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in January, 1963. Sections from these panels were
hot formed with the steel matrix material in place
into domes and cylinders using commercial equip-
ment., Other studies which were conducted in

1962 demonstrated that joining, reinforcing, and
attachment caembers could be incorporated in the
pack assembly and bonded to the structure during
the hot-rolling operation.

As a result of the success with fabricating
full-scale panels at commercial installations,
Battelle and Douglas Aircraft technical personnel
were convinced that the process was ready for
the production of prototype aerospace hardware.
Accordingly, a joint promotional effort between
Battelle and Douglas was undertaken starting in
February, 1963. A number of demonstration sam-
ples were prepared and a team of Douglas and
Battelle technical representatives presented the
process to the aerospace industry through a series
of technical presentations and discussions. These
promotional efforts stimulated widespread interest
in the process throughout the aerospace industry
and Government agencies which culminated in the
award of a number of contracts for the development
of roll-diffusion-bonded prototype hardware.

To provide material for the aerospace indus -
try to conduct secondary fabrication studies,
Battelle fabricated approximately 100 square feet
of Ti-6Al1-4V alloy truss-core sandwich material
at Bethlehem Steel Company's 160-inch plate mill
at Sparrows Point, Maryland, in September, 1964.
This was the first "production run" of roll-
diffusion-bonded structures fabricated on a com-
mercial automated rolling mill.

Elements of the Process

By way of introduction, Figure 1 shows a
schematic illustration of the steps required in pre-
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paring a pack for roll-diffusion bonding and Figure
2 illustrates various structural configurations
which have been produced by this process.

The process starts with the design of the ini-
tial composite pack consisting of the core, face
sheet(s), and filler material which are encased in
a yoke with cover plate.

In d.signing the initial pack configuration,
consideration must be given to the fact that the
pack is rolied in only one direction. This direction
should be parallel to the ribs or supporting mem-
bers. This results in increases in iength of the
structure that are proportional to the reduction in
thickness. The change in length as a function of
thickness can be calculated as follows:

Te
Lx.=l"o _T-f L

where Lg =finished length, L, = original length,
T, = original thickness, and Ty = fina) thickness.
For example, a structure which is reduced
approximately 67 percent in thickness would be in-
creased in length about three times. Although
some side spread does occur during rolling, it
does not have a significant effect on the geometry
of production-size panels. Horizontal details,
such as facing sheets of sandwich structures, are
reduced in thickness by the same factor as that by
which the pack is reduced. Vertical members,
such as the ribs in a stiffened skin structure, are
reduced in height by the same factor. Inclined de-
tails such as the ribs in a truss-core sandwich
structufe are reduced in thickness in the direction
perpendicular to the skin sheet surface.

The final structure must be translated into
a starting pack design that takes into account the
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FIGURE 1. ASSEMBLING PACK FOR ROLL-DIFFUSION BONDING(!)
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Y -ring segments are to be fabricated and evalu-
ated in a four-phase program,

Initially, three basic fabrication concepts
were explored for roll-diffusion bonding the de-
sired Y-ring structure, Figures 12 and 13
illustrate, respectively, the design of the final
structure cross section and the fabrication-layup
concept that was finally selected.

The fabrication sequence selected for
fabricating the full-scale Y-ring segment is
outlined below:

(1) Production planning

(2) Material procurement

(3) Pack layup and seal

(4) Roll-diffusion bond

(5) Yoke and cover-plate removal
(6) Inspection

(7) Machine flange radii

(8) Hot contour and duplex anneal
(9) Machine pockets
(10) Steel tooling removal (leaching)
(11) Surface clean-up {chem-milling)
{12) Inspection and evalaation

(13) Shipment.

Fubrication and Evaluation of Developmental Packs

Nine subscale Y-ring segments were rolled
to establish the bonding parameters and pro-
cessing techniques such as machining, hot forming,
thermal treatimnent, and other related processes
required for the fabrication of the full-scale
Y -ring segment. These subscale Y-rings were
one-half the thickness and height of the full-
scale Y-ring. The initial size of the sub-
scale packs was 16 x 18 x 24 inches, and these
were 4 feet long after rolling.

FIGURE 10, TITANIUM S-1C Y-RING SEGMENT

Prerolling pack temperatures from 1795
to 1850 F were explored with the subscale packs.
Finishiag temperatures (recorded immediately
after the final rolling pass) ranged from 1630 to
1875 F. From evaluations of the subscale Y-
ring segments, the optimum rolling-temperature
range was determined to be 1835 to 1840 F.

Dimensional analysis of the rolled Y-ring
segments showed that good thickness control
was achieved for horizontal components. For
example, the average deviation from the target
thickness ranged from 0. 003 to 0. 006 inch,
depending on the ratio of steel to titanium at
the point of measurement., Some irregularities
in rib spacing and rib-to-skin angles were noted.
These resulted from side spread of the packs
during rolling. Tke increase in overall width
of the structure due to side spread was typically
6 to 7 percent.

Metallographic evaluation of the stiffener-
to-facing sheet joints in the subscale Y-ring
segments showed 1835 F to be the optimum
temperature for effecting complete metallurgical
bonds. Figure 14 shows a photomicrograph of
a typical stiffener-to-facing sheet joint that was
produced.

Tensile tests were conducted on specimens
cut from two subscale Y-ring segments to
determine bond integrity. The round tensile
specimens were cut so that the diffusion-bonded
joints were located in the reduced section. The
data are tabulated in Table 4. All tensile pro-
perties met the NAA/LAD material specification
for duplex-annealed material.
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FIGURE 11, DRAWING OF FULL-SCALE Y-RING SEGMENT FOR THE S-1C FUEL TANK(®)

Additional joint test specimens were ma-
chined in the form of an I from the stiffened
panel area. The test data are tabulated in Table
5. In general, three types of failure occurred:

{1) Some specimens faiied in shear with
one side of one of the legs shearing off
adjacent to the supporting web.

(2) In some specimens, failure occurred
in the web after initial shear in the leg.

(3) Failure occurred by shear through the
cap and subsequent failure through the
web (tear) near the cap.

1t was concluded that the tension tests on
roll-bonded specimens of tHe 1 configuration are
useful in evaluating bond integrity and should be

examined from the standpoint of fracture location
and mode as well as from the standpoint of the
load required to produce failure. However, it
was also concluded that because of limitations
imposed by specimen geometry or notch effect,
the stress measurements were not a direct
measure of bond strength.

Interstitial -element pickup in the titanium
alloy during roll-diffusion bonding was determined
by analyses before bonding, after bonding, and
after postbonding chemical milling. The data
which are shown in Table 6 indicate no detri-
mental amounts of interstitial-element pickup
during the roll-diffusion-bonding process.

Bend tests which were conducted on roll-
bonded material after chemical milling show no
loss in ductility,
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FIGURE 12. CROSS SECTION SHOWING DESIGN
OF FINAL Y-RING STRUCTURE(®)

Material for the inner and outer facing
sheets and the circumferential stiffeners was
tensile tested in the prebond and postbond con-
ditions. The data are given in Table 7. As
indicated, the ultimate and yield strengths of
the rib and facing materials were significantly
reduced, by about 15 to 20 ksi, while the elon-
gation of both materials was increased. Despite
these changes, however, the properties of both
the rib and facing material still met the mini-
mum values specified by NAA for the Ti-8Al-

1Mo-1V alloy.

The subscale Y-ring segments were ma
chined to the design configuration to provide
parts for forming studies and to evaluate the
basic machining concept to be used in machining
the full-scale Y-ring.
operation is performed after the pack covers are

As noted earlier, this
removed prior to forming. Figure 15 shows a
machined developmental pack and illustrates
how the flange radii and pockets were machined
after rolling the pack. The technique selected
to remove the steel matrix material after poc-
ket machining was chemical leaching.

FIGURE 13, FABRICATION LAYUP DESIGN

RING STRUC-

USED TO PREPARE Y
rurg!®)

FIGURE 14. STIFFENER-TO-FACING JOINT
OBTAINED IN Ti-8Al-1Mo- iy CHAM-
FERED ¥ILLER BAR PACK

Hot-forming experiments were conducted
on the subscale Y-ring segments aiier machining
to develop the forming technique to be used on
This work indicated that
the optimum procedure is an incremental hot

the full-scale Y-rings.
form/size technique.

On the basis of the successful forming of
subscale Y-ring parts by these techniques, it
was decided to apply the same basic fundamentals
to forming the full-scale Y-ring segment.

FIGURE 15.
SCALE Y-RING SEGMENT(7)

COMPLETELY PROCESSED SUB-
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FIGURE 26, MICROSTRUCTURES OF STEEL
Ti-6Al-4V DIFFUSION COUPLES AFTER
4 HOURS AT 1650 F

panels showed that the best results were achieved,
from the standpoint of bond integrity and metallur-
gical properties, when the packs were heated to
1750 F and reduced rapidly to final size in five or
six rolling passes without reheating. Reheats
were shown to be of no benefit in effecting com-
plete bonds, since bonding is essentially complete
! after the first rolling pass.

Fabrication and Evaluation of Developmental Packs

To proceed from adaboratory approach
to a production approach, approximately 120 square
feet of sandwich material, in panel sizes of 4 x 5

22

A. Schemstic layup - 0,020-Inch Radius On Piller Bar Base Corners,
Slight Radius On Apex Corners

FIGURE 27.

LAYUP AND TYPICAL JOINT IN
PANEL 11{3)

feet, were fabricated to establish and verify the
manufacturing process,

Core Lay-up Technique. The first two
developmental packs contained a dual-cavity yoke
to incorporate two types of layup (strip and corru-
gation) in one pack assembly for evaluation. The
titanium for the strip-core layup was simply
sheared oversize and edge ground to the desired
tolerance. The titanium for the continuous corru-
gation was preformed at room temperature on a
brake forming corrugation die and then hot sized
to fit the internal tooling bars. After evaluation
of these two techniques, the strip layup technique
was selected for succeeding packs, primarily
because of lower fabrication costs.

Dimensional Control and Panel Geometry.
In general, excellent dimensional control and
panel geometry was achieved in the developmental
packs. However, some defects did occur; these
were eliminated in follow-on packs by alteration
of layup techniques and fabrication procedures.
One condition which was characteristic of some
of the developmental panels was parallelo-
gramming. This condition, which is shown in
Figure 28, was caused by failure to ""square-up"
the packs between rolling passes., The out-of-
squareness was less pronounced in subsequent
packs,
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FIGURE 34. FULL-SCALE AIRFOIL SHAPE!!®)









{a) Roll-Bonded Shape

{b) Macrosection of Bar

FIGURE 38, GEOMETRY OF TEE SECTION

McDonnell has studied the influence of
carbon content of the steel-support structure,
and their conclusions are in agreement with
experimental results of work conducted at
Battelle in support of NAA/LAD; e.g., carbon
content should be 0,20 percent or more 10 pre-
vent iron diffusion into the titanium. McDonnell
has also done research on mechanically assisted
filler-removal techniques. They have fabri-
cated composite filler bars consisting of a high-
manganese -steel core surrounded by a carbon
steel jacket., Panels were fabricated using
these bars as support members. Using these
bars, good panel geometry was maintained
during rolling and the cores were successfully
extracted from the panels after rolling, leaving
through-holes for the circulation of leaching

solutions,

McDonnell has conducted extensive prop-
erty evaluation of roll-bonded structures,
leading to the general conclusion that satis-
factory properties can be maintained in roll
bonded materials. For example, tensile and
notch-tensile properties of Ti-6Al-4V samples
cut from as-rolled bonded structures have been
dete rmined at room temperature. Notched
(K¢ = 6.5)-to annotched tensile-strength ratios

(b} Macrosection of Bar

FIGURE 39. GEOMETRY OF COMPLEX SHAPE

were reported typically as 1,06 to 1, 16, Mc -
Donnell concluded that the properties for Ti-
6Al-4V alloy specimens from rolled panels were
within AMS specifications for annealed materi-
al.

Battelle Program for Rolling Various
Structural Metal Panels

Program Scope and Objectives

Battelle's Columbus Laboratories is

(18) for the

currently engaged in a program
U.S. Army Materials and Mechanics Research
Center to develop design and processing methods
necessary to produce structural metal panels of
a variety of different materials by the roll-
diffusion-bonding process. Included in these
studies have been 18Ni-250 maraging steel,

PH 14-8Mo precipitation-hardening stainless
steel, Inconel, two advanced laboratory titaniam
alloys (a beta alloy, Ti-8Mo BV-2Fe-3Al, and

a texturing alpha grade, Ti-4Al1-0.20;), and a

specific titanium-beryllium composite,
r

Initial studies were conducted on small
vertical-rib sandwich structures. Rolling
temperature, reduction schedule, support
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material, and filler-removal methods for the vari-
ous structural materials were investigated. Bond
quality was assessed by metallographic examina-
tion and by tensile tests of I[-sections removed
from the rolled panels.

For the titanium alloys, a rolling tempera-
ture of 1650 F was required to develop satisfactory
bonds. A somewhat greater tendency for bond-line
contamination (residual oxygen) in the Ti-4Al-

0. 207 alloy was observed than is usual for most
commercial alloys. This may be due to the some-
what reduced oxygen sink capability of this alloy.
Both titanium alloys responded normally to carbon
content in the supporting steel matrix, i.e,, >20
points of carbon is necessary to permit formation
of continuous TiC at the interface to prevent iron
contamination of the titanium,

The nonreactive structural metals investi-
gated (Inconel, maraging steel, PH stainless) were
shown to be potentially bondable at rolling tempera-
tures of 2000 to 2200 F, However, at these tem-
peratures (>1800 F) plain carbon steels and iron
were found to outgas, contaminate faying surfaces,
and prevent good bond development during roll
bonding. Maraging steel was found to be the most
sensitive to bond-line contamination of the materi-
als evaluated, while Inconel was least affected.
Special preoutgassing, the use of getter materials
(tantalum or titanium foil) in the pack layup, and
purging with hydrogen prior to rolling were, at
best, only marginally effective. The use of
titanium-killed, low-carbon (<6 points) steel was
effective in producing good bonds, however, Low-
carbon support materials are required for these
metals to prevent carbon contamination during roll
bonding, Figure 40 shows a bond formed in
PHi4-8Mo steel. The second phase initially pres-
ent in the as-received material is seen to retain
its lamellar directionality (note different direc-
tionality - that of the original sheet components -
in rib and skin components) throughout the roll
bonding process. Bond regions in Inconel were
somewhat depleted in chromium as a result of
preheating at 2000 F in the evacuated packs prior
to rolling. This is indicated in Figure 41 by poor
grain-boundary definition in the bond region. This
had little affect on bond strength.

FIGURE 40. PHOTOMACROGRAPH OF A
TYPICAL SKIN-TO-RIB BOND OF
PH 14-8Mo STEEL PANEL IN AS-
ROLLED cONDITION(!

Filler removal by leaching in nitric
acid (no problem with Inconel or PH 14-8Mo)
proved difficult with the 18Ni maraging steel.
Although a limited range of HNO, concerl.a-

tion and temperature was defined within which FIGURE 41. PHOTOMICROGRAPH OF A
attack on support material was rapid and the SKIN-TO-RIB BOND OBTAINED IN
maraging steel was not appreciably affected, THE INCONEL PANEL USING TI-
the operating ranges were so narrow as to be TANIUM CONTAINING STEEL AS
difficult to control in a production operation, SUPPORT MATERIAL!!?)

Maraging-steel experiments were thus deferred.
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