gave the free iodine con-
tent. Total iodine in an aliquot was determined by oxidation of the HI to I by
sodium nitrite and titration with sodium thiosulfate.

2-3.2 Decomposition of Bels.

(1) Dynamic Experiments in an Hydrogen Atmosphere. Several experiments
were made to study the behavior of Bel, in a flow system in an ‘hydrogen atmosphere.
If decomposition of the halide takes place, the hydrogen should act as a carrier
to remove iodine from the vicinity of the filament and favor the formation of a
beryllium deposit. The hydrogen might also effect the reduction of the iodide at
a temperature lower than required for ordinary thermal decomposition. This reaction
would decrease the concentration of iocdine by the formation of HI.

Bel, + Hy —Hot ELlament o\ e + 2u71

The conditions and results of these expeximents are shown in Table 3, With
the exception of run H-1 the iodide was prepared from the elements under vacuum
conditions and sublimed into Pyrex bulbs that were subsequently transferred to the
reaction tube under an argon atmosphere. The resulting iodide was a pure white
powder, as compared to that used in run H-1 which was prepared in a flow system
at atmospheric conditions in argon and had a brown tint due to iodine contamination.

In the first three experiments there was a definite reaction with the Pyrex,
since the walls were seriously etched in the vicinity of the filament. The deposit
on the filament was analyzed by X-ray methods and was found to be elemental sili-
con. Boron and beryllium were detected spectrographically. Figure 2 shows the
filament from run H-2.

An interaction of beryllium iodide and the silica in the glass probably occurred

2Bel, + SiO2 ——> 2Be0 + Sil

2 4

Sil, —z ¥ Si + 21,

8




Table 1,

AND STARTING MATERIAL

ANALYSIS OF BeI2
BeI2 (%)
Fe .03
Al .05
Mg .005
Cu .03
Si «<.1
Ti .02
Ag .01




Table 2,

BeI., ANALYSIS

2
Be I Free 1 I .

No (millimoles) | (millimoles) NG EeRielegracic
1 2.32 3.89 .01 1.68
2 3.08 5.24 .05 1.70
3 2.23 4.27 .01 1.91
4 3.74 6.78 .03 1.81
5 4.09 7.09 .03 1.74
6 2.14 3.74 .05 1.75
7 3.15 5.97 .06 1.90
8 2.29 4.03 .06 1.75
9 2.03 3.62 .16 1.78
10 2.42 4.45 .02 1.83
11 3.09 5.79 .06 1.87
Average 1.79

10
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Figure 2

- Filament from experiment H-2 showing
character of deposit.
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with subsequent thermal decomposition (or hydrogen reduction) of the silicon
iodide to metallic silicon. 1In all these experiments there was evidence of ele-
mental iodine beyond the reaction zone.

In runs H-4 and H-5 no interaction of Bel, with the Pyrex was observed.
Spectrographic analysis of the Belp that sublimed past the filament showed only
a trace (< .1%) of silicon. The elimination of the reaction with the Pyrex is
attributed to the lower temperature used to vaporize the halide. Such a tempera-
ture appears unfavorable for the formation of Sily. In none of these experiments
was there any significant deposition of metallic beryllium, although traces of
beryllium were detected spectrographically.

(2) Dynamic Experiments under Vacuum Conditions. Several analyses of
Bel, that was prepared by reacting the elements under vacuum in a Pyrex system
showed only a trace (< .05%) of silicon. These results and other advantages of
Pyrex, including transparency and ease of construction, led to its selection as
the reactor material for these experiments.

A schematic diagram of this reactor is shown in Figure 1. The diameter
of the tube at the filament is 1.5 inches and the length from the iodine reservoir
to and including the cold finger is 21 inches. Apiezon wax was used to make a
vacuum seal on the filament leads and at the ground glass connections. Remov-
able Nichrome-wound resistance heaters were designed so that they could be readily
inserted or removed. This reactor was attached to a cold trap and a high vacuum
pumping system. A dry ice-trichloroethylene mixture was used in the cold trap in
all the experiments.

The apparatus was thoroughly cleaned for each experiment. It was dried by
rinsing with acetone, air drying, and finally evacuating without cooling the trap.
C.P. iodine was then added to the reservoir and a Pyrex cap placed over the end.
Pechiney beryllium metal flake was introduced to a depth of approximately three
inches. The iodine reservoir was cooled under liquid nitrogen during evacuation
of the system.

In a typical experiment the beryllium flake was heated to 450°C and the
iodine reservoir gradually raised to 90°c. Beryllium iodide collected in the
narrow tube above the metal bed. This reaction was continued until all of the
iodine in the reservoir was consumed. Finally the iodide was sublimed into the
reaction chamber to about 3 inches below the filament. The upper resistance
heater was then positioned so that the heated zone would extend up to the filament.

This heater was set at the predetermined temperature of the run; the beryllium
flake bed being maintained at 450°C to prevent back sublimation of halide. The
filament was heated after the desired sublimation temperature was reached. 1In
experiments involving cooling of the cold finger, liquid nitrogen was added before
heating the filament and maintained at constant level throughout the experiment.

The temperature of the heaters was monitored with Chromel-Alumel thermo-
couples in contact with the Pyrex walls, and the filament temperature was con-
trolled with the aid of an optical pyrometer. Suitable corrections for emissivity
were made depending on the type of filament used.
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Table 4 lists the dynamic experiments performed in the Pyrex apparatus with
the above-mentioned general conditions. A constant vacuum was applied in all runs
except for run D-7 in which the reactor and cold trap were isolated from the pump-
ing system.

The Bel, prepared for each of the runs was a pure white crystalline powder.
Its preparation in situ eliminated transfer problems with the attendant possible
contamination and hydrolysis of the iodide. This compound is so unstable that
when a leak develops in the apparatus an immediate brown coloration due to the
release of elemental iodine is observed.

Filaments made from 0.020-inch diameter tungsten or molybdenum wire proved to
be the most acceptable. Their high vaporization temperature coupled with non-
reactivity toward Bel, made them quite suitable for these experiments. Beryllium
wire (0.020-inch diameter) was very brittée and difficult to ceil into a filament.
Its high vapor pressure (1 micron at 1130 C) and reactivity toward iodine limits
its use. Platinum filaments were found unsuitable because of their reactivity
with the iodide. The following detailed discussion of the dynamic experiments
will clarify the data in Table 4.

Runs D-1 and D-2 were performed by a method that has been used in the past to
deposit such metals as zirconium and molybdenum. The iodide was not prepared
beforehand but was synthesized in situ. Iodine was released from the reservoir at
an estimated 10-micron vapor pressure by warming it to approximately -35°C. The
beryllium metal bed was maintained at 450°C. The reaction chamber was heated to
the same temperature to prevent condensation of any iodide on the walls. White
BeI, collected beyond the filament, indicating a very low elemental iodine con-
centration in the atmosphere. No metallic deposit was observed on the filament at
800 or 1100°C.

Runs D-3 through D-8 were a series of tests using a molybdenum filament in
which a2 range of filament temperatures and beryllium iodide vapor pressures were
tried. The iodide was prepared before each experiment as described above. Approxi-
mately 20 to 30 grams of iodide were prepared in each case to assure an adequate
supply of vapor throughout the run. The vapor pressures listed in the table are
those that would be present under equilibrium conditions but are not necessarily
those that were attained since the system was in a dynamic condition. These rela-
tive pressures were maintained throughout since an excess of iodide remained in the
vaporization section at the end of each run.

Experiments D-3 and D-4 were made without using any coolant in the cold finger.
Although no deposit on the filament was observed, elemental iodine collected in the

dry-ice trap. No effect was observed by varying the Bel, vapor pressure between
50 and 200 microns.

Runs D-5, D-6 and D-8 were conducted to determine the effect of elemental
iodine concentration on the deposition or resublimation of beryllium. All three
runs were made with coolant in the cold finger: 1liquid nitrogen was used in runs
D-5 and D-6 and a mixture of dry ice-trichloroethylene was used in D-8. The inside
end of the finger was located about 1.5 inches from the filamenc. This cold surface,
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in close proximity to the heated filament, should accelerate the removal of elemen-

tal iodine and possibly prevent a recombination of the thermally dissociated iodide.

The coolant was placed in the cold finger just before the filament was heated. 1In
each case iodine collected on the finger even though no deposit was formed on the
filament.

Experiment D-7 was run under static conditions; i.e., no pumping was used
after the filament was heated. The transfer of iodide past the filament was not

impeded, since the vapor always tends to condense on cooler sections of the reactor.

Pressure checks made on a McLeod gauge beyond the cold trap indicated a vacuum of
less than one micron throughout the run. Iodine was collected in the dry-ice trap
but there were no positive indications of beryllium metal deposited on the heated
filament.

Run D-9 was made under conditions similar to those used in D-8 except that a
tungsten filament was used instead of molybdenum. The change in the type of fila-
ment had no affect on the results.

In order to check the work of Kopelman and Bender(B), wherein platinum was
used as a container material, a series of experiments, D-10 through D-13, were
performed u51ng a platinum fllament Run D-10, performed at a filament tempera-
ture of 1150° C, yielded a Be-Pt alloy. Melting of the alloy was observed, and
droplets collected on the lower portion of the filament. ZX-ray diffraction indi-
cated a structure agreeing with that of Pt5Be13.(6) Figure 3 shows the droplets
of the alloy formed. Liquid nitrogen was used in the cold finger and a quantity
of iodine that was large as compared to previous results was collected. A Bely
vapor pressure of 200 microns was used. The run had to be discontinued after
0.5 hour because an electrical short circuit developed in the filament.

In an attempt to stop the alloying of beryllium with the filament, the fila-
ment temperature was lowered to 800 - 850°C for run D-11. A trace of lodine
collected on the cold finger but the temperature was too low to induce a reaction
with the platinum filament and no deposit was formed.

Figures 4 and 5 show the type of deposit formed in runs D-12 and D-13.
The platinum filament was maintained at 1000°C and a light gray deposit was formed
with no apparent alloying. In an attempt to build up the deposit into a thick
coating, the duration of experiment D-13 was extended to four hours. However,
after an initial deposition period (approximately 1 hour) little or no increase
in coating thickness was observed. This indicates that thermal decomposition of
the iodide was not taking place; instead, an interaction between the platinum and
the Bel, was occurring. When no more elemental platinum was exposed to the Belp
atmosphere, the reaction stopped.

Repetition of the above experimental conditions employing a beryllium fila-
ment (0.020-inch diameter wire) showed iodine collecting on the cold finger as
normally observed, but no apparent deposition on the filament (runs D-14 and
D-15). There was a slight erosion of the filament at 105000, possibly due to
vaporization of the beryllium or to a reaction with iodine formed at the filament.
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Figure 3 - Pt-Be alloy droplets formed on
platinum filament at 1150 C.
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Figure 4 =~ Pt-Be coating formed on platinum filament at 1000°c.
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Figure 5 - Cross section through platinum filament o
showing Pt-Be alloy coating formed at 1000°C.




It is quite possible that the limitation placed on the temperature of the
filament because of the low vaporization temperature of metallic beryllium is a
serious drawback to the feasibility of this method. Even though the halide might
dissociate at some suitable higher temperature, recombination with icdine would
occur because of vaporization from the hot surface. With this thought in mind,
two experiments were made employing tungsten filaments at higher temperatures.

In one experiment a tungsten filament that ran the length of an 8.75-inch
diameter by 12-inch—108g quartz tube was heated to approximately 1400 C. The tube
was maintained at 1000 C. Beryllium iodide, prepared in the usual manner, was
sublimed through the tube under conditions of continuous pumping at a maximum
pressure of 15 microns. Iodine was collected in the dry-ice trap but the major
portion of the Bel passed through the hot zone unaffected. There was no effect
on the filament but the walls of the quartz tube were badly etched and had a
brown coloration, indicating extensive interaction of Belp with Si0Oj.

After observing the interaction with the quartz tube, a second approach was
taken using the standard Pyrex reactor. A cylindrical molybdenum shield 1.5 inches
in length and 0.5 inch in diameter was mounted around a coiled tungsten filament
in a vertical position. The shield (approximately 3/16 inch from the filament)
was heated by radiation from the filament and was to serve as the deposition sur-
face rather than the walls of the container. It was hoped that the elevated tem-
perature of the shield would minimize recombination of the metal with the halogen
and leave a beryllium deposit on the molybdenum.

The gilament was heated to 1500°C. Thg shield reached a temperature of
950 - 975°C on the lower hglf and 775 - 800 C at the top. Bel, was vaporized
through the chamber at 200 C (V.P. of 15 microns). Some free iodine collected in
the cold trap, but the major portion of the Bel, collected on the relatively cool
walls above the hot zone. There was no reaction with the filament or deposit on,
or interaction with, the shield.

(3) Static Systems. Although the dynamic system did not provide con-
ditions favorable for the deposition of beryllium metal, such work did yield data
regarding the behavior of Bely toward certain reactor materials and was very valu-
able in the design of further reactors. Based on the experience and data obtained
in the dynamic systems, the static system appears more attractive for the follow-
ing reasons:

(1) Allowance for the establishment of equilibrium conditions.
(2) Attainment of uniform temperatures.

(3) Greater ease of maintaining a temperature differential between
Bely and the filament, especially over a long period of time.

(4) Use of less iodine to transport beryllium from the bed of raw
material to the filament; i.e., a situation closer to an ideal
diffusion controlled process.




Consequently, a series of experiments were made to study the effects of static
conditions as well as the compatability of various reactor materials with a Belp
atmosphere.

Table 5 shows the results of a series of static experiments made with various
reactor materfals. The experimental procedures are outlined in the following dis-
cussion of the individual experiments.

(a) Pyrex Systems. A 100 cc Pyrex bulb was fabricated with pro-
visions for evacuation and halide preparation. It was equipped with a tungsten
filament with electrical leads through the walls of the bulb. A tube connected
directly to the bulb contained beryllium metal and a reservoir of iodine. The
iodide was prepared in this tube in the usual manner and sublimed into the bulb,
in which 3 grams of beryllium metal had previously been placed.

This tube was then removed from the bulb by fusing a constriction between the
two sections. After thoroughly evacuating the bulb, the tube leading to the vacuum
pump was removed in the same manner, thus isolating the unit.

In experiment S-1 the entire bulb was heated to 450°C to vaporize the Bel,
(V.P. approximately 250 mm Hg) and the filament was heated to 900 - 950°C. These
conditions were maintained for 66 hours. (The temperature probably dropped slightly
after the first day but it was not possible to observe it optically.)

After 17 hours the walls were badly etched, but no iodine coloration was
apparent. Toward the end of the experiment the walls became opaque with a slight
yellow coloration,

No evidence of elemental iodine was found after opening the cell, and the
beryllium metal appeared as if it had reacted considerably. The filament had a
crystalline coating approximately 2 mils thick and was very brittle. X-ray dif-
fraction analysis showed only metallic silicon on the wire. (The X-ray method
cannot usually detect components of less than 5% concentration.) Spectrographic
analysis indicated boron (~5%) and beryllium (.15%) as well.

A second experiment (g 2) was made in a similar Pyrex system except that the
cell was maintained at 325°C instead of 450°C. The glass was only slightly etched
at this temperature. The filament, however, had a deposit on it that was similar
in composition to the first run except that is was not as thick.

(b) Quartz Systems. In order to affirm the interaction of Bel,p
and Si0)p a quartz reaction cell was constructed. Three grams of beryllium metal
were added to the cell and approximately 2-3 grams of Bel; were sublimed into the
cell. The tungsten filament was heated to 900 - 950 C and the entire cell was
maintained at 300 - 325°C. A good vacuum was maintained throughout the experi-
ment (S-3), which lasted for 72 hours.

A slight attack on the quartz was noted but the cell remained transparent
throughout the run. Bely was still present as such at the end and no iodine color-
ation was evident.
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A thick deposit was formed on the filament (see Figure 6). It was very
brittle and easily broken off. Spectrographic analysis indicated a trace of beryl-
lium and a high silicon content, but X-ray analysis revealed only metallic silicon.

It is concluded that BeI2 reacts with SiO2 as follows:

2 BeI2 + 5102——-—+ 2Be0 + SlI4

5114 — S5i + 212

12 + Be-———-)BeI2

(c) Inconel, Molybdenum and Nickel Systems. Reactors constructed
entirely of each metal were 3 inches long and 1.25 inches in diameter. A schematic
diagram of the design is shown in Figure 7. The chamber was designed to be
vacuum tight under high temperature operating conditions. A heavy tungsten lead
was brought through a ceramic tube that completely filled the side arm. The end
of this tube was sealed with a Teflon plug that was compressed into a machined
seat by means of a metal cap. This end of the reactor was maintained at a lower
temperature than the rest of the reactor in order to prevent thermal decomposition
of the Teflon. The needle valve made a vacuum seal at the reactor entrance. After
evacuation of the reactor through the needle valve, the valve was closed and the
cap containing the rubber O-rings was removed. In order to prevent the possibility
of leakage during a run, the entire reactor was contained in a Pyrex tube under a
constant vacuum of less than 1 micron. This tube was heated in a resistance fur-
nace, the temperature being measured with a thermocouple in contact with the re-
actor wall.

The tungsten filament was precalibrated in an evacuated Pyrex tube with an
optical pyrometer. It was then attached to a metal plug that was welded to a
fitting in the reactor wall.

In a typical experiment the reactor was thoroughly cleaned and then dried
under vacuum with heat. After a thorough flushing with argon, three grams of
Pechiney flake beryllium and approximately three grams of Bel, were added through
the side arm. The ceramic tube was then inserted over the filament and the seal
was made at the Teflon gasket. The needle valve was closed after evacuating to a
pressure of less than one micron.

o The results with Inconel and molybdenum reactors at a reactor temperature of
325°C are shown in runs S-4 through S-7 of Table 5.

There was extensive interaction of Bel, with the Inconel that produced a
black powdery deposit on the walls. This deposit contained Si, Be, Mg, Cu, Cr
and Ni as determined by spectrographic analysis. Figure & illustrates the
coating obtained on the filament at 950°C. It was high in Fe and Cr with traces
of Si, Ni, Co and Be. X-ray analysis revealed metallic Cr and possibly FeBe,.
No deposit was produced on the filament at 825°cC.
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Figure 6 - Heavy silicon deposit on filament, formed
by interaction of BeI2 and quartz.
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Figure 8 - Enlargement of deposit formed on filament

by interaction of BeI2 and Inconel.
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Molybdenum proved to be an excellent reactor material, showing no interaction
with Bel,. The trace of Si on the filament in run S$-6 may have resulted from an
impurity in the halide. No trace of beryllium was detected on the filaments.

Runs S-8 through S-11 were made with lower Bel); temperatures to determine if
the relatively high Belj vapor pressures in the previous tests were having an
inhibiting effect on thermal decomposition, as has been observed in other processes.
Vapor pressures of 1 and 0.06 mm Hg were employed as compared to 5 mm in the pre-
vious tests.

° Nickel, which had reacted with Bel, at 3250C, showed no adverse affect at
225 °C. The lower temperature was undougtedly unfavorable for an interaction with
the reactor material.

In all of these cases Bely, free of iodine, was recovered from the reactor
at the end of the experiments, and the filaments showed no indication of any de-
posit.

(d) Static Experiments with Beryllium and Elemental Iodine. 1In
order to facilitate further thermal decomposition experiments, a new apparatus was
fabricated (Figure 9). It was designed to permit studies involving beryllium
metal and elemental iodine directly rather than the intermediate synthesis of Belj.
A beryliium lining was used to minimize any interaction with the reactor.

A schematic diagram of this apparatus is shown in Figure 10. It consists
of an outer salt-bath chamber and an inner reaction cell. The Inconel reactor can
be readily assembled and dismantled, a vacuum seal being made on the 1lid by com-
pressing a gold wire (non-reactive with iodine) between the flanges. The filament
lead is introduced through a Mullite tube and connected to the tungsten filament,
with the reactor acting as the second terminal. A vacuum seal is made at the fila-
ment entry port by compressing a Teflon plug into a machined seat with a threaded

. ; o, . . .

metal cap. This type of seal proved leak tight up to 150 C in earlier experiments.
The needle valve for evacuating and isolating the cell is located in the salt bath
to prevent condensation of Bely or I;. The reactor lid, designed with an 0.005-inch
clearance to the flange, was tightened against an 0.035-inch-diameter gold wire by
twelve bolts distributed around the circumference. Ten foot pounds of torque
applied to each bolt compressed the gold to a 1/16-inch-wide seal. Only hand
tightening was needed to make a vacuum tight seal at the needle valve.

Two types of beryllium liners were used. The first was a beryllium metal
tube two inches in diameter and a .125-inch wall thickness. This liner was con-
structed with a beryllium bottom and lid that were held fast by molybdenum bolts,
The filament entered the lid through Mullite insulators, the bore of which was
sufficiently large to allow entry of iodine vapors and still minimize diffusion
of vapors between the liner and the outer chamber.

The second type of lining consisted of a 1/4-inch layer of Pechiney metal
flake along the wall and bottom of the reactor. It was held in place by a 4G mesh
molybdenum screen. This type of liner provided a higher surface area of metal for
reaction with iodine, but required longer periods for degassing.
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Figure 9

Assembled static reactor for use with beryllium
metal and elemental iodine. One fifth actual size.
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Before each experiment the tungsten filament to be used was calibrated in an
evacuated Pyrex tube to a predetermined temperature. The voltage and current
necessary to maintain this temperature were recorded. The calibration was done
with the Pyrex tube at the temperature to be maintained in the reactor in order

to compensate tor heat radiation effects that would alter the filament temperature.

Table 6é outlines the experiments performed under static conditions with
elemental iodine and beryllium. The objective was to determine the effect of
iodine rather than Bel, as the reactant. The temperature of the reactor was to be
maintained in a range favorable toward the reaction of Be with I,, the concentra-
tion of iodine and iodide being regulated by the quantity of iodine added.

The iodine was added to the reactor by vaporization from an external bulb.
The amount of iodine added was determined by controlling the time of diffusion
from the bulb.

In order to establish the effectiveness of this system, the well established
method for the deposition of zirconium by iodide decomposition was tested. Zir-
conium turnings were packed along the wall of the reactor behind a molybdenum
scregen and, after a preliminary degassing at 400° C, the reactor was lowered to
300 C. Iodlne was admitted from the reservoir at room temperature for 15 minutes.
The filament was then heated to 1250°C after a ten minute induction period.

There was no apparent deposition for a period of fifteen minutes. After this
time, however, there was a gradual increase of current flow through the filament.
Control of the potential difference across the filament maintained it at a con-
stant temperature. There was a continuous increase of current flow for 3.5 hours
after which time the run was discontinued. A deposit of zirconium metal 0.010-inch

thick was found on the tungsten filament, thus proving the effectiveness of the
design

The first three experiments listed in Table & (S-11 through S-13) were run
using the beryllium-tube liner gnd 7 grams of Pechiney metal flake. 1In each case
the reactor was degassed at 475 C overnight to a rate of approximately 10 microns/
liter /hour. Upon lowering to 300 C, the degassing rate fell to about 2 microns/
liter/hour. The filament was degassed at 1300 - 1400°C. The same temperature con-
ditions were used in all three tests. The only important variations were in the
iodine added and the induction period before heating the filament. There was no
indication of any change of current flow through the filament or deposit on the
filament in any of these attempts.

The remainder of the tests listed in Table 6 were carried out with a lining
of Pechiney metal flake behind a molybdenum screen. A very high degassing rate
was initially observed because of the large surface area, gnd 24 hours of constant
pumping were required to get <10 microns/liter/hour at 400 C.

Run S-14 was similar to the prevlous series except that a higher temperature
was used on the feed material (350 C) and a larger quantity of iodine was admitted.
Negative results were obtained.
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Repeated negative results obtained in the static experiments over a wide
range of I, and Bel, pressures, indicate that the filament temperatures emp loyed
are unfavorable for thermal decomposition of the iodide. Consequently, higher
filament temperatures were tried in rums S$-15, -16 and -17. No positive indica-
tions of metal deposition were observed at filament temperatures of 1100, 1130 or
1250°C. (There is a temperature limitation imposed on the filament because of
the volatility of beryllium metal. Figure 11 shows the vapor pressure of beryl-
lium with respect to temperature.)

In run 5-18 the filament was heated to 1500°C in an attempt to deposit beryl-
lium on a molybdenum shield in close proximity to the filament. The shield was
3-inches long by l-inch wide, and was positioned so it was 1/8 inch from the fila-
ment at the bottom with a gradual increase to 1 inch from the filament at the top.
This run also produced completely negative results.

2-4 DISCUSSION

As stated in the introduction (Section 2-1), the purpose of this program was
to attempt the production of ductile beryllium metal by achieving very high purity
through the iodide decomposition method. This goal was based on the assumption
that trace impurities are the reason for the brittleness of presently available
beryllium metal. High purity zirconium and hafnium have been made by the iodide
procedure with resulting ductility. Hafnium metal currently being produced at
Nuclear Materials and Equipment Corporation by such an iodide decomposition method
has a total impurity level of less than 500 parts per million. By analogy the
same situation might apply to beryllium.

The requirement for high purity makes it mandatory that the process take
place in a beryllium or BeO container and the metal be grown on a beryllium wire.
It is emphasized in the experimental part of this report that the wire tempera-
ture that can be achieved with beryllium wire (m.p. ~,1280°C) is too low for the
thermal decomposition of Bel;. In addition the high vapor pressure of beryllium
metal (See Figure 11)  at temperatures near the melting point poses a major pro-
blem, since it is quite possible that the rate of volatilization of beryllium from
the wire (and recombination with the free iodine in the atmosphere to form Belp)
can exceed the deposition rate of beryllium metal. Scme slight evidence that this
occurs at the higher wire temperatures is found in the brightly polished surface
of the filament after a trial run as compared to the duller initial finish. It
is also possible that brightening of the wire could be brought about by a com-
bination of Be and I, on the wire surface to form Bel,; however, previous experi-
ence would lead one to expect a pitting effect to occur under such chemical attack.

The experiments with the platinum wire filament indicate that Belp can be
reduced to form beryllium metal and that the recombination of the beryllium metal
with Iy to form BeIly is prevented or inhibited by the formation of a Pt-Be alloy.
These results confirm the work of Kopelman and Bender(3) but do not lead to a
feasible method of producing the desired product. The experimental data obtained
under this contract do not confirm the work of Hackspill and Besson(?) in that no
evidence of beryllium metal production was obtained in the presence of hydrogen as
the reductant.
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One of the major positive contributions of this effort was the establishment
of suitable materials of construction for any future work involving Bel,. Glass,
quartz, stainless steel, nickel and Inconel were shown to react with BelIy and pro-
duce other iodides that decomposed on the heated filament. At relatively low tem-
peratures QA/ZOOOC) and associated low Bel, vapor pressures (<1 mm) the interaction
between Belp and Inconel or nickel was essentially eliminated and made possible the
use of the reactor shown in Figures 9 and 10, Molybdenum proved to be quite
stable toward the iodide but it was difficult to fabricate into a leak tight reactor.
Tungsten also proved to be inert and provided suitable filaments for higher tem-
perature tests.

The first work performed under the contract was the preparation of stoichio-
metric Belp. The need for this stoichiometric compound was twofold. First, it was
necessary to determine the compatability of Bel, with materials of construction.
Although the corrosive properties of Belp were known, it had to be shown that this
was not caused by excess iodine attached to such a covalent compound (i.e., BeIz-Iz).
In addition, the availability of stoichiometric Bel; permits the mixing of excess
beryllium metal with Bel? in a number of known ratios to enable measurement of the
effect of vapor concentration on the deposition rate. The second need for stoichio-
metric Bely was to use this material in simple flow systems to determine the thermal
decomposition parameters if it proved to be possible to thermally decompose Bel, on
a heated wire at temperatures below the melting point of beryllium.

The various experiments conducted under this contract were designed not only
to ascertain whether beryllium could be deposited on a hot filament by the thermal
decomposition of Bel, but also simultaneously to measure, if possible, some of the
important controlling parameters known to be limiting in the van Arkel-De Boer
process. Unfortunately, since no indication of beryllium metal production was ob-
tained, an investigation of these parameters was not possible.

It may be of interest to indicate briefly what some of the specific experi-
ments were designed to measure.

(L

One of the main controlling parameters, as pointed out by Z. M. Shapiro g

is the free iodine concentration at the filament. An excess of I will inhibit

the reaction by reversing the decomposition step and re-forming the volatile iodide.
In the case of zirconium, the allowable concentratioca of free iodine is vanishingly
small. Accordingly the dynamic-type experiments were designed with a liquid nitro-
gen cold finger close to the filament in order to freeze out the free iodine and
promote the decomposition reaction. A drawback to this type of experimental design
is that the Belj vapor concentration is also kept at a low level. Varying the cold
finger temperature® over a wide range did not give the desired result.

The static experiments were designed in part to determine the controlling
diffusion process and to determine whether the desired reaction would proceed in
a "cyclic'" process as is the case for zirconium, hafnium, etc. Tests with both
BeI, as the starting material and with beryllium metal plus I, to determine
whether BeIy or some other compound (e.%. subhalide), formed in situ, was the
important reactive species (see Shapiro 1) for a detailed discussion regarding
Zrl,, 2rlz, ZrI, and Ip). The experiments using Bel, as the initial compound gave
negative results at vapor pressures of Bel, from 0.06 to 5 mm. The runs were made
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over long periods of time in case a long induction period was operative or in casc
the deposition rate was very slow.

In none of these experiments was there any visual indication of free iodine
at the end of the experiment. This indicated that no decomposition of Bel, had
occurred. In addition there was no indication of deposition of beryllium metal on
the filament.

The main purpose of the experiments in the beryllium-lined equipment (runs S 11
through S-18), besides the prevention of impurity pickup from the reactor, was to
determine the effect of low iodine concentrations and varying reactor temperature:.
At low added Iy amounts (~ 0.1 g), the excess iodine vapor would react with the
excess beryllium metal (present as chips or reactor liner) to form Bel, and insur:
that the free iodine concentration was negligible. The Bel; vapor pressure, unde
these conditions, woulg be controlled byothe reactor temperature and might have been
as high as 2 mm at 300°C or 13 mm at 350 C. But even under these theoretically
optimum conditions no beryllium metal was deposited on the filament.

Based on the foregoing interpretations and experimental evidence, it must be
concluded that either filament temperatures compatible with a beryllium metal fila-
ment are not high enough to decompose Bel, in an irreversible manner or the vapor
pressure of the deposited beryllium metal is excessive; i.e., the rate of evapora-
tion of beryllium metal from the filament exceeds its rate of deposition.

i 2-5 FUTURE WORK

By agreement with Nuclear Metals, Inc. the work at Nuclear Materials and
Equipment Corporation was confined to the investigation of the iodide decomposition
process. There are many other avenues to explore for the production of high purity
beryllium by the van Arkel - de Boer process, which has proved so fruitful in pro-
ducing other high purity, ductile metals.

(1) Utilization of a bromide system (BeBry) instead of the iodide system.

The equivalent bromide system should prove to be less corrosive
than the iodide system thus simplifying the equipment problem. The
vapor pressure of the bromide is higher than that of the iodide,
indicating that thermal decomposition may take place at a lower fila-
ment temperature.

(2) Arc decomposition of the halide.

It has been suggested by Kellog(a) that the decomposition of the
halide could take place in an arc without introducing unwanted con-
taminants. This is a very intriguing possibility and should be experi-
mentally investigated. By this means the higher temperature required
for the dissociation of BeI, can be easily attained and the beryllium
metal vapor produced can be collected on a cooled surface.




(3)

Preparation of beryllium metal by the thermal decomposition of metal-
organic compounds.

The use of metalorganics to prepare pure metals is a very
attractive possibility. At Nuclear Materials and Equipment Corporation,
high purity chromium has been prepared from the dicumene compound and
pure aluminum has been prepared by the decomposition of aluminum alkyls
at temperatures below 100 C. It is suggested that pure beryllium can
be deposited by similar techniques. In particular it is suggested that
beryllium diphenyls may be quite advantageous, since there is no oxygen
or nitrogen present in the organic grouping. Further, the polyphenyls
are very stable at elevated temperatures ard would not contaminate the
beryllium product.
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SECTION 3

INVESTIGATION OF THE ULTRASONIC WELDABILITY OF BERYLLIUM METAL SHEET

J. Byron Jones, Nicholas Maropis, John G. Thomas
H. L. McKaig and J. Devine

(Aeroprojects Incorporated, West Chester, Pennsylvania)

ABSTRACT

Investigations to determine the ultrasonic weldability of beryllium sheet
material indicated the maximum weldable gage with available equipment (4 kw) to be
approximately 0.020 inch. A number of variables in the process were investigated
to determine the conditions most favorable for the production of high-quality welds,
Difficulties were encountered because much of the sheet material received for the
investigation exhibited deep surface scratches and grooves which could not be com-
pletely removed even with electropolishing or chemical etching.

Welding machine settings were established for sheet materials in the range of
0.010 to 0.020 inch. At a weld interval of 0.5 second and a clamping force of
500 pounds, 2400 watts input power was required to weld 0.012 inch beryllium with
a 3-inch radius sonotrode tip., Welds of better quality were obtained with tips of
larger radii (6 or 9 inches), but the power requirements were greater. Sonotrode
tips of Astroloy were superior to those of other materials investigated.

No correlation was established between the direction of the applied vibratory
energy and the preferred orientation of the beryllium sheet. The possibility of
increasing the ductility and thus the weldability, of beryllium sheet by power pro-
gramming was investigated briefly, but tge temperature readily obtained in the weld
zone was less than the approximately 400 C required for substantially increased
ductility. Improving the weldability of beryllium by power-programming requires
further study.

Of several foil inserts evaluated, only soft aluminum foil interleaf com-
pletely eliminated weld cracking. Foil inserts of harder materials, zirconium and
molybdenum, require further study. Beryllium interleaf appeared promising, but was
not completely evaluated.

The most satisfactory beryllium welds were obtained with sheet material that
was generally smooth, flat, and free from surface defects. Annealed sheet appeared
to be more readily weldable than the as-received material, but the extent of the
improvement was not established.

Visual and X-ray inspection of beryllium panels assembled from 0.010-inch
sheet with ultrasonic spot welds on 3/4 inch centers indicated the feasibility of
producing high-quality beryllium bonds free from internal discontinuities.




3-1 INTRODUCTION

The requirement for a satisfactory method to join beryllium to itself and to
other metals is emphasized by the increased interest in the use of beryllium sheet
for aircraft and space structures and in nuclear applications. The present use
of beryllium for such purposes is limited by the difficulty of producing bonds of
high quality in this material with available joining techniques.

The major technical problems with beryllium are associated with its room-
temperature ductility and anisotropic properties, particularly in sheet form(1-4)
It has been noted that the tensile ductility of beryllium increases above room
temperature, and that there are two ductility peaks; one occurring at about 300-
400°C and a slightly lower one occurring at 700 - 800°c(5) . Above this tempera-
ture, cuctility again decreases Current joining techniques, which include fusion
weldirg, brazing, diffusior welding, and resistance welding( '12), have not been
entirely satisfactory, particularly for production use, because of requirements for
met iculous surface preparation, cracking, weld porosity, etc. Only when very care-
ful control is exercised over the variables in these processes can satisfactory
we lds be obtained

To take advantage of the unusual properties of beryllium, such as its light
weight and high modulus, a joining method that produces reliable, high-strength,
ductile, crack-free bonds is necessary., Ultrasonic welding is a potentially satis-
factory method for producing these high-quality bonds, since under ideal conditions
it produces a fine grained beryllium joint. Brief studies conducted prior to the
work reported herein demonstrated the feasibility of joining beryllium to itself
and to other materials by ultrasonic techniques and suggested that further experi-
mentation and development would lead to a satisfactory and practical method for
joining this material.

3-1.1 Characteristics of Ultrasonic Welding. Ultrasonic welding is a non-
fusion, solid-state process for joining metals without the aid of solder, fluxes,
or filler metal(13). 1t has proved a satisfactory means for joinirg a wide variety
of metals and alloys in combinations and geometries that are often difficult or
impossible to join by other techniques. This process is used routinely in pro-
duction operations in such diverse fields as the fabrication of nuclear fuel ele-
ments and the manufacture of transistors.

Essentially, ultrasonic welding involves clamping the pieces to be joined at
moderate static force between an active sonotrode and an anvil, that serves as a
reaction element to the clamping force and the applied vibration. The active sono-
trode tip is usually spherical, while the anvil face is usually flat.

Electrical energy of proper frequency is delivered from an ultrasonic genera-
tor to a transducer which converts the electrical energy to mechanical energy in
the form of vibration at the resonant frequency of the transducer coupling system,
The mechanical vibration is then transmitted by the coupling system and sonotrode
tip into the weldment material, where a weld is produced by dissipation of the
shear-type vibratory energy at the weld interface. A sound metallurgical bond is
formed without the cast structure that is characteristic of resistance welds and
without the excessive deformation that usually accompanies pressure welding. No
fluxes are used, and only rarely are filler materials used. No electric current
passes through the weld metal, and usually no external heat is applied.
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The unique characteristics of ultrasonic welds make the process useful for a
variety of applications, not necessarily as a substitute for the more conventiongl
processes, but as a supplementary process in applications for which other methods
are impractical, unreliable, or uneconomical. It is adaptable to a wide variety
of joint designs. In many cases, variations can be made in sonotrode tips and
anvil faces to accommodate specific geometries, or special tooling or positioning
devices can be utilized. Since no current passes through the joint, there is no
problem in fixturing with respect to providing either conducting or insulating
members.

The finest wires and the thinnest foils can be welded to pieces of almost any
size or shape; the bonds are clean and show minimum penetration of the wire or foil
material into the other component. Welds can even be produced through certain
types of surface coatings with no damage to the foil and without introducing im-
purities to shorten the life of the joint. Furthermore, various metals can be
bonded to metallized glass surfaces by ultrasonic welding techniques. These appli-
cations are illustrative of the many advantages inherent in the use of ultrasonic
techniques to join similar and dissimilar materials.

. . . . (14,15)
Investigation of the fundamentals of ultrasonic welding 2 suggests that
the effect of the ultrasonic welding process on the properties of beryllium may
facilitate the production of sound, crack-free junctions. Although localized
temperature rise does occur during ultrasonic welding, the temperature does not
approach the melting point of the metal. Furthermore, by appropriate adjustment

of the welding machine settings, some control can be exercised over the maximum
temperature obtained. More effective control may be obtained, however, by the
application of auxiliary heat immediately prior to or during the ultrasonic welding
process. If the temperature can be controlled within the ranges of the ductility
peaks of beryllium, it should be possible to produce crack-free junctions.

With beryllium and other hard metals of low ductility, experience has shown
that high power and short weld intervals are required to produce high quality
welds. Moreover, a good impedance match between the vibratory energy source and
the weldment is necessary to achieve efficient power delivery.

A number of materials exhibiting characteristics similar to those of beryl-
lium have been experimentally joined viz.:

(L) High—modulgs materials such as molybdenum with a modulus
of 55 x 10” psi (the elastic modulus of beryllium is
about 44 x 100 psi).

(2) Sintered powdered materials, such as pure molybdenum and
M-257 aluminum.

(3) High-strength, high-temperature materials, such as Inconel X,
Zircaloy-2, 17-7 PH, 15-7 PH (precipitation-hardened) stain-
less steels, and tungsten.

Prior to this program, brief experimentation had been carried out in the ultra-
sonic welding of beryllium to itself and to other metals. This early work was
exploratory in nature; only metallographic studies were made. Figure 12 shows a
photomicrograph of an ultrasonic weld in 0.020-inch-thick QMV cross-rolled beryl-
lium sheet. With lighter gage material, apparently satisfactory welds have also
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Figure 12 « Ultrasonic solid-state weld between two
sheets of 0.020-inch-thick QMV cross-
rolled beryllium (polarized light; 250X).
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been produced between beryllium and certain other materials, such as aluminum,
copper, iron, and titanium (Figure 13), Photomicrographs of several dissimilar-

metal welds, shown in Figure 14, illustrate the potential soundness of these bonds.

3-1.2 Objectives of the Program. Review of background information indicated
that effort expended in the specific areas listed below should lead to an early
estimate of the potential quality and the properties of ultrasonic welds between
two sheets of beryllium:

(1) By means of available ultrasonic welding machines endeavor to
produce spot-type welds between sheets of thickness in the
range of 0.020 to 0.060 inch and to ascertain the approximate
welding machine settings for power, clamping force, and weld
interval that are required.

(2) 1Investigate impedance matching problems between the hard,
low-ductility beryllium and the sonotrodes, considering the
criticality of clamping force in this connection.

(3) Consider welding machine tip radii and tip materials of several
moduli with the view to eliminating weldment cracking, reducing
tip sticking, and extending tip life.

(4) Correlate weld properties with the direction of vibratory ex-
cursion of the welding tip in relationship to the anisotropic
mechanrical properties of rolled beryllium sheet.

(5) Consider the feasibility of transiently improving the ductility
of beryllium sheet during vibratory welding by the use of ele-
vated temperatures in the range of 400°C.

(6) Evaluate inserts of similar and dissimilar metal foils as a
means of shortening weld intervals and/or reducing power
requirements.

(7) Utilize inert atmosphere during welding and endeavor to deter-
mine its effect on weld contamination.

3-2 EXPERIMENTAL EQUIPMENT, MATERIALS, AND TECHNIQUES

3-2.1 Egquipment. Available ultrasonic spot-type welding equipment capa.
of handling 4000 watts (see Figure 15) was used in this program. In this mach.
magnetostrictive nickel stacks convert high frequency alternating electrical power
into vibratory power and a wedge-reed coupling system delivers it to the weld
locale. Static force is applied normal to the plane of the weld interface, by
means of a hydraulic system, while the weld interval, automatically controlled by
electronic timers, is actuated by a foot switch. The interrelationship of the
components in the 4000-watt ultrasonic spot-type welding machine of Figure 15 is
shown in Figure 16,

3-2.2 Materials.

(1) Beryllium. Beryllium sheet from three sources was used in this work:
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Figure 13 - Ultrasonic spot-type welds between
beryllium and dissimilar metals.




(a). 0.009-inch aluminum to
0.050-inch beryllium
(400X; 0.5% HF).

(b). 0.009-inch aluminum to
aluminum-tinned 0.050-inch
beryllium (400X; 0.5% HF).

(c). 0.032-inch iron to
0.010-inch beryllium
(250X; 1% Nital)
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Figure 14 - Photomicrographs of ultrasonic welds
between beryllium and dissimilar metals.

46




-autyoew Buipram adLi-jods odruosealIn IIem-000% 1e>1dLy - §T 2an314g




FORCE

MASS
bDC

POLARIZATION

[T , y
| COMIPLING ; ,/
[ ' LT SYSTEM ’
. T TRANSDUCER

__-——Ir T
Lo 1T

L WELDMENT e

| L
——

AC 2
POWER

Schematic diagram of a wedge-reed

Figure 16
transducer-coupling system.

48




(1) AOH: O0.0l0-inch material on hand at Aeroprojects,

(2) AMC*: 0.020- and 0.060-inch and, later in the program, coupons
cut from 0.020-inch annealed beryllium from the same source,

(3) BBC: 0.003-, 0.005-, and 0.010-inch material supplied by Brush
Beryllium Corporation.

The original AMC sheet had been lacquered, scribed, chemically etched along
the scribed portion, and broken into individual 1- by 4-inch test coupons. In
several cases, the edges were irregular and cracked, and the surface of the sheet
contained deep scratches and grooves as well as an unidentified contaminant.

In an effort to obtain specimens of reproducible surface finish, some of the
material was electropolished in a solution, consisting of 10 parts H3PQ;, 3 parts
glycerine, 3 parts H,504, and 3 parts methanol at a current density of approximately
3 amperes per square inch. Uniform surface finish was not obtained even after
electropolishing for 12 minutes. Althou;h the surface roughness was reduced from
100-120 microinches to 40-50 microinches™ ", the specimens still retained severe
surface defects, and a waviness of the surface was apparent. The time and effort
required for this process indicated the need for an alternate method. Subsequent
specimens were given a 3-minute immersion in the electropolishing solution at 175°F.
A bright etched surface was obtained, and the thickness of the sheet was simultane-
ously reduced. Both techniques were used for the AMC specimens welded in these
investigations.

(2) Tips. The high level of dynamic stress associated with the delivery
of ultrasonic energy into hard metals and alloys during welding imposes severe
requirements on the sonotrode tips. Ordinary tool steels are satisfactory for
welding aluminum or copper alloys, but for hard, brittle materials, the life of
tool-steel tips may be short. Inconel X-750%*% is preferred for welding mild steels,
titanium, and zirconium, but for certain materials this material may not be suitable.
Astroloy, a relatively new nickel alloy (General Electric Company) with good high-
temperature properties, was also considered.

3-2.3 Welding Machine Settings. As a result of recent fundamental research(14’13
into the principles underlying the ultrasonic welding process, a better understanding
of the factors governing welding machine settings was obtained. Values for clamping
force, power, and time (weld interval) were delineated for beryllium on the basis
of these earlier investigations.

(1) Clamping Force. Techniques had previously been established(ls) for
determining the clamping force required to produce an ultrasonic bond in a given
material thickness under minimum energy conditions (MEC). With the clamping force

* Prepared by Brush Beryllium Company for the Air Force AMC Sheet-Rolling Program

%ok Measured with a Brush Surfindicator

*%% Previously designated as Inconel X
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established, the optimum impedance match between the sonotrode tip and the weldment
is obtained; hence, the delivery of energy into the weld area is maximized. Several
methods for establishing clamping-force levels are discussed below.

(a) Nugget Pull-Out Method. With sonotrode tips of specific radius,
clamping force values for reasonably malleable materials are established by select-

ing a single clamping force and a fixed weld interval (based on previous experience).

Welds are then produced at gradually decreasing power until the bond no longer fails
by nugget pull-out in a peel test. This procedure is repeated at different clamping
forces until sufficient data are obtained to establish a power-clamping force curve.
The minimum of this concave-upward curve corresponds to the optimum clamping-force
value and indicates the threshold power necessary for welding (Figure 17).

(b) Thermal-Response Method. For relatively brittle materials,
such as beryllium, the nugget pull-out test is not feasible. However, it has also
been shown(13 that, for any fixed and reasonable value of vibratory power (even
though the power level may be too low to produce an actual weld), the temperature
achieved in the intended weld locale is maximum at the clamping force associated
with the minimum value of the power-clamping force threshold curve described above.
Thus, for brittle materials, a convex-upwards curve of temperature as a function of
clamping force is obtained. Power levels productive of satisfactory welding are
then determined at this value of clamping force by making and evaluating welds at
various power levels.

(¢) Standing-Wave Ratio (SWR) Method. Since the power delivered
by any ultrasonic system can be measured by the elastic standing-wave ratio in the
coupler(15 , this technique is used to establish clamping-force values at a fixed
level of input power. Dynamic microphone-type strain gages are used to detect the
standing~wave pattern along uniform sections of the acoustic transmitting system
and to measure the associated standing-wave ratio (the ratio of maximum to minimum
particle displacement along the acoustic coupler). These signals give an elliptical
oscillogram pattern in which the power passing through the instrumented section
during any instant and the energy delivered to the weld locale are proportional to
the area of the ellipse. This technique was used near the end of this program to
spot-check the clamping-force values obtained by the thermal-response method.

(2) Weld Energy. During recent fundamental research into the phenomena
of ultrasonic welding(15 , an equation was developed which permits the calculation
of the approximate energy required to generate an ultrasonic weld between two

sheets of the same metal in terms of the hardness and thickness of one of the sheets:

E = 300 ¢3/% g3/2 (Equation 3-1)
where
E = electrical energy input, watt-seconds,.
t = material thickness, inches.
H = Vickers microindentation hardness number.
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Figure 17 - Threshold curve for welding 0.020-inch 1100-H18 aluminum.
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By substituting in the equation the measured hardness value of the material and the
contemplated thicknesses, it was possible to approximate electrical energy require-
ments for welding various gages of beryllium.

3-2.4 Impedance Matching. Because of losses in electromechanical conversion,
transmission and reflection at impedance discontinuities, only a portion of the
electrical power delivered to the transducers reaches the weld zone as acoustic
power. Consequently, in determining energy delivery into the weld zone, the imped-
ance presented by the weldment to the terminal tip is the fundamental factor to be
considered. The weld-zone impedance depends on the clamping force, tip radius, the
hardness and thickness of the weldment material and, possibly, to some undetermined
extent, upon the power level(1%4) at which the welding is done.

The impedance presented by the weldment to the sonotrode tip may be determined
by the standing-wave ratio technique in which sensing elements are mounted on the
acoustic transmitting coupler. This information is then used to modify the tip
configuration or terminal coupler to get a higher or lower transverse vibratory
force at the weldment and thus improve the impedance match between the tip and the
we ldment.

While the transmission of energy from the welding tip to the weldment is
maximum when the impedance ratio between them is unity, in general, the ratio of
weldment to tip impedance is found to vary between 0.2 and 0.5. Several instances
have been noted, however, in which this ratio does approach unity. As shown in
Figure 18, the ratio reaches a value as high as 0.9 when 0.040-inch 2024-T3
aluminum is welded.

3-2.5 Effect of Tip Radius. The radius of the sonotrode tip greatly affects
the area of its contact with the sheet, and, hence, the delivery of vibratory
energy into the weldment. It also affects the weld impedance and, thus, the
ability of the acoustic system to deliver the necessary energy efficiently. In
addition, the stresses resulting from the normal clamping force are controlled by
the tip radius.

As the sonotrode tip radius is increased, the contact area between the tip
and the weldment and, thus, the weld areas are increased. It was anticipated that
a 3-inch, spherical tip would excessively concentrate the vibratory power, as well
as produce excessive stresses due to the clamping force, and, thus, contribute to
early cracking of the beryllium specimens. To confirm this, tips with 1.5-, 3-,
6- and 9-inch radii were investigated.

For the best impedance match between weldment and tips, a higher cla.uping
force is required for a larger tip radius. Moreover, a larger tip radius extends
the weld area so that still greater power is required. As might be predicted from
the Hertz theory(16 , however, the clamping-force does not increase sufficiently
to produce the same unit stress. Actually, with tips of larger radius the stress
gradients adjacent to the weld zone are reduced, and the incidence of cracking is
decreased.

3-2.6 Evaluation Techniques. Since the relatively low ductility of beryllium
precludes the fabrication of the usual type of tensile-shear specimens, welded
beryllium coupons were joined, as shown in Figure 19, to aluminum support strips
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Figure 18 - Impedance ratio for 0.040-inch bare 2024-T3 aluminum alloy.
(power, 2000 watts; clamping force, 900 lb; welding interval,

1.5 sec).

53




Adhesive

AR BB EF FEE,

(777 rosien

ezzzzzn Beryllium

Figure 19 -

L 1-1/2 |

inches

Tensile-shear testing setup.




by means of quick-setting epoxy-type adhesive. The cross-sectional area of the
aluminum strip was about four times that of the beryllium to compensate for the
disparity in the modulus and the support plates were wider than the beryllium

coupon to permit testing of the weld without interference from cracks due to flaws
in the sheet edge. 1In these experiments, each beryllium weld was inspected with

the aid of a stereoscopic microscope before the aluminum support plates were cemented
in place for the tensile-shear test. Similar inspection was also carried out on
fracture surfaces after tensile testing.

For metallographic evaluation, specimens were sectioned outside the weld zone
with an abrasive cut-off wheel and mounted in Formvar, and then ground to expose
the weld. This procedure was adopted to reduce the likelihood of cracking durin;
sectioning. The specimens were polished with laps moistened in 5% oxalic acid(l ),
and examined under polarized light. Weld quality was then evaluated on the basis
of:

(1) Microscopic inspection of the surfaces in and around the
weld zone prior to the tensile test.

(2) Microscopic inspection of the surfaces sheared in testing
to determine the continuity of the weld.

(3) Metallographic studies of weld integrity with particular
attention to weld structure, bond area, bond-envelope area,
and the incidence of cracks and inclusions.

3-3 SUMMARY OF EXPERIMENTAL WORK

Prior to the receipt of the AMC material, tentative requirements for welding
beryllium were determined from tests with 0.010-inch beryllium (AOH). On the basis
of this initial vork and later information obtained from welding 0.020-inch AMC
material, before and after chemical etching (which reduced the sheet thickness to
0.015-inch), welding machine settings and conditions for 0.020-, 0.040-, and 0.050-
inch beryllium sheet were established. However, as noted below, welding 0.040-
and 0.060-inch material was beyond the capcity of the existing equipment. Conse-
quently, studies involving these heavier gages were abandoned.

3-3.1 Welding-Machine Settings. The optimum clamping force was established
by the thermal response method in which the temperature in the weld zone was
measured by means of a 0.003-inch Constantan wire-to-beryllium thermocouple junction
in which the end of the fine Constantan wire was located between the beryllium sheets
in the weld area. Typical strip-chart recordings produced by such a single wire
thermocouple are shown in Figure 20. Data obtained with 0.012-inch beryllium
(Figure 21) indicate that the maximum temperature (270°C was obtained with a
clamping force of about 500 1lb. Under these conditions, however, the power was too
low to produce a bond. A clamping force of approximately 850 1lb (see Figure 22)
was required to weld 0.018-inch material when a 6-inch radius spherical sonotrode
tip was used.

The weld energy requirements were estimated from the energy Equation 3-1
(E = 300 t3/2 H3/2), Vickers microindentation hardness (500-gram load) number for
beryllium (approximately 248) was substituted in this equation and weld energy was
calculated as a function of material gage. A curve showing this relationship is
presented in Figure 23,
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Figure 21 - Preliminary delineation of clamping force required
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1200 watts; welding interval, 0.4 sec; tip radius,
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(18)

The results of previous work , which were confirmed by this investigation,
indicated that a weld interval of 0.5 seconds or less is mandatory to avoid crack-
ing in the beryllium weld specimens. The smaller weld interval requires more
power to deliver a given amount of energy. With a weld interval of 0.5 second,
about 2400 watts of power delivered to the transducer and a clamping force of
500 pounds were required to weld 0.010- to 0.020-inch beryllium when a 3-inch
sonotrode tip was used.

3-3.2 Impedance Matching. The limits of time and funds precluded study of
the impedance between the transducer-coupling system and the beryllium weldment for
the various gages of the beryllium sheet or for the four tip radii used in the
program. However, two sets of measurements were made with 0.0l5-inch material
showing the weld-zone impedance as a function of weld interval for tips of 3- and
6-inch radii. These results, shown in Figure 24, indicate a ratio of weld-zone
impedance to coupler impedance in the range of 0.35 to 0.6.

This impedance information obtained for beryllium, added to data previously
obtained for certain other materials, indicates the possibility that a universal
type of ultrasonic welding machine can be designed to weld a broad range of materials
of many different gages.

3-3.3 Effect of Sonotrode Tip on Weld Characteristics. Astroloy, a relatively
new General Electric nickel alloy with good high-temperature properties, was used
previously in several pilot-type experiments to determine its potential as a tip
material. Those results indicated its superiority over Inconel X-750 for welding
tungsten and several refractory metals. Accordingly, the tips used for this work
were fabricated from Astroloy. The performance of these tips in welding beryllium
sheet was satisfactory; no substantial evidence of damage was noted after more than
500 welds per tip.

Beryllium sheet, 0.010- to 0.012-inch was welded with spherically contoured
tips, 1.5-, 3.0-, and 6.0-inch radii (Table 7). Each weld was subjected to:

(1) Microscopic inspection of the surface and of the exposed weld
area after fracture or nugget peel-out test.

(2) Measurements of weld envelope area.
(3) Tensile shear test.

(4) Metallographic evaluation of interface quality after section-
ing and polishing of weld interface.

The incidence of cracking appeared to be least when a 6-inch tip was used
(Table 3-1). 1In an effort to reduce cracking further, a tip with a radius of
9 inches was utilized in joining material that had been reduced to a thickness of
0.015-inch by chemical etching. With this larger tip, a clamping force of 900
pounds was required. Welds were made at a fixed power level to the transducers
of 3800 watts and at weld interval ranging from 0.1- to 1.5 seconds.

Microscopic study of the weld surfaces revealed small hairline cracks in the

sonotrode contact zone; this condition was more marked at the longer intervals.
In contrast with results obtained, using tips of larger radii, however, no gross
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Table 17, EFFECT OF TIP RADIUS AND WELD INTERVAL
ON INCIDENCE OF CRACKING IN BERYLLIUM SHEET

Sheet Thickness, (inch) 0.010-0.012(¢) 0.015(d)
Tip Radius, (inch) 1.5 3.0 6.0 9.0
Clamping Force, (pound) 350-400 500-550 800 900
Weld Interval, (second)(a) Incidence of Cracking(b)
0.03 None None None --
0.05 None None None --
0.10 None None None None
0.15 None None None --
0.20 None None None None
0.30 Some Occasional None None
0.35 Some Some None --
0.40 Some Some Occasional None
0.50 oo -- Occasional None
0.60 =e Some -~ None
0.80 == S oo None
0.90 S0 = -- None
1.50 -- -- -- None

(a) The short welding intervals were investigated to determine whether
cracking might have occurred piror to the formation of a weld.

(b) Gross cracking as opposed to microscopic hairline surface cracks.
Occasional cracking occurred as a result of the application of
clamping force and the superposed ultrasonic vibration.

(c) 2400 watts.

(d) 3800 watts.




cracking nor specimen fragmentation was noted, even at longer weld intervals.
Photographs of representative specimens after tensile-shear tests are shown in
Figure 25.

3-3.4 Improving Ductility by Use of a Preheat. A previously investigated
power programming system was explored further as a means of circumventing the
limitations imposed by the power capacity of the 4-kw equipment and, simultaneously,
of studying the practicability of preheating the weld interface to increase the
ductility of beryllium and thus facilitate the formation of a high quality bond.
Three separate timers were preset to deliver, sequentially, three levels of power
output from the ultrasonic generator. In this fashion, the applied power was
increased in controlled steps to raise the temperature in the weld zone.

Previous work(ls) showed that the energy dissipation during ultrasonic welding
usually produces measurable temperatures in the range of 35 - 50% of the absolute
melting point of the weldment material. A temperature increase of this magnitude
might be expected to improve the ductility of beryllium. With a 6-inch tip and a
power level of 3400 watts, a maximum temperature of about 240°C was recorded while
welding 0.018-inch beryllium (about 0.3 second after initiation of the welding
pulse). This is considerably less than 357 of the absolute melting point of beryl-
lium, and it is doubtful that the ductility improved substantially.

3-3.5 Effect of Machine Variables on Weld Strength. Data concerning welding
conditions and the strength of the ultrasonic welds becween sheets of 0.010- and
0.012-inch beryllium, as well as between sheets of 0.018- and 0.020-inch, are
summarized in Tables 8 and 9; the Vickers microindentation hardness for these
specimens was 254. Since the unit tensile-shear-strength was calculated from weld-
envelope area measurements and these are only approximate, the strength values are
probably underestimated.

Inspection of the aluminum support plates, after tensile-shear testing of the
0.015-inch beryllium specimens showed that the beryllium specimens were somewhat
loosely held to the supports in the area of the welds. Apparently, the epoxy bond-
ing between the test coupon and the support plates was incomplete (a condition
which was not evident in any other tests). These specimens had therefore been sub-
jected to a partial peel load so the resulting strength data are somewhat low.

Furthermore, the fact that these specimens fractured when subjected to the
partial peel load made it difficult to determine the true weld area. Hence, the
unit-strength values (given in Table 10), calculated from the shear strength data
which is too low and the weld area data which are possibly too high are probably
conservative.

3-3.6 Orientation of Vibratory Energy with Rolling Direction of Sheet. Since
beryllium sheet is anisotropic and the delivery of the vibratory energy during
standard ultrasonic spot-welding is unidirectional, the excursion of the sonotrode
with respect to the direction of maximum ductility existing in the beryllium sheet
was investigated. One series of test welds was made in which the direction of
vibratory excursion was oriented transverse to the long axis of the tab specimens
(l-inch and 2-3/4 inches long) and a second series was made with vibratory excursion
oriented parallel to the longitudinal axis.
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