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Memorium

John White died on December 19, 1987. His
professional ability and thoughtfulness for
his fellow man was exemplified by the
excellent science and social program he
organized for the 1984 Beryllium JOWOG.

John's wit, charm, and technica® contributions
will be long remembered. We all join with his
AWRE colleagues in mourning his passing.
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Agenda
September 22, 1987 (Tuesday) Bldg. 235 Geold Room Page No.
8:30 - 9:00 COFFEE/Dinner Registration
9:00 - 9:05 Welcoming Remarks, Dr. Richard G. Couch, Advanced
Projects Office, Military Applications
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10:00 - i0:15 BREAK
10:15 - 11:30 "DOE Beryllium Supply Program", Richard Jiacoletti, 3
COE, Albuguerque
"A Strategy for Retooling the Beryllium Industry," 16
Hugh D. Hanes, Vice President, Brush HWellman
11:30 - 1:00 LUNCH
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Brush <“ellman Inc.," Monty Kuxhaus, BHW.
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R. S. Juntz; LLNL (Classified - CRD).

"Speeds and Feeds for Carbide on Beryilium," D. 159

Gallagher, RFP.

Evening JOWOG Dinner (No-Host). Restaurant to be announced.
Paid Reservations are due by Noon, Tuesday.
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DOE Beryllium Supply Program
Richard Jiacoletti

DOE, Albuquerque



BERYLLIUM SUPPLY PROGRAM
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BERYLLIUM SUPPLY PROGRAM

BERYLL'UM OPTIONS STUDY TASK
OBJECTIVE

THE EVALUATION OF OEVELOPED PRODUCTION OPTIONS

TO ASSURE A CONTWUING SUPPLY OF BERYLLIUM METAL
" AND OXIDE

TASK AREAS

. SELECTION OF STUDY CONTRACTOR AND
- CONTRACT AWARD

2. FINAL STUDY REPORT

AL/POD RN 3/87



BERYLLIUM SUPPLY PROGRAM

DOE FORECAST

BERYLLIUM METAL PURCHASES

o

FISCAL YEAR 19868 1987 1988 1989 1990 1991

COST (MILLON $) 137 129 146 166 188 163

WEIGHT (LBS.) 20449 16980 21018 22615 24732 21783

BASED ON AWLPG DATED OCTOBER 1986




BERYLLIUM SUPPLY PROGRAM
BERYLLIUM MATERIALS PLANNING TASK

OBJECTIVE

THE CREATION AND MAINTENANCE OF A BERYLLIUM
DATA BASE FOR DOE/DOD PLANNING

©  TASK AREAS

1. DOD AND DOE PRODUCTION AND MULTI-YEAR
PROJECTED REQUIREMENTS FOR BERYLLIUM
METAL AND OXIDE

2. BERYLLIUM PRODUCTION SCRAP INVENTORY

3. NATIONAL STRATEGIC STOCKPILE INVENTORY
RECOMMENDATIONS

AL/POD RN 3/87




BERYLLIUM SUPPLY PROGRAM

BERYLLIUM RECYCLE TECHNOLOGY DEVELOPMENT TASK
OBJECTIVE

ESTABLISH BERYLLIUM ELECTROREFINING (BER) TECHNOLOGY
AT THE ROCKY FLATS PLANT TO EVALUATE THE FEASIBILITY
® OF PRODUCTION AND PRODUCTION SCRAP RECYCLE

TASK AREAS

1. DESIGN, INSTALLATION AND OPERATION OF A
LABORATORY SCALE BER CELL

2. DESIGN, iNSTALLATION AND OPERATION OF A
HALF~SCALE PRODUCTION BER CELL

Al JOWAFs s m ddas




BERYLLIUM SUPPLY PROGRAM

ADVANCED PRODUCTION TECHNOLOGY DEVELOPMENT TASK

CBJECTIVE

DEVELOPMENT AND MAINTENANCE OF A BASE OF EXPERTISE
IN BERYLLIUM PROCESS TECHNOLOGY AT THE ROCKY FLATS
PLANT

(-]

TASK AREAS
1. POWDER PRODUCTION TECHNOLOGY

2. NEAR—-NET-SHAPE TECHNOLOGY



BERYLLIUM SUPPLY PROGRAM

PRODUCTION OPTIMIZATION TASK
OBJECTIVE

COMPUANCE WITH OSHA STANDARDS FOR AIRBORNE
s BERYLLIUM IN METAL PRODUCTION

TASK AREAS

1. OPTIMIZATION STUDIES OF CURRENT PRODUCTION
PROCESSES & UNIT OPERATIONS

2. IDENTIFICATION AND EVALUATION OF ALTERNATE
STATE-OF-THE-

ART PROCESSES & UMIT OPERATION
CONCEPTS
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BERYLLIUM SUPPLY PROGRAM

TASKS
R&D

o PRODUCTION OPTIMIZATION

o AVANCED PRODUCTION TECHNOLOGY DEVELOPMENT

o BERYLLIUM RECYCLE TECHNOLOGY DEVELOPMENT
o BERYLLIUM MATERIALS PLANNING

ANALYSIS

o BERYLLIUM OPTIONS STUODY
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BERYLLIUM SUPPLY PROGRAM
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BERYLLIUM SUPPLY PROGRAM

OBRJECTIVE

TO ASSURE A CONTINUOUS SUPPLY OF BERYLLIUM

METAL AND OXIDE TO SUPPORT WEAPONS PRODUCTION
REQUIREMENTS

Al /O Dt 2 7%



vl

THE BERYLLIUM SUPPLY PROGRAM

N SEPTEMBER OF 1980, THE DIRECTOR OF THE DMVISION OF
OPERATION OF MA REQUESTED THAT AL "ACT AS PROGRAM
MANAGER TO ESTABLISH AND COORDINATE ALL PHASES OF AN
OVERALL STUDY OF THE WEAPONS PROGRAM REQUIREMENTS FOR
BERYLLIUM METAL AND OXIDE AND TO DEVELOP AND EVALUATE
PRACTICABLE ALTERNATIVES TO ASSURE AN ADEQAUTE SUPPLY
OF BERYLLIUM IN SUPPORT OF THE WEAPONS PROGRAM™. AS

A RESULT, A PROGRAM TO MEET THESE OBJECTIVES WAS
DEVELOPED AND IMPLEMENTED IN 1981,




GENERAL DEFINITION

A CRIMICAL. MATERIAL IS ANY MATERIAL, OTHER THAN NUCLEAR REQUIRED
TO PRODUCE NUCLEAR WEAPON COMPONENTS AND HAS ONE OR MORE
OF THE FOLLOWING CHARACTERISTCS:

A.umrznoasmzmorau&mpmwcmmm
B. LIMITED OR NO DOMESTIC RESOURCES

—
(5]

C. NO IDENTIFIED SUBSTITUTE MATERIALS

D. LONG LEAD—-TIME PROCUREMENT OF REQUIRED, QUALIFIED
PRODUCTION QUANTITIES

E. EXISTING OR POTENTIAL REGULATORY CONSTRAINTS THAT INHIBIT
OR COULD INHIBIT PRODUCTION OR USE OF THE MATERIAL

AL/POD RN 10/84



A STRATEGY FOR RETOOLING THE BERYLLIUM INDUSTRY

Hugh D. Hanes
Vice President

Brush Wellman Inc
South River Road
Elmore, Ohio 43416

Results from the DOE Options Study, continuing environmental pressures,
as well as competition from alternative engineered materials have resulted in
substantial internal investment by Brush Wellman in the beryllium business.
The major emphasis is on near-net-shape processing for cost effective fabri-
cation of high-quality beryllium components. However, major investments are
also being made in our extraction technology as well as in facilities for
recycling beryllium-containing scrap and wastes. This presentation will
outline Brush's strategy for retooling the beryllium business.

Editor's Note: The visuals for this presentation are not shown here
because of reproduction constraints.

16
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Logo: Brush Wellman.

Our company, Brush Wellman, is the only fully integrated producer
of beryllium products in the Free World. HWe're a strong,
well-maraged, publicly owned company with annual sales that are
currently in the neighborhood of $240 to $250 million per year.

Photograph: Beryllium alloys.

Our products include copper-based and nickel-based beryllium
alloys--engineering materials with properties superior to those of
their base metals.

Photograph: Beryllia ceramics.

Beryllia ceramics--materials that are excellent electrical
insulators yet conduct heat as well as many metals.

Photograph: Metallic beryllium.

And metallic beryllium--an engineering material with unique
properties that make it essential for the strategic defense of the
United States. OQur alloy and ceramic products, too, have

strategic applications.

Logo: Beryllium/Mining Division Brush Wellman.

Beryllium/Mining Division, which I head, supplied starting
materials for the 2ntire beryllium industry of the free world.

Photograph: Hopper car at mine.

We operate our own mine in the Topaz-Spoor Mountain region of
Utah. The product of this mine is bertrandite--an ore that
contains one-half to one and one-half percent beryllium oxide. We
have proven reserves that assure an ample supply of ore for many
decades. And we maintain pipelines to other sources of ore.

17
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Photograph: Delta Mill.

We extract beryllium, in the form of beryllium hydroxide, from
bertrandite and other ores at our Delta Mill in Utah. this
facility has sufficient design capacity to keep up with the
anticipated demand for beryllium through the 1990s. Beryllium
hydroxide is the raw material for beryllium alloys, beryllia
ceramics and metallic beryllium. MWe supply this material to
competitors as well as to our own plants.

Photograph: Aerial view of Elmore Plant.

At our plant in Elmore, Ohio, we convert beryllium hydroxide
concentrate from our Delta Mill into metallic beryllium and into
high-purity beryllium oxide--the raw material for beryllia
ceramics. Qur Alloys Division which also operates a plant on this
site, is the largest customer for the Delta Mill.

Photograph: Beryllium part.

The beryllium processing operations at Elmore are DOE's sole
source of metallic beryllium--the optimum material for many
strategic nuclear applications.

D ncern

o Continuity of supply?

» Is Brush Wellman using state-of-the-art technologies to
protect the environment?

e Is Brush Wellman responsive to DOE needs and concerns?

Understandably, DOE is concerned about relying on a single
supplier. Can continuity of supply be maintained? 1Is Brush
Wellman using state-of-the-art processing technologies that
protect the working environment inside its plants and the public
environment outside its plants? And is Brush Wellman responsive

to DOE needs and concerns?

18
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1981 DOE Options Study

e Determine best beryllium processing methods. )
e Explore ways to improve the Elmore beryllium processing

facility.

Questions like these were addressed in a late, 1981 DOE options
study. One objective of the study was to determine the best
beryllium processing methods through literature surveys and
selective pilot testing. Another objective was to explore ways to
improve the existing Elmore beryllium processing facility,
particularly from the standpoint of worker health and safety.

Photograph: MWorker in plant.

Worker health and safety is, of course, a paramount consideration
in the selection of processes for production of beryllium. As you
know, some people are sensitive to beryllium dust or fumes and may
develop berylliosis, a dfsabling lung condition if they inhale

these materials.

Photograph: Air quality being checked in plant.

Air quality standards require that the level of beryliium in the
plant atmosphere not exceed a daily weighted
average--DWA--exposure of two micrograms of beryllium per cubic
meter of air. We constantly monitor air quality in the plant to
make sure conditions are safe. And, as you see here, our
industrial hygienists drill our people in the use of respirators

so they're ready for emergencies.

Engineering Stud

Air quality problems in 16 out of 19 plant areas (1981).
e 33 recommendations for improvements.

As part of the DOE options study, we hired an outside engineering
firm to study our operations. Initially, there were air guality
problems in 16 out of 19 beryllium-processing areas in our plant.
The firm made 33 recommendations for improvements.

19



Slide 15

Visual gryush Wellman Response

26 of 33 changes implemented.
e 7 nencritical changes being considered.

Narration We responded to these recommendations, of course. Twenty-six of
the 33 recommended changes have been or are currently being

impiementad. Seven noncritical changes have not been implemented
but are being considered as part of our long-range plant expansion
and moderni2ation program.

Slide 16
Visual Air Quality Improvement
e Only three deviations from air quality standards in past 24
months.
» Intensified operator training will help prevent future
incidents.

Narration The result: There have been only three DWAs over two micrograms
per cubic meter of air in the entire beryllium metal processing
facility at Eimore during the past 24 months. At least one of the
three deviations from air quality standards was caused by operator
error and has resulted in an intensified operator training program

to help prevent future incidents.

Slide 17
Visual Photograph: Recycling area, powder cans visible.

Narration Some of these changes were relatively easy to implement. One
exampie is providing improved ventilation, particularly in areas
where fumes are generated or beryllium powders are handled. This,
incidentally, is the area where we clean up beryliium chips and
scrap before recycling these materials back into our process

stream.
Slide 18
Visual Vacuum refining furnace.

Narration Other changes required a considerable amount of engineering and
major capital investment. For exampls, to control airborne
contamination, we had to install 2 new charging system for our
vacuum refining furnace. And we made major changes in ventilation
covering the reduction furnaces to prevent pollution.

20
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Photograph: Beryllium bitlet being ultrasonically tested.

As you know, engineering grades of beryllium are produced by
compacting blended beryilium powders. This billet, made for the
National Strategic Materials Stockpile Program, was produced by

vacuum hot pressing.

Photograph: Controls for vacuum hot-pressing operations.

New controls, safer powder handling and die cleaning operations
procedures, plus a $500,000 investment in a powder-drying system,
have made substantial improvement in our hot-pressing operations.

Photograph: Vacuum-refined ingot.

We currently produce our beryllium powders by converting ingots of
vacuum-refined beryllium like this into chips and then miliing or
grinding the chips into powders.

Photograph: Powder-making facility.

Improving air quality in our powder-making area was one of our
greatest challenges. Breaks in the process of transferring powder
from one container to another is a major source of air pollution.
Producing and classifying I-4N powders can involve as many as 200
process breaks. We are eliminating these breaks by developing and
installing a $750,000 closed-loop powder-handling system.

Photograph: Welding cperation--plant improvement program.

Time does not allow us to describe all of the changes we've made
in our plant in response to the 33 recommendations resulting from
the 1981 DOE Options Study. As we developed and installed new
equipment, scenes like this have been commonplace in our plant for

several years.
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Cost of Improvements

e 1981-1986: $8 milljon
o 1987-1988: $2 million
Total: $10 million

The cost of making these changes--fine-tuning processes and
installing new equipment--was high--$8 million from 1981 through
1986. HWe'll spend an additional $1 million to complete the
improvements during 1987 and 1988, for a grand total of $%i0
million. This capital investment illustrates Brush Wellman's
positive response to DQE's concerns about environmental cenditions
in our metallic beryllium processing facility.

Photograph: Plant stack.

We're equally committed to maintaining high air quality outside
our plant. Our stacks are equipped with state-of-the-art
scrubbers and other pollution control systems. HWe're in full
compliance with all applicable clean-air standards. Through an
air-quality monitoring program, we make sure that public exposure
to beryllium dust in the area around our plant is less than one
one-hundredth of a microgram per month.

Photograph: Alloy Division pickling tank.

Toxic wastes such as this spent pickling liquor from
beryllium-copper alloy processing operations at Elmore present a
real environmental threat. Rightly, EPA is tightening regulations
through RCRA to control the disposal of such wastes while
protecting the environment.

Photograph: Overall view of waste recycling plant.

As part of our program to protect the environment, we recently
opened a new $7 million waste recycling plant at Elmore. This
plant is designed to recycle wastes for alil Brush Wellman
operating divisions and--in fact--eventually the entire beryllium
industry. The plant currently extracts over 2 million pounds of
copper and 30 thousand pounds of beryllium per year from spent
pickling liquors. These valuable materials are cycled back into

our operations.
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Photograph: Gas chromatograph.

In order to control pollution, it's necessary to measure it
accurately. During the past several years, we have invested
heavily in advanced instruments. this computerized gas
chromatograph, for example, detects minute traces of toxic
contaminants in wastewaters automatically.

Process Improvement

e Review existing beryllium processing technologies; make

improvements.

¢ Survey literature for new beryllium processing technologies.

e Set up and test demonstration models of new processing
technologies.

The DOE options study called for three phases. 5o far, we've
covered just the first phase--reviewing our existing beryllium
processing methods and making improvements. The second phase
involved searching the literature for new beryllium processing
technologies. And the third phase required setting up and testing
demonstration models of promising new technologies.

Photograph: Beryllium pebbles.

One area we studied intensively was the production of beryilium
pebbles--an intermediate stage in the processing of our beryllium
hydroxide concentrate into a high-quality engineering material.

Photograph: Molten beryliium fluoride.

We have always produced beryilium pebbles by the reduction of
beryllium fluoride--the molten material you see here--with
magnesium. The best alternative method we found in the literature
was the electrowinning of beryllium from beryliium chloride. Our
studies showed, however, that our present process is less costly
and is less apt to cause pollution. So we decided to stay with

our present process.
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Photograph: Attrition mill.

When we reviewed powder-making processes, however, we decided to
make some big changes. Historically, we have produced most of our
powder by a process called attritioning. Two of our attritioning
mills are seen here. Attritioning is a relatively slow,

inefficient process.

Photograph: Impact grinding control station.

On the basis of successful pilot studies, we decided to convert to
production of powder by a process called impact arinding. We
recently completed this conversion and are supplying 90% of our
structural products. The control station for the new process is
seen here. Impact grinding is faster and cleaner than
attritioning. And it produces blocky-shaped powder particies that
give the consolidated material more uniform properties in all
directions.

Photograph: Molten vacuum-refined beryllium.

Looking farther ahead, we may produce much of our powder directiy
from molten vacuum-refined beryllium, seen here, using a process
called inert gas atomization. We've successfully demonstrated
this procer on a recently completed DOE study in our laboratory
and allocated $330,000 to modify our laboratory system for further
tests. ODr. Marder, our Research Supervisor, will discuss this
process with you later.

Photograph: NNS parts being inspected.

We're much father down the road with another new process that was
pilot-tested during the period of the DOE Options Study--forming
parts to near-net-shape directly from beryilium powders. In fact,
we're in the process of compietely retooling our plant to use NNS
technoiogies. Several of our NNS parts are seen here. Monty
Kuxhaus, Sup't. of Special Products, will cover NNS processing
technologies and their benefits to DOE and other customers. For
the moment, I'i1 just note that tooling up for NNS represents a
$7.5-$10 million capital investment by Brush Wellman.
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Photograph: NNS part.

Someday, a substantial percentage of our beryllium production at
Elmore will consist of NNS parts made from atomized powders. This
will result in higher quality, better materials utilization,
faster processing, and further protection for the envircnment
because of reduced recycling. We'll continue to use conventional
powder-making and powder-consolidation processes to meet
long-standing requirements and provide reserve capacity for

emergencies.

Photograph: HWorker taking sample in plant.

So far, we've just talked about retooiing our plant. HKe're
retooling our work force, too. HWe're providing additional safety,
technical, and management training for our people. Rewriting 270
SOP's - a 5-year program. MWe're starting to apply the management
philosophies of Dr. Deming, which have worked so well in Japan.
And we're filling professional job openings with new talent in
areas of extractive metallurgy, powder processing, CIM, materiais
handling, etc.

Photograph: Someone using an automatic carbon-sulfur analyzer.

We've completely retooled our laboratories with automatic
state-of-the -art instruments that help us maintain even higher
product quality and give us the information we need to fine-tune
our processes. As processes are optimized, we're starting to
apply statistical quality control methods. Computer integration
of our processing operations is being studied.

Photograph: "Pond" at Delta Mill.

As part of our R&D efforts, we're also developing and testing
improved hydrometallurgical methods of extracting beryliium ore at
our Delta Mill. MWe also continuously evaluate alternative
beryllium ore sources.
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Photograph: Computerized testing machine.

Our R&D people aren't neglecting new product development. They're
currently developing and testing new grades of beryllium for
optical and instrument applications. The tensile strength and
elasticity of samples are determined automatically on this new

computer-controlled machine.

None

You can be sure, too, that we will continue to meet DOE standards

for service and quality. Recently, when I visited Rocky Flats and
several other customers, program managers told me that they regard
Brush Wellman as their best supplier in terms of meeting delivery

schedules and maintaining consistently high product quality.

Capital Investment

Environmental protecticn (DOE study)--$10 million.
New process technology (NNS)--$10 miliion.

Waste recycling--$7 million.

5-year plan--$8-310 million per year.

The extent of our commitment to being an outstanding DOE supplier
is indicated by our heavy capital investment of the past few
years--$10 millica for new process technalogy and $7 million for
our waste recycling plant. Our most recent 5-year plan calls for
additional capital investment at the rate of $8 to $10 million per
year, plus R&D expenditures amounting to 3-3.5 percent of annual

sales.

Photograph: Dr. Foos.

Dr. Raymond A Foos, our president and chief operating officer,
promises this group in June, 1986, that Brush Weliman wili
continue to invest heavily in the beryllium business as long as we
canh make a reasonable return on that investment. That would be
fmpossible if we had to share the DOE market with other

suppitfers. Dr. Foos adds that we'll strongly resist all efforts
by the United States government to establish a second source with
public funds. That's a promise, tos. Any questions?
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REVIEW OF AWRE DEVELOPMENT WORK ON THE PRODUCTION OF

NEAR NET SHAPE BERYLLIUM PREFORMS

by
D.Robexrts (AWRE)

Summary

Near net-shape beryllium shell preforms have been vacuum hot
pressed at AWRE for a considerable time. However, thea
process has both its limitations and disadvantages. The
WwOrk being carried out to improve the hot pressing process
together with the development work being done on the
isostatic pressing of near net-shape preforms, is described.
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Review af current AWE development work in the production of
beryllium preforms by powder metallurgy

SLIDE 1

The main component praduced at AWRE and ROFC has been
a thin kollow hemisphere with a thick equatorial band.
To meet required mechanical properties the original
trial preforms were produced by vacuum or die hot pressing
and the process became the approved prccess for production.
Since then various process developments have been made to
improve die haot pressing.

Since the process was adopted isopressing equipment
have become available. For pressing to near net shape this
process is ideal. However for use in the present production
run the process and the preforms would have to be approved.
The savings made by improved net shaping would not justify
the cost of process approval.

The isopressing process however has been developed
up to a pre-production stage so that in future two trial
Zomponen% will be produced, one by die and one by

iscpressing, allowing both routes to be assesed and approved
and allowing a choice of routes for production

The following is a summary of the development work
carried out on both routes.

SLIDE 2

Initially the various possible routes of producing
the typical component were looked at and the weight of
powder required for the present preform estimated

An attempt has been made at estimating the type of
swarf produced by the various routs, and expressing the
fraction recoverable as processable to a lower grade powder
and as heavily contaminated not processable.

The analysis showed that both machine from solid,
and, torm from blank, would be heavy on powder usage. The

vacuum die pressing would be fairly economic but the best
process would be isopressing.

Dealing firzt with die or vacuum hot pressing
SLIDE 3

The process develgped initially from straight billet
pressing First

1 The pressing of solid hemispheres with a material
saving of about 25%.
=] Next the pressing of hollow hemispheres was developed

by pressing a graphite core into the pawder during
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pressing
3 Then vibrating of a core inta the pawder bed

4 Finally the present method where the core is pre
pasitioned in the die

The slide shows the type of tooling used and the

process steps of
DIE FILLING
REMOVE SPIDER FIT PLUNGER
TRANSFER TO FURNACE
EVACUATE FURNACE AND HOT PRESS
REMOVE ASSEMBLY FROM FURNACE AND EXTRACT PREFORM FROM DIE

MACHINE CORE FROM PREFORM,

The process has been in use for about 15 years . In use the
main problems with the process were

SLIDE 4
POOR DIE LIFE
PROCESS OPERATOR DEPENDENT
PRODUCTION LIMITED TO ONE PERFORM PER DAY
POOR NET SHAPING POTENTIAL.

Dealing first with die material The original die
material was a soft graphite CS grade . Later tools made
from a finer grain high strength graphite were used.
Experience showed that the CS graphite gave adequate service
and had sufficient strength for the conventional pressing.

The dies made from the stronger graphite were
susceptible to scabbing of the top surface during component
extraction. By destroying the the top face of the die, the
core register, and the lifting points were lost and a new

die could be lost in the first pressing operation.
Work to be discussed later showed that the dies were

working at a stress level much lower than that predicted by
calculation. The need to use the stronger graphites has not
occured though it is used exclusively for plungers.

CONSIDERING NEXT POOR NET SHAPE DEVELOPMENT POTENTIAL
SLIDE S

In the die pressing process the graphite core is
trapped in the preform by differential cooling stresses. To
avoid these <=tresses cracking the preform, the preform wall
have to be cf a minimum thickness. The thickness reguirement
places a limit on the potential to develop of net shaping

A ready solution to this would be to use a stainless
steel mandrel which would contract more than the preform
and not ailow wall stresses to develop.

The problem with a stainless steel mandrel was that at
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10S0 C the formation of intermetallic layer would destroy
the mandrel. The use of mandrels plasma coated with alumina

avoid the reaction were unsuccessful.
More recent work using ERBIA coated mandrels
SLIDE &6

have been more encouraging with mandrel life of up to
three pressing cycles and the pressing of thin wall preforms

SLIDE 7

even though press loads had to be doubled to attain 100%
density in the preform

The next problem to be considered is
LIMITED DIE LIFE
SLIDE 8
At present about 20 pressings can be obtained before
a die becomes so worn that preform removal becomes difficult
and the die has to be scraped. Initially dies were damaged

before the bore wear became important but various
developments have reduced the instance of early failure.

These were

First improvement in vacuum reducing the rate of

formation of crumbly graphite surface and its
associated tendency to cause increase of inclusions in
the preform. Futher reductions in inclusions are

expected from the use of a precompacted CIPed powder
fill.

SLIDE 9
SLIDE 10

The other improvements such as damage to bore
damage to lifting tabs and scabbing of the top surface have
been reduced by die design

SLIDE 11
THE MAJOR PROBLEM WITH THE EXISTING DIE PRESSING METHOD 1S
. THE LIMIT OF ONE PREFORM PRE DAY
USING THE DIE ASSEMBLY SHOWN

SLIDE 182
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it has been possible to press two preforms in one pressing

operation. The process stages are similar to the single
process but the die is filled in two operations. The bottom
cavity first through the centre. Then after plugging the
hole the top cavity is filled as normal. The pressing is
then conventional but with the die being double acting.

SLIDE 13

Problems have been encountered in filling the bottom
cavity and the method has been chanced to using a pre
compacted powder fill in the bottom cavity. The process was
successful 1n pressing two preforms in one operation

SLIDE 14

The use of the precompacted charge is being considered
for normal bhot pressing hopefully to reduce the operator
dependency of the process. The use cof a CIPed preform would
reduce the problem of die surface cleaning prior to
transfering the filled die from from filling box to furnace
and also reduce the problem of powder suck out during
furnace pumpdown. Using a pre-CIPed charge will also reduce
the possibility of graphite based inclusions in the
pressing.

SLIDE 15

In producing the green preform the bag contraction was
not as expected and the resultant prefaorm did not fit the
die contour. As a result during initial pressing movements
the preform cracked but rehealed leaving the furrowed
surface seen in the slide

SLIDE 16

Examination of sections of the preform show that the

furrows are very shallow.

To show that the cracking was due to poor green preform
fit the work is to be repeated with the hot pressing die
made to fit the CIPed preform. For production use the CIP
assembly would be tailored to produce a green preform to fit

the die contour.

CHANGING TO ISOPRESSING
SLIDE 17

FOUR possible production routes were available

A DIRECT HOT I1SOPRESSING
B FLUIDIC ISOPRESSING

c CIP SINTER HIP

and CIP HIP

3



exper imental experience showed that the first three
processes were not suitable

Direct HIP could give problems in final can welding and
can shape optimisation would difficult

FLUIDIC could not be carried out as no suitable powder
was available as second fluid

CIP SINTER HIP required excessive temperature to attain
claosed porosity at the sinter stage

THIS LEFT THE ONLY ROUTE
CIP HIP
Two variations of this route was possible
SLIDE 18
which is CIP HIP using an in-can mandrel
The problem in this route is the long in process time of
the mandrel and the limited mandrel 1life due to
intermetallic reaction between mandrel and preform
The process has the advantage that the presence of the
mandrel ensures the inner form and protect the preform
from distortion in event of can buckling
SLIDE 19
The pressing shown 200mm diameter was pressed using a
uncoated stainless steel]l mandrel
The reacticn was such that after three pressings the
mandrel was damaged beyond reuse

SLIDE 20

Using erbia coating Mandrel life has been extended to
three pressings before recoating becomes necessary.

SLIDE 21

The alternative process worked on has been HOT
isopressing of a CIPed preform in a double can with preform
fitting on the inner can only

Initially it was thought that the inner can would
contract inwards and possibly buckle. To avoid this tha

SLIDE e2

CIPed preform was densified to abaout 8&% by CIP
ANNEAL PROCESS. THe 200mm diameter preform showed that
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the inner can acted as a mandrel and no inward movement
Work with 110mm diameter grefarms

occurred.
SLIDE 23
again showed that the inner can acted as a mandrel

The non inwards contraction of the inner form appears to
be in contradiction to expected isopressing behaviour but

is IDEAL BEHAVIQUR FOR THE PRODUCTION OF HOLLOW PREFORMS acs
it eliminates the need far in can preform and can accommodate

the use of loase fitting outer can so eliminating the need
for a CIP machining stage.

The reason for the non inward movement of the inner
form is being investigated as it may be dependent on can
thickness geometry and in other can designs could create

problem.

CONCLUDING
SLIDE 24
The slide shows a cross section of a 110mm diameter b&-——-—

8mm wall preform produced by double can CIP HIP process

SLIDE 25
compares a vacuum hotpréssed preform in current production

with an experimental substitute produced by CIP HIP the
weight saving is shown

SLIDE 26

The final slide compares the cross section of 110m

prefaorms produced by

DIE PRESSING WITH A GRAPHITE CORE
DIE PRESSING WITH A COATED CORE
ISOPRESSING WITH THE DOQUBLE CAN TECHNIGUE.

AND SUMMERISES THE PRESSENT STAGE OF DEVELOPMENT
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POWDER PREFORM PRODUCTION

BULK POWDER
\
CONSOLIDATE TO 100% DENSITY
i

DIE HOT
PRESS!ING
MACHINE MACHINE
TO TO
SHAPE DISC
FORM TO
SHTPE
8.0kg 6.0kg |1 40kg
1 I ]
5% 10% 10 %
9% % | 90 % 90 %
Fit 1.

Ravie

3

|
NET SHAPING PROCESS
ISOPRESSING ROUTES
DIRECT HOT CIP-HIP ROUTES SI&TPER
ISOPRESSING T HIP
WITHOUT MANDREL
PPORT
SUPFORTED SUPPO
ON MANDREL DOUBLE
C.?N
2.4kg 24kg 2.4 kg 7kg
I 1 | ]
20 % 20 % 30 % | % NON-RECOVERABLE SWARF
?kg
80 % 80 % 70 % | % RECOVERABLE SWARF

The weights shown are estimates for same preform produced by various routes. Bottom line shows

estimated distribution of swarf arisings between dirty swatf not reclaimable as powder of any specitication
and swart reclaimable as powder of lower specification,

POSSIBLE POWDER PRODUCTION ROUTES FOR THE MANUFACTURE OF BERYLLIUM PREFORMS

Y




FILLING SPIDER SPIDER REPLACED
z TOLOING CORE 'N PLACE 8v FLUNGER T~

POWDER LEVEL

//mwnen LEVEL N _ =

Loy

\

STAGE 2
ASSEMBLED
FOR PRESSING

STAGE 1
FILLING OPERATION

SPIDER HOLDS CORE
IN POSITION
DURING FILLING

MOULD BODY. .
B LEVEL OF FILLED
ANC VIBRATED POWDER
FILLING POSITION
OF CORE PRESSED POSITION
OF CORE
SPACERS
PRESS AAM N , _
l BOTTOM PLUG v ]
L ~.\/
PRESSED ]
COMPONENT
T PRESSED i
p COMPONENT \
EJECTION MANDREL---—‘_I__.—I_.._1
) =y
FURNACE BASE
] i
STAGE 3 TAGE 4
AS PRESSED AFTER
iIN FURNACE COMPONENT EJECTED

Diagrammatic representation of the die hot pressing of
beryllium powder to produce near net shaped
components.
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REVIEW OF CURRENT AWRE DEVELOPMENT WORK IN THE PRODUCTION OF BERYLLIUM
PREFORMS BY POWDER METALLURGY

VACUUMOI DIE FIGURE 2
HOT PRESSING

!

APPROVED

{

PRODUCTION

1

IN USE 15 YEARS

|

PROBLEMS

POOR DIE PROCESS ONE PER

LIFE OPERATOR DAY POOR NET SHAPE
DEPENDANT

‘4
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REVIEW OF CURRENT AWRE DEVELOPMENT WORK IN THE PRODUCTION CF BERYLLIUM
PREFOAMS BY POWDER METALLURGY

POOR NET SHAPE

|

THICK WALL PREFORM

to resist ling stresses
between grapﬁ?t% c res and preform

SOL}TION
STAINLESS STEEL MANDREL

|

PROBLEM

REACTION BETWEEN STAINLESS STEEL AND BERYLLIUM
MANDREL LIFE - ONE PRESSING AT 1050

DEVELOPMENT
ERBIUM OXIDE COATING

THREE RUNS BEFORE RE- COATING
FIGURe 3
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Two series of 110am diameter preforms produced by hot
pressing using an erbia cocated stainless steel
mandrel. In each series the coating failed after three
pressing cycles.

(a) Coated stainless mandrel size as used for graphite
{(b) Coated stainless mandrel large size

{c) Large size graphite core (cracked preform)
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Section through Thin walled preferas producsd by
(A) Graphite core
(B) Erbia coated stainless steel mandrel
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REVIEW OF CURRENT AWRE DEVELOPMENT WORK IN THE PRODUCTION OF BERYLLIUM
PREFORMS BY POWDER METALLURGY

POOR DIE LIFE

|

20 PRESSING

|

LIFE SHORTENED BY

DAMAGE SCABBING OF DAMAGE TO BLY SURFACE
T0 TOP SURFACE LIFTING HOLES CRUMBLY,SU
BORE

HIGH INCLUSIONS

DIE DESIGN IMPROVED VACUUM l

USE OF
FIGURE 4 &4A PRE - COMPACTED

POWDER FILL
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CERAMIC PAPER
HEAT INSULATION
PREFERARED TO BRICK

\I\ WATEF COOLED RAM
SPIDER LOCATION

MAX BOLSTER DIAM — DAMAGED BY

FORMNSTRESS = — SCABBING

SCABBING IN IM2

S

DAMAGE TO BORE

WELL \

|
ALTERNATIVE SPIDER
LOCATION ' SRAPHITE MOULDS
NOT AFFECTED .
BY SCABBING 7 | GROVING IN CS
| B [ GRAPHITE MOULDS
: | ‘/Ir ; ;
l ‘ '
| !
| | !
STEEPED BORE o
TO REDUCED | | VERTICAL THERMO
EJECTION LOADS | + | a— ] COUPLE WELL
L
' I
! ‘
' | POWDEA EXTRUDED
HORIZONTAL 1 [ mTocLeARancE
THERMOCOUPLE , CAUSES EJECTION
{
1
1
i

o — - -

A

TAPERCOR
NO SURFACE\ PARALLEL PLUG
STEP IN SURFACE

NOERROSION |, ~ Ll '/’ ERROSION DUE
: . TO STEP POOR

SURFACE MATCH

FURNACE BASE
MACHINED
GRAPHITE
150mm THICK TO
RESIST FLEXING !

F‘.

FiRE BRICK PLINTH

Design of a hot pressing assembly with modifications to reduce wear.
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BOLSTER
Cs-EC2
GAAPHTE rea
l ENDS SYMMET
« LENGTH SUCH
AWRE LIFTING HOLES : CORE BorE WiTH CO
6 REQUIRED , CS GRAPHITE N POSITION

RADIAL
CLEARANCE
N mm

20-30 l
05-0€ —I
20-30

50-60

<

05-086

10-20

THERMOCOUPLE »

WELL ’
6 mm dia \

0.1-0.15
l

02-04

BOTTOM PLUG

50

s H = PRESS TRAVEL = Tv

r = PLUNGER RADIUS

Typical ovoid hot pressing rould showing - material - design -
clearances and minimum lengths

42



sl
0

REVIEW OF CURRENT AWRE DEVELOPMENT WORK |N THE PRODUCTION OF BERYLLIUM
PREFORMS BY POWDER METALLURGY

SLOW  PROCESS
ONE PREFORM PRESS PER DAY

TOOLING DESIGNED TO PRESS
TWO PREFORMS IN SINGLE DIE

PROBLEM
FILLNG OF BOTTOM CAVITY DIFFICULT

DENSITY OF BOTTOM PREFORM
LESS THAN 100%

PRECOMPACTED POWDER FILL IN BOTTOM CAWVTY
- CiPed POWDER PREFORM

A 1
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POWDEN LEVEL POWDER LEVEL
AFTER VIBRATING AFTERN VIBRATING 4
o .

i/ CENTRE PLUG FITTED

t——————— "
————%" 10p CORE POSITIONED {

| FILLING . -
BOTTOM CAVITY

FILLING TOP CAVITY

- TOP PLUNGER

» TOP CORE

- MOULD BODY

SHAPED
CENTRE PIECE

SPIDER
TO LOCATE CORE
DURING FILLING

- BOTTOM PLUNGER

HOLDING PINS

CENTRE PLUG

A\

BOTTOM CORE

FILLING
SUPPORT RING

ASSEMBLY READY

FOR PRESSING PRESSED ASSEMBLY
L'] : SMOER REMOVED i
’ TOP PLUNGER PLACED
: IN POSITION HEATED ANO
. CENTRE PINS AEMOVED PRESSED *.; -
] - i .
|

.

Die design developed to produce two preforms in one
pressing operation. Process steps shown.

|
|
44 ;I i



5419,
¥

REVIEW OF CURRENT AWRE DEVELOPMENT WORK IN THE PRODUCTION OF BERYLUUM
PREFORMS BY POWDER METALLURGY

HOT PRESSING OF
PRECOMPACTED POWDER

CiPed PREFORM
;

|

FURPOSE
REDUCE POWDER MOVEMENT

IMPROVE POWDER FILL
IMPROVE  PROCESS CLEANLINESS

|

PROBLEM

CiPed PREFORM CONTRACTION NOT AS PREDICTED
POOR FIT BETWEEN PREFORM AND DIE CONTOUR

RESULT

GREEN PREFORM CRACKED N Dit
DURING INITIAL PRESSING

CRACKS HEAL UP DURING FINAL DENSIFICATION

SURFACE OF PREFORM FURROWED 13
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Two preforms produced in one pressing operation using
tooling described in FPigure S.

Preform (a) pressed in bottom cavity from ClPed
prefora fill. Cracked on spherical surface due to
shape mismatch.

Preform (b) pressed in top cavity from powder fill.

T
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tion of CIP hot pressed preform ( Figure & (a))
through area of crack. Crack appears confired to surface.

¢t
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Section of CIP hot pressed preform (Figure 6a) through
i area of crack. Crack appears confined to surface.
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REVIEW OF CURRENT AWRE DEVELOPMENT WORK (N THE PRODUCTION OF BERYLLIUM
PREFORMS BY POWDER METALLURGY

DEVELOPMENT OF ISOPRESSING ROUTE

L

|

CIP  SINTER

CI® PREFORM
SINTER TO 93%
HIP BARE TO 100%

POOR PROPERTIES

DIRECT HIP FLUIDIC
pIRecT WP oF ISORRESSING
LOOSE POWDER ppessing OF BARE HIP
N CAN NUMEROUS

PREFORMS

IN ONE CAN

WITH SECOND

FLUID

] v v
WELDING NO  FLUID
OUTGASSING
OPTIMISATION
v
PROCESS

NOT DEVELOPED

CIP 'HIP

CIP PREFORM
OUTGAS BARE
ASSEMBLE IN CAN

| l

MANDREL 1IN DOUBLE CAN

CAN FITTING ON
INNER  CAN ONLY

!

NO CONTRACTION

REACLION
Be & MANDREL

OF INNER FORM

ERBIA COATING \
ON MA‘NDREL :

|
v
THREE PRESSINGS |

RECOAT i

}
DEVELOPED TO
SEMI- PRODUCTION

STAGE 17
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Powder fill

CIP bag

CIP former

Y

CIP ed preform 78% dense
[ - Free standing

CIP mandrel |
stainless stee! reuseable Outer envelope touches

preform at pole only

Stainless steel mandrel
Sizes as CIP mandre!l used x 3

Diagrammatic representation of an isopressing process
based on the CIP-HIP route using a mandrel in the hot
leopressing stage,
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;200-- diameter preform produced by CIP-EIP (mandrel)
. process. Mandrel uncoated stainless steel.

assembly as pressed

Mandrel interior surface of preform
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' 110mm diameter preform produced by mandrel KIP

L

prozess. Pirst pressing of a series using an erbia
coated mandrel. No evidence of reaction between
mandrel and preform inner surface. Erbia coated
mandrel used. Some damage to coating due to prefora
movement during can machining.
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CIP mandrel stainless (

steel reuseable CIP ed preform
78% dense

CIP bag

CIP former

Densified from 78% to 90%
by CIP/Anneal

Outgas in envelope time reduced by anneal time _.<.J

CIP/annealed
preforms
90% dense

IO Xy
IR ARSI A
ORISR
XA

Outer envelope
loose fit

HIP od preform

Inner can good fit

No mandrel all surfaces contact

biagrammatic representation of an isopressing process
based on the CIP-HIP route using a double can in the
hot isopressing stage,




CIPed PREFORM AS CANNED AFTER BIP lag

PREFORE AS DECANRED

.-

|
: 200mm diameter preform produced by double can HIP
! process.
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Stages in hot isopressing ilOmm diameter preform in a
double can ’ ) o7 ToT -
(a) Outer and inner can
() Can inner surface {(l} as pressed
{(2) as welded .
(c) Outer surface as pressed 23

55 |



l‘f‘r

110mm diameter preform
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produced by double can HIP process




RE Vliw

4 Oug
HOY DiE PRESSED

24 k9
NOT 1SO PRESSED

80 — 10 kg
MACNE FROM SOLID

j Sections through hot isopreszsed and a die hot pressed
preform to show weight saving advantages of

isopressing.
The machine ‘rom solid weight shown would be the

weight of a cylindrical billet reguired to enable the
preform to be machined from a regular billet.
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DEVELOPMENT OF BERYLLIUM NEAR-NET-SHAPE TECHNOLOGY
AT BRUSH WELLMAN INC.

Monty Kuxhaus
Senior Engineer

Brush Wellman Inc
South River Road
Elmore, Ohio 43416

Current status of the capabilities to produce near-net-shape beryllium
shapes by direct HIPing, and the development activities planned for the near
future at Brush Wellman are reviewed. Generic shapes and typical size
capabilities are addressed. The development plans and activities for the use
of CIP as & preform technique are also addressed. The relationship between the
two processes and the generic advantages which guide their selection for
specific applications are considered.

Editor's Note: The visuals for this presentation are not shown here
because of reproduction constraints.
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( Production of New Geometrical Shapesj

r—

o Irregular rectanguiar blocks

* Hemi's

» Box types

e Tubes

Light weight optics

Complex shapes
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EXAMPLES OF N-N-S PARTS BEING CONSIDERED FOR
DEVELOPMENT IN THE NEAR FUTURE

HEMI'S SOLIDS &SHELLS

\ N
NN N\
\\ § SHORT THICK WALL TUBES §
NN \
\ N
LONG THIN WALL TUBES
NUMEROUS COMPLEX SHAPES

YA,

‘ /EET ROLLING INPUT /
N,
N (
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Improved Process Productivity

L

More efficient material flow through the area
Semi automated welding systems

More efficient powder loading systems

Partial automation of the HIP can degassing systems

Pilot scale bulk powder degassing (80 lbs/batch)

L. New larger and automated vacuum sintering furnace

—
——

/4
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Improve the Skills of the Personnel A]

Participation of engineers in professional societies

Attendance of engineers at technical seminars I

Improved and documented working procedures M

More and improved training of the work force

i

t. Planning and documentation of training
=

kL
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Produce High Quality Products

e ———

rr

High density

Isotropic properties
Minimization of x-ray inspection indications |
Dimensional consistency
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New Processes

« HIP

CIP/Sinter
CIP/Sinter/HIP
CIP/HIP

NS

Cold Press/Sinter/HIP

=
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Cost Reduction

]}

[}

Reduced engineering time to bring a part into production

Reduced cost of input materials to the operations
Improved material yields

Reduced machining

Reduced inspection and testing

Improved process productivity
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THE DEVELOPMENT OF A COMPACTION DIAGRAM FOR THE

HOT CONSOLIDATION OF BERYLLiUM POWOER

by
G.Heald and H.G.Rhodes , AWRE

Summarx

Compaction diagrams show the progress of densification in a
material as a function of time, over a range of isobaric or
isothermal pressing conditions. A diagram representing the
compaction of S65 grade beryllium powder has been
constructed using computer generated data. The predicted
densification rates for temperatures below 873K are found to
be much higher than those experienced in practice. The
evaluation of the densification process for temperatures
above 873K is being studied.
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Relative Density

FIG 1. COMPACTION DIAGRAM
Tool Steel Aihby‘s Data

1 /W /ﬂf
BOUNDARY I
9 OIFFUSION P-L
CREEP / YIELD
/ /
<
8 - N
// &\919 TOOL STEEL
_— / V4 T 21200 °C
P - "= 50pm
’/ // R = 100pm
.8 T T T o
-2 ~1.5 -1 -5 0 5

Normalised Pressure LOG(P/CYy)




| FIG 2. COMPACTION DIAGRAM
Tool Steel Powder T=1473 K

N

g.i-r / / y
=] ‘
7 ;
Y 4

2 My/ / PL CREEPM@ E YIELD
7 ] -
= |

VL

-2.8 -3 -1.5 -1 -5 0 S
Normalised Pressure (P/Cy)



"B

b—-------o

7

-1

Q N .
- - £y18ue(q eAryeIey

71




FIG 4. COMPACTION DIAGRAN
QMV Powder T=923 K
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Relative Density

FIG 5. COMPACTION DIAGRAM

Be Preform T=923 K
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FIG 6. COMPACTION DIAGRAM
QMV Powder T=10038 X
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FIG 7. COMPACTION DIAGRAM
QMV Powder T=1088 K
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FIG 8. COLD COMPACTION DIAGRAM
QMV Powder T=298 K
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ISOSTATIC PRESSING OF BERYLLIUM POWDER
INTO NEAR NET SHAPES

J. L. Krankota, RFP

Abstract

Beryllium powder was hot isostatically pressed into hemishells using
double-walled steel cans. Two methods of producing the hemishells were
investigated: 1) hot isostatically pressing (HIP) of cold isostatically
pressed (CIP) preforms and 2) direct HIP of loose-packed powder. Stainless
steel cans were used initially but cculd not be easily separated from the
beryllium. Mild steel cans were subsequently used and were found tc be easily
removed by dissolution in 10 vol % nitric acid, with no attack on the
beryllium. A finite element computer simulation was employed to help solve a
buckling problem in the outer wall of the cans. Buckling of the can was
eliminated by thickening the outer walls. Finite element predictions were in
agreement with actual results. Vacuum outgassing for more than 8 hours at
650°C was required to produce microstructures with very little residual gas
contamination, revealed by thermal-induced-porosity tests. Thin hemishells
(1/4 inch thick or less) cracked during processing. A thicker hemishells (3/8
inch) directly hot isostatically pressed from S200F powder did net crack and
was machined into a finished part. The mechanical properties of this part met
the specification for high strength beryllium product. Little distortion of
the steel cans supported in graphite collars occurred during HIP. Since
little advantage of cold isostatically pressing powder into preforms was
realized, it appears that direct HIP is the recommended process ftor

fabricating beryllium hemishells from powder.
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’l‘ Rockwell International

e Experimental approach

Objective

- Process schematics
- Outgas and HIP parameters
- Characterization

e Experimental results

8L

Design specifics
FEA

Dimensional analysis
Properties

¢ Material utilization
e Summary/conclusions

* Future work



‘l Rockwell International

Objective

6¢

Examine the feasibility of direct HIP and CIP/HIP
processing for producing WR components



CIP/HIP Process

/Plug/Seal
Outgas 7 F /
& Seal - -,
A. Fill B. CIP
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Direct HIP Process
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Shaker Table
A. Fill Container

Outgas
& Seal
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B. Hot Isostatically
Press
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“Lh Rockwell International

Outgas and HIP Parameters

® Outgas

- Time - 1-20 hours

28

- Temperature - 650°C
® HIP

- Time - 4 hours

- Temperature - 1000°C

- Pressure - 15,000 psi



‘l‘ﬂ Rockwell International

Characterization

® Dimensional control

® Properties

£8

- Physical

- Mechanical

- Microstructural
o T.L.P. response

¢ Finite Element Analysis (FEA)



Photograph of pol
with filter on bo

yurethane hemishell CIP bag on al
ttom of plug seal
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uminum mandre]



nside of shell Qutside of shell

Aluminum mandrel: note Be powder which
stuck to polar region of mandrel

Photographs of beryllium preform and the aluminum mandrel an
which it was CiPed.
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CIPED POWDER PREFORM IN H]p CAN

—— Fi11 tybe

— Outer can wall

N Hemishell preform

Photograph of cold isostaticall
between can walls prior to brim

Y Pressed powder
welding.

preform inserted

86



1/2" qap

1/4" gap

Photograph of cut section through larce nemishell can before
filling with powder. Inner can wall nas a 2-inch radius arc
outer can wall has a 4-1/4 inch radius.
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Full half section of hemishell before removal of SS can

Closeup of waist/brim area

Photographs of large hemishell directly HiPed from beryllium
sowder (Direct HIP-1)
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Plots of large hemishell with same outer and inner waii thickr::
pefore and after a simulated HIP cycle on the finite eisment r-:

oW

1
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Sefore HIFing
After HIPinz

0.03 incn
0.12 inch

Plots of large hemishell with thick outer wall and thin inner wall
before and after a simulated HIP cycle on the finite element mode)
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‘l“ Rockwell International
“" Diagram of Profile of Direct HIP-4 Beryllium

Hemishell Before and After HIPing in Steel
Hemican and Finish Machining

Outline of HiPed hemishell , Beryllium hemishell
before machining (atter machining) (933 grams solid Be)

Steel can (before HIP)
(1727 grams Be powder)
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“‘ Rockwell International
-

Composition and Density of HIPed
Beryllium Hemishells

Iron Aluminum BEQ Density

Part (Ppm) {(Ppm) (Wt%) (gm/cm?)
" SP-200F Powder 800 300 0.7 —
Direct HIP-4 855 305 1.10 1.8536
CIP/HIP-4 1005 325 1.12 1.8508
WR Specifications
RM255116 (A) 1200 700 0.9 1.8534
RM255116 (B) 1800 1600 2.0 1.8620

RM253939 1000 600 1.2 1.8557
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“Q Rockwell International
= Mechanical Properties of HIPed
Beryllium Hemishells

Yield Ult. Tens.

Strength Strength
Part (ksi) (ksi) % Elong.
. Direct HIP-4 48 (max) 69 (max) 3.2 (max)
© 38 (min) 61 (min) 3.2 (min)
CIP/HIP-4 42 (max) 61 (max) 5.4 (mayx)

38 {min) 58 (min) 3.4 (min)
WR Specifications

RM253939 50 (max) — 3.0 T&L
35 (min) 50 (min)
RM255116 (A) 38 (max) —_ 20T/1.0L

25 (min) 35 (min)
RM255116 (B) 25 (win) 35 (min) 1.0 T&L
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Thermally Induced | Porosity/Test
in Beryllium
(T.LP.)
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Direct HIP- 4 CIP/HIP-4
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dlb Rockwell international

Material Utilization

v Over 50% recovery with HIP

86

« 28-30% recovery with current processing



‘lw Rockwell Internationai

<>

Summary/Conclusions

» Good shape control with direct HIP

* No buckling with thicker outer can wall

96

¢ Mild steel can easy to remove with nitric acid
e Properties meet high strength Be specification

¢ T.1.P. revealed porosity and insufficient outgassing
* FEA is a useful tool
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d‘k} Rockwell International

Future Work

« Make WR component
e Examine HDI issue

¢ Further develop FEA



EVALUATION OF THE STRENGTH OF GRAPHITE DIES USED IN TH

HOT PRESSING OF BERYLLIUM BSILLETS

by
D. Roberts [AWRE)

Summary

Graphite tooling is used for the hot pressing of beryllium
billets. The load applied during a typical pressing
operation, gives a calculcted die hoop stress approachirg
the UTS of the graphite used for the tooling, Despits this
fact, the incidence of die failure is low. 1t was thought
that the development of near net shape prassing techniquss,
would require hot pressing loads higher than those used for
typical billets. 1In view of the die hoop stresses produced
by the higher pressing lcads, a preliminary investigation
was undertaken to determine the bursting strength of
graphite dies. It was found that depending upon the
pressing temperature and billet aspect ratio, <fallurze
occured at calculated hoop stresses at least twice the UTS
of the graphite, It wae concluded that the actual hoop
stresses were less than the calculated values as & result of
the applied load being attenuated by die friction effacts.
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EVALUATION of THE STRENGTH OF GRAPHITE DIES
SLIDE 1

AWE and ROF Cardiff use graphite dies for the
hot pressing of beryllium powder. The reasons for wusing
graphite are availability compatibility machinability and
cost. The strength of the graphite wused CS is low

SLIDE @

Experience of hot pressing has shown that dies made
from the CS graphite give satisfactory service and did not
fail by bursting Calculation by lame formula show that the
hocop stresses induced in the dies by an applied lpad of
about 0.5 tpi are about half the ultimate strength of the
graphite. At such a high hoop stress some die failures could
be expected in a production run

SLIDE 3
SLIDE 3A

The possible reason for the absence of failure is
that some of the applied load is attenuated by die or powder
friction

SLIDE 4

A similar effect was reported by Bustamante in
about 19460 in the cold pressing of metal powders in steel
dies. He showed that the measured strain in a cold pressing
die wvaried from half to a fifth of the predicted value.

Assuming a similar effect fur the hot pressing of
beryilium , and the confidence that had been built up
absence of die failure , the use of dies at the high
apparent working hoop stresses was acceptable.

In developing improved net shaping and possibly in using
CIPed preforss the applied load of 0.5 tpi may have to be
increased . If it was increased to 1tpi then the calculated
hoop stresses in a die would be higher than the strength of
graphite. This would appear unrealistic and there would be
little confidence in carrying ocout any development work

involving this loading.
What was required was to show that a similar

attenuation effect occurred in beryllium hot pressing and to
measure the amount of attenuation.

SLIDE S
Measuring the strain in graphite dies at about 1100 C
would be difficult. What was required was an estimate of the

applied load at which a die would fail. This could be easily
measured by increasing the applied load on a die until
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failure occurred. Using lame formula the calculated thoop
stress at failure could be calculated from the applieada 1oad
at failure . The differance betwern the calculated strength
and the tensile strength of greashite would be a measure of
the attenuation of the applied loed in the die
Ta carry out this work a double acting dl1e was
designed and manufactured at various wall thickness

SLIDE &

The die was manufactured at 75mm id ard 112 125 150
and 200 mm od. Applying lame formula to the dies the induced
hoop stress in each case would exceed the applied pressure

by 2.5 2.13 1.67 and 1.33 respectively.

SLIDE 7

Twenty dies were burst tested under various conditions
of temperature and powder fill height and powder
The results are shown in

SLIDE 8
SLIDE <9

and summar ised later

Considering first
Lame formula
SUIDE 10

The formula applies to a infinite long cylinder under
either internal or external fluid pressure such that the
applied pressure is equal to the internal pressure and to
the intermnal radial pressure.

In powder pressing
Considering the die as a cylinder
The cylinder is only stressed or strained over a short
length about its centre. The unstrained wall area will give
some support to the stressed area and therefore reduce the
overall strain or stress in the wall.

SLIDE 11
Secondly the radial pressure seen by the wall is derived
from the applied pressure {applied load/ die area) after
transmission through both the plunger and billet. in
transmission the forces must be attenuated by both plunger
/ die, plunger/ powder, and powder friction.
Considering the results summarised in

SLIDE12
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The first result Die stresses with water., Failure
occured at a hoop oStress equal to the quoted tensile
strength cof graphite.Showirg no stress attenuation, |[n this
case the billet or charge aspect ratio i1s uncertain as the
the billet was made up of a sandwich of water btetween two

rubber end plugs.

SLIDE 13

All the other results show attenuation of stress when
the calculated hoop stiress at temperature is compared with

the room temperature strength of graphite.
The variation can be considered under three effects

ONE Variation with billet aspect ratio
SLIDE 14

There appears to be two relations

First a rapid increase in attenuation as the aspect ratio
of the ©billet decreased below 0.5 or as billet height
decreases

Secondly a slow decrease in attenuation as aspect ratio
increases above 0.5
Both eftfects are the result of friction

At low aspect ratio the friction between plunger faces
and powder or billet restricts the outward flow of either
powder or billet and therefor the radial stress on die wall

As the billet aspect ratio increase the effect of
plunger face friction remains constant, but the billet or
powder column will tend to barrel out increasing wall
stress

At an aspect ratio of about 2 the attenuation of stress
would be about 2. As a in powder pressing billet aspect
ratic is limited to about 2. it could be considered that in
powder pressing the minimum attenuation is about 2.

The second effect is that of die wall thickness
SLIDE 15
This is again as expected from the original

consideration
In this case very few results were available and teo

investigate the effect fully work would be reguired at
various die diameter at constant billet aspect ratio.

The third effect noticed is that of pressing temperature
on the attenuation ratio.
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SLIDE 16

At medium billet aspect ratio
beryllium at 1100 attenuates stress at about 2

copper at 1000 attenuated stress at about 2

Beryllium at 900 and 750 attenuate stress at about 4 &

Alumina at 1100 attenuates by about 4---6

In the case of beryllium at 1100 and copper at 1000 the
billets would be fully dense but the remainder would be

about BC to 90% dense

The results are similar to the work of Bustamante
who showed that at room temperature lead attenuated the die
strain by 2 but other metals attenuated strain by about &

Again lead would be expected to be 100% dense and the other
metals about 80%

SLIDE 17

As explained earlier EC 2 graphite is not use for dies
some tests were carried out on EC2 dies. In the first test
compression failure of the plunger occurred without any
damage to the die body. AS the compressive strength of
graphite is bigher than its tensile strength and in the die
under test the die geometry would :ntensify (Lame Foramula)
the applied pressure by about 1.3. Then the plunger failure
before die failure indicates a n attenuation of about 1.6 #

1.3%2= 2.6
The other EC2 resulis when expressed as attenuation
appear to agree with the CS5 graphite results

The dies all appeared to fail by longitudinal cracking
with the broken fragments left standing after the failure.

SLIDE 18
SLIDE 19
SLIDE 20

Assuming a similar failure in a production die then there
wauld be little damage to furnace provided saome clearance
was allowed between die and furnace body.

SLIDE 21
TO GARIN FULL CONFIDENCE IN THE EXPERIMENTAL RESULTS A

110MM DIAMETER FREFORM DIE WAS TESTED TO DESTRUCTION
THE RESULTS GIVE AN ATTENUATION RATIO OF ABOUT &2
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EVALUATION OF THE STRENGTH OF GRAPHITE DIES USED IN THE MOT PREISING OF
BERYLLIUM BILLETS

HOT PRESSING

}
GRAPHITE DiES
WEAK SUT SATISPACTORY
STRESS AT PRESSING LOADS HALF OF UTS LAME FORMULA
FALURE EXPECTED NO FALURE IN PRODUCTION

|

REASON
FRICTION ATTENUATES APPLIED LOAD
ACTUAL HOOP STRESS LESS THAN CALCULATED

' '

DEVELOPMENT OF NET SHAPING

REQUIRED HIGHER PRESSURES BUSTAMANTE 1800
l Cold pressing meln des
DIE STRENGTH SUFFICIENT Compared suain wih water
2 1o strain wilh metal powders
Strain In metal poweer
1 pressing lese

EXPERIMENTS TO DETERMINE STRENGTH Rato of wain

LTS  Hoop skrees at tellurw

‘ quotsd tenelle UTS
SERYLLIUM 1100 C ¢
ASPECTRATIO Low § e 2

ABPFECT RATIO HGH ?

SERYLLAM 780 C \d ) ]
CGFL 1000 ¢ 2
WATER ROOM TEMP ! i
TEST OW PRESSING DIE
NORMAL LOAD 7 tons
FALURE LOAD  25tone L

Crephiie ws 1§ Folwre doop MN/'MM
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CS graphite UTs Compressive
Tensile
Flecture
nensity

EC 2 Graphite UTS Compressive
Tensile
Flecture
Density

TABLE

SLINE 2

32 N/mm?2

15-<20 Bl/mm2

15 N/mm

1.70 ¢ Perosity 23%)

67.0 N/mm2
27.0 N/mm2
34.0 N/mmzn
1.77 {Peroaity 17%)
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SLIDE 4

Die Die base powder aspect applied appliedhoop calc lerrvo
od id shape weight ratic 1load pres factor hoop hoop/
»e =Y ) Kg tons N/mam stress UTS
500 370 billet 10Kg 0.14 30¢ 2.7¢ 3.42 9.0 b= 45
500 240 near LKg 0.17 40t 8.81 1.58 14.0 e93--.7

net

net
500 300 billet 22kg 0.6 30¢ 4.23 2.13 9.1 ebl==,46
300 75 billet 400g 0.66 7.0t 15.79 1.15 17.6 1.17--.88
300 108 near 750g 0,2 7.61 1.35 10.4 .69"‘.52

net 14.0 15.32 1.35 20.8 1.39--1.04

TABLE
Typical values of applied loads used in the

pressing of
dies

beryllium preforms &t 1100° C

hot :3

in praphite
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SLIPE #4A

20 - °® 4 N
300mm OO0 + 500mm O@ dies
die failed at :

18 37 N/mm?2 e 300nm OQ dies

Normal applied
16 - pressuras
used in hot
14 - pressin
+
12 1 Predicted die failure
Applied
pressure 10 -
N/mm +
8 1 ®
6 -
4 - +
+
2 -
0 T ] ] T T ™ \
Die bore at 500 od 100 150 200 250 300 350 400
) 1
Die bore at 300mm ad 75 108

FIGURE PRESSURES APPLIED IN DIE HOT PRESSING OI_= BERYLLIUM AT 1100C 38
Line shows applied pressure predicted to burst a die ‘
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EVALUATION OF THE STRENGTH OF GRAPHITE ODIES
USED IN THE HOT PRESSING CF BERYLLIUM POWDER

GRAPHITE DIES

REASON  AVAILABLE
COMPATIBLE
COST

|

v
SATISFACTORY
IN USE NO FAILURE BY BURSTING

I
!

WEAK

LAME FORMULA
HOOP STRESS= INTERNAL PRESSURT * (R*R+1%r)
(R*R-rer)
FRICTION ATTENUATES STRAIN TO ORDER 2- - -6 IN COLD PRESSHNG
(BUSTAMANTE 1960)

NET SHAPING  DEVELOPMENT
HIGHER APPLIED LOADS POSSIBLE

CURRENT APPLIED LOADS
OVER HALF _CALCULATED A

DIE BURSTING LOAD
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EVALUATION OF THE STRENGTH OFf GRAPHITE DIES
USED (N THE HOT PRESSING OF BERYLLIUM POWDER

PROBLEM |
DETERMINE STRAIN or STRESS in HOTPRESSING D

|

STRAIN ICUL INATION
TEMPER TURE 1100 C

l

REQUIRED

ESTIMATE OF LOAD AT WHICH
DIES WILL FAlL

METHOD
BURST A DIE BY INCREASING LOAD

UNTIL DIE FAILS

|
|

DES*GN
DOUBLE ACTING DIE 5

108



SLIDE 6

DIEBOLY TOP PLUNGE}

FNALBILLET | o1 in | - TN POWDER FiLL

POSITION

RETAINING FLANGE IN
O BORE TO HOLD
BOTTOM PLUG N

SOTTOM
PLUNGER

F DIE_DESIGNED TO EVALUATE HOOP
STRESSES GEMERATED IN GRAPHITE O
OfES USED IN THE MOT P agsme
OF BERYLLAM POWD
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DIE DIE HOOP STRESS
oD 1D INTENSITY
mm nm factor

200 75 1.33

150 75 1.67

125 75 2.13

115 75 2.5

FORMULA
Hoop stress = Applied pressure * (k+1) / (k-1)

‘here k =( R/r)2.

Leteing
(«+1) / (k=1) = hoop stress intensity factor

Then
Hoop stress = applied pressure * stress intensity fac

. vyt

Determination of hoop stress of experimental dies used

7
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SLiPE é’

At failure

Powder die die appliied applied hoosp l
dtest od 1d load presgure stress
temp. mm (Y tons N/mm Nemé
o !
water
room temp 125 75 3.5 7.81 18,8
Be
1100 200 75 19.5 44 58
1100 150 75 12.5 28 47
1100 125 75 18 38
1100 115 758 6.5 14,5 36
760 125 75 19.0 42.9 91.1
Cu
980 1295 75 8 18 3%
Alumina
1100 125 75 18.0 40.6 86.3

Experimental

0.5

resultes CS graphite dies at constant billet
aspect ratie H/D ( Billect ht/ Billet diameter)of D.4% ie

[RR
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SCIDE 1O

EVALUATION OF THE STRENGTH OF GRAPHITE OIES
USED IN THE HOT PRESSING OF BERYLLIUM PCWDER

RESULTS
SUMMARISED  TABLE §

DISCUSSION

v
STRESS N CYLINDER UNDER HYDRAULIC PRESSURE
LAME FORMULA

HOOP STRESS= INTERNAL PRESSURE X (RXR + rXr

(RXRB-rXr)

R =CGUTER RADIUS r - BORE RADIUS
APPLIES WHEN CYLINDER LENGFH LONG and PRESSURE IS APPLIED BY FLUIL

IF k= {RXR + 1 X1)/{ RXR -1 41 )
THEN HCQOP STRESS = INTERNAL STRESS X k

|
|
|

v
POWDER PRESSING
CYLIMDER LENGTH SHORT  PRESSURE MEDIA POWDER

FRICTION AND DIE WALL LENGTH UNDER STRESS
BCTH REDUCE EFFECTIVE PRESSURE ON DIE

STRESS ATTENUATION
10
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e = g R P

SL1PgE . //

Applied load

Unstressed
wali area

AN Induced
Stressed & Radial A hoop
wall area g Pressure stress

, AN " -

Unstressed
wall area

C i

Appilied load

y )

b )

STRESSES IN A POWDER PRESSING DIE 11
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SLIOE 2.
DIFE POWDER POWDER DIE DIE HOOP RATIO
MATERIAL| TEMP ASPECT CUTER HOOP STRESS HOO®/
%¢ RATIO DIAMETER]| FACTOR N/MM TENSILE
STRE ;S
€. § vater
20 125 16.5 1.0
CCS Be 0.“9 200 1033 58 3.9
1100 150 1.67 47 J. 1
125 2.13 s 2.5
115 2.5 36 2.0
Be 1.47 125 2.13 31.10 2.1
1100 .98 128 2.13 32.38 2.20
.49 125 2.13 38.4 2.6
e32 125 2.13 62.0 4.1
.16 125 2.13 96.1 6.4
Be 0.49 125 2.13 91.1 6.1
150
C.S Cu 5‘9 125 2.’3 36 2.‘
1000 150 1.67 43.1 2.87
Al1203 «49 125 2.13 91.! 6.07
1100
E.C 2 Be <49 200 1.33 65.86 2,44 %
1100 150 1.67 75.18 2.79
125 2.13 76.85 2.85
115 2.5 64.33 2.38
E.C 2 Be <49 125 2.13 124.8 4,62
900
750 «49 125 115.0 4.25
Cu «h9 125 55.7 2.06
I_pSO —
Experimental results suemarised and calculated hoop

stress expressed as ratio of quoted room temperature
tensile strength of the respective graphites.
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EVALUATION OF THE STRENGTH OF GRAPHITE DES
USED IN THE HOT PRESSING OF BERYLLIUM POWDER

DISCUSSION OF RESULTS
!

DIE PRESSURISED WATER FAILED WHEN

HOOP STRESS REACHED UTS OF GRAPMITE
J TABLE

IN ALL  OTHERS HOOP STRESS AT BURSTING
WELL ABOVE UTS TABLE

|

THREE EFFECTS

BLLET ASPECT RATIO FIGURE

DIE WALL TO  BWLLET HEIGHTFIGURE
EFFECT OF TEMPERATURE

13
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EVALUATION OF THE

USED IN THE HoOT PRESSING

ATTENUATION OF HoOP STRESS -

—————

BILLET MATERIAL
BERYLLIUM
BERYLLIUM
BERYLLIUM
BERYLLIUM
BERYLLIUM
BERYLLIUM
BERYLLIUM

COPPER
ALUMINA

6l

BILLET ASPECT

LOw
HIGH
MEDIUM
MEDIUM
MEDIUM
MEDIUM
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SCIPE /7
At failure

die die applied applied hoop
od id load pressure sfress
mm mm tons N/mm N/mm
200 75 22 49.62 6535.86
150 75 20 45.1 75.18
125 75 16 3J6.1 76.68
115 75 11.5 25.9 64.33

Experimental

Pressing temperature
Billet aspect ratio h/d=0.49

Plunger failure exessive loads

results of EC2 Graphite dies
1100°C powder charge 300g

Result {gnored
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Experimental die burst-tested using hydraulie
loading at room temvoerature.

Centre: Water filled balloon used tc traansmit
hydraulic pressure, !‘
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Series oi three CS graphite dies used to deteraiae
the strength of graphite hot pressing dies. "
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Fractured die shown as in furn

ace afrter rest 2.
(reassembled after removal from furnace).
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Stiof 24

11" Experimental die used about

10 times at 7 ton

apoplied loac

Cavity diameter 4,25" 108mm
Outer die diameter 11.00" 280mm
Cavity bottom Hemispherical
Parallel skirt on compact length v 25mm
Powder charge weight 750 gms 750g
Applied load normal 7 tons
high 14 tons
Normal pressing pressure 0.5tpl 7.7N/mm2
high pressing pressure 1.0tpt lS.AN/mm2
Hoop stress normal 0.5%1,.35 Je7%1,.3
normal 0.675tpi 10.4N/mm
high 1.35¢pi 20.8N/mm?
Load at failure 25 tons
Applied pressure at failure l.76tpd 27N/mm2
Hoop stress at failure 36.7N/mm?

21

Comparison of pressing practice load with values attained
in a press to destruction test on
Results of actual hoop faillure test on CS Graphite die

an

actual

mould



THF, KINETICS OF VOID FORMATION IN ANNEALED

HOT 1SOSTATICALLY PRESSED BERYLLIUM |

by
J.Ansell and J,.S.White (AWRE)

Summary

It has been qualitatively established that hot iscstatically
pressed (HIP) beryllium is susceptible to swelling on
subsequent annealing., Previous workers have attributed this
behaviour to the incomplete outgassing of the steel cans
used tc contain the beryllium during the HiPing operation,
The kinetics of the swelling process have been studied
dilatometrically in the temperature range 750 - 1150°C. The
data show that approximately 30 v/o void formation was
produced in the experimental samples by high temperature
annealing., In addition, the kinetic data also suggest that
the mechanism of void formation is different for annealing
temperatures above and beloew 850°cC,
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Swelling behaviour of HA501 type beryllium
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Swelling behaviour of HA501 type berylium

20r  under isothermal conditions
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Glass jar

Heat shields Pushrod guide
Watercooled
brass base v and
slectronics outhet

Support

Quertz pushrod

Quartz tube
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SERYLLIUM SPIN FCRMING AT SCCKY FLATS

S. P. Abeln and M. P. Riendeau,

Abstract

Spinnability of pressed powder beryllium is investigated. Beryllium disks cut
from vacuum hot pressed (VHP) logs are form spun over a mandrel and. total
strains measured. The design matrix includes spinning of a bare beryllium
disk. a disk with a cover-plate, and a completely encapsulated (canned) dizk.
Metallurgical evaluation includes grain structure, texture. and tensile
properties before and after spinning. Material spinnability is evaluated at

400°C, 500°C and 750°C.
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Be Formability

Author(s)

R. R. Corle
S. H. Gelles

P. B Lindsay
R. P. Sernka

(1981)

(1972)

J. J. Blakeslee (1973)

Material
Forming Temp. Thickness
Method (°C) (inches)

Fukui 400 0.060
Cup Test

Shear 500 0.225
Spinning

Deep 600—750 0.325
Drawing



dlk/ Rockwell International

1341

Be
BeO
Fe

Al

Mg

Si

N

U
Other

Material: RM 255116-A

Element

Wit

99.19
0.82
0.072
0.076
0.036
0.022
0.028
0.017
0.004

-0.04
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Conclusions

¢ Buckling prevents form spinning in one operation

(st

« Several intermediate anneals required
v Respirators required by HS&E

v Not a cost-effective technoiogy at this time



BERYLLIUM FILMS FORMED BY PHYSIZaAL
C. wW. Nordin and R. 0. Adams
Rockwell International
Rocky Flats Plant

Golden, CC 80401

Films of beryllium formed by physical vapor deposition are
tenacious and non-porous. When deposited at the proper rate and
substrate temperature, they have a fine grain structure. At a
substrate temperature of 400°C, the grains in the film are
columnar and are 10 to 20 microns in diameter. The columns
typically extend from the substrate through the film.

Increasing the substrate temperature increases the diameter of
the columnar grains. In addition, the strength and duct:iity of
the film increases as the substrate temperature during
deposition increases. The fracture strength increases from
20,000 psi at about 400°C to about 43,000 psi at 6§350°C.

Films up to 0.020 inch thick, have been formed by electron beam
evaporation on a variety of substrates with these kinds of

phvsical properties.

Editor's Note: The visuals for this presentation ars not shown here
because of reproduction constraints.
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INTRCIUOTION

For a number of vears we have deposized zery.l:

. ~ & - - e - . & -
varietv of configurations for a variacy of cdifferent

To date all of this work has been done 3

apglicazions.
electron beam evaporation. The equipment 1n which this :s done
1s shown tn SLIDE 1. This is a typical deposition s¥szem tha<

could be found 1n any kind of instailation which does film
deposition. This particular vacuum chamber is a stalnless steel
cylinder 3 feet in diameter and 3 feet high. The attached
vacuum system consists of a mechanical pump and an 10 inch
diffusion pump with a liquid nitrogen cold trap. The system is
capable of pressures in the low 10-6§ torr range on a routine
basis; on a go0od day it will €o into the 10-°7 torr range. The

beryllium is heated to evaporation temperatures with an electron

beam gun operated at 10,000 vclts. The beam current is variable
and controls the derosition rate. As ycu might expect,
bery.ilium evaporates readily. In fact it sublimes with =a

significant rate at temperatures a few hundred degrees below its
melting point. At normal operating temperatures of about 1100
C, we can get deposition rates of over 1 mil/hr depending on the
configuration of the system.

As mentioned earlier, we have deposited beryllium on a
variety of parts of different sizes and shapes. SLIDE 2 shows
some parts at one end of our size spectrum. These are about
2500 microns in diameter coated with beryllium to the thickness

shown on the slide. Tr se part were to be free standing spheres
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el tarvilium, They were ¢

)
MillaTm

the tns mardrel e-cned

mandrels, thev were then machined ana
away. The berwvllium film is fine grained which a.l.3%<2
mirror finish on the finish machined part.

SLICE 3 shows a part at the other extreme in size . This 1s

a bervllium mirror blank that 1s 24 inches in diameter and 3
inches thick. We coated it with 12 mils of beryllium. The

coating was done in a single 1 hour run.

- e

wWith the proper deposition parameters, particularly the
depcsiticn rate and the substrate temperature, films with very
fine grains can be deposited. SLIDE 4 shows a typical film
deposited at about 1l mil/hr on a substrate that is at 400 C
during deposition. The grains are columnar and quite fine with
diameters of 53 to 20 microns. The film is dense which is
noticeable by the lack of voids and porosity between the
grains. The angle at which the grains appear to be oriented is
caused by the placement of the substrate in relation to the
bervliium vapor source. The film grows toward the vapor source,
hence the grains are oriented toward the vapor source. This
slide shows two photomicrographs taken 86° to each other.

This can give us some idea of the cross section of the grains.
The substrate on which the film is deposited has little
effect on the gstructure of the film. SLIDE 3 shows a film grown

on a polished surface. The film has a dense columnar growth
pattern. SLIDE 6 shows a film grown an a machined surface. The
film has the same appearance as the film grown on the polished

surface.
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Tha temperature of the subsirat: during Zfepcs:

rownn I the

probably the greatest effect on the gra:in g

: . . : . 1 :
deposited film. This is true of any material, meta:

SLIDE - is a well known, to wvacuum
Oe e
S {ee

grain size of a deposited film. This slide also shows the %Z

semi-conductor or insulator.

coaters anyway, diagram of the effect of temperature on the

effact of the pressure of a sputtering gas on the grain size but
we can disregard that axis. You can see that there are three
zones divided azcording to temperature measured in terms of
percentage of melting point. As the temperature increases the
size of the grains increase; a fact that is not too surprising.

Two examples of this are shown in the next two slides.
SLIDE 8 is the cross section of a beryllium film deposited at a
substrate temperature of 140 C. The grains are very fine but
there are a large number of voids between the grains. Films
such as these are quite brittle and highly stressed. They
t¥pically do not adhere well to the substrate. ESLIDE 8 is a
photomicrograph of a beryllium film deposited at 100 C substrate
temperature. Here is the dense structure with still fairly
small grains. Most of the beryllium films that we have
deposited were done in the range of this temperature, 300 C to
300 C.

Some of the films we have made have been too thick to
deposit in one deposition run because of the limited size of the
evaporation source. In these cases, the chamber has to be

opened and a new source put in place. This means thatr the film

is exposed to the atmosphere and thus a layer of oxide forms on
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film., SLIZE 1) is a zneo-omicrograzn
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tne surface of the

12w Tan 2
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cross section of a multilayer peryi..um Ti1.m.
the oxide layer has little effect on the growth of 22
this slide the oxide laver is so thin that .=

most cases seen on

is not easily seen. In these cases the grailns appear o

continue toc grow through the oxide laver. In one case a thicker
nxide laver is present but the grains still appear to continue
their growth.

The vapor deposition process also appears to refine the
beryllium as it deposits. ESLIDE 1l shows the composition of the

film compared to the composition of the beryllium evaporation

source. You can see the siznificant change in the oxygen

content.

Since the characteristics of the grain growth change with
temperature of the substrate, on might expect the physical
propercies of the film to also change with substrate
temperature. And indeed they do as in shown in SLIDE 12. The
electrical resistivity decreases with increasing substrate
temperature. The hardness decreases as do the fracture :trength

and the total elongation.

Films and free standing shapes made from films of bervilium

can be made by electron beam evaporation. The properties o

[ad /]

these films can be tailored by controlling the substrate

temperature.
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. Chemlcal COmposmon of Berylllum :

. ‘ ) _JhlPomnh ‘
- M ~ Source A:-Dopoahod (AC)
. Baryflium Oxide (BeO)  0.05 - =
- tWron(Fe) - 0.0135 - 0.001 -0.0125
C~ - Aluminum (Al) 0.010 . 0.o18 - +0.008
. Calcm(Ca) = <0003 . <0003 = - =~
Cadmium(Cd) <0.001 - 0.001 -
Cobalt (Co) <0001~ 0001 - -
_ Chromlum(Cr) =~ 06002 0002 . =~ -
o : Copper(Cu) . 0.003 - — ~ -—
- Magnesium (Mg) <0001 .~ 0004 ~  +0.003
) : - Manganese (Mn) - 0.008 .. 0.016 +0.008
| Molybdenum (Mo) ¢ <0.003 - 0.005. +0.002
Nickel (NI) , 0.013 0.003 - -0.0%0
Lead (PD) = _ M_<nfoai <0.001 - —
Silicon (S) - 0010\ <0.001 ~ -0.009
Titanium (Ti) -+ 70.029 <0.001 - -0.028
Tangsten (W) <0.020 — -
“Zine-(Zn) . £0.010 . .| <0.010 —

‘Fmdmgs showed that the welght percent of copper in:
the foils was dependent on the substrate temperature.



Propertles of Berylllum Fllms
Versus Substrate Temperature

: Subslmte Eledﬂcal Knoop Fracture | |
. Temp. During Resistivity Hardness No. Strength . Total

_Evaporation (micro-ohm (100-percent (1000 Ibs. -

- {°C) cenﬁmeters) ‘gram load)‘ persq ln.) (

£

" 200 to 270 b ,488‘104’90';'
' 30010 345 96210129 ‘257r0326- ‘
35010425 88510922 25010230 191021, 0.1
48010550 4.2 049 20416233 391043 03
62510685 451048 168 401052 045



SPEEDS AND FEEDS FOR CARBIDE ON BERYLLIUM

D. V. Gallagher

Abstract

Surface finish and tool wear in the machining of beryllium has long been a
concern in the ability to machine accurate parts. This study covers the use
of carbide tooling, (Carbcioy 999 or equivalent grade), presently in use in
the Be shop. The independent variables were speed in surface per minute {sfm)
and feed rate in inches per revolution {ipr). The optimum values found for
speed and feed are 220 sfm and .004 ipr respectively. These values were
chosen so that if the machinist operated at 120% on feed and speed an
acceptable product could still be made with good surface finish and minimum
tool wear. The surface feet per minute was varied between 180 to 350 sfm, ard
feed rate was taken between .002 and .048 ipr. The dependent variables were
surface finish of the part, and tool wear measured on the flank of the tool.
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Objectives of tool study

Achieve surface finishes of 63 microinches AA
or less so that polishing is not required and
thus reduce aerosols produced.

Determination of optimum surface feet and feed
rate was desired due to recent retrofitting
of lathes in the Be shop permitting constant

surface feet to be programmed.

Determination of wear on flank of tool so
that tool radius wear may be estimated.
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Parameters for tool study

Style of insert was DPGT 32X where X signifies
radius of the tool. A .030" radius tool

was used for straight cutting and a .015"
radius tool was used for spherical cutting.

Grades: Teledyne HF
Kennametal K11

Nose radius tolerance: t+ .0005

Neutral (0°) rake on tool

Tool holder was milled with a three
degree positive rake.
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Insert DPGT 32X

Nose Radius

S

@\ [ ]

-Edge Sharpness
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Parameters for tool study (cont.)

Feedrates: Given in inches per rev. (ipr)
.0n2, .004, .0048

Speeds: Given in surface feet per min. (sfm)
180, 220, 260, 300, 350

Depth of cut was .005" for all speeds and
feeds used.

Machine: Excello T-Base lathe
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Experimental setup for spherical and

straight cuts
O

Spherical cutting

o

N

Straight cutting
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Results of tool study
Tool flank wear varied from .0019" to .0055".

Surface finish was between 12 & 60 microinches
AA excluding tool failure.

Optimum range for sfm & ipr was found to be
260 sfm. and .004 ipr.

A built up edge was found at all speeds and
feeds tried. All cutting was dcne dry.

165



991

Surface finish vs. sfm and ipr

Surface finish
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70 ist replicate
i ]
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Tool wear

inches

0.006 [

Tool wear vs.
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0.005
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L
0.001 -

i

I

OL A 1 | 1 I

Tool Pass 1 2 3 4 5
sfm 180 220 260 300 350
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Future work planned on Beryllium tooling

Ceramic and carbide tooling with controlled
edge sharpness and 2 to 4 microinch AA finish

on tooling.

Edge radii from .0002" to .0015" will be tried.
First trial of tooling will have edge
sharpness of .0005" to .0006".

Metallographic work on surface damage due
to different cutting tools and machining
parameters will be examined.
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RECENT ADVANCES IN THE DIAGNOSIS OF CHRONIC BERYLLIUM DISEASE

Thomas N. Markham, M. D.
Corporate Medical Director

Brush Wellman Inc
17876 St. Clair Ave.
Cleveland, Ohio 44110

Acute and chronic beryllium diseases are lung diseases which have been
identified in workers exposed to beryllium and beryllium-containing materials.
Although scattered cases were reported in Europe earlier, these disesases were
not recognized in the U.S. until the 1940's. Originally thought to be a conti-
nuum of the same disease, it is now clear they are separate entities with sig-
nificantly different pathogeneses and prognoses. Acute beryllium disease was a
chemical pneumonia, now only of historical interest, with the last cases occur-
ring nearly 20 years ago. However, chronic beryilium disease, a granulomatous,
interstitial, pneumonitis, can develop in 1-2% of workers exposed to a signifi-
cant quantity of beryllium. This condition is considered an immunological
disease and presents a difficult differential diagnostic dilemma between other
granulomatous diseases most notably sarcoidosis. New specific diagnostic tests
have recently become available which will be described, as well as their rela-
tionship to the more traditional use of X-rays and pulmonary furiction tests.
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SPECTAL REVIEW OF EVALUATION AND CONTROL
OF OCCUPATIONAL EXPOSURE TO
BERYLLIUM AT DOE FACTLITIES

Presented by
James 0. Jackson, Ph.D., CIH
Industrial Hygiene Group
Los Alamos National Laboratory
for
Donald M. Ross, Sc.D., CIH
and
Paul F. Wambach, CIH

Office of Operational Safety
U.S. Department of Enrergy

September 23, 1987
JOWOG 22B, Beryllium
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1.0 INTRODUCTION

This report presents the results of special reviews of beryllium operations
to gather facts on the sdequacy of the Department’'s programs for the
evaluation and control of occupational exposure to beryllium. The special
review was iniciated by the Assistant Secretary for Environment, Safety, and

Health.

This rerart is addressed to all DOE operating contractors that conduct
beryllium cperations. It is intended to describe the strengths and
weaknesses of occupational health programs observed during this review and
to provide guicance on acceptable practice for the evaluation and control of
nccupational axposurs to beryllium. The beryllium operations visited during
this review were at the Rocky Flats Plant, the Y-12 Plant, and Lawrence

Livermore National Laboratory.

An Executive Summary of the conclusions and recommendations of EH is contained
in Section 2 of the report. The findings and discussion obtained during
facility visits are contained in sections 3, 4, and 5. Section 6 contains the
overall conclusions about the strengths and deficiencies of DOE industrial
hygiene and occupational medicine programs for the evaluation &nd control of
occupational exposure to beryliium. Section 7 proposes a potential DOE-wide
program for the evaluation and control of occupational exposure to beryllium.
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2.0 EXECUTIVE SUMMARY

This report presents the results of special reviews of beryllium operations
to gather facts on the edequacy of the Departments programs for the
svaluation and control of occupational exposure to beryllium. This special
reviaw was initiated by the Assistant Secrecary for Environment, Safety, and

Health.

The revisw wes undertaken by a team of occupational health specialiscs
visiting the three major user facilities. The tean was made up of
industrial hygienists from: the Office of Operational Safety; the
Albuquerque, Oak Ridge, and San Francisco Operations Offices; and Los Alamos
National Lsboratory and by occupational medicine physicians from the Office
of The Deputy Assistant Secretary for Safety, Health, and Quality Assurance
and Oak Ridge Azsociated Universities; and was lad by the Director of the
Office of Operational Safety. Thesa visits were followed-up by industrial
hygiene surveys to develop an evaluation of the degree of occupational
exposure. Team members participated in an extensive survey being conducted
at the Rocky Flats Plant and conducted brief independent surveys at the Y-12
Plant and at Lawrence Livermore National Laboratory.

SITE DESCRIPTION

Reviaws were conducted at three of DOE’s wajor beryllium user facilities:
the Rocky Flats Plant, Golden, Colorado, (operated by Rockwell
International); the Y-12 Plant, Oak Ridge, Tennessee, (operated by Martin
Marietta Energy Systems); and Lawrence Livermore National laboratory,
Livermore, California, (opersated by the University of California).

The Rocky Flats Plant fabricates beryllium metal components for nuclear
wveapons. The operations consist principally of machining metal pieces which
have been purchased from a vendor. The finished pleces are handled by
workers involved in quality assurance and assembly activities. The
beryllium machine shop employs about 30 machinists and is located in

building 44%.

The Y-12 Plant fabricates beryllium oxide ceramic components for nuclear
weapons. The principal operation consists of diamond grinding, high
precision machining of ceramic pleces which sre primarily purchased from a
vendor. The ceramic hot press operation is a routinely functioning reserve
manufacturing capability where beryllium oxide powder is mixed with other
compounds, pressed into the desired shape and fired in a kiln. A third,
remotely operated glovs box production operation is alsoc performed at Y-
12. There are approximstely 15 employess working in these beryllium

shops which are located in building 9201-5E and the Butler annex.

The Lawrence Livermore National Laboratory fabricates beryllium metal
components for experimental nuclear explosives devices. This is a typical
laboratory facility vhers machiniits work approximately half time at
fabricating beryllium parts. There are approximately & emplovees who
machine beryllium in building 321. There is also a destructive testing
operation assoclated with development of new devices in which beryllium
componants are included in a non-nuclear package that is destroyed using
high explosives. This testing takes place at site 300.
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SUMMARY OF CONCLUSIONS

In general, state-cf-the-art engineering controls are being applied to DOE
operations that generate beryllium aerosols. However, the studies perforzed
to date indicate that worker exposures nesr or above the permissible
exposurs limic are occurring at some locations as & result of short ternm
excursions from hand work or opening hocds &nd gloveboxes. As a resulc,
beryllium concentrations can be higher in the workers’ breathing zone than
anywhere else in the workroom. These workers are required to vear

respirators.

Work places are being monitored using three types of sampling. Perscnal
breathing zone sampling is being used to estimate exposure and assure
compliance with exposure limits. Fixed head area sampling is used to assure
that hoods and other control equipment are continuing to perform adeguately.
Since area sanples are collected continuously, they also provide information
in the event of an accidental release. Swipe sanpling is being performed to
assure that houses keeping practices are adequate to prevent the spread of
beryllium surface contamination.

While there is some varlation in methods used by DOE contractors to analyze
beryllium samples and in the quality control programs applied to those
analyses, these variations are not creating any detrimental effect on the
accuracy of exposure estimates. Inaccuracies inherent in collection of
personal samples and the time varying nature of occupational exposure cresate
much greater uncertainty than those associated with analytical procedures.

Operating procedures and safety rules have been established for berylliua
work at all DOE facllities visited. These procedures require the use of
protective clothing, limit sccess to authorized personnel, and require
review of all non routine operations. The Rocky Flats Plant has avthorized
a large number of employees (2000 since 1984) te have access ta beryllium
shops mostly to perform maintenance and cleaning jobs.

Appropriate personal protective equipment is being provided at the DOE
facilities visited when employess are potentislly exposed to beryllium. The
respiratory protection program reviewed meet DOE requirements for fltting,
training, and medical c.earance of respirator users and for selection and

maintenance of equipment.

Effective programs are in place to minimize the potential for ingestion of
beryllium and to control contamination of surfaces with berylliuam. Eating,
drinking, and smoking in controlled areas is prohibited or limited. All the
facilicies visited have swips sampling prograss to assure that work rooms
and surfaces are kept clean, and to assure that tools and work pieces
leaving controllsd areas are clesn.

The definition for the purpose of mediczl follow-up of a berylliua worker
was found to have varied within and between plants over time. There are no
protocols for the medical evaluation of workers being considered for
employment in or transfer into beryllium operation areas. Although prior
diagnosis of chronic lung disease precludes employment in a beryliium area,
there are no specific standards of health or fitness which a beryllium
worker must meet. Information on possible past exposure to beryllium is
collected in a relatively casual fashion.

Annual medical examinations with pulmonary function testing, chest x-
radiograph, and physical examinations are either required or "offered” to
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active beryllium workers; active employees who formerly were identified as
beryllium werkers are followed according to the routine periodic medical
«xamination protocol for non-beryllium workers. Only recently has the
requirement for a B reader chest x-radiograph incerpretacion been added at
the Rocky Flats Plant. No location has any follow-up program on former
beryllium workers who have retired or left employment. There {s no
agreement as to the definition of & beryllium worker so follow-up varies

greatcly from location to location.

The OSHA Hazard Communication Standard (29 CFR 1910.1200) creates standard
requirements for an acceptable progran and compliance with those
requirements {3 policy at all facilities visited. Beryllium workers have
alvays recsived on-the-job training but the requirement for formal,
documented, specialized training has not been implemented at all locations.
Whers formal training has not yet been provided there are plans to provide

tha required training.

Signs and placards present at the Y-12 Plant carried the warning "suspect
carcinogen™ as required by OSHA standards. However, the principal hazard of
beryllium is its ability to cause chronic lung disease. Employees
interviewed found the warning confusing.

At the facilities visited, sample analysis results are routinely sent to
line management and posted or distributed to make them available to the
workers involved. The distribution and discussion of sample results is an
effective method of identifying work practices that lead to excursions or
the spread of contamination and developing methods of reducing exposures.
While historical data is not always readily available, current monitoring
data and medical records are being managed in a manner that makes the
records easily searchable and retrisvable. Monitoring dats along with
recommendations for correction of deficiencies are routinely reporced to
line management for action as appropriate. There is a lack of internal
audits or other reporting to upper management on continuing effectiveness of
programs to evaluate and control occupational exposure to beryllium.

OVERALL RECOMMENDATIONS

o Where practicable, efforts should be made to eliminate or mechanise hand
work and operations that require hoods to be open.

© Increased emphasis should be placed on collecting personal samples and
especially short-term personal samples to identify work practices that
result in short-term axcursions. Beryllium workers who are routinely
exposed should be monitored at least guarterly.

o Steps should be taken to assure the credibility and quality of beryllium
analyses. These incliude: the use of National Bureau of Standards
traceable material to calibrate detectors; accreditation by the American
Industrial Hygiene Association; and participation in & round-robin
exchange of spiked samples among DOE contractors.

o At the Rocky Flats Plant there needs to be an administrative method
developed to 1imit the number of msintenance personnel and jan{tors
allowed access so that all potentially exposed personnel can dbe followed

medically.
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In order to develop an adequate medical surveillance program. a precise
definition of "beryllium worker® must be determined that can be apgiied
DOE-wide, and former beryllium workers still employed must continue to be

included in the medical survelllance program.

A protocol must be developed describing the methods used to folliow former
or current baeryllium workers which: detects the earliest signs of
respiratory disease; calls attention to the importance of meticulous
evaluation of respiratory symptoms; and calls for the performance and
specific review of pulmonary function tests and chest x-radiograph

examinations.

Hazard labels and signs should carry the warning "causes lung disease” in
addition to the warning "suspect carcinogen” to assure that the message

that beryllium is highly toxic is communicated clearly.

The contlinuing effectiveness of programs and procedures to evaluate and
control occupational exposure to beryllium should be reviewed
periodically in a manner that conforms to the requirements of DOE

5482.1B, paragraph 9.d. Internal Appraisals.

The Department needs to implement « D0E-wide program for the evaluation and
control of occupational exposure i. -.ryllium.
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INDUSTRIAL HYGIENE ASPECTS OF VARIQUS BERYLLIUM FORMING OPERATIONS

T. F. Lewis, RFP

Abstract

An industrial hygiene study was _conducted during casting, spinforming, and
reshaping of beryllium metal. The goal of the study was to determine if these
processes released any beryllium aerosol, and if so to what extent. Data was
collected utilizing traditional personai air sampling in conjunction with high
volume (17 LPM) diagnostic sampling. During casting operations 2 of the 4
major steps were identified as major generators of ergl]ium aerosol.

Modified work procedures and en?ineer1ng control will be incorporated to
reduce beryllium aerosols. Preliminary data from limited reshaping operations
indicate levels below 1 ug/m3. A1l available data from beryllium
hydrospinning operations will also be presented.
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’l‘ Rockwell international

Spin Forming Project
. 400° C and 600°C

400°C
0.21
0.09 0.00 0.00 0.00
Area Above  Material Control Engineer Torch
Furnace Handler Operator Observer Operator

*Min. detectable amount at 959 confidence is 0.10 g



’l Rockwell International
Spin Forming Project
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‘1‘ Rockwell International
Beryllium Casting Project
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‘l Rockwell International
Be Casting

90 W ***88.41
o 80 -
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A REVIEW OF BERYLLIUM MONITORING DATA AT R.O.F. CARDIFF
by
G.Cogbill (ROF Cardiff) .

Summary

An extensive sampling programme is run to ensure the safety
of the staff employed in the facility. The work utilises a
combination of atatic and personal air samplers together
with smear testing for assessing surface contamination
levels. Severa) years data are reviewed and the results
from various work areas are compared.
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Cardiff is the capital city of Wales and is situated approx
160 miles West of London.

The ROF or more correctly AWE(C) is to be found on the
Northern outskirts of the city and occupies a site within a busy
residential suburb.VU-FOIL(1)

The Beryllium facility within the establishment plays a very
{mportant ro¢le in the production of Be components in aid of the
UK nuclear programme,

The facility is one of which we are duly proud. having opened in
1960 and subsequently extended in 1975 ~ hence during my talk
I may refer to parts of the facility as “OLD" or "“NEW".

During the last 25 years or so we have had only one serious
medical incident. In 1964 am operator sustained a cut on a
grinding wheel 1impregnated with BeO. The resultant wound
necessitated a finger amputation.

It is by Brush Wellman standards a small facility empioying
about 100 people of mixed disciplines., although less than half of
that number machine metal.The building itself is self-asufficient
and 1is fully ventilated__ during normal conditions the air 1is
changed 15-20 times per hour., maintaining the shops at a siight

negative pressure

The staffing arrangements covering Safety at the
establishment are shown on the VU-FOIL(2)

Some of you will already have visited our work-shops bdbut for
those who haven't the next., VU-FOIL(3)shows the layout of the

varicus activities.
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I would now like to talk generally about our approach to

monitoring there are three spzcific areas of interest.

STATIC OR AREA SAMPLING
PERSONAL AIR SAMPLING

SMEAR OR WIPE TESTSE VU-FOIL(4)

STATIC

For static monitoring we use 30 1/min. pumps which are run for
the duration of the shift, They are strategically positioned VU-

FOIL(5) in order to give representative results of conditions

throughout the shops.

Be analysis is not unfortunately instantanecus., though much
work has been done on this topic so consequently in selected
areas we do mid morning or core samples. The purpose being to
minimise the period of time the workforce are exposed to unknown
conditions. The core samples and a similar batch taken at the end

of the shift are immediately analysed, normal samples are

analysed the next day. Currently we are running about 75 static
camplers daily. The method of analysis for all our samples is

Atomic Absorption.

PERSONAL AIR SAMPLING

Turning to personal air sampling.our approach has changed
somewhat 1in that from the beginning of 1986 we made the wearing
ol PAS mandatory for all regular workers in the facility.covering
all but infrequent visitors.The effect of this change has
influenced some of our PAS results as I will show later.It is
worth mentioning at this stage that the PAS results are those
obtained by personnel during their daily work------- some of the

time including periods spent whilst wearing respiratory
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protection.Therefore the results reflect the worst case situaticn

not necessarily the true exposure.We have done some limited work
involving the use of two samplers per man and also
but

instructing operators to switch off samplers whilst masked

the results were inconclusjve----maybe your thoughts on this

anomaly could be discussed later.

Supplementing our air wmonitoring programme. we conduct an

extensive wipe test programme--- routinely taking socme 2000

samples per month

We set ourselves the following targets VU-FOIL{#6)

I would now like toc talk about detsiled monitoring results that
we have obtained over the last Syears or so:-
STATICS
Looking first at some annual data VU-FOIL(T)
Powder stages refers to VACUUM HOT PRESSING.IMPACT
MILLING.CASTING.CIP/HIP.
Similarly for 1985 VU-FOIL(8) and 1986 VU-FOIL{(9)
similar

Further back data in a slightly different format reveals
trends VU-FOILS(10.11,12,13)
One specific area we have looked at is the Vvacuum press shop.and

some data {s shown on the next VU-FOIL(14)

PERSONAL AIR SAMPLING

The following information covers the last 5 years and is divided

to differentiate those personnel working in specific areas.You

Re&y recall that I mentioned that the results do not take into
donsideratizn periods of time when personnel may have been

vearing s respirator VU-FOILS(15.16,17)
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The mandatory introduction 1in 1986 of PAS has affected the

FOUNDRY data.
SMEAR/WIPE TEST DATA

VU-FOILS 18 OMS/NMS ABOVE TARGET COMPARISON

19 OMS FREQUENCY BREAKDOWN

20 NMsg FREQUENCY BREAKDOWN

21 CASTING FREQUENCY BREAKDOWN
22 PRESS SHOP FREQU. BREAKDOWN
23 COMPARISON CASTING/PRESSING
24 ABOVE TARGET PLASMA SPRAY

25 PLASMA SPRAY FREQU BREAKDOWN
26 IMPACT FREQUENCY BREAKDOWN

To date we have not done much work on correlation of the

data I have presented.However.we have confidence in our

programmes since without exception,each time a high statiec

reading has been obtained we have been able to estab

iish,on investigation,that something abnormal had happened.and

that subsequent wipe tests would be high.Probably because of the

relatively low flow rate of PAS{2l/min) the effect of the

abnorrality would be juite dependent on the location of personnel

within the affected area.
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AWE(C) SAFETY DEPARTMENT STRUCTURE (Be)

/

TG1
ASST M

THE DIRECTOR

|
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MAN PRODUCTION

CFSO
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PTO (FM SAFETY)

TEAM OF ENVIRONMENTAL | 2 MEN ATOMIC
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MONITORING PERSONEL | '"ENViRONMEN
' MONITORING
1 MAN
RESP!RATOR
CLEANING
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ANNUAL SUMMARY OF BERYLLIUM AIR SAMPLES (STATIC) - 1984 RESULTS
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Annual Summary of Beryllium Air Samples (S{Gtit) 196v resuis
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Be SMEAR SUMMARY 1976 to 1986
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Be SMEAR SUMMARY 1976 to 1986
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Be Smear Results 1976 to 1986
(Readings greater than 25 yg/ft?)
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EXPERIENCE WITH ULTRA-LOW LEVEL Be ANALYSIS
Marcel W. Nathans

Lawreace Livermore National Laboratory

Emphasis will be placed on the analysis of large filters used for sampling of
environmental Be around Livermore and Site-300. After digestion and
filtration, the samples are brought to 100 mL and analyzed in an AAS with
electrothermal atomization in precoated graphite tubes. Concentrations are
mostly in the 0.5 - 10 ng/mL range. Spike recoveries (2.0 ppb) are erratiec,
but recoveries of spikes of Be-7 tracer are about 100%,Standard additions
usually yield more satisfactory results. It was also found that the residues
contained quantities of Be of the same order of magnitude as the filtrate.
Results by standard additions again were quite different. An attempt was made
to correlate this phenomenon With tne presence of other environmental elements

present in the solutions.
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BERYLLIUM AEROSOL CONTAINMENT DURING MACHINING OPERATIONS
S. C. Sadler, RFP
Abstract

A study was conducted to determine the effectiveness of a High Velocity Low
Volume ventilation system in controlling beryllium aerosols. Five hundred
fifty personal samples were collected to assess ventilation containment
efficiency. The sample data was examined to determine what effect the
employee, machine, o?eration, part type, part size, shift, room and work
practice had on beryllium aerosol generation. The geometric mean airborne
concentration of beryllium prior to installation of the HVLV system was 0.4
micrograms per cubic meter. Following installation of the HVLV system the
geometric mean airborne concentration of beryllium was 0.02 micrograms per
cubic meter. Operations and adherence to work practices were found to be most
significant factors in controlling beryllium aerosols. Modifications to
operational procedures and adherence to safe work practices have further
reduced airborne beryllium concentrations.
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’L‘ Rockwell International

DESIGN COMPARISON

ENCLOSURE

"HV/L.V“

o Dry Machining
© Single Exhaust
300 FPM

o Single Access Point
Tool & Employee

o Exposed Surfaces
e Square Interior
o Cleon=Up-—Shared Portable
HEPA Vacuum
o Dampers

o Dry Machining
o Multiple—Exhaust

300 FPM
10,000 FPM

o Dedicated Access Point

Tool
Employes
o Enclosed Surfaces
© Round interior
o Clesan—Up=individual Plek—Up
At Eaoh Maehine
© Ne Dampers
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HV/LV ~ BERYLLIUM  VENTILATION  SYSTEM

Q=300 CFM/SQ.FT. OF OPEN AREA :
DUCT VELOCITY=3500 FPM MINIMUM

ENTRY LOSS=0.5 VP

EXNAUST DUCT™
FOR
DOOR SHROUD

HIGH VELOCITY LOW

% ENUUST DESIGNED n;
Qe33 CPM D. J. MURPHY AND
VEL=10,000 M W. J. McANDREV

1" DIA NOZZLE
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Be CONCENTRATION (ug/M3)

HV/LV SYSTEM TEST

MEAN AIRDORME Be LEVELS

| § | . " - -
6000 9000 12000 15000 20000
NOZZLE VELOCITY AéFPM)
o BZ + EA
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‘i‘ Rockwell International

SAMPLING STRATEGY

Full Shift — 8 Hours
All Shifts - 3
All Operctions
* Machinists
« Tool Crib
* Maintenance
« Custodial
« Supervision
« |ndustrial Hygienists
Hygienists In Shcp — 24 Hours Per Day
6 Weeks Duration / 500-600 Samples
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‘l‘ Rockwell International

# ® ¥ ¥ & & * * & # & * ¥

ANALYSIS

Average Concentration — Before vs After
Excursions — Types

Day

Room

Shift — Days, Pm's, Mids's
Right Sholder vs Left
Person

Machine

Machine Type

Part Type

Operation

Size

Combination of Above
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‘l‘ Rockwell International

RESULTS

* Significant Reductions Achieved
» Excursions above 2.0 ug/M3 Still Occurred

* Polishing ldentified As Major Source



‘l‘ Rockwell International

EFFECT OF POLISHING
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‘l‘ Rockwell International

Personal Air Sample_ Results
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‘l Rockwell International

Diagnostic Sampling

Be Concentration (n.g/m?)
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‘l‘ Rockwell International

Historical Air Sample Analysis
444 Be Shop
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Analysis of Oxygen in Beryllium and Beryllium Foils by Ion Microanalysis

C. W. Price, J. C. Norberg, R. G. Musket, F. J. Fulton
Chemistry and Materials Science Department
Lawrence Livermore National Laboratories
pP. 0. Box 5508, i.ivermore, CA 94550

lon micoranalysis using a primary 123¢cs* fon beam and secondary-ion
mass spectroscopy (SIMS) is an effective technique for the analysis of oxygen
in beryllium, The sensitivity of SIMS permits analyses of oxygen contents
near the solid solubility 1imit of oxygen in beryllium, which is estimated to
be of the order of 30 wppm or 17 appm. The excellent spatial resolution of
the ion microanalyzer also permits characterization of the oxygen distribution
among the various phases and particles that may exist in beryllium. However,
exact quantitative analyses of oxygen in beryllium are complicated by the
presence of oxygen in discreet BeD particles and by residual contamination in
the specimen chamber of the ion microana1yzer In an effort to obtain more
quantitative data from the SIMS ana] sis, 1on-1my1anted specimens were
prepared with fluences from 1.28x10 to 3.84x1015 0 atoms/cm? and
calculated peak concentrations of 119 to 3695 appm. These specimens were then
used to establish sensitivity factors required to perform guantitative
analysis using the SIMS data. This analysis is effective for determining the
oxygen content in the bulk beryllium matrix. When inclusions and other
particles are present in beryllium, ion imaging can be used to determine the
spatial distribution of particles containing oxygen, and optical
metallographic and stereologic techniques can then be used to determine the
oxygen content in the particles based on the assumption that they are BeD.
Use of the Cs* ion beam also permits the generation of depth profiles to
determine the distribution of oxygen normal to the surface, and depth profiles
have been particularly effective to characterize the oxygen distribution
through thin beryllium foils. In addition, ion microanalysis permits the
detection of low levels of other trace impurities in beryllium such as carbon
and chlorine, and the spatial distribution of these elements also can be

determined by fon imaging.

0107A, Disk 0065
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ANALYSIS OF OXYGEN IN BERYLLIUM AND BERYLLIUM FOILS BY TON MICROANALYSIS

iNTRODUCT ION

EXPERTMENTAL PROCEDURE

RESULTS

EFFECT OF OXIDE PARTICLES

SUMMARY
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MAJOR POINTS

ION MICROANALYSIS USING SIMS IS A POWERFUL AND VERSATILE TECHNIQUE TO ANALYZE
BERYLLIUM FOR LOW LEVELS OF CONSTITUENT AND IMPURITY ELEMENTS AND TO DETERMINE
SPATIAL DISTRIBUTIONS OF THE ELEMEZNTS ON A MICROSOCPIC SCALE.

QUANTITATIVE ANALYSES CAN BE PERFORMED USING ION-IMPLANTED BERYLLIUM SPECIMENS
FOR STANDARDS,

COMPLETE QUANTITATIVE ANALYSES REQUIRE ACCURATE DETERMINATIONS OF THE OXIDE
CONTENT RESIDING IN OXIDE PARTICLES.

SIMS DEPTH PROFILES PROVIDE EXCELLENT CHARATERIZATION OF OXYGEN AND CARBON
DISTRIBUTIONS IN BERYLLIUX FOILS.
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INTRODUCT ION

ION MICROANALYSIS IS EFFECTIVE FOR THE ANALYSIS OF OXYGEN IN BERYLLIUM,
DEPTH PROFILING

ION IMAGING
SIMS PERMITS ANALYSES OF OXYGEN NEAR THE SOLID SOLUBILITY LIMIT

+

+ DESIGN AND OPERATION OF AN ION MICROANALYZER
ANALYZES SECONDARY I10ONS PRODUCED BY A PRIMARY [0ON BEAM
MICROPROBE MODE USING A MASS SPECTROMETER (SIMS)
SENSITIVITY CAN BE IN THE LOWER PPM OR UPPER PPB
DEPTH RESOLUTION OF THE ORDER OF 5 NM
IMAGING MODE
SPATIAL RESOLUTION OF ABOUT 1 uM
MICROCHANNEL PLATE AND FLUORESCENT SCREEN SYSTEM -- 2-D IMAGE
RESISTIVE ANODE ENCODER (RAE) SYSTEM -- DIGITAL IMAGE

+ QUANTITATIVE ANALYSES CAN BE PERFORMED
REQUIRES ADEQUATE STANDARDS TO DETERMINE CONVERSION FACTORS
BERYLLIUM 10N IMPLANTED WITH 150 keV 0 was usep
OPERATIONAL LIMITATIONS MUST BE PROPERLY RECOGNIZED
ANALYSIS OF OXYGEN CONTENT IN OXIDE PARTICLES

+ (OVERLAPS THE LOWER ANALYTIC RANGES OF OTHER TECHNIQUES
RUTHERFORD BACKSCATTERING (RBS)
AUGER ELECTRON SPECTROSCOPY (AES)
ELECTRON MICROPROBE ANALYSIS (EMX)
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EXPERIMENTAL PROCEDURE

SIMS PERFORMED WITH A CAMECA IMS-3F 10N MICROANALYZER USING A 133Cs+
PRIMARY ION BEAM,
HiGH 1ON YIELDS FOR ELEMENTS WITH HIGH ELECTRON AFFINITIES
MAJOR CONCERNS FOR THE ANALYS'S OF LOW CONCENTRATIONS
DETECTION LIMITS IN THE HOST MATERIAL
PRESENCE OF EXTRANEOUS OR RESIDUAL CONTAMINATION
ACCELERATION POTENTIAL OF 10 KV To GENERATE THE Cs' BEAM
SPECIMEN WAS MAINTAIMNED AT -4,5 kV
PRIMARY-BEAM CURRENT DENSITY OF ABOUT 16 MA/CM2

+

+

SOURCES OF RESIDUAL OXYGEN AND CARBON CONTAMINATION
SPECIMEN-BORNE CONTAMINATION
SPECIMEN-CHAMBER PRESSURE
MEMORY-TYPE EFFECTS -- REDEPOSITION FROM INTERNAL SURFACES

+ HiGH SPUTTERING RATES REQUIRED TO OVERCOME RESIDUAL CONTAMINATION
RASTER-S1ZE TEST TO DETERMINE MINIMUM SPUTTERING RATES
SPUTTERING RATE OF 10 A/SEC. FOR LOW CONCENTRATIONS
SPUTTERING RATE OF 1 A/SEC. FOR SURFACE PROFILES
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VACUUM DISTILLED MATERIAL
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Oxygen conc.{appm)

4000

TRIM—86 CALCULATED PROFILE FOR O+ IN BE

(150 keV O+, 20000 h,

40 A intervals)

3500 -

3000 =

2500 -

2000 -

1500 -

1000 -

3695 appm—>

3.84€15 O
| Pt

4000



£ve

CONCENTRATION (atoms/cc)

2

10

10

10

BERYLLIUM iMPLANTED WITH 150 kev 0%

ﬂ

3.84x10'8
1.28 x10'®

3.84x10'

I.28 x10'*

0.5 1.0 1.5
DEPTH (microns)

e.0



COMGENTHATION [yteme/0)
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CONCENTRATION (atoms/cc)
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BERYLLIUM IMPLANTED WITH 150 keV 0*

21

{0

L A asd

BE 1-8 $.28E14

{0

£0

—" 'vvvvg

10

10

10}

10

0.5 1.0
DEPTH (microns)

1.5

2.0
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SECONDARY ION COUNTS
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JON INTENSITY (counte/eso)

FOIL PREPARED BY PHYSICAL VAPOR DEPOSITION
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FGIL PREPARED BY PHYSICAL VAPOR DEPCSITION
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PARTICLE DIAMETERS OBSERVED IN A 150-uM SQUARE FIELD AS A
FUNCTION OF OXYGEN CONCENTRATION AND THE NUMBER

OF OBSERVED PARTICLES, NOB

Nog OxvGeN AtoM FRACTION
0wt 03 102

PARTICLE DIAMETER (uM)

| 0.474 1.5C 4,74 15.00
2 0,335 1.06 3.35 10.61
5 0.274 0,866 2,74 8.66
5 0,212 0.671 2,12 6.71
10 0.150 C.u474 1.50 4,74
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SUMMARY

[ON MICROANALYSIS 1S A POWERFUL AND VERSATILE TECHNIQUE TO ANALYZE MATERIALS
FOR LOW LEVELS OF CONSTITUENT AND IMPURITY ELEMENTS AND TO DETERMINE SPATIAL
DISTRIL.TIONS OF THE ELEMENTS ON A MICROSOCPIC SCALE,

WITH PROPER SURFACE PREPARATION, [ON-IMPLANTED BERYLLiUM SPECIMENS WiLL
PROVIDE RELIABLE STANDARDS FOR QUANTITATIVE ANALYSIS OF OXYGEN IN BERYLLIUM,

THE OXIDE CONTENT RESIDING IN OXIDE PARTICLES MUST BE ACCURATELY DETERMINED
WHEN PERFORMING SIMS QUANTITATIVE ANALYSES FOR OXYGEN IN BERYLLIUM.

SIMS DEPTH PROFILES PROVIDE EXCELLENT CHARATERIZATION OF THE OXYGEN AND CARBON
DISTRIBUTIONS IN BERYLLIUM FOILS,



APPLICATION OF MEV ION BEAM TECHNIQUES FOR DETERMINATION
OF OXYGEN ON AND IN BERYLLIUM

R. G. Musket
Materials Division
Chemistry & Materials Science Depzartment
Lawrence Livermore Nationai Laboratory
Livermore, California 94550

ABSTRACT

Routine backscattering measurements of MeV helium ions from beryllium
can be used to determine quantitatively the amount of oxygen on the surface
with a sensitivity of a few times 1014 oxygen atoms per cm2 and the buik
oxygen concentration with a detection limit of about 350 atomic parts per
million (appm). MWe have performed simultaneous backscattering and
particle-induced x-ray emission (PIXE) measurements to improve the detection
limit for bulk oxygen to about 10 appm. The basis for and the results from

-

these and other ion beam analysis measurements will be described.
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ANALYSIS OF OXYGEN ON AND IN BERYLLIUM USING 2 MeV HELIUM IONS *

R.G. MUSKET

Lawrence Livermore Nanonal Laboratory, Livermore, CA 94550, LSA

Analvas of oxyzen on bervibum can be routinely performed using helium-ion backscattenng (RBS) However. determunation of
the bulk oxvgen zoncentrauon by thus techruque 1s hmited 10 about 350 atomuc parts per mullion (appm) We have performed
simultaneous RBS and particle-induced X-rav emussion {PIXE) measurements 10 smprove the detection himat for bulk oxvgen The
RBS measurements allowed determunation of the surface oxvgen before and after :n situ sputter cleaming by argon ions i an
ultra-hugh-vacuum system PIXE measurements of specimens with surfaces maintained clean by sputtering permitied assessment of
the concentranon of oxvgen in the bulk. For our geometry and detector sensiuvities. 90%F of the oxvgen X-ray signai ong:nated 1n the
first 21 pm of the bervllum and a detecuon hmut of 10 appm was found

1. Introduction

We have investigated the application of simulta-
neous Rutherford backscattering (RBS) and particle
induced X-ray emission (PIXE) measurements (1] for
the analysis of oxvgen on and in bervllium. The mea-
surement goals were to determine surface oxygen with a
detection limit of a few times 10'* oxvgen atoms/cm’
and bulk oxvgen with a sensitivitv approaching 10
appm tn a volume large enough to be representative of
the bulk.

The RBS measurements gave the surface oxvgen
before and after in situ sputter cleaming by argon ions
in an ultra-high-vacuum svstem. PIXE from surfaces
being mamntained clean by the argon ions permitted
assessinent of the concentration of oxygen in the bulk.
Simultaneous measurements ensured identical surface
conditions for the RBS and PIXE spectra. Since the
RBS results are quantitative and the PIXE results can
be directly related to an amalytical calculation without
any unknown paramzters, this combined approach is
quantitative. Another important aspect of this measure-
ment is the relatively large area (~ 5 X 5 mm") sampled.
which should correctly assess the area-averaged amounts
of oxygen in solution and in BeO particulates Finally,
this approach is basically nondestructive because (1)
only the surface oxide need be removed for the highest-
precision analysis, and (2) lower-precision measure-
ments can be made without removing the surface oxide.
To our knowledge there is no other measurement proce-
dure that meets the measurement goals.

* Woark performed under the auspices of the U'S Department
of Energy by the Lawrence Livermore Nauonal Laberaton
under contract numbesr W-7405-ENG-4R

0168-583X /87 /803 50 T Elsevier Science Publishers BV
(North-Holland Physics Publishing Division)
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2. Calculation of helium-induced O(K) X-rays

The RBS determination of the oxvgen surface den-
sity on bervilium from the ratio of the net counts under
the oxygen surface peak to the height of the beryliium
edge. corrected by appropriate scattering and stopping
cross-sections, foilowed standard calculational proce-
dures [2]. Consequently, this determination needs ao
further discussion. In contrast, a brief description of the
calculation of the helium-induced O(K) X-rays based on
the measurement geometry shown in fig. 1. will be
presented.

For the surface oxide, the relevant equautons have
been previously published [3]. In particular. for oxides
thin enough for the assumption of umiform X-rav pro-
duction throughout the oxide and negligibie X-ray ab-
sorption, the relevant equation for the detected O(K)
X-ray intensity I per 10' oxygen atoms,/cm® per 160
pC of 2 MeV He" can be written as

Ips = 6.24 X 10¥n0w,0,(2 MeV) dR/4n. (0§]

where n, is the overall detection efficiency for O(K;
X-rays, w, is the fluorescence yield for O(K), o, {2
MeV) is the oxygen K-shell ionization cross section
{cm?) for the incident 2 MeV helium ions, and d52/4=
is the fractional solid angle subtended bv the X-rav
detector. Esumating the Si(Li) detector constant C, =
10 d2/47 10 be 7x 107", using w, = 7.7 x 10" % 4],
and using o, = 9127 X 10 "% cm® {5}, we calculated that
Ips wouid bs 2.22 X 10* O(K)/100 uC for 16 A of
BeO with a density of 3.01 g/cm’. Considering the
abulated o,( £) values given by Cohen and Harrigan
[5] and Ziegler's d E/d x values {6), eq. (1) bolds (w1ttun
2%) for BeO ihicknesses below 160 A.

Consider bervllium, with a clean surface, that is pure
enough to permit use of the mass absorption coeffi-
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cients and stopping powers for pure bervllium. For this
iitial calculation, assume that the concentration of
oxygen is not a function of depth: this assumption
should be very good for berylium after removal of a
considerable amount of surface material. The signal
from oxygen in the bulk was calculated using stepwise
integration of the contributions of each thickness iatez-
val dx of fig. 1. For each dx at a depth x, the
contribution to the detected signal per 1 appm per 100
nC of helium ions can be written as

d/pg =77 x10"qw,0,{ E(x)]
i . ,14%
xexp[—lO wx,/cos 34 ]4—;dx. (2)

where the units of x and dx are pm. u= 3920 cm’/
[7] is the mass absorption coefficient of O(K) X-rays in
beryllium, and the constant includes the atomic density
of 1 appm oxygen in beryllium, the number of ions in
100 pC, and the conversion of pm to cm, With dx =
0.0115 pm, the calculation yielded /o5 = 374
O(K)/(appm 100 ¢ C). The stepwise integration also
showed that 50. 90, and 95% of the oxygen X-ray signal
onginate, respectively, in the first 0.66, 2.1. and 2.6 pm
of the beryllium.

Comparing this result for bulk oxygen to that found
above for a surface oxide. leads to the conclusion that
the O(K) X-ray signal from 10 A of surface BeO would
be equivalent to that from about 600 appm of oxygen in
the bulk. Therefore, high precision determination of the
bulk oxygen level requires that the surface oxide be
reduced to a negligible average thickness. The signal
from 0.33 A of surface BeC (ie. 2.4 x 10'* O /am’)
would equal ihat froin 20 appm of oxvgen in the bulk.
These considerations were the basis for the requirement
of in situ spuiter cleaning of the bervllium surface
during simuitaneous RBS and PIXE measurements.
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3. Expenmental considerations

The measurements were made 1n an ultra-high-
vacuum (UHYV) chamber 10 mimmze reoxadation of the
benihum surfaces dunng sputiening. Ultrahigh punts
benllium specimens were obtamned from a commercial
supplier (8]. They were chemucally etched 10 remove any
thick owdes. oxvgen concentratien profiles. and other
surface contaminates. After etchung. specimen =29A
was exposed 10 laboratory aif for more than six months
before the as-received measurements were made

The helium 10ns were generated bv a Pennming 10n
source and accelerated by a2 3 MV Van de Graaff
accelerator Visual observation of the helium beam
(tvpical current of 50 nA) on a phosphor screen at the
target posttion showed that the beam was slightly less
than §x § mm" A differentially pumped 5 kV ion gun
provided the argon 1ons for sputtering We used 325
keV Ar” ions (1vpical current of 5 u A} because this was
the maximum energy. consistent with the available elec-
tronic raster, to achieve a clean spot of approximately 6
mm- at the target position.

Backscattered helium particles were analyzed using a
UHV-compatible, ion-implanted silicon detector at
room temperature [9]. Detection of the PIXE spectrum
was accomplished using an uitra-thin-windowed Si(Li1)
detector baving a compact magnetic deflection urit for
removal of the backscattered ions from the X-ray axis
{10].

The high-precision measurement procedure coensisted
of simultaneous RBS and PIXE measurements for three
different specimen conditions: {1) as-received condition
using accurate current integration of the helium beam.
(2) after removal of the surface oxyvgen. but during
continuous argon-ion sputtenng to maimain the cleanis-
ness. and (3) after sputter removal of various amounts
of bervllium. but during argon-ton sputtering.

4. Results and discussion

Fig. 2 shows the relevant part of the RBS spectra of
beryllium =29A for both the as-received and sputter-
cleaned conditions. The initial surface oxygen level was
determined to be 1.3 X 10'® O/cm’ tie.. about 19 A of
BeO). and the spectrum for the cleaned surface dis-
played no signs of surface oxygen. However. the 3-sigma
value for the background counts at the position of the
oxvgen peak sets the maximum amount of surface
oxygen on the cleaned surface to less than 4 x 10'*
O/cny.

The PIXE spectra displaved n fig. 3 correspond 1o
the as-received and sputter-cleaned RBS specira of fig
2. Determination of the net O(K) counts required ihe
subtraction of the bremsstrahlung background from each
spectrum. The shape of this background was obianed

V] MASS SPECTROMETRY
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Fig. 2 Helium-ion backscattering spectra for Be = 29A 1n the
as-recerved and sputter-cleaned conditions

by a spectrum stripping procedure. There was a large
dip in the bremsstrahlung spectrum corresponding to
absorption by the oxvgen (K edge) in the ice layer on
the entrance surface of the Si(Li) detector. This effect
has been described previouslv [11].

We determined the Si(Li) detector constant C, by
comparing the measured change in the net O(K) signal
for the measured change in the surface oxvgen level (as
determined by RBS) with ine values calculated by eq.
(1). By this nrocedure C, was found toequal 1.24 x 10°°
instead of the estirnated 7 x 10~ value used above in
the calculation section. Thus, the calculated. detected
O(K) vield from the bulk, {pp. becomes 681
O(K)/(appm 100 uC). This value was used to de-
termine the oxvgen concentration in the bulk from the
measured. net O(K) vield. For the sputter-cleaned spec-
trum of fig. 3. the bulk oxygen concentration was found
to be 220 appm. The mimimum detectable level was
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Fig. 3 Helium-on induced X-rav spectra for Be=29A ob-
tained simultanecusly with the backscattening spectra of fig 2

qnalvas of oxgen an and in ben tlium

calculated from the 3-sigma value of the background
counts under the OtK) peak to be 10 appm

The sputtenng vield for 3 25 F2V argon :ons incident
at 30° from the normal can be esumated 10 be 1 ¢
Be. Ar {12}. Once the surface was clean. the O(K) vieid
from the bulk was constant withun the staustics of the
measurement (e . withun ~ 10%) for removal of up 10
018 pm of Servllium. This supports the assumption
that the bulk oxvgen concentration was independent of
depth because we are most sensitive 1o oxygen near the
surface.

§. Concluding remarks

We have demonstrated high-sensitivity analvsis of
oxvgen on and in bervllium using simuitaneous RBS
and PIXE measurements. The novel aspect was the
detection and use of the helium-induced O(K) X-ravs
for determination of the bulk oxygen oncenirations in
a representative volume of beryilium with a detection
Limit of about 10 appm. We have used this quantitative
approach (o measure oxygen in beryilium at concentra-
tions between 170 and 3600 appm.

It is pleasure to acknowiedge S.J. Holmes and J.R.
Thournir for their able technical assistance in the ex-
perimental aspects of this work. F. Fulion for suppiving
the eiched beryllium. and A. Toor for his iutial and
continuing support of this analysis method.
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SELECTION OF AN INSTRUMENTAL TECHNIQUE FOR THE
TRACE ELEMENT ANALYS1S OF BERYLLIUM

by
P.A.,Trimby (ROF Cardiff) ,

Summarz

The trace glement analysis of beryllium is discussed with
particular reference tc those techniques available at the
Royal Ozdnance Factory. These are:=-

1. Gas fusicn techniques.

2, Ultra-viclet visible spectrometry.

3. Atomic absorption spectrometry.

4. X-ray fluorescence spectrometry.

5. Energy dispensive X-ray analysis,

6. Inductively coupled plagma atomic emission
spectrometry.

Each method is discussed separateliy beginning with an
introduction to it®s principlez and then assessing it®s
advantages and disadvantages.

260



OF AN INSTRUMENTAL TECHNIQUE FOR THE TRACE ELEMENT

SELECTION AN
ANALYSIS OF BERYLLIUM.
INTRODUCTICN
Many elements, found 1in trace quantities. can 3significantly
It

{influence the mechanical and nuclear properties of beryllium.
is therefore necessary to select a method of analysis that
provides the required sensitivity., accuracy and precision at the
concentrations found in commercial grades.

This paper is not meant to provide an exhaustive assessment of

all possible methods avallable to the analyst but to discuss only
those used at the Roval Crdnance Factory - Cardiff.

These are :-~
(1) Gas fusion techniques,.
{2) Ultra-violet / visible spectrometry.
(3) Atomic absorption spectrometry.
{4) X-ray fluorescence spectrometry.
(5) Energy dispersive X-ray analysis.

(6) Inductively coupled plasma optical emission
spectrometry.

Each of the above methods will be discussed seperately, begining
with a brief introduction to each of the technique’'s principle.
The advantages and disadvantages will then be discussed with
particular reference to the analysis of beryllium.

Gas fusion techniques.

The instruments used at ROF(C) are :-

(a) Leco CS 46 for the determination of carbor & sulphur.

(b) Leco RO 17 for the determination of oxygen.

Princigle.

(a) For carbon and sulphur.

The sample is combusted with oxygen In an indwection
furnace, Approximately 97% of the carbon is oxidised to CO02
and about 3% combusts to CO, the sulphur oxidises to S02.
All these gases are detected seperately by passing them to
an infra-red detector and measuring the absorption of
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radiation at the three gases characteristic wavelengths.

The degree of absorption is proportional to the
concentration of <carbon and sulphur present in the
sample.

(b) For oxygen.

The sample is fused in a graphite crucible in an electrode
furnace. Argon carrier gas transports the released oxygen.
as carbon monoxide, te an infra-red detection cell, and is
measured as per (a) above,.

Advantages.

1. The method is simple and automated., consisting essentially of
weighing the sample, pressing the analyse switch and reading the
results from a digital display or printer,

2. Calibration can be from easily available standards, or in the
case of the oxygen analyser, carbon monoxide gas.

-

3. Good dynamic range. The oxygen analyser, for example, can
determine levels between 0.01 & 50% oxygen.

Disadvantages.

1. These instruments can only be used for a limited number of
elements ie. carbon, sulphur and oxygen.

2. Each machine costs in the region of £30,000 (3$50.000)

oo

Ultra-violet / visible spectrometry. (UV/Vis)

Principle.

Ultra-violet or visible radiation, <characteristic of the species
being analysed, is passed through a cell containing the sample in
liquid form. A detctor measures the intensity of radiation
transmitted through the cell so that, 1in accordance with Beer's
law, the amount of radiation absorbed is proportional to the

quantity of analyte present.

Advantages.

1. Methods are available for measuring most of the important
trace elements in beryllium, including some that are difficult to
determine by other techniques, eg silicon and boron. .

2. Good precision can be obtained with typical RSDs - 0.5 to 5.0%
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3. Low cost instrumentation; typically £3000 - £7000 ($5C00 -
$12000)

LOD of silicon in beryllium metal - 10ppm

4., Good sensitivity -
LOD of nickel in beryllium metal - {.S5ppm

Disadvantages

1. Each individual element to be analysed, will need a seperate
preparation, each of which can be time consuming and may require
a high level of scientific expertise.

Atomic absorption spectrometry. (AAS)

Principle.

A solution of the sample 13 aspirated into an acetylene/air or
acetylene/nitrous oxide flame, producing an atomic vapour of the
analyte. Characteristic radiation { of the element to be

determined) is produced from a hollow cathode lamp and directed
through the atomic vapour onto a photomultiplier. Electrons frosm
atoms of the species to be determined absorb some of this
radiation, causing them to be promoted to the next higher energy
level. This absorption is detected by the photomultiplier and via
the electronics is pressnted as a concentration.

Advantases

1. This is truely a trace element technique, with many elements
having practical detection 1limits of 1less than O0.05ppa in

solution.

2. Because the radiation source is specific for each element.
very little spectral interference is observed.

3. Good precision - typically 0.5 - 2.0 RSD.

4. Instruments are available from approx £10000 ($156000)

_lsadvantages

1. As the sample is required in solution z significant amount of
preparation is needed. Each element must then be determined
sequentially - although this i1s automated at ROF{C).

2. Individual source lamps are needed for each element.

3. A3 berylliuvm is a light metal; compared to other materials; it
produces a high dissoived solids solution for a given dilwtion.
The dilution wused at ROF(C) is 0.5g / 100mls which gives a
dilution factor of 200. Consequently, although AAS can
theoretically be used to determine 70+ elements, this high
dilution factor causes some of the elements. present 1in trace

263



concentrations (eg Bi & Mo), to be below the detection limit of

the method.

4, TInterferences due to stable compound formation. ionisation or
matrix effects can be problematic using AAS. Most of these
difficulties, however, can be overcome by selecting the wmost
suitable atomising conditions for each particular element and by
matching the standards to the samples.

X-Ray Fluorescence Spectrometry. (XRF)

Principle

A primary beam of X-rays directed onto a sample upsets the atomic
equilibrium by removing inner orbital electrons, and a return to
equilibrium, by transfer of electrons from one shell to another,
resulting in the emission of secondary (fluorescent) X-radiation.
This radiation <contains wavelengths which are characteristiec,
qualitatively and quantitatively, of each element present. By
means of a collimator, the parallel beam of secondary radiation
is directed onto an analysing ec¢rystal which seperates it
according to wavelengths.These in turn are reflected into a
detector mounted on a high precision goniometer.fince the angular
position of the c¢rystal and goniometer is a function of
wavelength, the elements of the specimen can be identified. And,
since the intensity of the radiation is proportional to the
concentration of the element, the amount of each element present

can be determined.

Advantages.

1. XRF may theoretically be used for the determination of all
elements in the periodic table from fluorine to uranium.

2. This is a non-destructive technique that may be used for so0lid
or liquid samples.

3. Depending on sample composition. <concentraticons of a single
2lement may be measured from ppm to 100%. Relative astandard
deviations of 0.5 - S.0% are typical.

4, fequential (for the highest precision and lowest detection
limits) or simultaneous (for rapid analysis) instruments are
available.

5. ‘The technique 1is highly suitable for the trace element
analysis of Dberyllium; providing solid samples can be easily
prepared. Beryllium is almost transparent to X-rays so that good
sensitivity can be obtained for many elements, giving LODs of
between 5 & 50 ppm.

264



Disadvantages.

are many factors that can influence the intensity of the

1.There

characteristic fluorescent radiation. such as spe~*ral
interference, matrix absorption or surface finish. Heowever. Jith
the introduction of faster, more powerful computers, modern

machines can deal with many of these interferences quickly and
automatically.

2. High capital cost ranging from £50000 - £150000 ($80000 -
$250000)

3. The sensitivity of the technique decreases with decreasing
atomic number; elements with Z Nos less than 12 (magnesium) are
particularly difficuult to determine, producing poor limits of

detection.

4, =Standards for wuse with the analysis of beryllium are not
available.

Energy dispersive X-ray analysis. (EDX)

Principle

The principle is similar to that described above for XRF. With
the EDX system used at ROF(C), however, the sample is exited, not
from a beam of X-rays, but from a primary beam of electrons
produced from a scanning electron wmicroscope (SEM). These
electrons cause ionisation of the analyte elements and. as per
the XRF method. characteristic X-radiation is produced. Analysis
is accomplished by energy dispersion, which is the segregation
and measurement of X-rays according to their energy.

Advantages.

1. The wunique combination of a fEM with an energy dispersive
analyser can permit macroscopic and microscopic samples to be
analysed for elemental composition in the region traversed by the
electron beam.This focused electron beam allows a "spot analysis™
of a 1um2 gection of specimen.

2. Display of the entire X-ray spectrum in digital format giving
simultaneous multi element analysis and rapid quailitative
analysis of non-standard samples.

Disadvantages.

1. &Spectra obtained show poorer resolution than for fluorescent
wavelength dispersicn. Consequently precision is relatively .poor.

2. Limits of detection, for all elements, are poor when compared
with XRF.particularly those with low Z Nos.
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Inductively coupled plasma optical emission spectrometry (ICP)

Princigle.

The sample, in liquid form, is asperated into a high temperatura
(6000-10000 deg K) plasma causing electrons of the elemental
atoms or lons to be promoted to higher energy levels. When these
electrons drop back to their ground state, characteristic
radiation 1s emitted; the intensity of which is proportional to
the quantity of analyte present. This emitted 1light from the tail
flame of the plasma 1is focused onto the entrance slit of a
spectrometer which can either be of the simultaneous type or of
the scanning, sequential type, used at ROF(C).

The 1instrument operated at ROF(C) is the Perkin Elmer FPlasma-2.
It is not sited in the Beryllium laboratory and so is not used
routinely for the analysis of beryllium. However, experience of
using the machine, with other materials, allows the following

assessment to be made.

Advantaggs.

1. In principle all elements, with the exeption of argom, can be
determined. In practice several elements (F, Cl, Br) require
special optics for the transmission of the very short

wavelengths.

2. Calibration curves are often linier over 5 orders of
magnitude.

3. Good detection limits are obtainable for many
elements, many below 0.01ppnm.

4. Good accuracy and precision; RSDs of better than 1% are
possible.

5. Although spectral and matrix interferences do occur, they are
usually easily resolved with the aid of modern computer software.

Disadvantages.

1. ICP 1is a solution technique which therefore may require a
significant amount of sample preparation.

2. Although generaly a sensitive technique, several elements [(eg
Cr, Ni, 2Zn) have poorer detection limits when compared to other

methods such as AAS.

3. Instruments providing the best 1limits of detectiorn and

-

precision can be expensive - up to £140000 ($225000), =2lthough
more modest machines ace available for less than £50000 ($80000)
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DIscUsSSIoN

The choice of method of analysis depends. lixe anything else, on
what is required. If only a small number of elements need be
analysed on a amall number of samples and capital cost is
UV Vig would be difficult to better. This

paramount. then
technique is considered too time consuming. for routine analysis
at ROF(C}. however ., although it is still used for the validation

of other methods.

When accurate reaults for the determination of carbon and oxygen
are required (as they usually are) the fusion 1instruments are
almost essential. Although these elements can theoreticaly be
determined by XRF or ICP, their sensitivity. accuracy and
precision make these metnods a poor second choice.

AAS has many advantages (as mentioned earlier). 80 that if only
the common. metalic contaminents of beryllium (ie Fe. Al. Mg, Cr,
Cu & Ni) need be determined. then the low instrument cost,

relatively rapid analysis, good precision and detection limits
make this technique the favoured choice. AAS has been used
extensively at ROF{C) for many years, not only for the
determination of trace metals in beryllium but also for the
determination of beryllium i{n Health Physics samples. The
technique has proved to be highly suitable in both areas of

operation.

When large numbers of slements need to be determined then high
capital cost can be iustified. XRF and ICP are both suitable
being highly automated and each being capabdle of analysing almost
the whole of the periodic table of the elements. If sclid samples
need be tested, then XRF is the only cholice.

The wuse of SEM/EDX cannot be considered a viable method of
rocutine quantitative analysis because of its high capital cost,.
combined with its relatively poor resolution. precision and
detection limits. However. no other technique combines the
ability to observe a sample and at the same time produce a rapid
qualitative, or even quantitative, analysis of the same area.
Therefore this technique must be considered more as a tocl for
investigation. It can. for example, be used to observe a small
inclusion and then chemically identify it: in this respect it is
unique.
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SUMMARY AND CONCLUSIONS

1. For the analysis of a limited nuamber
of elements on a small number of samples
with a low capital invetement:-

2. For the analysis of carbon & oxygen:-

3. To determine all the common contaminents
of beryllium with good detection limits znd
reasonable capital cost:-

4. For the analysis of large numbers of
elements on many samples:-

5. Metallographic reserch or the
investigation of faults:-

P.A.Trimby
RCyal Ordnance Factory (Cardiff)

June 1987
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BERYLLIUM INERT GAS ATOMIZATION

D. Hashiguchi
J. M. Marder

Brush Wellman Inc
17876 St. Clair Ave.
Cleveland, Ohio 44110

An atomization unit was constructed and operated to determine the
feasibility of inert gas atomization as a method of producing sphericai
beryllium powder.

Twenty-nine atomization runs were performed to characterize the effects of
process variables upon the nroduct powder. The variables investigated were
melt superheat, nozzle diameter, atomization gas pressure, and atomization gas
oxygen content. Under the range of process variables employed, the -200 mesh
pcwder yield varied from 3.9 to 26%. The powder was characterized by several
methods, including chemical analysis, flow rate and packing density.

Billets consolidated from spherical atomized powder were fabricated by hot
isostatic pressing and vacuum hot pressing. Evaluation of thase billets
revealed that tensile properties were similar to those made from other types of
input powder with similar grain size. X-ray pole figure analysis revealed the
absence of preferred crystallographic orientation,

This program successfully demonstrated the feasibility of atomization as a
powder-making prccess for beryllium, It alsc gave considerable insight into
the engineering considerations which shouid he addressed in the next atomizer

design iterations,.
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HIP £072 X-ray Pole Figure (00N2)
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HIP BILLET =067 TENSILE PROPERTIES

Orientation UTS (ksi) 0.29 YS (ksi) Elongation (¢)

Longitudinal 56.9 499 | 2.3
58.7 48.1 2.0
58.8 -49.4 - 2.2

Transverse 57.2 46.3 . 2.6
' 58.9 48.4 2.6
" 59.1 48.6 2.2
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BERYLLIUM ELECTROREFINING PROJECT
D. L. Mitchell, RFP

Abstract

The beryllium scrap recycle project was established to provide technical and
economic information to the Beryilium Supply Program. Beryilium Chloride
S{nthesis on a manufacturing scale has produced the salt required for
electrorefining cell operation. The report describes the equipment and
operating experience for the BeCl, production. In addition, design changes
are reported that have recently bgen incorporated into the Beryllium
Electrofining Cell. These changes were necessary to enhance safety and to
assure smooth operation of all supporting systems.
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OBJECTIVE

@ ESTABLISH TECHNOLOGY

@® SUPPORT DOE STUDY

@® ECONOMIC DATA

@® TECHNICAL DATA
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APPROACH

LABORATORY CELL

TECHNOLOGY PURCHASE

DEMONSTRATION PROCESS
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LICI HUPPER

BERYLLIUM ELECTROREFINING PROCESS

KC! HOPPER
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DEMONSTRATION ACTIVITIES TO OCT. 1987

INSTALLATION

SuB-SYSTEM OPERATIONAL TESTING

REPAIR§ AND MODIFICATIONS TO SEVERAL MAJOR SYSTEMS
THREE DIFFERENT CONDENSER DESIGNS

ProbucTION OF 350 PounDs oF BECL)

SuccessrFuL SALT FusSION AND TRANSFER



loe

PRODUCTION OF BeCL)

2BE (METAL) + 2CL) = BEj Cg (@) 6500C
1/2 BeaCLg () = BeCLy (s)
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BeCLp IS EXTREMELY DIFFICULT TO PREPARE AND HANDLE

REACTION Occurs AT 6500C

CONDENSATION BEGINS AT 4150(C

FOUR DIFFERENT CRYSTALLINE FORMS CAN BE PRODUCED BETWEEN
2500C anp 415°C

IT 1s TOXIC

IT IS HYDROSCOPIC AND DELIQUESCENT
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SCRAP BERYLLIUM
—7.375" {

2/ PYREX TUBE
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i . & __[pect, vaPORs
CI2—> ESSIESSSTS O CONDENSOR
INSULATION \ = INSULATION

~~— GRAPHITE TUBE

ELECTRICAL RESISTANCE
HEATERS SURROUNDED
BY INSULATION
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CONDENSER
MODEL 1

BeCI2
VAPOR

Y

C ] HEATERS

)
)
>\

_‘:55____
| - - |~ PNEUMATIC

| SO I_________l CYLINDER
DISCHARGE DISCHARGE

CONDENSER COVERED I

WITH INSULATION

FIG 2
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MODEL #1

PROBLEMS
- PRODUCT WAS FINE POWDER
- PRODUCTION RATE LESS THAN .1 LB/HR

- CONDENSATION OCCURRED IN TRANSITION PIECE



CONDENSER

MODEL 2
]
SCRAPER .= 'CYLINDER.
r '
I ™
- k= A
BeCl, \
VAPOR .
> HEATED
BUILD UP ZONE
OF HARD
GLASSY
BeCly 45%

| HEATED ZONE
_— OR
|

WATER COOLE

1

—

|

DISCHARGE

FIG 3
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MODEL #2

PROBLEMS
- PRODUCT WAS FINE POWDER

- PRODUCTION RATE LESS THAN .3 LB/HR

- STALLED PNEUMATIC SCRAPER



EXHAUST

REMOVABLE LID

"WATER COOLED

CONDENSER
MODEL 3

3
/<\ Y ONE
12 z
\><\ .70NE 2

18

VAPOR INLET \>/ /

FIG 4
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MODEL #3

- PRODUCED 2 LRBR/HR

- DESIRED CRYSTALLIME FORM

PROBLEMS -

- MELTED CRYSTALS FORMED HARD, FIBROUS MATERIAL
THAT ADHERED TO BOTTOM AND SIDE

- EXTREME DIFFICULTY IN REMOVING
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RECOMMENDATIONS FOR FUTURE OPERATIONS

CONDENSOR MUST:

- PROVIDE ADEQUATE RESIDENCE TIME
- HAVE GOOD TEMPERATURE CONTROL

- BE CONTAINED IN GLOVEBOX

BATCH PROCESS PREFERABLE

- SMALLER DIMENSIONS WouLD SIMPLIFY -
TRADE OFF IS LENGTH OF OPERATION

- ExAMINE MATERIALS OF CONSTRUCTION



ADVANCES IN BERYLLIUM POWDER TECHNOLOGY
S. P. Abeln, RFP

Abstract

Four powder production technologies are compared and contrasted. Comparisons
include the production sequence and the final powder characteristics. The
technologies reviewed are: 1) impact grinding, 2) laboratory scale fluid
energy milling (Micron Master), 3) gas atomization, and 4) atomization by the
rotating electrode process. Powder characteristics evaluated for each process
include, morphology, size distribution, chemistry, and outgassing
characteristics. It is shown that new atomization processes are more
efficient and possess certain powder characteristics that are advantageous to

Near Net Shape technologies.
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d‘u Rockwell International

¢ Powder types

- Impact ground
Fluid energy milled
Gas atomized

- REP atomized

2IiE

¢ Characterization

- Morphology
- Microstructure
- Outgas

¢ Summary
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‘lkj Rockwell International
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ﬂlb Rockwell International

Grinding Chamber Action
in Angle Jet Pulverizer
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“\d Rockwell International
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Rotating Electrode Process
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Atomized Powder
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Attritioned Powder Microstructure
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Fluid Energy Milled Impact Ground

P.L.



12¢

Atomized Powder Structures
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92¢

‘lh Rockwell Internationai

Summary

¢ Attrition processes established and show no avenues
for further improvement

o Atomization processes more efficient

e Atomized powder characteristics infer manufacturing
advantages

- Lower surface area; lower BeO
—Reduced tool wear in machining
—|Improved properties
—Possible SPF

- Spherical particles
-~Higher packing densities
—Automation and easy flow

- Rapid solidification processing
-Extended solid solubility (alloying)

¢ No apparent outgassing differences as shown by
dynamic mass spectroscopy



Phase Morphology vs. Cracking Potential in Electron Beam Welded
Be-Al Alloys*

K. W. Mahin, Sandia National Laboratories, Livermore, Ca
L. Tanner, Lawrence Livermore National Laboratory, Livermore, Ca

Over the years there has been an ongoing interest in eliminating cracking in electron
beam welds of beryllium by the addition of aluminum. The typical rule of thurnb is that at
least 30 wi% Al (~10 at%) must be added to the weld to suppress cracking at room
temperature. However, there has been only limited work on determining the relationship
between the phase morphology of the aluminum-modified beryllium weld and its crack
susceptibility. The existing phase characterization work on welds in this material is based
on optical metallography and suggests that cracking is suppressed by the formation of an
eutectic structure in the weld.

The purpose of this study was to more fully characterize the phase transformations
which occur in Be-Al electron beam welds over a range of aluminum compositiors and to
try and relate morphology to crack susceptibility. Electron beam welds were made on chiil
cast button ingots of high purity berylliurn modified with controlled arnounts of aluminum,
in order to control the effects of impurities on microstructure and cracking susceptibility,.
The castings ranged in composition from 50 at%Be-50 at% Al to 95 at%Be-5 at%Al. For
comparison, an electron beam weld of commercial HiP'ed beryllium (S65 grade), onto
which a controlled amount of aluminum (~10 - 15 at% Al) had been physically vapor
deposited (PVD'd), was also included in the test matrix. The welds were analyzed using
optical, scanning electron microscopy and transmission electron microscopy.

Figure 1 [2] shows the typical Be-Al binary eutectic phase diagram modified to
show the metastable miscibility gap centered around the 70 at%Be - 30 at% Al
composition. Under equilibrium cooling conditions, the structure in the as-solidified
material at compositions above 50 at% Al should consist of primary beryllium dendrites
with eutectic in the interdendritic regions. With sufficient undercooling, however, we
would expect this structure to be replaced by a liquid phase separated structure over a fairly
wide range of aluminum additions, depending on the degree of undercooling in the melt.

*This work supported by the U. 5. Department of Energy, DOE, under
contract #DE-AC04-76DPQUTEY,
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Traasmission electron microscopy analysis of the Be-Al welds revealed that a
metastable phase starts to appear in alloys with 60 at% Be - 40 a1% Al. However, at this
composition, the metastable phase forms only in the root of the electron beam weld. A
minimum undercooling of 100 °C is required to reach into the spinodal region of the
miscibility gap at this composition. At 70 at%Be - 30 at%Al, a fully phase separated
structure formed throughout the weld. The structure appears to have an interconnected
"swiss-cheese" type of morphology with aluminum grains solidifying around a number of
randomiy oriented beryllium single crystals. At 90 at%Be, it is apparent from the
micrographs, that the metastable weld microstructure, while still phase separated, no longer
forms in the nucleation-free spinodal region, but rather in the binodal region of the
miscibility gap throughout the weld cross-section. The resultant structure consists of large
single crystals of beryllium, growing epitaxially from the base metal. These single crystals
are interwoven with aluminum, but characterized by high angle boundaries tctween the
different beryllium crystals.

Analysis of the dislocation distributions in the various microstructures indicates that
when the microstructure forms from compositions in the spinodal region of the miscibility
gap, the thermal strains from welding are randomly distributed throughout the aluminum
matrix. However, under these conditions, the beryllium regions remains free of thermal
strain induced dislocations. In contrast, transformation in the binodal region of the
miscibility gap produces a less interconnected structure, characterized by high angle grain
boundaries. Under these conditions, two notable changes occur: (i) dislocations are now
present in some of the beryllium crystals, and (ii) large "crack-like" regions exist at some
of the high angle beryllium crystal boundaries. These "crack-like" regions are typically
backfilled with aluminum. As the amount of aluminum addition to the weld dscreases
below 20 at%Al, the nuraber of dislocations and crack-like regions increases.

This paper will review the relationship between the weld microstructure of the weld and the

crack susceptibility of electron beam welds in beryllium, as well as discuss the evolution of
the microstructure as a function of cornposition and solidification conditions.
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A Metastable Miscibility Gap Indicates the Possible

Occurrence of a Liquid Phase Separated Structure

Beryliium-Aluminum Phase Diagram
(ref. J. Murray, NBS)
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CHANGE IN PROOF STRESS VALUES OF CONSOLIDATED

$65 BERYLLIUM POWDER SINCE 1379 .
by
P.A.Trimby (ROF Cardiff)

Summary

The 0.2% proof stress and UTS values of 565 powder,
consolidated at ROF(C), have increased significantly since
1979 as shown by means of histograms. Possible reasons for
these increases are discussed; particularly;-

1. Consolidating conditions.

2. Heat treatment.

3., 1Iron and Aluminium contents,
4., Silicon contents.

S. Bexyllium' oxide contents.

6. Particle size.

However, the 0.2% procf stress values, correlate with the
grain size which suggests that the observed increase in

pioof stress derives from a reduction in the powder particle
size.
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INVESTIGATION OF THE CHANGE IN PROOF STRESS VALUES CF
CONSOLIDATED £65 BERYLLIUM POWDER SINCE 1979

INTRODUCTION

During the latter part of 1986 2 specification for the production
of Trident weapon parts from consolidated beryllium powder was
being formulated. During this process reference was made to the
closely related specification for Chevaline weapon parts and also
to actual recorded values obtained up to this periocd.

The existing Chevaline specification - "Material for Hot Pressed

Beryllium Components™ - required a 0.2% Proof Stress of 170 -
260MN/m2, but it was noticed that reported wvalues were
approaching, and in one instance exceeding this upper limit, It

was therefore decided ¢to investigate the reasons for this
apparent increase to enable a decision to be made on whether the
Trident Proof Sftress specification limit should be modified.

VARIATION OF MECHANICAL PROPERTIES

As the Brush Wellman powder batch numbers refer to the date on
which the powder was produced, appendix 1 shows a histogram of
Proof Stress values, supplied by Brush Wellman against the Brush
Wellman powder batch numbers arranged in date order. Sfimilarly it
shows the Proof Stress values obtained by ROF(Cardiff) from hot
pressed blocks and cold isostatically / hot isostatically pressed
(CIP/HIP) logs for the same powders. In addition the Ultimate
Tensile Strength (UTS) values from the Cardiff hot pressed blocks

are also displayed.

It can readily be observed that the Proof Stress (and UTS) values
have all generally increased.

POSSIBLE REASONS FOR INCREASE

There <can be many reasons why mechanical properties of test
pieces produced from consolidated beryllium powder <can vary.
Those considered in this exercise are:-

(1) Consolidating conditions.

(2) Heat treatment.

(3) Iron and aluminium content.

(4) Silicon content.

(5) Oxide content.

(6) Particle size.
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Consolidating Conditions.

Those consolidating conditions likely to affect the mechanical

properties are :-

(a) Temperature.

(b) Pressure.

(¢) Time.
These consolidating conditions are closely <controlled at
ROF(Cardiff) and it seems unlikely that the gradual increase in
Proof Stress values, since 1979, could be caused by these

variations: egspecially as similar increases are observed for
blocks produced by the Hot Press and CIP/HIP routes.

Heat Treatment

It has been shown many times that the heat treatment of Beryllium
can significantly effect the mechanical properties; bdut as with
the connsolidating conditions, the heat treatment process is also
closely controlled. Therefore it would seem unlikely that the
variation 1in the mechanical properties of both Hot Pressed and
CIP/HIPed blocks could be caused by variations 1in ¢the heat
treatment conditions.

Iron and Aluminium Content

It has been demonstrated that free aluminium at the grain
boundaries has a significant detrimental effect on the mechanical
properties of beryllium. Iron, however, has the ability. under
the right heat treatment conditions, to form a compound with
aluminium (AlFeBeld) and in effect remove free aluminium from the
grain Dboundaries, and hence its deleterious effect. It 1is
therefore standard practice, when procuring powder, tc specify
that the concentrations of iron and aluminium fall within an
acceptability window. This window is such that the Fe/Al ratio is
always better than 1.3 to 1.06. and as the stoicheiometry of these
elements in the FeAlBel compound is 2:1, it can be seen that this
acceptability window will 1imit the concentration of free
aluminium that can be present.

Appendix 2 shows the iron. aluminium and Fe/Al ratio for all the

powder batches under consideration. and shows that the Fe/Al
ratio never falls below the 1.3 to 1.0 specification limit.

Silicon Content

Silicon is a grain boundary constituent in beryllium and is known
to aid the sintering of beryllium powder, particularly when using
the Hot Press route. It 1is therefore conceivable that a variation
in the silicon 1level could affect the mechanical properties.
especially of Hot Pressed Components.
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Appendix 2 shows the silicon concentrations of the powders and
appendix 3 shows these silicon levels plotted against the oproof
stress values. These pliots do not show a correlation between

proof stress and silicon content,

Oxide Content.

It has been suggested that Be0O partlicles can serve as sites of
stress concentration, embrittling the Beryllium to premature
fracture. Indeed this was shown by R.E.Evans, M_._E.Fajers and
D.Roberts [1] who demonstrated an increase in both 0.2% Proof
Stress and UTS with increasing Be0 content.

Appendix 4 fails to demonstrate a similar relationship between
the Proof Stress values of Hot Pressed blocks and BeQO content.

Particle Size.

It has been shown from dislocation theory that 0.2% proof stress
should vary with grain size (a decrease in grain size resulting
in an 1increase in Proof Stress). It is also known that powder
particle size is the primary factor in determining final grain
size. Consequently changes in the particle size of powders should
manifest themselves in changes in the consolidated blocks proof

stress figures,

A direct comparison was not possible, however, as the complete
particle size distribution, of all the powders under
consideration, was not available. Only the less than U5um and
less than 10um figures were recorded for all powders, but as
these results are rather imprecise it is not surprising that no
correlation is observed.

A correlation does exist, however, between the grain size with
the Proof Stress, and UTS as shown in appendix 5. The best fit to
these coordinates is a curve, but the mechanical properties would
be expected to vary with grain size according to the Petch- Hall

relationship:-

where 0 = 0.2% Proof Stress
0 & K = Constants
d = Grain fize,
-3
Therefore appendix 6 shows the relationship between d and the

0.2% Proof Stress and UTs.
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DISSCUSION

expressed in appendix 6 shows a significant amount of
scatter. It must be remembered, however, that this data was
collected from averaging results from production ._uantities of
powder. Consequently control of other parameters that are known
to effect mechanical properties - such as aluminium or oxide

content - was not possible.

The data

CONCLUSIONS

1. A direct practical confirmation of the Petch Hall relationship
has been established.

2. Although <correlation between 0.2% Proof Stress and particle
size was not possible from the data available, theoretical
connections between particle size and grain size indicate
strongly that the increase in 0.2% Proof Sftress since 1979 can be
attributed to a decrease in particle size over the same period.

P.A.Trimby
Royal Ordnance Factory (Cardiff)

June 1987

jowog-ps
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{ _APPENDIX 2

A SUMMARY OF BRUSH WELLMAN 0.2% PROOF STRESS VALUES, CARDIFF CHEMICAL ANALYSIS
OF POWDERS, HOT PRESSING AND 7IP/HIP PRESSING MECHANICAL RESULTS

BRUSH WELLMAN CARDIFF HOT PRESSING CIP/HIP PRESSING CARDIFF ANALYSIS OF POWDER
BAICH No anr/;!zn:ss AV GRAIN m&fl's.lzl(ss uts nr:‘t;‘r/:r:ntss utsS :;m :lpm 27\4:\6 inw P?gl‘"SanE ll-.:su’l:u _
790809 230 14.7 1 223 | 369 235 435 630 | 300 | 2.1 | 150 ] 7.0 j100
791102 | 220 - - - 285 423 o8/ 1240124 | 174] 6.0 |98
191202 | 219 - - - 248 414 622 1 200 | 5.1 1 201 ] 8.0 |98
- 1800203 1 215 14.7 | 208 | 594 249 416 591 1183 1 32 1 2841 9.0 1100
1.800303 | 222 - 216 | 380 226 429 994 [ 183 | 3.2 | 290 | 10.0 {100
' 1 800410 ) 223 - 214 | 384 258 424 580 { 156 | 3.7 | 2841 9.0 1100
800512 | 206 17.2 1 216 | 381 - - 5701250 [ 2.4 | 188 [ 10.0 {93
00613 { 218 15.7 1 227 | 334 - - 539 1240 {235 | 2371 9.0 198
(800710 1 232 - - - 269 44 546 1 250 1 2.1 | 1821 8.0 (98
. 1800823 | 218 140 [ 230 | 401 - - 510 1230 4 2.2 | 187 ] 10.0 {98
| (800919 | 204 15.6 | 225 | 387 262 437 576 1 220 | 2.6 | 217 | 13.0 {98
| [.801016 | 219 19.0 | 238 | 403 281 451 1[551 1230124 ] 1951 7.0 J98
[ 011134 213 [ 150 { 228 | 396 266 449 5411230 124 | 2417 11.0 |99
| 84042] 257 1142 | 229 | 391 279 | 447 590 1 150 1 3.9 ¢ 2101 15.0 [ 100
1 840617 | 249 138 | 247 | 407 297 463 550 1 380 1 1.4 ] 1701 95 198
BAT20T 1 746 1._12.9 | 255 | 416 286 465 650 | 300 { 2.2 1 220 | 15.0 {99 _
B0477 | 746 11 13.4 1 250 | 413 U84 46T ([ 6301350 [ 1.8 | 2801 12,0 1100
850017 | 245 || 17.9 | 254 | 415 783 1459 1] 730 | 190 [ 3.8 | 360 10.0 [ 100
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A BERYLLIUM/STAINLESS STEEL COMPATIBILITY COATING
by

H.G.Rhodes and D.Roberts, AWRE

Summary

A compatibility coating consisting of a suspension of erbium
oxide in an agqueous solution of erbium nitrate has been used
to protect stainless steel tooling during the hot compaction
of beryllium powder. The effectiveness of the coating has
been evaluated at temperatur.u up to 1000°C in hot
isopressing and 1050°C in direct hot pressing operations.
In both cases it was found that the coatings were
sufficiently durable to withstand three pressing cycles
without intermediate repair.
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COATED MANDRELS

SL.IDE 1 (introduction)
THE AIM OF DEVELOPMENT WORK WAS TO REDUCE
PREFORM WEIGHT BY PRESSING THE PREFORM
CLOSER TD NET SHAPE
SLIDE @2 (problem and solution)

In die hot pressing with a graphite core the preform
wall has to be a minimum thickness to resist contraction
stresses and the present size is about optimum therefore
there was little possibility of improving the process

If a graphite core was replaced with a metal mandrel
then the preform after pressing would shrink less than the
mandrel and the minimum wall thickness limit would not

apply

A stainless steel mandrel would be ideal but
pressing at above about 1000 ¢ reaction between beryllium
and stainless would destroy the mandrel

The possible isopressing routs uses a stainless mandrel
but reaction between beryllium and bare stainless steel
limits the use of mandrel to about three pressings after
which the mandrel becomes rough and can be lecked in the

mandrel

SLIDE 3 (used mandrel with

reaction layer )

The solution to both these problem would be to us=~ a
stainless steel mandrel coated with a refractory oxide

coating.

SLIDE 4 {reasons why plasma out
verbal only)

using plasma and flame spraying mandrels have been coated
with alumina have been tested for both die hot pressing and
hot isopressing for hot pressing at aboutlO050 c the
reaction destroyed the mandrel for isopressing at about 9350
1000 the reaction was less but after being used three times
the mandrel was so rough that it was locked in the preform.

Carrying out this work showed that one problem was
that if used for isopressing the mandrel would have to be

recoated aftter each use .

If the coating was done by a specialised firm then
the mandrel would require cleaning and decontamination



after each pressing run . The time required for this
would make the process unworkable

WHAT WAS REGUIRED WAS A SIMPLE PROCESS THAT COULD BE

CARRIED OUT IN HOUSE.
SLIDE S {erbia coating method)

Work on plutonium casting had reported using a
coating based on erbium oxide suspension in a saturated
solution of erbium nitrate in water and the claim was that
the coating could be used up to 100 times before it broke

down

This coating and its method of applying appeared ideal
if was compatible with beryllium.

SLIDE & (experimental work
description)

The best methed of finding if erbium oxide was
compatible with beryllium was to test a stainiess steel
mandrel coated with the mixture. For the first test a
stainless steel mandrel of same size as the conventional
graphite core used for hot pressing a 110mm preform was
prepared and used to Hot press a 110mm diam preform at 10350C
and 0.5 tpi . After removal from the die it was found that
the mandrel was loose in the preform and the coating was
intact but had chanqged colour from pink to dirty gray

SLIDE 7 (hot pressed preform small
mandrel)

A second and third pressing were then made with the

same mandrel
After the third pressing the coating was beginning to
break down
The second and third preforms show that the density

was possibly low.
As the result of the success of the first test a

second hot pressing mandrel was manufactures with
dimensions about 0.23 " larger than the previous mandrel .
SLIDE 8 { hot pressed mandrel

large mandrel)

The first hot pressing at 1050C and 0.5tpi produced a
sound preform but the density in the wall area appeared law
for the next pressing the load was increased to 0.75 tpi
and to 1.0 tpi for the third pressing when 100% density was
attained

After the third pressing the coating appeared ta be
breaking and the mandrel was cleaned for recoating. Trials
with the recoated core are to be carried out.

SLIDE 9 { coated mandrels)
The initial work was carried out with prebably poor

coating and the typical coatings shown were prepared after
the coating technique had been improved
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The isopressing mandrel shown mbMle in slide was used
in an hot isopressing assembly . This was again successful
up tao three cycles

SLIDE 10 Isopressed mandrel and
preform after three runs

The next slide shows a die hot pressing carried out
with the same size core as the large mandrel used in the
coating experiment. The preform wall was cracked and opened
by about 1/4 " showing the magnitude of the differential
strain between core and prefaorm

SLIDE 11 Prefarm pressed on
large graphite core

SLIDE 12
CONCLUDING
It appears that Erbium oxide coating can be used for
protecting stainless steel mandrels from reaction w#ith
beryllium wup to 1030C The technique requires futher
development These are now being looked at
THESE ARE
A MORE PROTECTIVE COATING
A METHOD OF APPLYING A POSSIBLY THICK COAT

WHICH WOULD BE APPLIED IN A VERY SHORT TIME
BUT WOULD ONLY LAST FOR ONE PRESSING

A CHEAPER COATING BASED ON THE SAME METHOD
OF APPLICATIGN BUT BASED ON YTTRIA THE FIRST
TESTS 8BEAM TO SHOW THAT THIS COAT MAY ACT
BETTER THAN ERBIA
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SLIDE )

(1]

DEVELOPMENT OF A REFRACTORY COATING TO PROTECT
STAINLESS STEEL MANDREL ODURING THE HOT PRESSING OF
BERYLLIUM POWDER

IMPROVE PROCESS EFFICIENCY
IMPROVING NET SHAPING i

§ } ‘
|sopaess~ PROCESSES DIE or VACUUM
REL HIP HOT PRESSING PROCES!
STAINLéSS STEEL GRAPHIT CORE
MANDREL

o SEACTION, THCEoRtE Lokt oM
MANDREL DAMAGED l

, B

{J REFRACTORY COATING
‘ oN

STAINLESS STEEL MANDREL |

SIMPLE LETHOD

.
PLASMA SPRAY Redressing Possible
FLAME l
Redressing Erbium Oxide nitrate
difficult solution in water
4 ¢
CIP — HIP STOW 3Dc'3li::1:TDTESS
3 Cycles MAGE
I ,pgggg\g% 2 Cydles R~ cot

ot
@
i

C‘b
—b

l MANDFti:IT RE - USE

e | W
1 »

THIN WALLED PREFORM ‘
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DEVELOPMENT OF A REFRACTORY COATING TO PROTECTY
STAINLESS STEEL MANDREL DURING THE HOT PRESSING OF
BERYLLIUM POWDER

IMPROVE PROCESS EFFICIEENCY

B8y
—eee———_IMPROVING  NET SHAPNO———*
l VACUUM or DIE
HOY SSING
ISOPRESSING _ .
PROCESS \4
STAINLESS STEEL Cc CORE
l MANDREL
cr e
WITH  MANDREL
CONTAINED N CAN
l CORE PRETANED N PREFORM
I ‘ SERYLLIUM CONTRACTS
OERYLLIUM  CONTRACTS PREFORM WALL STRESIED
LESS THAN STANLESS STEEL MNMIUM WALL TO PENST
MANDREL NOT TRAPPED IN
PREFORM l
NO WALL STRESSES
NO UMIT TO NET SHAPE PREFOMM THICK WALLED
LT TO WALL THICKNESS
REDUCTION
REACTION SETWEEN STARACSS STEEL
AND BERYLLIUM MAMNDREL SURFACE DAMAGED
FIGURE 1.
l 1T TO NET SHADE
MANDREL NOT REACTION AT 160 ¢
RE - USABLE MANDABL LOCKED N

PREFORM

1

REOUCED TEMPERATURE
INSUFPICIENT PRESQURE
TO ATTAM 100 % DEMNSITY

!

|

DEVELOPMENT OF A AEFMMACTORY COATING

TO PROTECT
BERVILIUM FROW, REACTING WATH STAINLESS STERL
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SLIDE B

FIGURE ' 1,
Stainless steel mandrel (unprotected) after bed

used once for the hot isopressing of dberyllium
1000°C and 1 kbar, Reaction laver visible

surface,
348



SLIDLE 4 -

DEVELOPMENT OF A REFRACTORY COATING TO PROTECT
STAINLESS STEEL MANDREL DURING THE HOT PRESSING OF
BERYLLIUM POWDER

REFRACTORY COATING

ON

STAINLESS STEEL MANDREL

| |

PLASMA SPRAY FLAME SPRAY

| % |

[

ALU*MNA
i
POOR AT i1ooo c VERY POOR AT 1050 C
ISOPRESSING
v
REUSE OF MANDREL HOT PRESSING
CLEAN ML RECOAT NOT POSSIBLE

SPECIAUSECJ EQUIPMENT

DECONTAMINATION
TIME DIFFICULT

, .

‘
REQUIRED
SIMPLE W HOUSE COATING
PROCESS
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DEVELOPMENT OF A REFRACTORY COATING TO PROTECT

TADLE TEEL MANDREL ODURING THE HOT PRESSING OF
s 333 BERYLLIUM POWDER

COATING REPORTED FOR USE
TO PROTECT CASTING MOULDS
FOR RADIO-ACTIVE METALS

v
ERBIUM OXIDE SUSPENDED IN
AN AQUEOUS ERBIUM NITRATE SOLUTION

v
APPLIED TO A SHOT BLASTED SURFACE

BY
WIPING SURFACE WITH A RAG DIPPED
IN THE SUSPENSION

v
MANDREL FIRED AT 560C

v
SECOND COAT OF ERBIUM NITRATE WIPED ON

v

PROCESS REPEATED TO BUILD UP COAT
PROCESS SLOW BUT SUITABLE FOR
IN'HOUSE USE

COATING LIFE CLAIMED 100 CYCLES
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SLpE & - Y

DEVELOPMENT OF A REFRACTORY COATING 7O PROTECY
STANLESS STEEL MANOREL DURING THE HOT PRESSING OF
BERYLLIUM POWDER

COATING REQUIRED FOR
HOT 1SOPRESSING

l

SLOW PROCESS

RAMD EVALUADLN B8Y TESTING
ON HOT PRESSING MANDREL

|

EVALUATE COATING BY AMOUNT OF REACTION
ON COATED MANDREL AFTER VACUUM HOT PRESSING
AT A RESTRICTED TEMPERATURE OF 1030 C

DENSITY OF PREFORM NOT IMPORTANT

COATED MANDRELS (SCPRESSING AND HOTPRESSING
TO PRODUCE 110mm PREFORMS

116mm PREFORM PRESSED FROM
POWDER AT 1050 C and 7.7Nmm

BREAKDOWN OF COATING AFTER THIRD CONSECUTME PRESSING
PREFORM DENSITY LOW (FIGURE 2)

l

HOT PRESSING EXPERIMENT REPEATED AT

MANDREL SIZE [NCREASED
THREE CONSECUTWE PRESSING BEFORE BREAKDOWN

PRESSING LOAD INCREASED TO 1556 Nmm
PREFORM ODENSITY 100%

AGURE 3

l

REFEAT WORK USING CIPAHIP PROCESS
THND PREFORM PRODUCED ON COATED PREFORM
PRESSING CONDITIOME 1 MBAR 950 - - 1000
COATING DREADOWN EVIDENT
FIIURE §

l

PREFORM HOT PRESSED USING GRAPHITE COME OF
SAME SWZE AS STAINLESS STEEL MANDREL FIGURE 3
FIQURE 8
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FIGURE

2.
Second and third preforms (110mm diam) of a seriq
of three produced by die hot pressing using

erbia coated s:ainless steel mandrel of same size

normal graphite core.

Note: Coating break-down visible on third prefo:
and on mandrel,
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FIGURE 3.

™~

~

110mm diam) produced
by die hot pressing using an erbium coated

stainless.steel mandrel.
Preform wall thicknesss

A series of three preforms (

reduced by use of large

mandrel. To attain good preform density the applied

pressure was ingreased for each pressing
(a) 7.7 n/m,

(b) 11.5N/mm
(e) 15.58/pa?
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FIGURE 4.
Various stainless stcel pressing mandrels
{(110ns dia preform)
(a) Het pressimg mandrel
(b) Isopressing mandrel as coated {(early
develepment)
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FIGURE S,
Third isopressed preform produced omn an erbis
coatedstainless steel mandrel.
Note: Coating break-down visible.
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FIGURE &.

e e e e e ——

Prefora produced using a graphite core ot simsilar
size to stainless steel mandrel used for preforms

displayed in FIGURE 3

———— e eem a - e m——— e —
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SLIOE 12 r

DEVELOPMENT OF A REFRACTORY COATING TO PROTECT
STAINLESS STEEL MANDREL DURING THE HOT PRESSING OF
BERYLLIUM POWDER

CONCLUSIONS

COATING BASED ON ERBIUM OXIDE

SIMPLE TO APPLY
SATISFACTORY FOR USE AT 1050C

|

HP  PROCESS VACUUM  HOT PRESSING
l PROCESS
IMPROVE ma LL:EE IN HIP PROCESS USE OF STANLESS STEEL

MANDREL POSSIBLE

INSTEAD INSTEAD

THREE CYCLES ONE PRESSING DESTROY
LOST GRAPHITE CONE
THINNER PRE WALL
(25%

WEIGHT SAVING 25%

v
PROBLEMS
SLOW COATNG PROCESS

9

FUTURE WORK

TEST FUL SZE 2Nemm PREFOMAM
DEVELOP QUICK COATING TECHI:E

EXAMINE POSIOLITY OF OTHER COATING CADES SIMILAR SYSTEMS

YTTRIA

357



