31 AUGUST 1965 LMSC-A753122

BERVLLIUM EABRICATION METHODS
DEVELOPMENT PROGRAM

%@f §5999
(742 /5~

TECHNICAL REPORT
FORMING

NAS 8-11798

SPACE SYSTEMS DIVISION

LOCKHEED MISSILES & SPACE COMPANY / SUNNYVALE, CALIFORNIA-—



31 AUGUST 1965 IMSC/AT63122

BERYLLIUM FABRICATION METHODS
DEVELOPMENT PROGRAM

FORMING

Contract NAS 8-11798

‘R, F, Williams
Project Leader

LOCKHEED MISSILES & BPACE COMPANY
A Group Division of Iockheed Aircraft Corporation
Sunnyvale, Californis,



IMSC/AT63122

FOREWORD

This report, submitted under NASA Contract NAS 8-11798 covers Task 2.1,
Forming, of the Beryllium Fabrication Methods Development Program Plan.
The work described herein was performed under the direction of Large
Space Vehicle Programs, Space Systems Division, Lockheed Missiles and
Space Company. The program encompasses the development and documentation
of needed new manufacturing techuniques and fabrication methods suitable
for the application of beryllium and beryllium alloys in space flight

vehicle structures.

The work being accomplished in accordance with the requirements outlined
in the Metal Removal (Task 2.2), Thermal Treatment (Task 2.3), Surface
Tregtment (Task 2.4), and Joining (Task 2.5) sections of the Program
Plan will be reported as each task is completed.
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This report documents the forming techniques investigated and developed
for the fabrication of beryllium aerosgpace vehicle structures. Time-
temperature relationships are established for the forming of straight
bends, compound curved channels, and hemispherical segments. The flow
of the meterial is determined, and the resulting dimensional changes
are megsured. The feasibility of the extreme forming of cross-rolled
beryllium sheet material is demonstrated.
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Universal Forming Die
Note the heating elements and stainless steel
buffer plates.

Minimum Radius (4%) Bend - .020" Material - 1350°F.
Category 1 Quality - No Defects

Cross-section; Minimum Radius (U4t) Bend - .020"
Material - 1350°F. Category 1 Quality - No Defects -
500X
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Material ~ 1050°F. Category 5 Quality - 100X.

Assembled Leaf Brake Die. Note the steel frame
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Leaf Brake Die with .10" and .60" Radius Die Blocks,
The .30" radius die block is installed.

"As Formed" Specimens. Warped due to uneven temper-
ature.
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Representative Channel Sections Formed on the ILeaf
Brake. Stress relieved and straightened.

Channel Being Formed on the Press Brake. Note the
steel plates on both sides of the beryllium specimen.

Channel Formed on the Press Brake at 100°F. Note
the catastrophic failure, '

Zee Section Being Stress Relieved in the Universal
Forming Die. Note the stainless steel buffer plates
and the 1 l/2-degree springback allowance on the left
side of the punch block.

Representative Zee Sections Formed on the Leaf Brake.
Stress relieved and straightened.

Hat Section Formed in the Universal Forming Die with-
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out Buffer strips or Lubricant. Note the severe galling L2

Representative Hat Section Formed on the Universal
Forming Die.

Representative Cross-section of "Punch and Die"
Formed Hat Section - .060" Material

Typical Delamination in Bend Area of "Punch and Die"
Formed Hat Section - .060" Material - 500X

Typical Twinning in Bend Area of "Punch and Die"
Formed Hat Section - .060" Material - 500X.

Representative Cross-section of Channel Formed on
the Leaf Brake - .060" Material.

Typical Delamination in Bend Area of Channel Formed
on the Leaf Brake - .060" Material - 500X. Routine
002" etching subsequent to forming will remove this
defect,

Typical Twinning in Bend Area of Channel Formed on
the Leaf Brake - .060" Material - 500X. Very little
twinning occurred.

Representative Cross-section of Zee Section Formed
on the Leaf Brake - .120" Material

Typical Cross-section of the Bend Area of the Zee
Section Formed on the Ieaf Brake - .120" Material -
500X. Nobte absence of subsurface delamination.
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Typical Cross=-section of the Bend Area of the Zee
Section Formed on the Ieaf Brake -~ .1P0" Material--
500X, Note absence of twinning.

Experimental Punch and Die -« Preliminary Spherical
Redius Forming - 3.0" Radius.

Experimental Hemispherical Segments - Preliminary
Forming. Note wrinkling of the .020" and .030"
segments, ' -

Experimental Hemispherical Segment - .020" Material
Note the severe folding of the maberial.

"Glassrock” Spherical Forming Die - 12,0" Radius
Spherical Segments - .020" Beryllium and .060" 61S0
Aluminum Formed at 1350°F and Room Temperature

Respectively., Wote the similarity of the wrinkles
gt the edges of the specimens.

Specimen Blank and Formed Sphericel Segment - ,120"
Meterial - 12.0" Radius - 100 R/t

Scribed Inner Surface of the Formed Spherical Segment
- 1.00" Grid - 120" Material - 12.0" Radius - 100 R/t

Curved Channel Configuration - Nominal Dimensions
"Glassrock" Curved Channel Forming Die Blocks
Curved Channel Being Formed - .120" Material
Specimen Blank and Representative Curved Channels
Curved Charmel Specimen - 1,00" Grid - ,120"
Material. Nobte the displacement of the grid lines
and the varigbion in flange height.

Beryllium Angles in Place in Joggle Die.
Supplementary heating provided by quartz lamps.
Note the scale on the die blocks,

Typical Joggled Angles with "Pinched" Angle Bend
Radius

Representative Satisfactory Joggled Angles, Note
the smooth transition and lack of bend radius “pinch-

ing".
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SECTION 1.0
INTRODUCTTION

The objectives of this task are the investigation, development, and
documentation of the beryllium fabrication methods classified as "Forming"

in the Beryllium Fabrication Methods Development Program Plan.

The availability of cross-rolled beryllium sheet material of uniform
guality, in sizes compatible with design requirements, now maskes possible
the full reslization of the potential advantages of beryllium in the
fabrication of aerospace vehicle structures. Although large radius simple
curved panels are being formed on a routine production basis, the lack of
suitable production techniques for the forming of minimum bends and com-
pound curves still inhibits the extensive utilization of beryllium in the

fabrication of large space vehicle structures.

The several tasks accomplished during this study included the experimental

f orming of both simple and compound configurations as follows:

1. Straight Bends
Angles
Channels
Zee Sections
Hat Sections
2. Compound curved configurations
Spherical Segments
Channel Ring Segments
3. Joggles
Angles
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The accomplishment of these tasks, directed toward the development of
both engineering and production information and data, included the

documentation of the optimum forming temperature, the establishment of
minimum bend radii, and the verification of the feasibility of forming

gbrupt dimensional changes in the plane of the material,



IMSC/AT63122

SECTION 2.0
GENERAL

The material utilized in the accomplishment of the tasks included in this
phase of the program was commercial quality cross-rolled beryllium sheet
purchased from the Brush Beryllium Company of Cleveland, Chio. This
material was purchased in accordance with the requirements of Lockheed
Specification IAC OT-4008; the minimum specific properties are:

Ftu - 70,000 pei
Fty - 50,000 pai
Elongation - 5¢ in 1.0 inch

Table I presents the chemical analyses and the mechanical properties of
the material.

With the exception of the Jjoggle dies, all of the tooling used during this
program was fabricated of "Glassrock," a ceramic material with very stable
thermal characteristics. Either 11 or lh-gage nichrome wire heating elements,
spaced 1/2 inch apart, were imbedded in the material 1/2 inch from the working

surface.

Although the low fabrication cost of this "tooling" material makes its use
particularly sttractive for limited "runs,” the applications must be

| selected with.care to avoid the overstressing of the "Glassrock." Analyses
of the several tooling fallures, experienced during the accomplishment of this
program, are included in the discussion of the pertinent forming task.
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SECTION 3.0

FORMING PROCESSES

STRAIGHT BENDS

The most basic forming operation, required during the fabrication
of structural components, is the straight bend. The object of this
first phase of the program was the determination of the time-
temperature parameters required for the consistent and reliable

production of minimum radius bends.
3.1.1 Minimum Radius Bend Investigation

This initial phase of the program included not only the
establishment of the basic forming parameters, but the deter-
mination of the minimum radius bends that could be consistently
produced. In order to obtain representative comparative data,
a set of thirty-six 90-degree angle specimens was formed of
each of the four material gages. All of the specimens were
formed at the desired radii of 4, 5, and 6t; and the selected
forming temperatures of 1050°F, 1250°F, and 1350°F. The form-
ing temperatures were recorded by means of chromel-alumel
thermocouples, installed on control specimens, and a Honeywell
20 channel strip recorder. A "feedback loop" to the electric
power supply provided the necessary control of the forming

temperatures.

Current production procedures were utilized for the preparation
of the bagic 1.0" x 3.5" unformed test specimens. All of the
specimens were identified during the initial layout on full size
vellum sheets, and this identification was maintained throughout
the program. The layoub, including the identifying numbers, was
transferred to the sheet materisl, and the parts were cut to size

on the precision abrasive cut-off saw.
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The forming of the minimum radius bend specimens was
accomplished in the "Universal" type punch and die set,
consisting of heated, "Glassrock" die segments and a
conduction hested punch mounted between the upper segments,
illustrated in Figure 1. The nichrome heating wires and
the stainless steel buffer plates, installed to prevent
the excessive wearing awsy or breakage of the "Glassrock”
die blocks, are clearly visible. A different stainless
steel punch, with an appropriately "radiused" edge, was
installed, as required, for the forming of the various

test specimens.

The specimen blanks were placed in position on the die,
hested by conduction from the hot die, and formed as

soon as the desired material temperature had been atiained.
The nominal forming time for each specimen was 1 minute;
slight, through negligible, varigtions in forming time

did occur due to the manual control of the press. After
the forming operations were completed, all of the specimens
were etched in a solution consisting of 3% HF (hydrofluoric
acid) and L45% HNO3 (nitric acid) to remove approximately
,001" of material from sll surfaces in preparation for
microscopic examingtion. The bend area of all of the speci-
mens was critically examined, both visually and microscopically,
to ascertain the quality of the bend itself.

Summeries of the grain orientation, forming temperatures, bend
radii and types of failure for the .020", ,030", .060", and
.120" gage specimens are presented in Tables II through V
respectively. The several categories of bend quality,
illustrated in Figures 2 through 11, were as follows:

l. To defect

2. Questionable - strainlines visible, but no open
cleavage B

3., Incipient failure - minor cleavage visible &t 50X

-



IMSC/AT63122

k, Moderate cleavage - visible to unaided eye
5e Gross failure - visual fractures

The material gages, the bend radii, and the forming temper-
atures are presented with the illustrations of the several
categories of defects.

Visual examination of a category 1 specimen, illustrated
in Figure 2, revealed little or no gppreciable change in
surface texture of the specimen. Critical microscopic
examination of a cross-section of the same specimen at
500X, illustrated in Figure 3, revealed only the typical
surface condition of slight undulations; there were no

sharp notches or other indications of potential failure.

Visual examination of a category 2 specimen illustrated
in Figure 4, revealed fine lines or a very slight orange
peel appearance of the ouber fibers of the‘specimen. The
microscopic examination of the cross section at 500X,
illustrated in Figure 5, verified the presence of the
fine-lines as a series of slight, but sharply defined,

indentations.

-8-
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Universal Forming Die
Note the heating elements and stainless steel buffer plates.

Figure 1.
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020" Material - 1350°F.
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Figure 2
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Radius (4t) Bend - .020" Material - 1350°
35 FO

Category 1 Quality - No Defects - 500X

»
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Figure 3 Cross-Section; M
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The surface condition of the category 3 specimen,
illustrated in Figure 6, is very similar to that of the
category 2 specimen, except that the lines are more
pronounced and clearly visible, The microscopic examin-
ation of the specimen at 500X, illustrated in Figure T,
verified the presence of moderate surface cleavage. The
slight separstion of particles‘ of beryllium from the
basic material msy be noted in the illustration. Although
an additional etching operation to remove approximately
.002" of material from the surface would result in the
removal of these defects, the overall condition is con=-
sidered to be marginal.

The fracture in the bend ares of the category 4 specimen
is clearly visible in Figure 8. The 500X magnified cross-
section of the specimen, jillustrated in Figure 9, clearly
shows the magnitude of the fracture. The sharply defined
indentations adjacent to the fracture clearly indicate
the progressive strain condition existing in the surface

of the beryllium.

No magnification was required for the examinstion and
evalugbtion of the category 5 type of specimen defect.

The cleavage of the beryllium in the bend area, clearly
illustrated in Figure 10, may be easily observed with

the unaided eye. The microscopic cross-section of the
specimen at 100X (not 500X as heretofore), illustrated

in Figure 11, clearly reveais the sharp cleavage of the
beryllium, the potential progressive failure on the bottom
of the crack, and the other potential failures adjacent to
the main fracture.
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Tigure 7 Cross-Section; Minimum Radius (4t) Bend - .030" Material - 1050°F,
Category 3 Quality - 500X.
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The analysis of the information and dats presented in
the tables and figures indicated that 5t radius bends
could be consistently and reliably produced in all geges
of material at a forming temperature of 1350°F. The
results of the tests conducted at 1250°F were very incon=
sistent, and these at 1050°F were so inconsistent as to
be considered unsatisfactory. In addition, only the
.020" and .030" gage specimens could be reliably formed
at the 4t radius at the 1350°F forming temperature.

Therefore, a minimum radius of 5t and a forming temper-
ature of 1350°F were ubtilized during all of the subsequent

forming operations.
Channels

In order to evaluate the effect of the bend radius during
actual forming operation, several different procedures

were used for the shaping of the channel test specimens.

The methods utilized for this investigation included a
conventional punbh and die, a "Leaf" brake, and a standard
press brake. Due to the basic differences in the respective
procedures, the results and pertinent discussions are
presented individually.

3.1.2.1 Conventional Punch and Die Method

The successful forming of beryllium requires the
close control of the pertinent forming parameters,
including: close dimensional control, even temper-
ature distribution within the die segments, and
even stress distribution. The conventional punch

and die appeared to meet all of these requirements.

~29~
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The "Universal" Forming Die modified by the
substitution of a heated "Glassrock" punch
for the stainless steel punch, was used for
this evaluation.

Although channel sections were successfully
formed, the typically galled condition of the
surface, illustrated in Figure 20, was very
unacceptable, Berylli{:lm is inherently extremely
abrasive, particularly at elevated temperatures,
and therefore very resistant to flow across other
surfaces., During this phase of the program,
various lubricants were tried, but as yet no
satisfactory material has been found which will
maintain its lubricating properties at the
required forming tempersture, and simultaneously
will not "build up" on the tool itself.

An alternate method is the use of "buffer" sheets
of stainless steel or molybdenum foil. The use

- of such sheets does result in the forming of
satisfactory channels, but at greatly increased
cost as the foil is expendsble, and considerable
additional time is required for its placement
in the die.

The discussion of the results is presented in
Section 3.1.5, Metallographic Analyses.

3.1.2.2 Ieaf Brake Die

This die, which utilizes the "folding" principle,
was designed and febricated to permit the evaluation
of this forming methed. In addition, this method
eliminates all need for lubricant and thus would
eliminate the galling problem,

-30~



IMSC/AT63122

The "Leaf" die, illustrated in Figure 12,
consisted of the basic frame, the center heated
"Glassrock” hold-down block and two heated
"Glassrock" leaves -- one on either side. As
illustrated in Figure 13, several hold-down
blocks, incorporating different radius edges,
were provided to permit the forming of several
configurations, A

Prior to the actual forming, the specimen blanks
were preheated to 1350-1400°F in a furnace. The
blanks then were transferred into the die and
the consecutive "folding" of the two sides of
the channel was manually accomplished in

approximately 30 seconds.per side.

Although the principle of the die was sound and
the galling problem was solved, various mechanical
problems occurred with this experimental tool
during the program., These problems, which would
be elimingted in the design of a production

to0l, included insufficient clearance at the

ends of the "Glassrock" die blocks for the heating
wires, inadequate support of the long slender

die blocks along thelr length and uneven heat
distribution due to the open nature of the die.
The lack of even tempersture along the die blocks
resulted in severe warpage of the specimens,
particularly with the thinner gages ef material

as illustrated in Figure 14. Subsequent resizing
and stress relieving of the specimens in the yni-
vergal forming die at & temperature of 1350°F for
approximately 20 minutes resulted in the production
of smooth str?,ight channel sections as i1llustrated

in Figure 15.

-31-
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Assembled Leaf Brake Die

Figure 12

Note the steel frame and the "Glassrock" die blocks.
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Figure 15 Representative Channel Sections formed on the Leaf Brake

Stress Relieved and Straightened.
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3.1.2.3 Standard Press Brake

A standard 60-ton Pacific hydraulic brake,

equipped with hegted platens,was used for the
forming of the .120" channel specimens. Due

to the limited capacity of the power supply and
the heating elements (1000°F maximum temperature),
supplementary heat was supplied by quartz lamps

in order to attain the required forming temper-
ature of 1350°F. The .120" beryllium blank was
"sendwiched" between .060" mild steel plates
during the forming operation to avoid galling

the surface of the beryllium. This forming
operation, illustrated in Figure 16, was unsuccess-
ful, The thermal characteristics of the beryllium,
and the large mass of the press brake acting as a
hegt sink, precluded the maintenance of the required
tempersture in the beryllium blank. This fomi’ng
activity was discontinued after two attempts, made
at a material temperature of approximately 1100°F,
resu_'!.ted‘ in the catastrolihic type of failure
illustrated in Figure 17.

3.1.3 Zee Sections

No unanticipated problems were encountered during the form-
ing of the Zee Sections on the ILeaf brake die. All forming
was, of necessity, accomplished in two steps, i.e., the
blank was heated to 1350°F, placed in the die, and the first
leg of the Zee was formed., The specimen then was reheated,
placed in the die "upside down" from the previous position

and the final leg of the Zee was formed. As occurred during

-36-
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lum specimen.

Note the steel plates on both sides of the beryll

Figure 16 Channel Being Formed on the Press Brake
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the forming of the channel sections, the uneven temperature
along the die resulted in the formation of warped specimens.
However, a subsequent straightening and stress relieving
operation, conducted in the Universal Forming Die at 1350°F
for spproximately 20 minutes, corrected this condition.

This operation is illustrated in Figure 18. Representative
stress relieved and straightened Zee sections are illustrated
in Figure 19.

Hat Sections

As four separste opergtions would have been required for

the forming of the hat sections in the leaf die, the "Glassrock"
die segments were installed in the Universel Forming Die, as
illustrated in Figure 18, which permitted the forming of the
hat sections in one operation. The 1 l/ 2-degree springback
cleara.née, visible on the left side of the punch, provided an
undesirable unsupported area along this face of the block.

This allowance is not required for normal forming cperations

at 1350°F.

The initial forming operations, confucted without buffer
strips resulted in the severe galling of the surface of

the material as illustrated in Figure 20, The subsequent
installation of stainlesssteel buffer strips, visible in
Figure 18, alleviated this condition. Representative hat

sections are illustrated in Figure 21,
Metallographic Analyses
In order to permit the comparative evaluation of the merits

of the several forming methods utilized during this investi-

gation, the bend radius areas of representative specimens.

- were prepared for microscopic and metallographic analyses.
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Figure 19 Representative Zee Sections formed on the Leaf Brake,

Stress Relieved and Straightened.
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Note the severe galling.

icant.

Figure 20 Hat Section formed in the Universal Forming Die without
Buffer Strips or Lubr
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Figure 21 Representative Hat Sections formed on the Universal Forming Die.
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Due to the impossibility of attaining the proper forming
tempersture, and the catastrophic failures experienced,

no "press brake" specimens were prepared.

Critical examination of representative cross-sections of
the hat sections formed during the "punch and die" investi-
gation, and illustrated in Figures 22, 23, and 2k revealed
severe subsurface delamination and twinning too far below
the surface of the material to permit their i'emoval during
the normal .002" etching operation. The combination of
the experimental tool, uneven tempersture distribution,

and the forced forming of the three bends of the "hat"
simultaneously are believed to have caused these deleterious
effects, The use of a double acting die with exact temper-
ature control should result in the production of acceptable
parts.

Examination of the mlcrophotographs of the channel section,
formed on the Leaf brake, revealed a vastly improved grain
structure. As may be noted in Figures 25, 26, and 27, very
little deformation "twinning” occurred, although considerable
shallow sub-surface delamination is visible. However, it
should be emphasized that the routine .002" etching operation

.~ will remove the delamination defects.

The microphotographs of the Zee section, also formed on the
Teaf brake, exhibited the best grain structure of all. No
twinning, sub-surface delamination, or other defects may be
seen in Figures 28, 29, and 30. The difference in the grain
structures exhibited by the two specimens, formed in the Leaf
breke, are believed due to slight varistions in the forming
- parameters including the actual forming temperature, the time

' by -
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the Leaf Brake - .120" Material - 500X.

Figure 29 Typical Cross~-Section of the Bend Area of the Zee Section Formed on
Note absence of subsurface delamination.
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to form, and the double heating required for the forming
of the Zee Section,

The results of the analyses of these three specimens
indicate that the "punch and die" forming method subjected
the material to appreciably higher stresses than the
"folding" method inherent in the operation of the Ieaf
brake die. The "drag" forces, or resistance of the
material as it is being drawn over a die surface, tend
t0 cause the type of demage exhibited in Figures 23 and
ok, The "folding" method of forming subjects only the
radius area to bending deformation stresses, without the
additional tensile or "drag" stresses inherent in the
"punch and die" forming method.

Roll Forming

The forming of crogs-rolled beryilium sheet material

can be performed in conventional three-roll equipment
under carefully controlled conditions. However, due to
the limited application of this process, and the inherent
manufacturing problems, no additional work was included
in this development program. Only previous experience,
as stabted in the Program Plan, is reported.,

During the "Agena" development program, conducted epproxi-
mately 2 years ago, severel sheets of beryllium .060" x
17" x 25" were individually formed, to a 30~inch radius
in one pass through the rolls.

Each sheet was "sandwiched" between .060" thick mild steel
plates, preheated to 1100-1200°F, manually transferred to

' the rolls, and passed through the equipment. The actual
. forming temperature is not known; the "sandwich" temperature

dropped approximately 50-100°F during the transfer from the

-5k
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oven to the adjacent rolls, and the unheated rolls acted

a8 a heat sink during the actual forming operation. The
panels then were stress relieved at 1229-1290°F for 20
minutes. No damé.ge was debected during the visusl inspection,
and the formed contour was well within the acceptsble limits.

However, during the subsequent drilling of the attachment
holes, radial cracking or major failure ‘b_hrough the holes
resulted in a high rejection rate. " In an effort to deter-
mine the cause, or causes, for this unacceptable fallure rate,
the effects of various stress relieving time/'benmera‘bure
schedules were investigated. In addition, cross-sectional
hardness surveys were made on ,0T0" thick "as received"

sheet material, and on "roll formed plus stress relieved"
30-inch radius panels. The hardness deta, measured at .005"
increments across the edges of the specimens from the tension
to the compression side of the curved panel, are presented in
Table VI.  As anticipated, the hardness numbers were highest
gt the two surfaces of the curved specimens and decreased to

the minimum level near the center of the sheet.

It was concluded‘ that, due fho the low rolling temperatures

and the less<than-optimum stress relieving procedure utilized

at that time, considersble unrelieved residusl stress remained
in the material which caused the high rejection rate. The )
ultimate result of this early development work was the establish-
ment of the "hot die plus stress relief" production‘ procedures
currently utilized for the forming of the "Agena" panels. The
careful control of the forming and stress relieving parameters
has resulted in the reduction of the rejection rate to a
negligible level.

_ Although beryllium sheet material can be formed by rolling,
the process is not easily controlled, and several inherent
disadvantages preclude its widespread use as a production

processg.
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HARDNESS SURVEY OF CURVED SPECIMENS

Vendor: The Brush Beryllium Company

Iot No: 1942
Sheet No: 541A
Material Gage: .OTO"

Digtance from | Vickers Hardness Number: 300 gram léad
Tension Surface Flat Sheet Roll Formed
inch "As Received" ?Sﬁress Relieved"
.005 208 216
.010 207 21k
015 206 212
.020 239 206
.025 216 197
.030 203 195
035 196 200
.0ho 197 20k
.0h5 199 209
.050 192 211
.055 193 219
.060 218 21
. 065 202 203
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Approximately 3-4 inches of additional material
must be provided at each end of the piece to be
rolled; the leading and trailing edges are not
formed. This additional very costly material
normally becomes scrap.

Heated rolls, with precise tempersture control,
should be used in order to maintain the proper
material forming temperature, This requirement

indicates the need for specialized equipment.

~ The beryllium must be "sandwiched" between mild
or stainless steel sheets to aid in the maintenance

of even temperature and to provide support for the

beryllium during the actual forming process.

Subsequent to the forming operation, fhe parts must
be stress relieved., This additional operation not

only results in increased costs due to the time and
equipment required for its accomplishment, but also

increases the possibility of damage during the
additional necessary handling of the parts.
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COMPOUND CURVES

The lack of suitable production procedures for the forming of
compound curved sections still inhibits the utilization of

beryllium in many space vehicle structural applications.

The obJjectives of this phase of the program were the establish-
ment of the basic forming parameters including the allowsble
radius/thickness ratio, the deformation limits including both
stretch and shrink limits, and the forming temperature.

3.2.1 Spherical Segments

Prior to the forming of the full scale task specimens,
subscale 3.0" spherical radius specimens were formed

in the experimental punch and die equipment illustrated
in Figure 31. A split "Glassrock" heating unit provided
the necessary heat for the forming operation. During the
forming operation, the temperature was recorded by means
of thermocouples and a "Honeywell" 20-channel strip

recorder,

Three circular blanks, .020" x 9.,0", .030" x 8.0", and

.060" x 7.0" were formed gt the nominal forming temperature
of 1350°F., Since the radius of the punch remained constant
(3.0"), the Radius/thickness (R/t) rates of the formed hemi-
spherical segments were 150, 100, and 50 respectively. The
results of these preliminary experiments, illustrated in_
Figures 32 and 33, indicated that a R/t ratio of approxi-
metely 50 appeared to be satisfactory for the forming of
unsupported hemispherical segments. The sewre edge crippling
that occurred at higher R/t ratios is clearly visible in the
illustrstions. It should be emphasized that these results
were very preliminé,ry, to be used only as a guide for the

subsequent forming opersations.
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Due to the size of the specimens to be formed, and the
results of the initisl investigation, a 12.0" spherical
radius, internally heated, "Glassrock" die was fabricated
for use during this phase of the program. The completed
punch and die set is illustrated in Figure 34.

Prior to the forming of any beryllium test specimens, a

"tool try" was made at room temberature with a 060" x 18.0"™ 6150
gluminum blank The room temperature characteristics and pro-
perties of 6180 alumimum are very similar to those of beryllium
at 1350°F; the use of the aluminum provides an inexpensive

means for checking the operation of tooling to be used for

the forming of beryllium, The sluminum hemispherical test
segment, and a .020 beryllium segment are illustrated in

Figure 35. The simlilarity of the wrinkles in the edges of the
two specimens should be noted.

All of the 18,0-inch diameter beryllium blank specimens were
preheated to 1350°F in an oven, located adjacent to the

forming die, before being mamially transferred to the preheated
forming die. During the forming operations, the temperatures
were recorded by means of thermocouples and a Honeywell 20-~channel

strip recorder.

The wrinkling in the edges of the .020", .030" and .060" test
specimens was very similar to that exhibited by the preliminary
test specimens, but was progressively less severe, Prior to the
forming of the .120" thick specimen, a 1.00" grid was scribed
lightly on one side of the blank in order to permit the messure-
ment of the relative shrinkage and stretching of the material.,

The 18,00" dismeter blank and the formed spherical segment are
illustrated in Figure 36; the scribed inmer surface of the
spherical segment is illustrated in Figure 37. It should be noted
that the roughness of the edge of the material, visible in the
illustrations, was due to the chemical process used in cutting the
circular blank, and not due to any forming reaction.

~62-



-63-

IMSC/AT63122

"Glassrock" Spherical Forming Die - 12.0" Radius

Figure 3k



IMSC/AT63122

Figure 35 Spherical Segments.
.020" Beryllium and ,020" 61S0 Aluminum
formed at 1350°F and Room Temperature,
Respectively. Note the similarity of the
wrinkles at the edges of the specimens.
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- 100 R/t

Blank and Formed Spherical Segment -

.120" Material - 12.0" Radius

Figure 36 Specimen
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Figure 37 Scribed Inner Surface of the Formed Spherical Segment -
1.00" Grid - .120" Material - 12.0 Radius -~ 100 R/t
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Critical visual examination of the .120" thick formed
specimens revealed no wrinkles or other deleterious effects
from the forming operation. The .120" thickness of the
material provided a Radius/thickness (R/t) ratio such that
any slight wrinkling that may have occurred during the
forming operation was "ironed out" by the punch as the

die was completely closed. '

Unfortunately, the failure of the die set, due to the fus-
ing together of the punch and die during a preheating cycle
in the closed position, precluded the forming of the balance

of the specimens.

A summary of the reaxlts of this investigation is presented
in Tsble VII. Both the initial 3.0" radius and the final
12.0" radius data are included.

The measurement of the grid on the .120" thick spherical
specimens revealed the maximum shrinkage and elongation
of the material,that occurred as the result of the form-

ing operation, were 6 and 5.5 percent respectively.

The limitéd results of this preliminary study indicate _
that for the forming of compound curves involving multi-
directional material flow and unrestrained edges, the
meximum.R/t ratio and shrinkage appear to be 100 and 6%
respectively. The establishment of firm R/t ratios and
shrink and stretch values for all gages of material and
a respresentative series of diame'bers would require the
accomplishment of a comprehensive specialized develop-
ment program which is not believed to be within the scope
of this study.
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Following the completion of the forming of the sphericsl
segment specimens, the hemispherical gore segments were
to be formed in the same 12.0" radius punch and die set.

The complete failure of the tool precluded the accomplish-

. ment of this minor portion of the progrem. However, since

a hemispherical gore is a sector of a hemisphere, and after
careful analysis and evaluation of the mgbterial flow
pattern indicated by the grid on the ,120" thick specimens,
it is believed that the R/t ratios and shrinkage values
would be comparable to those for the spherical segments.

Channel Ring Segments

Due to the combined forming requirements of minimum radius
bends and compound curvature, the development of suitable
procedures for the forming of curved channel segments was

the next logical step in this forming program.

Again, due to the limited number of specimens to be formed,
the curved punches and the die were fabricated of "Glassrock"
and supported in steel frames for installation in the press.
Two punches, with bend radii of .30" and .60", were fabricated
for the forming of the four gages of materisl. The .30"
radius punch was used for forming the ,020", .030", and .060"
material; the .60" radius punch was used for forming the .120"
material. The resulting cross section bend radii, therefore,
were 15t, 10%t, 5t, and 5t, respectively for the four gages

of material.

The configuration and nominal dimengions of the curved

channels are illustrated in Figure 38, The completed die
and one of the punch blocks, ready for the installation
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of the heating elements, are illustrated in Figure 39.
The punch and die clearances were nominal for the .060"
and .120" materials; copper sheets of appropriate thick-
ness, placed on the die with the beryllium blanks, com-
pensated for the excess clearance that would have existed

during the forming of the ,020" and .030" specimens.

The blanks were preheated to 1350°F in an oven, located
adjacent to the forming die, before being menually trans-
ferred to the preheated forming die. During the forming
operations, thevtemperatures were recorded by means of
thermocouples and a Honeywell 20-channel strip recorder.
The forming of one of the .120" specimens is illustrated
in Figure 40. A specimen blank and representative curved

channels are illustrated in Figure Ll.

The effects of excessive clearance or lack of die support

are clearly visible in this figure. The .020" thick

chennel was formed with the proper .O4O" thickness of

copper sheet material, The slight waviness of the edge

of the outer flange was due to lack of support at the

very edge; the flange extended slightly above the tangent

of the die radius., The same condition is exhibited by the
.060" thick channel specimen. As illustrated by the .120" thick
specimen, this edge is removed during the finagl trimming oper-
ation. The effect of excessive punch-die clearance is illustr-
ated by the .030" thick channel specimen. This particular
channel was formed with a .018ﬁ thick spacer sheet rgther than
the required .030" thick sheet. The utilization of a spacer

of the proper thickness alleviates this problem.

It should be noted that the slight unevenness of the curved
edges of the blank were due to the chemical process used
in tutting them,

-1~



IMSC/AT63122

Figure 39 "Glassrock" Curved Channel Forming Die Blocks
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In order to determine the material flow pattern, a

1.00" grid was scribed lightly on one side of one of

the .120" blanks prior to the forming operation. The
displacement of the grid lines and the appreciable vari-
ation in the height of the flanges is clearly.visible

in Figure 42. It should be stated that a portion of this
variation in flange height is believed due to the shearing
of the punch lécating pins during the forming operation;

the beryllium blank was displaced slightly during the actual
forming cycle. The shrinkage and elongation of the material
decreased progressively from the maximum of U4 percent of the

midpoint (midlength), to less than 1 percent at the ends.

The results of this portion of the forming development
program indicate that the forming of curved channel
segments on a production basis is entirely feasible, and
that existing punch and die sets may be utilized if spacer
sheet material is used to compensate for any excessive
clearance that may exist. The maintenance of the nominal
forming temperature of 1350°F throughout the forming
operation is mandafory. A steady punch travel rate, not

exceeding 1 inch per minute, is suggested.

Furthermore, the low shrinkage and elongation indicate

that the forming of curved channels of smaller arc radii

is entirely feasible. Since most of the required material
flow is in the plene of the sheet material, where slippage
along the basal planes is most readily saccomplished, signi-
ficant dimensional changes mey be anticipated.

Deep Drawing

The drawing of beryllium can be accomplished on a limited

basis under carefully controlled conditions. However, the
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extreme abrasiveness of the material at forming temper-
atures, the lack of a suitable lubricant, and the avail-
ability of other more suitable forming methods preclude
its extensive use at the present time. Therefore, due

to its limited application and the inherent manufacturing
problems, no additional work was included in this develop-
ment program. Only previous experience, as stated in the

Program Plan, is reported.

During a very limited development prf6gram, conducted approxi-
mately 2 years ago, the feasibility of limited drawing of
beryllium was demonstrated. During the initial forming
operation, the oven heated (1300°F) .290" thick x 9.5" diameter
vacuum hot pressed block blank was successfully "cupped" 1.36"

deep at a rate of approximately 0.3" depth of draw per minute.

An improved die, incorporating integral hesting units, was
fabricated for use during the subsequent forming operations.
Several specimens, cut from 064" thick cross-rolled sheet
meterial were successfully formed. The 9.5" diameter blanks
were heated in an oven to a temperature of 1300°F manually
transferred to the die and drawn at rates of approximately .2
to .4 inch per minute. The nominal final diameter and maximum
depth attained were 6 inches and 2.87 inches respectively. It
should be stafed that this depth was accomplished in two stages;
the maximum depth attained without failure, during a single
stage was 1.3 inches., Unfortunately, severe galling occurred
on the external surfaces of all of the specimens. The effects
of various lubricating materials including Molykote, Molylube,
Mica Talc, Houghton #205, Houghton Draw #333, and Electrofilm
Iub-Ios #2006 were investigated. Although a slight improvement was
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observed, none of these materials was satisfactory,
and as stated before, g suitable lubricant for beryllium

has yet to be developed.

The results of this early development work indicate that
beryllium can be moderately formed by drawing, i.e.,
hemispheres can be formed by this method., However, the
inherent characteristics of the material at high temper-
abures, the lack of a suitable lubricant, the necessity
for extremely close control of draw ring pressures, and
the subsequent development of the simpler more straight-
forward forming procedures reported herein appear to
preclude further development of the drawing process as
a beryllium forming method.
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JOGGLING

Although the Joggling of aluminum, steel, etc., angles has long
gince become a routine production forming process, the inherent
characteristiés of beryllium have inhibited the application of
the process to this material. The joggling of the angle stock
normelly is a re-strike operstion during which areas of the
part are shaped by the displacement and repositioning of the
material., The requirement for dimensionsal changes in the plane
of the material has presented the greatest deterrent, and little
or no development work has been accomplished.

The objectives of this portion of the development program,
therefore, were the verification of the feasibility of the
process, as applied to beryllium, and the establishment of

preliminary forming parameters.

Due to the previous failure of the "Glassrock" dies and the
avallability of the hydreulic press brake and standard adjust-
able steel joggle dies, this portion of the program was
accomplished on this standard pro&uction equipment. Since the
nominel 1000°F limit of the standard conduction heated Joggle
dies was too low, high intensity quartz lamps with "Glassrock"
reflectors were utilized to provide the necessary supplementary
heating to raise the temperature of the dies to the required
beryllium forming temperature of 1350°F. However, due to the
heat loss by radiation, the heat sink effect of the steel die
blocks, and the necessity for wifhdrawing the lamps several
inches to provide clearance for the ram during actuation of

the press, the maintenance of the desired temperature of 1350°F
was exbtremely difficult. Even the momentary withdrawal of the
lamps during the actuabion cycle of the press frequently resulted
in a specimen temperature drop of 50-100°F, at the actual instant
of Joggling. During the Joggling 6per§tions, the temperatures

T~
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were recorded by means of thermocouples and a Honeywell 20-channel
strip recorder. The press platen, adjustable joggle die blocks,
the quartz lamps and a pair of beryllium angle specimens ready for
forming are illustrated in Figure 43.

In order to establish acceptable joggle depth to tremnsition ratios,
s transition length was arbitrarily selected for each material gage
and the joggle depth was varied. A summary of the results of this

investigation are presented in Table VIII,

The analysis of the information and da‘i;a presented in the table
verified the feasibility of Joggling as a ’6ery]lium forming process.
The fractures that occurred during the jbggling operations were due
either to incorrect material temperature (substantially less than the
optimm forming temperature of 1350°F), or to insufficient displace-
ment of the leg of the angle during the joggling operation. In the
majority of the cases, if the displacement was less than 25% of +the
depth of the joggle, failure occurred in the bend radius of the angle.
This lack of leg displacment is believed due to the scale that formed
on the die segments, which interferred with the free movement of the
leg during the joggling opei‘ation, and resulted in the "pinching" of
the bend radius. The effect of this insufficient movement of the leg
of the angle and the resulting pinching of the bend radius angle are
illustrated in Figure 4. The use of stainless steel matched die
sets, instead of the standard adjustable die set used during this
program, should alleviate this problem. Representative satisfactory
Joggled specimens aré illustrated in Figure 45. The smooth transition
and lack of bend radius "pinching" should be particularly noted.

In conclusion, the results of this phase.of the program indicate that
the Joggling of beryllium angles on a production basis is entirely
feasible, and that existing equipment can be utilized if nominal
transition lengths and joggle depths of approximately 10-12t . .ang
1-2%; respectively are utilized, The maintenance of the nominal
formihg,temperature of 1350°F throughout the forming operation is
mandatory. In addition, the use of stainless steel matched die sets,
rather than a standard adjustable die set, is highly recommended.
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SECTION k.0
SUMMARY - CONCIUSIONS AND RECOMMENDATIONS

The results of this investigation clearly verified the feasibility of
forming structural shapes of cross-rolled beryllium sheet material.

Both "straight bend" and "compound curvature" forming cah be success-
fully accomplished if the details of the processes are carefully observed.

The maintenance of the proper material temperature during the entire form-
ing cycle is mandatory. Even relabtively small variations, that would be of
little or no importance in the forming of "conventional" materials, may
inhibit the successful forming of beryllium,

The results of these limited investigations indicate the following
conclusions and recommendations:

1. The opbtimum forming temperature appears to be 1350 + 25°F,

2. The minimm radius bend for all gages of beryllium sheet
meterial up to .120" in thickness is 5t.

3. Although very thin gages of beryllium up to approximstely
.030" in thickness can be formed to a 4t radius, this radius

is not recommended.,

4, The use of the conventional "punch and die" type of equipment
for the forming of channel sectlons is acceptable if the
temperature is carefully controlled throughout the length of
the die, and if appropriste means, such as stainless steel
buffer plates, are utilized to prevent the galling of the
surface of the beryllium.

5 In order to avoid high stress levels, the double-action type
of "punch and die" equipment is recommended for the forming

of hat sections.
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It is believed that the use of appropriately designed "folding
type" equipment will be the most economical means for the pro-
duction forming of straight bend sections including angles,
channels, zee and hat sections. The maintenance of even temper-
ature throughout the workpiece during the entire forming cycle
is mandabtory.

Additional "straight bend" forming work is recommended. Although
the forming of representative sections by various methods has
been demonstrated, the establishment of firm minimum bend radii
for all gages of materigl, and the determination and refinement
of the most approprigte method for the production of each specific

cross-section, are required.

Due to the necessity for heated rolls with precise tempersture
control, the difficulty of maintaining the proper fdrming
temperature throughout the workpiece, the high cost of the
"scrap ends" and of the steel sandwich material, and the
subsequent stress-relieving operation in specialized eguip-

ment, rolling is not recommended as‘a forming procedure.

The use of a heated die press is recommended for the forming of
parts having a large radius.

The maximum permissable R/t ratio and shrinkage appear to be
100 and 6% respectively for the forming of compeund.curves,
involving multi-directional material flow and unrestrained
edges.

The forming of hemispherical sections on a production basis is
entirely feasible with properly desiéned "punch and die" type
of equipment. Exact temperature control and precise clesrance
tolerances must be incorporated in the equipment.
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The forming of curved channel sections on a production basis

is entirely feasible with existing "punch and die" sets if the
correct thickness of spacer sheet material is used to compensate
for any excessive clearance that may exist. The maintenance of
the proper temperature throughout the workpiece during the
forming cycle is mendatory, A steady punch travel rate, not

exceeding 1 inch per minute is recommended.

Additional compound curvabure forming work is recommended.
Although the feasibility of forming various compound curves
has been demonstrated, the establishment of firm R/t ratios
and shrink and streteh values, for all gages of material and
a representative series of diameters or sizes, have not yet

been accomplished.

Deep drawing, per se, is not recommended for the forming of

beryllium,

The feasibility of Joggling beryllium angles has been demon-
strated., The use of stainless steel matched die sets is highly
recommended to avoid the "pinching" of the bend radius. Heating
equipment, with precise temperature control, must be an integral
part of the die set.

The use of similar stainless steel matched die sets should
permit the joggling of channel sections.

Additional joggling development work is recommended. Although
the feasibility of joggling angles has been demonstrated and
the feasibility of Jjoggling channel sections is indicated,
further investigation and development of the processes are
required. The determination of firm transition lengths for
all gages of mabterial and representative sizes of sections,

the development of exact controls, the establishment of routine
production procedures, and the design of suitable stalnless
steel matched die sets have not yet been accomplished.
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