
UNCLASSIFIED 
 

AD NUMBER: 

LIMITATION CHANGES 

TO: 

FROM: 
 

AUTHORITY 

 

 
THIS PAGE IS UNCLASSIFIED 

AD0832003

Approved for public release; distribution is unlimited.

This document is subject to special export controls; 01 Oct 1967, and each 
transmittal  to foreign governments or foreign nationals may be made only 
with prior approval of Air Force Materials Lab, attn: MAAM, 
Wright-Patterson AFB, OH 45433.

ST-A AFSC, USAF LTR, 2 MAR 1972



■ ' \  ̂

■;

B?"--
a;.- --■ .

UC nmpori SAf 
October, 19^7

,r....i

r*
f toil DIFFUSIOfi iONDING
i uim t Ai mikm ahq is

D D C

MAYlSSn
c^«-3u y iis

ffEHSf HETAiS fNfORMATtON CENTER 

SatfflU M*»#riat iastit«t«
'I!!fillAi itt-^.Ci-ft 'dil'i Aif-.

■■• >• --^
- •

A:



• 

THE ROLL- DIFFUSION BONDING OF 

STRUCTURAL SHAPES AND PANELS 

by 

J.A. Houck and E. S. Bartlett 

to 

OFFICE OF THE DJRECTOR OF DEFENSE 
RESEARCH AND ENGINEERING 

DEFENSE METALS INFORMATION CENTER 
Battelle Memorial In■titute 
Columbu ■, Ohio 43201 

DMIC Report S-17 
October, 1967 



THE ROLL-DIFFUSION BONDING OF STRUCTURAL 
SHAPES AND PANELS 

J. A. Houck and E . S. Bartlett• 

SUMMARY 

Thia report 1ummarize1 the proare•• in recent and current re1earch and develop­
ment proaram,a to advance the etate of the art of the roll-diffu1ion-bondin1 proceu aa 
applied to the manufacture of etructural paneh and shape•. At the pre1ent time, there 
are 1even euch NASA and DOD proaram• in proareu. These are reviewed in thil re­
port. 

Moat of the1e are concerned with the development of proces s parameters for pro­
ducing prototype aeroepace structure• of titanium alloys. Included are the fabrication 
of the following structure•: 

(1) A eimulated Y- rina eegment for the Saturn S-lC fuel tank, 
of the Ti-8Al-1Mo-1V titanium alloy. 

(Z) 11 T•1 ◄tiffened •kin paneh of the Ti-8Al-1Mo-1V titanium 
alloy for the Saturn S-1 C fuel tank. 

(3) Con1truction of a prototype tankaae auembly for the Titan W 
vehicle u1ing roll-difiulion-bonded Ti-6Al-4V alloy truu­
core paneh a• the ba1e material. 

(4) Fabrication of etructural shape• 1uch a• "T" and "I" 1ection1, 
approximately 40 feet long, of Ti-6Al-4V alloy. 

Althouah the 1tate of the art ii mo•t advanced for titanium alloy,, laboratory 
atudit• are in proareu to develop the procenina parameten for producina roll-diffuaion­
bonded etructure• of other material•. The la~ter include: beryllium, maraaina 1teel, 
lnconel, PH14-8Mo 1tainlen 1teel, and titanium-beryllium compolitet. 

In addition to the Government-epon1ored pro1ram1, the McDonnell-Doual;u Cor­
poration, Lockheed, General Dynamic•, and Battelle Memorial Inetitute have conducted 
extenaive in-hou•e re1earch activitie• to advance the 1tate of the art of roll-diffu11ion 
bondina. The mo1t aianificant re1ult1 of theu 1tudiee are aho 1ummarized. 

Currently, the prototype titanium-alloy etructure• are in the final 1ta1ee of fab­
rication. Full-1cale titanium-alloy trun-core paneh, T-etiffened akin paneh, and 
Y-ring 1e1ment1 have been 1ucce1dully rolled on commercial milh, in1pected, and 
formed into the taraet confi1uration1. The re•ultl thu1 far indicate that the roll ­
difiu1ion bonding procen i• a 1atilfactory technique for fabricatil'l & etructural paneh 
and 1hape• of titanium alloy,. 

The development of proce11 parameter• for 1tructural material• other than 
titanium ha• been limited to the fabrication of emall laboratory paneh. Thu a far, 
100d quality paneh of lnconel and PH14-8Mo 1tainlen steel have been produced, 
&Dd the fabrication of 1cale-up paneh ii planned. A laboratory-eize truu-core panel 
of beryllium ha• &110 been eucceedully fabricated. 

*Reaearch Metallurght and Divi1ion Chief, Nonferrou1 Metallurgy 
Division, Battelle Memorial ln1titute, Columbu1, Ohio. 
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INTRODUCTION 

Minimum ■ tructural weight and ■tructural 
integrity are of primary importance in the de ■ign 

of aero■pace vehicle ■. Tn achieve the ■ e goah, 
the design engineer i ■ u ■ uaily confronted with a 
trade-off between the mo■t de ■irable ■tructural 

configuration and the ability to produce that ■true -
ture economically. Many of the ■tructural config­
uration■, ■uch a■ ■ tiffened ■kin panel ■ and sand­
wich structure• are produced by joining separate 
piece ■ of ■tructural material by welding, brazing, 
or organic bonding. Some ■tructure• are produced 
by simply hogging out section• from solid metal 
plate ■. 

All of these method• have deficiencie• which 
limit their u ■efulneu for fabricating the ■tructural 
configuration■ required for advanced aero ■pace 

vehicle•. For example, fusion welding and braz­
ing of the new high-strength material ■ often pro­
duce unde ■irable joint propertie ■ ■ uch a ■ low 
1trength and low remelt temperature,. Aleo, 
locked-in ■treuea often produce diltortiona which 
are particularly detrimental in thin-gage material,. 
Low joint 1trength and low operatin1 temperature 
are obvioua limitation, for oraanic bondin1, 

Recently ■olid-atate diffusion bonding haa 
been receiving increaaed attention in the aeroapace 
induatry a, a te-.:hnique fo,- joinina material• to 
produce the lightweiaht confi1uration required in 
modern aeroapace •tructurea. The diffu1ion­
bondin1 proce11 is particularly attractive becauae 
the mechanical and metallur1ical propertie• of a 
complete diffuaion-bonded joint are comparable to 
thoae of the baae metal; thua, joint efiiciencie• ap­
proacl:in1 100 percent are pouible. The de1i1n 
en1ineer can, therefore, ianore limitation• in joint 
propertiea and can a11ume homo1eneou1 material 
propertie• throu1hout the entire atructure, Theae 
propertiea can, of cou.rae, be achieved by machin­
ing the atructure out of ■olid material, but thia 
technique ia u1ually impractical or too expenaive 
with the new high- ■trength structural material,. 

DiUuaion bonding of metal• can be divided 
into two gent:ral cate1orie1: deformation-diffuaion 
bonding and diffusion bondina without deformation. 
Deformation-diffuaion bondin1 ii accomplhhed by 
grou plaatic flow, whereaa diffuaion bondin1 in­
volves only microacopic plaatic flow. Roll­
diffuaion bondin1, which ia the aubject of thia re­
port, ia an example of deformation-diUuaion bond­
ing. The diffuaion-bonded joint between atructural 
detail• ia accomplished by 1ro11 plaatic flow dur­
ing hot rollin1, 

Within the paat 3 yean, there baa bun a 
marked increaae in activity in applyin1 the roll­
diUuaion-bondina proceu to the fabric.ation of 
aeroapace 1tructure1. At the preaent time, there 
are aeven DOD- and NASA-1pon1ored pro1ram1 
in progresa to advance the atate of the art of 
roll-diffuaion bonding with the ultimate objective 

of u1in1 thh technique to fabricate 1tructure1 for 
modern aeroapace vehicle•. Theae are identified 
and outlined in Table l, 

It ia the purpoae of thia report to review the 
pro1re11 in theae program, and aummariae the 
current state of the art of the roll-diffu1ion-bondin1 
proce11 a, applied to the manufacturin1 of aero­
apace 1tructure1. Since theae pro1ram1 •re atill 
in progre11, no final report, have been ilaued. Ac -
cordingly, the data preaented herein have been 
•elected from progresa reporu. 

ln addition to theae Government-1pon1ored 
program,, aeveral in-houae reaearch activitiea on 
roll-bonded 1tructure1 have been conducted by the 
McDonnell-D0 u1la1 Corporation and Battelle Memo­
rial Inatitute, Re1ult1 from both of theae organiza­
tion•' program• are alao reviewed. 

THE ROLL-DlFFUSION-BONDlNG PROCESS 

The eaaence of the proce•• i• to form a diffu­
aion bond between two or more structural mem­
bera, which are aupported by a removable matrix, 
by hot rolling. ln ita euentlah, the roll-diffuaion­
bonding proceu include,: 

( l) Preparation of the core by corru­
gatin1 or 1hapin1 to the deaired 
confi1uration 

(2) Fillin& in 1pace1 between the corru­
gation, or apace• of the core u1in1 
an appropriate, removable material 

( 3) Po1itionin1 of face ■ heeta on the 
core and filler bar ■ ection 

(4) Placin1 of the aandwich in an ap­
propriate yoke 

( 5) Weldin a cove ra to the yoke to form 
an airti1ht pack 

(6) Evacuation of the pack to protect 
against oxidation 

(7) Hot rolling of the pack to the desired 
reduction in thickneu 

(8) Contouring of the pack, if required, 
by an appropriate hot or cold formin1 
proce11 

(9) Removing the cover plate• mechanically 

( 10) Removin1 the filler material, either 
mechanically or chemically. 

Hiatorical Backaround 

The feaaibility of preparing atructural panel ■ 

by the roll-diffu1ion-bond.in1 proceu waa estab­
lilhed over the period of l 9SS- l 9S8 at Battelle' • 



z TABLE I. SUMMARY OF CURRENT NASA AND DOD R ESEAR CH AND DE VE LO P ME NT P ROGRA MS TO ADVANCE 
THE STAT E OF THE ART OF ROLL - DIFFUSION BONDING 

Contract 
No . 

NAS8 - Z0384 

NASB - Z0Sl0 

NASB-Z0SH 

AF 04(61 l) -
107SZ 

AF H(61S)-
1117 

F ll61S-67-
C•ll13 

DA-19-066-
AMC-lOIX 

Compa ny 

Ha rvey Aluminum, lnc. 
Harve y E nginee ring Labora -

torle1 
Torrance , California 

No rth American Aviation, lnc.. Loi Angele •, California 

No rth Amer ican Avi a tion, Inc . Lo• Angel e ,, Ca lifornia 

No rth America n Aviation, Inc. 
Loa Angele•, California 

McDonnell-Do111laa Corp. 
St, Lolli,, Miuourl 

North American Aviation, lnc. Loa A111ele1, California 

Battelle Memorial ln1tlt11te 
Col11mbu1, Ohio 

P rog r a m Titl e 

De velop m e nt of Solid -Sta t e 
Bonding T echnique 

T ita ni um S- IC Skin 
Section 

Re•ea r ch a nd De ve lopme nt 
for F abricatin g a Simulat e d 
Y- Ring Se gme nt for the S-l C 
Fue l Ta nk 

L iquid Ro cke t Sy stem Con ­
juga te Struct i. r e a nd Ta nk­
age Program 

Titanium Structural Se c ­
tion• Produced by Roll 
Bonding on Ba r Milli 

Manufacturing Proce11 
Development for Roll Bond­
e d Titanium Alloy Struc ­
tural Section, 

Development of Practice 
for Compo1ite Rolling of 
Structural Metal Panell 

P r og r am Objective 

D ve lopme nt of roll - di ffu sio n 
bonding tec hnique fo r produc ­
i ng s truct u ral panels of Be 
a nd Be- T i co mpo aite pa nel s 

F a bricate s i m ulate d T -
11 ti!fe ne d s kin sec t ion• of Ti -
8A1- l Mo - IV tita nium a llo y 
for th e S- IC fue l ta nk by roll ­
diffu sion bondin g 

Fabr icate a simul ate d Y - ring teg me nt for the S - IC fue l 
tank of Ti- 8Al- l Mo- IV titan ­
i um alloy by roll -diffu sion 
bondi ng 

Cons truction of prototype 
tankage auembly for Ti t a n Ill launch vehicle u■ ing roll ­
diffuaion bonded T i -6A1 - 4 V 
alloy tru u - core s andwi c h 
1tructure a • ba■e ma te r ial 

Study fe uibility o( producing 
roll - dif!uaion - bonded tita nium atructural 1hape 1 o n bar m ill 
equipme nt 

Produc e structure• wh;ch can 
compete with and/or 1urpa11 tho1e which can be made by 
pre1ent e xtru■ lon proc e ■ 1e 1 

De ve lopment of proceu 
parameter• to produce 1truc ­tural metal paneh of aeve ral 
mate r iah 

Columbua L&boratorie1. The initial work wa1 1up­ported by the Battelle Development Corporation, 
reliable aolid- s tate diffu1ion bond with the wrought ­base-metal propertie1 could be effe cted between 

a wholly owned 1ubaidiary of Battelle, which wa1 1ranted a balic patent on the proco11. Sub1equent reaearch and development on thil proce11 at Battelle waa 1upported by several outaide organi­sation• of which the main 1upporting grour wa1 the Douala• Aircraft Company (now the McDonnell­Dou1la1 Corporation). Thia collaboration of lntere1t1 between Battelle and Douala, ha, con­tinued to the preaent time, and both have an a1reement in which proprietary a1pect1 of the proce•• are shared and either party can e1tabl11h 1ublicenaee• under the oriainal patent or sub1e ­qllent patent•. 

The initial experimen•al work upon which thia proce•• wa1 baaed involved hot rolling of A­SS 1rade, unalloyed titanium, vertical rib 1and­wich 1tructure1 which we re contained in either copper or 1teel pack a11emblie1. Theae experi­ment• were aucceaafw in demonah·Uin& that a 

the titanium-alloy structural members during hot rolling. Furthe rmore, it was shown that excelle nt geometrical and dimenaional control of the pane l componentl could be mai ntained during the hot­rolling proces1, The s teel or copper pack materi­ah which s upported the s tructure during fabrica­tion were removed by leaching in chemical reagent. 

The collaboration between Battelle and Doua ­la• led to a number of s ignificant development, in the proceu. It wa1 1hown that the proce11 wa1 applicable to several structural material,, Table Z lilt• the variou1 1tructural materials and s upport­ing filler and pack material• which have bee n e x ­plored in thi1 work. 

Another 1ignificant development included the demon1tration of the function of carbon in the 1tee l to form a diffuaion barrier of TiC, prt,venting iron diUu1ion into the titanium. Also demonstrated 

.;. 
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TABLE 2, STRUCTURAL MATERIALS AND FILLER BAR/YOKE MATERIALS EXPLORED 

IN BATTELLE-OOUGLAS ROLL-DIFFUSION-BONDING STUDIES 

Structural II.late rials 

Aluminum Alloys 

2014 
2024 Alclad 
5050 
5052 
6061 

Titanium Alloy, 

Filler Bars 

Copper 

Coppe r 
Copper 
Copper 
Copper 
Copper 

Unalloyed, Grade A-55 f Copper 
ll 020 carbon s teel 

Ti-13V-11Cr-3Al 1020 ca rbon steel 
Ti-8Al-1Mo-l V 
Ti-6Al-4V 

Be ryllium 

lnconel 

Rene 41 

PH15-7Mo 

Unalloyed molybdenum 

Unalloyed columbium 

Tung1ten 

1020 ar~on s te el 
1020 ca rbon s teel 

1020 carbon s teel 

l 020 carbon steel 

l 02 0 carbon steel 

1020 carbon steel 

{
l 020 carbon steel 

Ingot iron 

{
l 020 carbon s teel 

Ingot iron 

Molybdenum 

was the u1e of high-mangane1e s teel co r e, , which 

can be mechanically removed . 

It wa1 aho demon1trated that a variety of 
core configuration• could be produced. Although 
the bulk of the work was done with a tru11-core 
configuration, T-1ti!fened skin,, multi-ply, hex 
c ell, and T and H structural 1hapes were fabric a­
ted succeufully on a laboratory scale. 'i'he first 
compolite-rolled T and H 1tructural shape• were 
fabricated of the Ti-8Al-1Mo-1V titanium alloy 
and were a.pproximately 4 feet long. 

Success with laboratory- s ize panels demon ­
strated that the proce11 wa1 reaJy for 1cale up. 
Accordingly, a 3-foot wide x 6-foot long x 1/4-
inch thick A- 55 titanium panel was auembled at 
Battelle and rolled 1ucce11fully in January, 1961, 
at Eastern Stainleu Steel Company, Baltimore, 
Maryland. This wa1 the first "larae" roll­
diffuaion-bonded panel e ver produced, demon­
strating the feasibility of producing comme rcial -

Pack Materials 
Yoke a nd Pack Covers 

Copper 

Copper 
Coppe r 
Coppe r 
Coppe r 
Coppe r 

{ 
Copper 

1020 carbon s tee l 
1020 ca rbon steel 
1020 ca rbon s teel 
1020 carbon steel 

1020 carbon steel 

l 020 carbon s teel yoke and stainleu 
steel pack cove rs 

l 020 carbon s teel yoke and stainleu 
steel pack cover• 

l 020 carbon 1teel 

l 020 carbon steel 

l 020 carbon 1teel 

Molybdenum 

size panels at commercial in1tallation1. Thi ■ 

panel, which wa1 fabricated in a copper pack as­
sembly, w a11 ol the truu-core confiauration and 
consisted of O. 016 -inch - thick akin• with O. 008-inch -
thick rib1. Copper wae selected a1 the pack and 
core material to facilitate the leachina operatiun 
and to conduct room-temperature formin& opera­
tion,. Sections of thh panel were sub ■equently 

formed into domes and cylinders at room tempera­
ture by Couglas Aircraft Company. 

Labor~tory studies at Battelle early in l 96Z 
iJ howed car ' s teel to be a more suitable pack 
and core ma , rial for the fabrication of hi1h-
1trength t tanium alloys. To prove out the proce•• 
with s teel, a 3-foot wide x 6 -foot Iona x 1 / 4-inch 
thick Ti-6Al-4V alloy truu -core panel wa■ fabri­
cate d 1ucce11fully in a 1018-grade carbon steel 
pack on Titanium Metal• Corporation of America'• 
60-inch production plate mill. A ■ econd Ti-6Al-4V 
alloy panel of s imilar dimension• and pack materi­
als was rolled on Luke n Steel'• 120-inch plate mill 



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 ..lembers 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, 
Battellc and Douglas Aircraft technical personnel 
were convinced that the process waa 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 Ckjvernment 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 T1-6A1-4V alloy truss-core sandwdeh material 
at Bethlehem Steel Company's 160-inch plate mUl 
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

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 designing the initial pack configuration, 
consideration must be given to the fact that the 
pack is rolled in only one direction. This direction 
should be parallel to the ribs or supporting mem­
bers. This results in increases in length 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:

: original length, 
= final thickness.

Lf = 1-0 T} ■

where Lf = finished length, Lq =
To = original thickness, and Tf

For example, a structure which is reduced 
approximately 67 percent in thickness would be in­
creased in length about thre- 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 
structure 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

Cold-evocuotc
pock; Mi With orqon gat;
Mol opontog

FIGURE 1. ASSEMBLING PACK FOR ROLL-DIFFUSION BONDING^)
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FIGURE Z. CONFIQURATIONS PRODf1iyED BY 
ROLL-DIFFUSION BONDING 

fore1oin1 factora. For aimple atructurea whlch 
contain only vertical membera, the pack deaian 
i• aimple, a• illuatrated in Fillure 3 which 
ahow• the initial and final conflauration• for a 
vertical-rib atructure rolled throuah a 60 percent 
reduction. 

0.f50 -,-
l • I 

' 
2.5 - --0.10 

l. I 

a. StortinCJ Q>nf9,1rotion 

FIGURE 3. DESIGN CONFIGURATIONS FOR A 
VERTICAL-RIB STRUCTURE(Z) 

Note that no chaqe in thickneu of 
vertical component■ occur ■ duriq 
rolliq. 

How a aiven poatrollina confiauration for a 
truaa·core •andwich ■tructure ia tranalated into 
a atartina pack deai1n ia illuatrated in Flaure 4. 

The calculation• for the initial rib aqle 
and rib thickneu to result in the confiauration 
ahown in Fiaure 4, baud on a hot·rolllq re· 
ductlon of 60 percent, are a• follow■: 

5 
(1) Rib thkkneu for a 45-dearee truu•core 

panel with O. 008-inch•thick rib• after 
rollina 60 percent total feductlon: 

thf(V)(rib) z O. 008 in. • O. 0113 inch 
coa 45 

th
0 (V)(rib) • O. Oll 3 • O. 0283 inch 

1-0. 60 

th0 (rib) • 0. 0283 x co• 68. 2 deareea • 
O. 0105 inch. 

(Z) Rib anale (8 "): 

where: 

tan 8" • t0 X tan 8f 
t 

t0 • oriainal atructure thickne•• 

ef • final rib anale 

t • final atructure thickneu 

tan e• • (Oo.6ls~ • z. 5; e •• 68. 2. 

o. O.....rConfilwotjon 

Di......_ in incllla 

II. Slenl119 Conf.,,..ion 

FIGURE 4. DESIGN CONFIGURATIONS FOil A 
TRUSS-CORE SANDWICH PANEL FOil 
60 PERCENT REDUCTI0~ 2> 

Low-carbon atructural ■teel ha• Hen moat 
commonly uhd u the filler and yoke material. 
The filler bar ■ , which occupy the apace■ between 
the 1tructural member,, are either machined or 
drawn to cloae tolerance• to ia■ure a 1ood fitup 
and thu• minimise void apace within the pack 
auembly. 

The core element• and filler bara are then 
polltioned on the face ■beet• with the aid of a 
machined or welded yoke. Thi• i• Uluatrated 
■chematlcally in Fl1ure 5 which ■how• a pack 
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FICURE S. EXPLODED PACK ASSEMBLY FOR 
ROLL-DIFFUSION-BONDED-STRUCTURE 
STIFFENED PANEL( 1) 

auembly for fabricatin1 a titanium alloy T­
atiffened akin panel. Aa ahown, proviaion h 
made for evacuation of the pack to remove air 
and contaminanta by meana of a purae tube which 
i• connected to a vacuum pump. Uaually the 
pur1e tube h aealed off cloae to the pack by 
weldin1 Ju•t prior to the rollin1 operation. It 
la euential that the pack remain 1a•ti1ht durina 
the prerollin1 heatin1 period• and initial ataaea 
of rolllftl to protect the atructural materiala 
from oxidation and contamination. 

In rollina compoaite panela, it ha• been 
eatabliahed that mill reduction• ranain1 between 
40 and 90 percent of the atartin1 thickneu are 
feaaible. However, moat of the production-
aiae atructurea which have been rolled on plate 
mill• have been reduced approximately 60 
perce'lt in thickneu. It ia eaaential that the 
pack• be tranaferred rapidly from the preheat 
furnace to the rollin1 mill and that the rollin1 be 
performed a• faat aa pouible to maintain a hi1h 
finiahin1 temperature. Reheatin1 durin1 the 
rolllftl cycle h to be avoided, if pouible, to 
reduce the rate of diffuaion between the atructural 
materiala and the aupportin1 detail•. Typically, 
rollina of a mild ateel pack containing a Ti-6Al-
4V panel ia initiated from a furnace at 1750 F. 

One of the virtue■ of roll-duffuaion bondin1 
i• that the finhhed compoaite atructure can be 
handled in poatrolllftl operation• like a aolid 
plate. Thua, contourin, can be done with con· 
ventional metal·formin1 toola and proceuea, 
includin& roWormina, bendina, preu formin1, 
and •pinnin1. 

Formin1 operation• for moat materials are 
conducted at elevated temperature• to reduce 
formin1·equipment power requirement• and 
prevent crackin1 of the atructure which ia er, ased 

in the ateel pack. Hot formln1 of titanium-alloy 
atructurea ia normally done at temperature• 
between 1200 and 1600 F. 

Following contouring ope ration•, the 
supporting matrix material is removed either 
mechanically or by chemical leaching. For 
certain open-type structure• such as stiffened 
skin panela, waffles, I's, T' a, channels, etc., 
a combination of leachin1 and mechanical stripping 
can be used. On the other hand, for closed 
structures such as truss-core or vertical-ribbed 
sandwich etructu·. es, the present technique is to 
le.ach the entire supporting matrix away by flow­
in1 a chemical reagent into the panel core. This 
is a rather slow proceea; however, recent ex­
perimental wurk (described later) has demon­
etrated that the leachin1 process can be gr~atly 
accelerated by using compoeite bars in which 
the corea are extracted mechanically after 
rolling. Using thill technique, leaching time 
for production-size panels can be redui:ed from 
several hours to a few minutes. 

Representative Mechanical _Properties 

The joints produced by roll-diffoaion bonding 
are metallurgically indistinguishable from the 
base material, as ehown in Figure 6. Conse­
quently, structure ■ which have been properly 

FIGURE 6. TYPICAL JOINT IN A ROLL­
DlFFUSION-BONDED Ti-6Al- 4 V 
ALLOY TRUSS-CORE PANEL( 3) 

bonded show that ba■e-metal properties can 
euentially be retained acro ■ a the join"r.l section. 

Thia was first shown in a program ccnducted 
for Lockheed-California by Battelle' s Columbus 
Laborato riea in 1964. Mechanical prope rtiea of 
roll-diffusion-bonded joints of Ti-8Al-1Mo-1V 
alloy were directly compared with those of 



intearal material (no bond joint). Bonded &nd 
ba■e-line apecimena, nominally O. 1-inc:h thick, 
were arranaed in pack• to accompliah 40 and 60 
percent reduction• in atrip width (not thic:knl!IH). 
Bond plane orientation waa thulnormal to the 
plane of the reaulting aheet, and tenaile, bend, 
and fatigue epecimena were machined ao aa to 
apply atreaaea in a direction normal to the bond 
plane. Reduced aectiona of tenaile and fatiaue 
apecimena were deacribed by amooth arc:• of 
3/8-inch radiua, with bond linea located at the 
minimum croaa aection. 

Tenaile teat• ahowed no • ignificant dif­
ference• in atrength between bonded and ba se ­
line apecimena, nor between material• reduced 
40 and 60 percent. Ductility (reduction in a rea) 
was le•• for bonded s pecimen• than for base• 
line specimens, howeve r. T enaile data are 
aummarized below: 

F a b ri ca t io n 
R duc t ion 
L e vel, 

Ul t imat <" 
St r ng t h , St r ' ngt h, 

H ,.. d u t io n 
in Ar a , 

Class 

Base 
Bo nde d 
Base 
Bo nde d 

% 

40 
40 
bO 
bO 

k s i k s i 

145 152 
148 153 
l4 5 152 
145 152 

% 

29.5 
22 
32 
10 

Cloaed-die bend teat• with maximum bending 
atre••e• at the bond area ahowed the bend 
ductility of roll bond• to be aa good a s that 
of the parent material. Theae data are 
aummarized below. 

Fabrication 
Reduction Level, 

Minimum Succesaful 
Die Radiua Specimen 

Thickness, in. Clasa o/o 

Base 40 
Bonded 40 
Base 60 
Bonded 60 

3 
3 
3 
2-1/Z 

Tenaion-tenaion fatigue teata ahowed no 
aignifi::ant difference• in fatiaue live• at varioua 
atre••e• between baae-line and bonded material• 
fabricated aimilarly. However, fatigue live• of 
baae-line and bonded apecimena reduced 40 
percent in the roll-bonding operation were aig­
nificanily greater than thoae of material reduced 
60 percent, a• aumm&rized below: . 

Type 

Ba ae or 
bonded 

Fabrication 
Reduction 

Level, ,., 
40 

Mean Fatigue(a) Life 
Cycle• at Indicated Streu 
60 Ksi 80 Ks i 100 Ks i 

700,000 230,000 110,000 

Base or 60 300,000 81,000 40, 000 
bonded 

(a) A• O. 95 (R • O. 05) ; teated at 1750 cyclee/min. 

7 
Althouah exi1tin1 dat& do not permit a 

direct comp&riaon, duplex-&nnealed Ti-8Al-1Mo­
l V would be expected to have 1reater f&ti1ue life 
th&n the 40 percent reduced materi&l under the 
teat condition•. The obaerved decrea1e in 
fatiaue life with varyina de1reea of fabrication 
i• probably due to the unuau&l fabrication texture relative to uau&l aheet texture developed in the 
teat material•. Bec:auae of edaewiae comprea1ion 
durina rollina of the teat material•. (i.e., tl\e 
condition that exiat1 in rib component• of a 
vertical-ribbed roll-bonded aandwic:h atruc:ture), 
baaal plane• of the hep cryat&lloaraphic: 1truc:ture 
predominatina in Ti-8Al-1Mo-l V were probably 
aligned nearly norm&l to the fatigue ten1ion 
axia, rather th&n lying in the tenaile direction 
ao i• normal for aheet materi&l. 

Double -lap roll- bonded a hear-teat apeci­
m e ns with a total ahear area of leu th&n the 
crosa - aectional tenaile area were aho prepared 
and evaluated. Shear atrength• were between 
87, 000 and 94, 000 pai, but, more important, 
shear failure• occurred on a plane that waa 
inclined between 10 and 15 degree• relative to 
the plane of bonding, and ahear failure• cro11ed 
the bond plane without propagatina bond failure•. 
Thus, shear strength of the roll-bond.ed joint• 
waa a t leaat equal to that of the parent materi&l. 

Additional inveatiaation• of mechanical 
properties of roll-diffuaion-bonded aample• of 
Ti-6Al-4V and Ti-8Al-1Mo-1V alloy• have been 
.::~nducted at North American Aviation'• Loa 
Anaelea Diviaion< 4>. Fiaure 7 illuatratu the 
type of cruciform-ribbed atruc:ture that waa 
produced by rollina aheet atock of both &lloy1 
through a 60 percent reduction and the type and 
location of teat apecimen• th&t were u1ed, Ten­
aile propertiea, in both the tranaverae and 
longitudinal direction•, aa well aa •hear pro­
pertie• acrou the roll-bonded joint• were de­
termined and compared with the propertie1 of 
the baae metal for both alloy•. 

Fiaure 8 compare• the tenaile-property 
data for the roll-bonded joint• with thoae for 
the base metal of the Ti-6Al-4V materi&l. 

Theae data point• repre ■ent five lonaitudi­
n&l, four traneverae, and eix ahort-traneverae 
apecimena. The minimum ultimate-atrensth 
value for the diffuaion-bonded apecimen1 wa1 97 
percent of the typical value for the mill-annealed 
material. The minimum yield-atrenath, value 
for the diliuaion-bonded apecimen• waa 91 percent 
of the typical value for mill-annealed material•. 
The percent elongation in the bond area h&■ 
dropped from the typic&l mill-annealed materi&l 
value of 15 percent to a minimum of 10 percent. 
Theae value• indicate thP'. roll-diffuaion bondin1 
produce• jointa with atrength characteriatic• equal 
to 97 percent of thoae for the parent material. 

___ ,_.,_,... ______ ___..,. _________ ... 
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FIGURE 7, ROLL-DIFFUSlON-BONDED STRUC­
TURE AND TEST SAMPLES USED TO 
EVALUATE MECHANICAL PROPERTIES 
OF Ti-6Al-4V AND Ti-8Al-1Mo-1V 
ALLOYs(4) 
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FIGURE 8. TENSILE PROPERTIES OF ROLL­

DIFFUSION-BONDED VS MlLL­
ANNEAJ.,ED Ti-6Al-4V SHEET SAM­
PLES(4) 

Compreaaion teat• (data not detailed in Refer­
ence 5) "indicated that no chanae in propertie•" 
had occurred as compared with typical mill -
annealed material. 

Tenaile te•t• were al ■o ,:-erformed on 
roll-bonded ■amplea of Ti-6Al-4V after two 
different heat treatment•, i.e., a " ■tandard" 

aolution-treat-and-aae (ST A) treatment aa well 
a• an overaaing treatment. These data are 
aiven in Table 3, The bonded ■amplea given 
the " ■tandard" treatment ahowed average 
atrenath value ■ equal to 98 percent of tho1e 
~chieved in typical mill-heat-treated sample•. 
Data for the overaaed te ■t ,ample were included 
"to indicat·e the ability" of thi1 type of treatment 
"to increa■e the elonaation characteri1tic1" of 
the diffu■ion-bonded material. 

Shear te1t data for the Ti-6Al-4V 1pecimen1 
indicated "a diffusion bond-line ■hear allowable 
of 93,000 p 11i ". For compari1on, a 1imilar 
■hear 1pecimen wa1 machined from Z-inch - thick 
mill-annealed Ti-6Al-4V titanium-alloy plate 
■tock. Thi■ machined 1pecimen indicated a 
■hear allowable of 86, 000 p■i. 

TABLE 3. TENSILE PROPERTIES FOR ROLL­
BONDED Ti-6.-.I-4V HEAT TREATED 
AS INDICATED(4) 

SPEC. Ftu, Fty, Elona, Heat 
IDENT . k ■i k1i Z in, o/o Treatment 

I 160. Z 150. Z 9.0 Standard 

z 166. 5 157. Z 5.0 Ti-6Al-4V 

3 174. 8 161. 5 6.0 heat treat-
-- ment 

Ava 167. Z 159. 7 6.5 

4 15Z. 7 144. 7 9.0 Overaaed 
5 147. 9 140. Z 10. 5 heat 
6 151. 3 140. 4 8.0 treatment 

Ava 150.5 141. 8 9.0 
Typical 170-175 155-160 8-10 
mW heat Condition 
treated STA 
(STA) 
value ■ 

Ten■ ile data on the roll-bonded Ti-8Al -
l Mo-1 V ■ample I are 1ummarised in Figure 9. 
These data point• represent three lonaitudinal, 
■even tranaverae, and four 1hort-tranaver1e 
1pecimena. The minimum ultimate-1tren1th 
value for the diffuaion-bonded apecimen1 wa1 
100 percent of the typical value for mill-
annealed 1pecimena. The minimum yield-
1trenath value for ;he diffu1ion-bonded 11pecimen1 
"Na ■ 95 percent of the typical value for mill­
annealed propertie• for ■pecimen1. The percent 
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FIGURE 9. TENSILE PROPER TIES OF ROLL­
DlFFUSION-BONDED VS MILL­
ANNEALED Ti - 8Al - 1Mo-1V SHEET 
SAMPLEs(4) 

elonaation in the bond area i ■ equivalent to the 
typical value ■ for mill-annealed 1pecimen1. 

STATUS OF ROLL-O1.FFUSION-BONDING 
PROGRAMS 

Saturn S-IC Titanium Thru■t Structure 

Proaram Scope and Objective ■ 

Under NASA 1pon■onhip, the Convair 
Divi ■ ion of General Dynamic• completed a 
development proaram aimed ultimately at the 
production of a highly loaded, high ■y1tem1 co ■t 

effectiveneu, roll-diffu1ion-bonded and fu1ion­
welded Ti-8Al-1Mo-1V Saturn S-IC Thru1t 
Structure, (5) The 1pecific objective ■ of the 
development work were to determine (1) limit• 
for proce11in& parameten effective in roll­
diffu1ion bondina Ti-8Al- I Mo -1 V componentl 
into unitiaed con,truction part,, and (2) the 
1uitability of the proce11ing parameter, in 
auemblin& 1imulation1 of anticipated Saturn 
S-IC 1tructure detail. 

Proceu-Parameter Optimisation, 

9 

Fourteen proce•• parameter• were ex­
plored, u1in& relatively 1mall and 1imple pack• 
made of mild carbon 1teel (meetin& ASTM 
Specification A- 7 or equivalent) with mill 
annealed Ti-8Al-1Mo-1V ban of moltly rectan1u­
lar 1hape. The principal parameter• explored 

and re1ult1 obtained are de1 c ribed in the para­
araph• which follow, 

Reheating-temperature and -Time Effect,. 
Encap1ulation1 of Ti -8Al-1Mo- IV in mild carbon 
steel were prepared a nd u1ed to examine micro­
structural change• that occurred after heatin& to 
temperature ■ of 1800, 1900, 2000, and 2100 F for 
time• of O. 5, I, and 2 houn. Thia work ,bowed 
that s ignificant inte ralloyina between· the titanium 
a lloy and steel occurred at 1900 F in time ■ a1 
short as 0. 5 hour. lncrealina time or tem­
perature promoted an increased rate of 
contamination-layer growth, and heatin& to 1800 F 
for time, to 2 houn was indicated a, optimum 
for the condition, examined, 

Rolling T e mperature,. Four limple ti­
tanium alloy - mild steel pack• were used to 
determine the effect of temperature on the rollin1 
characteristics, bond, and parent-metal 1trenath1. 
The ■ e pack, were heated for 1 hour at 1800, 
1900, 2000, and 2 100 F prior to rollin1 throu1h 
a 60 percent reduction in nine 1ucces1ive pas1e1, 

All of the encapulation1 exhibited 1ome 
irregularities in Cinllhed thlckneu and 1hape, 
which indicated the need for chan1ee in dui1n 
of the 1teel·pack 1upportin1 member,. Aleo, all 
item• were 1ubject to iron•tltanium alloy forma• 
lion at the 1teel-titaniwn interface ■• Ten1ile 
properties (1wnmari&ed below) 1howed that bond 
1treqth■ in the Ti·8Al· lMo· 1 V did not vary 
appreciably but ductility decreued u rollin1 
temperature ■ were increaeed above 1800 F. The 
material rulled after preheatin1 at 2100 F wa1 
too eeverely interalloyed with iron to prepare 
u1eful tenlile 1pecimen1. 

Heatiq UTS, YS, Elon,., RA, 
Temp, F !.!L k_•i ,. i... 

1795 143. 2 130. 9 17. 8 44. 4 
1890 142. 9 130. 9 6. 7 11. 4 
2000 140. 6 128. 7 8. 6 18. 4 

Evacuation Preuure. Thi• work indicated 
that ev•cuation of the oack1 to an encap111lation 
pres1ure :>f 1 mm of mercury or leis prior to 
rollin1 was desirable to minimize the de1radation 
of mechanical propertie1 in .,ack• rolled after 
preheatin& to 1900 F . 

Titanium Component Siu. Fifteen •mall 
pack• were rolled at three different temperatur•• 
to determine the effect of filliq from 5 to 50 
percent of the cro•• 1ectional area of the yoke 
cavity with Ti•8Al·1Mo·IV. The balance of the 
yoke cavity wu apparenUy left empty rather than 
bein1 filled with 1olid 1upport material. Pro- • 
blem1 were encountered with the collap1e of 
encap1ulation cavitie1 d 1riq rollin1 and no 
relation1hip between rollin1 preuure and the 



croH•Hctional area occupied by thl'\ titaniwn 
waa noted. :Seat m.echanical propertie• were 
obtained with the lowe ■ t finhh rollin1 temper· aturu uaed ( 1825 to 1850 F). 

Finhhln1 Temp~rature. No advantaae ■ 
were demon■trated for dropping the finhh rolling 
temperature of pack■ (initially rolled from a 
1900 F furnace) to temperature ■ of 1630 and 
1735 F. 

Thickne ■■ Reduction Variation,. Four 
pack• were rolled throuah reduction• from 30 
to 60 percent after preheating to 1900 F. Ten ­
aile propertie ■ for Ti·8Al· l Mo· IV aamplea frori 
tbeae are aiven below and ahow that the beat pro­
pertiea were obtained with the hiaheat reduction uaed, 

Thickneu UTS, YS, Elong. , RA, 
Reduction, ,. k■ i k■ i ,. ...L 

30 130. 3 122. 8 8. 5 3. 1 
40 135. 8 126. 1 6. 6 14. 3 so 137. 1 l 26. 2 9. s 20. 6 
60 140. 0 128. 0 11. 2 27. 7 

Tranaver ■ e Bondin1. One T·ahaped 
Ti·8Al· l Mo-1 V aection waa rolled (with the bond· ln1 plane lyifta in the direction of rollina but 
normal to the rollin1 plane) at 1900 F throuah 
a 60 percent reduction. Althouah experimental dlfflcultlea were encountered (exce ■■ ive ■pread 
of the pack and contamination of bond• by both 
iron and 1aaeoua impurltiea), it wa■ indicated 
that tranaverae bondina ii feaaible. 

Edae Taper Experiment■. Three pack■ with 
conatant•width tltaniwn in■erta havina variou■ 
tapera (one edae parallel to the bonding plane) 
were rolled at 1900 F. The taper■ included ratio ■ 0£ I to 3, I to 4•1/2, and I to 9 and introduced a 
Z0 percent chanae of initial specimen thickne■■ 
from end to end. In aeneral, the ■ e taper ■ exerted 
little inf!uence on bend ■tren1th1 or mechanical 
propertie■ . 

Bau■chin,ger Effect ■ in Hot Formina, Four 
encap■ulated Tl-8Al· 1Mo· IV ba r ■ were rolled 
thro111h a 60 percent reduction at 1900 F, then 
Cormed to radii of 8-, IZ·, 16·, and Z0·inchea 
at 1800 F. Alter ■ubaeq11ent annealinJ, ten1Ue 
and compre ■■ive propertie ■ at room temperature ahowed that the Bau■chin1er effect wa ■ not active 
under tbe ■ e condition• of hot forming. 

Structural-Detail Simulation• 

The followlna ■tructural detail ■ were pre­pared, rolled, di■a ■■ embled, and examined: 

10 

(1) Four 10. S x 42 inch panel■ , each carrying 
two 1. 75-inch·hiah T ■ tiffener ■ with 1-
inch-wide flange ■ 

(Z) Two S x S x 30-inch overall tl1ru ■t·po■t 
■imulation• 

(3) Two 10. 5 x 42 inch panel■ , each carrying 
two I. 75-inch·high by I inch wide hot­
■ ection ■tiffener ■ 

(4) One 24 x 80-inch ■tepped-thickneu ■kin 
panel carrying ■ even 1. 7S·inch-high 
T ■ tiffener ■ with I-inch-wide flange ■. 

T he quality of all of these items wa1 un ■ ati ■ £actory. 
Thia wa1 largely attributed to inadequacy in the 
encap■ulation design which re ■ ulted in exceuive 
internal di ■tortion during rolling. This di ■ tortion 
collap■ed th«: support intended to position the 
Ti-8Al- l Mo- IV component■ for rolling - pressure 
application. Thus, bonding pre ■■ ures were in ­
adequate and re ■ ulted in unbonded or partially 
bonded items. 

Simulated Titanium Alloy Y-Ring 
Segment for the S-lC Fuel Tank 

NASA's Mar ■hall Space Fli1ht Center is 
considering the use of more effic ient material .;; 
and new manufacturing techniques for future 
boo ■ter system■ to reduce coat and vehicle 
weight. A critical ■tructural component in the 
Saturn V vehicle i ■ the aluminum ;.lloy Y -ring, 
a device which join■ the section ■ of the fuel tank 
bulkhead to the tank wall (see Figure 10). A 
comparative weight analy■ i ■ ha ■ shown that 
■ ub1titution o{ a roll-diffu ■ion-bonded Y - ring 
of the Ti-8Al- l Mo -1 V alloy for the aluminum 
ring can result in a 32 percent weight ■ aving, 
which amo1mt■ to about 780 po11nd■ per vehicle. 

For a con■tant-size fuel tank, an adjust ­
ment was made in the weight o{ the narrower 
titanium Y - ring (i.e. , 18. 24 inche ■ in width 
ver ■u■ 23. 6 inche ■ for the aluminum ring). The 
added weight, using aluminum, represent ■ the 
slightly longer cylindrical ■kin section. Fi1ure 
11 show■ a drawing of the full-scale titanium 
Y-ring . 

A program to develop a fabrication pro­
cedure for a roll-di£fusion bonded Y -l'ing 
■truct11re of the Ti-aAl - lMo-lV alloy i ■ in 
progrea1 at No_rt_h Am1i\can Aviation.' Inc., 
Lo ■ An1ele1 D1vuion. The ■ election of thi ■ 
alloy for thi ■ program wa■ baaed on it ■ char­
acte ri ■tic of high ■ trength, high toughneu, and 
high modulu■ of ela ■ ticity, together with low 
den■ ity, good formability, and weldability. 

Program Scope and Objective 

The primary objective of this program i ■ 
to produce an improved Y-rin1 ■tructure by 
combining the advantage ■ of good propertie ■ 
of the Ti-8Al- l Mo- IV alloy with tho ■ e of the 
roll-diffusion-bonding proce ■■ and improved 
de ■ign concept ■. Ultimately, two Cull -s cale 
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FIGURF. 10. TIT.^NIUM S-IC Y-RING SEGMENT

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 \l and 13 
illustrate, respectively, the design of the final 
structure cross section and the fabrication-layup 
concept that was finally selected.

Prerolling pack temperatures from 1795 
to 1650 F were explored with the subscale parks. 
Finish! ig temperatures (recorded immediately 
after the final roiling 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.

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

(U Production planning
w Material procurement
(3) Pack layup and seal
(4) Roll-diffusion bond
(^) Yoke and cover-plate removal
((>) Inspection
(7) Machine flange radii
<8) Hot contour and duplex anneal
(9) Machine pockets

(10) Steel tooling removal (leaching)
(11) Surface clean-up (them-milling)
(12) Inspection and evaluation
(13) Shipment.

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-lo-skin angles were noted. 
These resulted from side spread of the packs 
during rolling. The increase in overall width 
of the structure due to side spread was typically 
6 to 7 percent.

Fabrication and Evaluation of Developmental Packs

Metallographic evaluation of the stiffener- 
to-facing sheet joints in the subscale Y-ring 
segments showed 18 35 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.

Nine subscale Y-ring segments were rolled 
to establish the bonding parameters and pro­
cessing techniques such as machining, hot forming, 
thermal treatment, and other related processes 
required fc r 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.

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. Ail tensile pro­
perties met the NAA/LAD material specification 
for duplex-annealed material.

H



FIGURE 11. DRAWINGOF FULL-SCALE V-RING SEGMENT FOR THE S-IC FUEL TANK**"*
examined from the standpoint of fracture locationAdditional 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 faLeJ 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.

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

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.



Material for the inner and outer facing 
sheets and the circumferential stiffeners was 
tensile tested in the prebond and postbund 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 1% to <10 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-BAl- 
IMo-lV 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. As noted earlier, this 
operation is performed after the pack covers are 
removed prior to forming. Figure 15 shows a 
machined developmental pack and illustrates 
how the flange radii and pockets were machined 
alter rolling the pack. The technique selected 
to remove the steel matrix material alter poc­
ket machining was chemical leaching.

FIGURE 11. FABRICATION LAYUP DESIGN 
USED TO PREPARE Y-RING STRUC­
TURE''’*

FIGURE 14. STIFFENER-TO-FACING JOINT 
OBTAINED IN Ti-8A1 - 1 Mo-IV CHAM-

|e(7)FERED FILLER BAR PACK'

FIGURE 12. CROSS SECTION SHOWING DESIGN 
OF FINAL Y-RING STRUCTURE<'>>

Hot-forming experiments were conducted 
on the subscale Y-ring segments after machining 
to develop the forming technique to be used on 
the full-scale Y-rings. This work indicated that 
the optimum procedure is an incremental hot 
form/sise 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. COMPLETELY PROCESSED SUB­
SCALE Y-RING SEGMENT*^*

•J

J
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TABLE 4. ROOM-TEMPERATURE TENSILE 

TESTS OF ROLL-BONDED Ti-8Al ­

lMo-lV-ALLOY SPECIMEN TYPE 

(BOUND -- TAKEN FROM 1-1/4-lNCH­

THICK SECTION ACROS~ BONDS)(7 ) 

Stre11 1 k1i Reduct.ion Elonga -

o. z-r. in Area, lion, 

Sample Ultimate Yield ,. ,.in 4D 

l 140. Z 130. S 33.6 lZ. 5 

z 137. 8 lZ7.4 37.6 15 

3 136 . 5 lZ6.3 43.3 12. 5 

4 138. l 138. 1 34.9 15 

5 141. 0 lZ8.0 35.8 12. 5 

Averaae 138. 7 130. l 37.0 13. 5 

Minimum lZ5. 0 11 s. 0 10.0 

duplex• 
annealed 
propertie1 -
NAA Spec. 
LB0170-l77 
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TABLE 5. FOOM-TEMPERATURE TENSILE 

TESTS OF ROLL BONDED Ti-8Al-1Mo-1V 

ALLOY "l" SECTION 

(Facin& Sheets - To Circumferential 
Stilfenera)(7) Pack No. 8 

Specimen Ultimate Web 

Identification Stress, psi 

A (a) 112,800 

B (a) 112, 300 

C (a) 107,700 

Avg 110,933 

PM 1 137,800 

PM Z 135,600 

PM 3 125,200 

Avg 132,870 

(a) Nitric acid etch; pickled; no indication of 

cracks using die penetrant. 

TABLE 6. INTERSTITIAL ANALYSES OF SUBSCALE Y-RING PACK 

STIFFENER AND FACING MATERIAL( 7) 

Analy1e1, percent 

After Chemical Max Allowable 

A• Reported Prior to After Roll Millin& (NAA Spec. 

by Supplier Roll Bondin& Bondin& Facin& Rib LB0170 - l77) 

Hydro1en 0.006 0,0044 o. 0061 0.0076 . 0048 0.0125 

'>xy1en 0.108 o. 091 o. 115 0.104 0. 2 

Nitroaen 0.011 0. 0lZ o. 01 o. 021 0.05 

Carbon 0.073 o.oz 0.04 0.02 0.08 

Ahuninum 7. 89 8.15 7. 50-8. 50 

Molybdenum 1. zo I. 19 0. 75-1. 25 

Vanadium 1. 05 0.94 o. 75-1. 25 

Iron 0,22 0.18 o. 3 
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TABLE 7. TE SILE PROPERTIES OF ROLL-BONDED Ti-8Al- 1Mo-1V 
PACK STIFFENER AND FACING MATERIAL(?) 

A s Received, 
As Reported 
by Supplie r 

Tensile S~ rength, ksi 153, 9 (T) 
149. 4 (L) 

Yie ld Stre ngth, ksi 147.l (T) 
137. Z (L) 

Elongation, in l Inches, % 14 (T) 
13 (L) 

Fabrication .:>f Full-Scale Y -rings 

The layup of the two full-scale Y-ring 
pack• was completed and the two packs were 
rolled on a 160-inch plate mill at Bethlehem 
Steel Company, Sparrows Point, Maryland, 
The1e 35 - foot-long packs are the largest 
titanium structures fabricated to date by the 
roll-diffusion-bonding proceu. 

Prior to 
Bondini 

163, 7 
165. l 
160 

154, 8 
157. 7 
15 3. Z 

11. 5 
9.0 

After rolling, the yoke material surround­
ing each segment wa1 flame cut and removed. 
The top and bottom pack cover plates were then 
simply st ripped off by lifting with a magnet at 
the mill. 

Po1trolling ultra1onic inspection indicated 
excellent ove rail bond quality in both Y - ring 
segments. Figure 16 : s a photograph of the 
full -scale Y-ring after the flange-machining 
operation. 

Following the flange - radii- machining 
operation, both segments were successfully 
hot contour formed into the final configuration. 
Thia was accomplished by feeding the 35-foot­
long parts through a 6-foot-long hot contour 
forming die in approximately 6 -inch increment,. 
The die wae heated to 1450 F, and the preheated 
part was fed through the die with approximately 
IO minute• of dwell time. About JOO tone of 
pre11ure wa1 applied to the part at each incre­
ment. Upon exit from the forming die, the 
s tructure was received in a special handling 
fixture which allowed the part to cool at rate• 
that would accompli1h a duplex anneal ( 1450 to 
900 F within 60 minutes). The entire forming 
cycle was completed in about 13 houre . The 
forming of the Y - ring wa1 judged extremely 
1ucce1aful, a1 indicated by achievement of the 
de1ire d contour and smooth surfaces. The 
1tructure1 are to be s hipped to NASA - Hunt1ville 
for testing. 

--------_,, __________ _ 

Min Duplex-Annealed 
After Bondin& Propertie1, 

Rib Facin& NAA Spec. LB0170-177 

143. l 145. 8 130 
141. 8 145 

137 138.6 120 
136. 5 136.4 

17 1.3 10 
17. 5 

Titanium S-1 C Skin Section 

The s tiffened •kin panele which are ueed 
on the S-1 C fuel tank are currenUy being 
fabricated of aluminum. In an effort to reduce 
co1t1 and weight and improve 1tructural effi­
ciency, a program i1 under development at 
North American Aviaf·1on, Inc., Loa Angele• 
Oivi1ion, to evaluate the potential of p r oducing 
the 1tru<.:ture from the Ti-8Al-1Mo-lV alloy by 
the roll-diUu1ion-bonding proceu. (9) 

Program Scope and Objectivee 

The primary objective of this program ii 
to e1tabli1h de1ign requirements and proce11 
parametere for fabricating 1imulated 1kin sec­
tion• for the 5- IC fuel tank from the Ti-8Al -
lMo-lV alloy by roll-diffu1ion bonding. An 
additional objective of thi1 program i1 to 1how 
the weight advantage of titanium venue alu­
minum in the 5- IC tank 1tructure. The pro -
gram i1 being conducted in four pha1e1, with 
the ultimate objective being to fabricate a full­
scale Ti-8Al-1Mo-lV alloy 5-lC 1kin eection 
for teeting and evaluation at NASA-Hunt1ville. 
To e1tabli1h the design and process parameters 
for fabricating the full-scale panel, several 
sub1cale developmental panels representative 
in cro111ection of the full-scale panels were 
rolled and evaluated. 

Fabrication and Evaluat1on of Subscale Panell 

S1x 1ub1cale panels were fabrica.ted in 
Phase I of the program. The deeian of these 
paneh was ba11ed on the re1ult1 of a computer 
study which screened potential concepts for 
relative efficiency in strength and weiaht. In 
addition, a parallel study was conducted on cost 
and technical feaeibility of the roll-diffu1ion­
bonding procc111 as related to the conceptual 
designs under study. The re1ult1 of these 

• 
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FIGUBF. 16 FULL SC ALF, Y KING At IKH MA( MINING OFF RATION*®'

par&Ucl »tudn;» were integrated into the six 
development packs. These consisted of a T- 
section stiffener lor both internal- and external- 
stiffener-panel designs. The final selected 
configurations are shown in Figurr 17.

The developmental panels, which measured 
lS-3/4 X S6 inches after rolling to a 60 percent 
reduction, were enclosed in a carbon steel pack 
with prerolling dimensions of 18 x 24 x 6-1/2 
inches.

The subscale packs were assembled at 
NAA/LAD and roUed at the U.S. Steel Research 
Mill at Monroeville, Pennsylvania. The packs 
were heated to 1800 F and then rolled to a 60 
percent total reduction in 10 to 16 passes.

Pack Disassembly and Inspection. Follow- 
ing rolling, the packs were shipped to NAA/LAD 
and disassembled. Postrolling evaluation in­
cluded dimensional analysis of panels, evalu­
ation of bond integrity, tensile properties, 
analysis for interstitial elements, and structural 
testing.

A study of postrolling dimensions of the 
subscale panels showed that some lateral spread 
had occurred. In all panels, the finish dimen­
sions between the vertical webs averaged 0. 08J 
inch greater than the target dimensions. Also, 
the webs were not parallel to each other and the 
spacing between them tended to increase toward 
the center of the panel.

.Measurement of the T-cap thickness, 
face sheet thickness, and T-height indicated a 
fairly consistent 60 percent reduction in the 
thickness of the horizontal members. However, 
it was concluded that deviations from target 
tolerances would not be acceptable in production 
panels.

Postrolling evaluation of bond quality was 
accomplished by metallographic examination of 
representative joints and by destructive testing. 
Test specimens were machined from the roll- 
diffusion-bonded test panels to the configur­
ations shown in Figure 18 and tested in tension. 
The resultant strengths are listed in Table 8. 
Characteristically, most of the specimens had 
cracks on the surface or radii. The specimens 
were hand filed and pickled in an attempt to 
remove the cracks. When tested, the specimens 
usually failed through the upper cap strip or 
face sheet.

Metallographic inspection of the test 
panels showed complete bonds with no voids.
On the basis of the joint strength tests and 
metallographic examination, it was concluded 
that parent or near-parent material strength can 
be achieved at all diffusion-bonded joints.
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FIGURE 17. TARGET CONFfGURATIONS OF 
SUBSCALE PANELS 19) 

The major metallurgical problem revealed 
in thi1 1tudy wa1 the development o( po1trolling 
crack• in the titanium 1tructure. The more 
seven crack• were attributed to thermal- shock 
treatment which had been u1ed in an attempt 
to facilitat.i removal o( the 1teel matrix from 
the•e 1ample1. Thi• treatment, which had 
shown promile in earlier work, <.on1i1ted of 
soaking the pack at -120 F, then plunging it 
into 204 F water. The cauu of the 1maller 
surface crack• ii still under inve1tigation. 

The inter1titial content of two 1ub1cale 
panell wa1 deter~ned after fabrication. .\1-
though aome increa1e1 in the hydroaen, oxygen, 
and nitrogen content of the Ti-8Al-1Mo-lV 
material were ob1erved, the final value• for 
the1e i1,1purity element■ we re all within the 
limit• specified for thil alloy. 

PhuP. I Supplemental Program 

A!te r evaluation. of tht: fir'.Jt six subacale 
panel• wa1 completed, it wa1 decided to fabri ­
cate a aeventh teat pack before proceeding with 
the full-acale production pack■. This pack was 
deaignf!d to incorporate numerou1 feature ■ and 

, s 0 .10 to.005 

Crocks T 8~ 
1-t 

, =o.062to.002 l po 

FIGURE 18. BOND ADHESION TEST SPECI­
MENs(9) 

TABLE 8. TENSILE STRENGTHS OF RIB-TO­
SKIN JOINTS IN SUBSCALE 
PANELs(l0) 

Ultimate Strenath, 
Pack Seecimen k1i 

F B-1 Broke during machining 
F B- 2 Cracked durina machinin1 
F B-3 uz. 8 
F B-4 150. 6 
F B-5 168. 8 
F C-1 178. 6 
F C-2 17l. 1 
F C-3 179. 3 

E B- 2 145. 5 
E B- 3 142. 8 
E B-4 162. 0 
E B-5 144. 7 
E C-1 178.1 
E C-2 173. 9 
E C-3 138.9 
E C-4 Broke durin1 machinin1 

experiment■ to de velop improved technique• for 
■olving probl-,m• encountered in the Cir1t •ix 
development pack,. The1e de1i1n feature• and 
variable• are di11cu11ed ir, the para1raph1 
which follow. 

Four - P iece Yoke Auembly. The full-
■ cale - pack yoke de1ign wa1 intended to e~loy 
a four - piece yoke a11embly. To determine 
whether this type of con1truction would wlth-
1tand the hot-rolling pre11ure1, a four-piece 
yoke auembly wa1 u1ed for the a.f!venth 1ub-
1cale pack. The four-piece y<'ke con1truction 
withstood the hot- rolling pre11ure but cau1ed 
pack - auembly difficultlea owing to warpaae 
of the bar■ during welding. A one-piece yoke 
wa1 recommended for the full- ■ cale pack•. 

--------
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Bond-Joint Filleu. Varioua radii and 
chamfer• were machined on the fi_ll ,- r - bar 
cornera which were interfaced with ,be titani­
um detaih. The purpoae of varying the radii 
waa to dete rminc which geometry provides an 
ideal void into which the titanium would flow 
durina rollina to create a fillet. An additional 
experiment included the placement of a titanium 
wire alona the filler-bar r adiua to determine if 
the wire would bond to the titanium detaih to 
form a joint fillet. The reaulta indicated that 
the beat fillet condition waa obtained by placing 
a O. 125-incb radiua on the co rner• of !iller 
bara. 

Weldin~ of Titanium Detail a Prior to 
!_ollina. Toetermine what happen• to titani ­
um weld joint• durina rolllna, three weld 
joint• were incorporated into the titanium pack 
detail• aa followa: 

(1) A akin aheet apliced parallel to the 
rolling direction 

(2) A vertical weld (joint perpendicular 
to the face abeet) in a rib manner. 

(3) A tranaverae weld acroaa one of the 
cap atripa containing aimulated 
cracka. 

Poatrollina e •a luation abowed that the 
lonaitudinal weld in ·he titanium face s heet waa 
improved by rollina, On the other band, simu­
lated crack• in the tranaverae weld did not heal, 
but were extended and became an open void. 

Preaaaembly Outlauina of Steel Parta. 
In the firat ae•riu of au 1cale packa, hot 
outaauina of the pack detail• waa done after 
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the pack waa' aaaembled and aealed. To com­
pare inte ratitial-element pickup with that of the 
previoua packa, the aeventh pack ateel com­
ponent& were hot outaaaaed before layup. Thia 
waa done by encloaina the ateel parta in a stain­
leaa ateel retort and hot evacuating the unit at 
1200 F for 16 houra. Postrolling interatitial 
analyaia of the titanium detail• 11howed no aig­
nificant difference• from pack• which were 
conventionally outaaued, indicatina that prelayup 
outaaaaina of ateel component• ia not neceaaary. 

Full-Scale 5-1 C Skin Section 

Fiaure 19 ia a achematic drawing which 
illuatratea the dimenaiona and confiauration of 
'the akin aection to be produced in thia program. 
,Aa indicated, thia aection require• the rolling 
of two packa, one of which ia to be retained at 
full aiae and the other to be cut approximately in 
half (lenathwiae) and joined to the former by 
welding. The croaa aectional dimenaiona and 
detail• of the Ti-8Al -1 Mo -1 V skin atructure 
are abown in Figure 20. 

At the time tbia report waa prepared, the 
final report deacribing the work completed on 
the full- scale paneh waa not available to DMlC. 
Howev,ir, according to preliminary information, 
two full-scale paneh have been rolled, leached, 
and inapected. Sufficient good-quality material 
was obtained Crom theBf: panela to complete 
fabrication of the single full -scale skin section. 
Figure 21 showa a section of one of the 
production-size panels in the rinaing ope ration 
after leaching. 

Titanium Conjugate Tankage Structure 

ln 1965, the United Technology Center(l2) 
completed a study in which new conjugate struc­
ture and tank.age duigns, utilizing roll-dUfosion­
bondcd sandwich structure, were develop<!d for 
Stagea 11 and Ill of the Titan 111 Standard Space 
Launch Vehicle. These designs showed that a 
potential weight saving• of approximately 400 
pound• over the existing deaigna might be 
realized. Accordingly, on the basis of this 
deaign atudy, a contract waa awarded to North 
American Aviation, Inc., Los Angeles Division, 
to "demonstrate and verify" the potential of 
roll-diffusion-bonded titanium sandwich materi-
al in "obtaining a higher stage mau fraction £9{ 
liquid rocket system structures and tankage". 1 3

) 

Program Scope and Objective 

The ultimate objective of this program is 
the conatruction of a prototype tankage asaem­
bly uaing roll-diffuaion-bonded Ti-6Al-4V 
alloy truu-core sandwich structure aa the 
baae 1na.terial. The program i..; divided into 
two phaaea . Phase l include• a redeaign of 
the reference tank.age design developed in the 
U. T. C. study, preparation uf a manufacturing 
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FlGUHE 19. FINAL PRODUCTION PANEL(9) 
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Mate rial: Ti -8A1 - 1 Mo - 1 V duplex annealed 

FIGURE 20, INTEGRAL TEE-CONFIGURA­
TION STIFFENERS INSIDE CYLIN­
DER(9) 

plan to be used in Phase II , and performance of 
laboratory s tudies to develop procealing para ­
meter• for fabrication of the truss- core panels. 
Phase II require11 the fabrication of tankage 
approved as a result of Phase I, and quality 
assurance testing and ce rtification by the 
contractor. 

Redesigned Tankage Configuration 

The redesigned tankage configuration 
which was generated in the NAA/ LAD Phase 
I study ia shown in Fiaure 22. Aa indicated, 
truaa-core sandwich configuration has been 
specified for both the fue l tank c ylinde r sec tion 
(approximately 66 inches long) as well as the 
oxidizer tank portion (approximately 39 inches 
long). 

In this design, no Ouid Oowa thr,,ugh the 
fuel tank internal passage, but fuel fbwa through 
the oxidizer tan.k wall to a manifold located at the 
base of the cylindrical sec tion. Ti - 6Al -4 V alloy 
is used throughout the structure, except for the 
two 1kirt1, which are fabricated from 7 l 78-T6 
aluminum alloy. 

One of the •ignificant design features in-
orporated in this program i• the 1andwich 

"plywood" concept. Thie concept involve• the 
de1ign and fabrication of only one 1tandard truu­
co re configuration with thick face 11hee:1, a1 
s hown in Fiaure 23. The face aheeta can thus be 
c he m-milled to the exact load requirement for 
each particular application. The original U. T. C . 
design had called for five optimum trun-core 
panel onfiguration1. 

The approach taken in this program was 
s imilar to that of other roll-diffusion-bonded 
prototype hardware-oriented programs, i. e,, 
th development of process pai·ameter• by fabri ­

ating aubacale panels followed by fabrication of 
the full-1cale panels. 
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Subcontractor Support Program 

Under a s ubcontract to this program, 
Battclle ' s Columbu1 Laboratories assisted 
NAA/ LAD with a research and development task 
that was succe1sful in solving a number of prob­
lem• to further advance the state of the art of 
the rolling -diffusion-t-onding proceu. (3) The 
most significant results from this subcontracted 
effort are summarized in the following paragraphs. 

Mechanical-Assisted Filler-Removal Tech ­
niques. The usual practice for removing the steel 
matrix material from a closed structure (panel 
with two face sheets) has been to dissolve the 
entire bar away by flowing a nitric acid solution 
into the panel ends. This is a costly a nd time• 
consuming ope ration. 

Earlier studies at Battelle indicated the 
feasibility of me chanically removable composite 
filler to alleviate the leaching problem, This 
was further studied for NAA/LAD in a joint ex­
perime nt between Battelle and Atlas Ste e l Com­
pany. This experiment demonstrated that panels 
could be fabricated using extractable-core fillers 
to provide continuous holes through each filler 
bar !or the circulation of leaching solutions. 
Furthermore , it was shown. that the panels could 
be contoured after core e xtraction without closing 
the leach holes. 

This technique involve• adaptation of the 
hollow-core-driU steel manufacturing con-
cept to the roll-diffusion-bonding proceu, 
This concept ii baaed on the uae of a corr.:-,o• -
ite 1 0Z0 carbon steel and auatenitic steel tiller 
bar aa shown in Figure Z4. After rolling and 
before contouring, the tough auatenitic steel 
cores are separately stretched and pulled out of 
their surrounding steel jackets, leaving a con­
tinuous hole. Figure ZS shows an end view of a 
subacale panol after rolling, core extraction 
and hot forming to a lZ-inch radiu1. Note th~t 
the poatextraction contouring operation has not 
closed the through holes. 

Effect of Filler Composition on Titanium 
Pack Details. Diffusion couples were prepared 
by eandwiching commercial-1rade Ti-6Al-4V 
alloy sheet material between various grades of 
carbon steel. These were heated, under a com­
pressive load, in vacuum to temperatures of 1650, 
1750, and 1850 F for times to 4 hours. Metallo­
graphic examination showed that the carbon con­
tail',ed in the steel led to the formation of titanium 
carbide at the steel/titanium interface and that 
this carbide layer provided an effective barrier 
aaainat diffusion of the iron into the titanium. 
The effectiveneu of this carbide layer in re ­
tarding iron diffusion intdltt.he titanium can be 
seen by comparing the microatructurea in Figure 
26. Evaluation of the diffulion-couple data. in­
dicated that carbon levels in the surface aonea of 
the steel face details should be at least 0. Z0 per­
cent to retard iron diffuaion into the Ti-6A1-4V. 

• 
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FIGURE Z\. RINSING SECTION OF FULL-SCALE PANEL(“>
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figure 24. COMPOSITE FILLER BAR USED IN 
MECHANICAL ASSISTED FILLER- 
REMOVAL EXPERIMENTS(J>

FIGURE TOP VIEW OF FORMED PANEL
SHOWING W.^TER FLOW THROUGH 
OPEN CHANNEL<^>

The re»ult» ol the dilfueion-couple itudie* 
were confirmed in other pack-rolling experiment* 
in which various grades ol carbon steel were used 
as the matrix material.

Developmaat of FiUeting Technique*. The 
result* of other studies showed that fiUet* can be 
produced at the rib to skin joint* by radiusing or 
chamfering the filler-bar corner*. The shape 
of the fillet generally conform* to the shape of 
the void space geometry at the filler-bar corner* 
as a result of plastic flow of the titanium detail* 
during hot rolling. An example of this type of 
roll-diffusion-bonded joint which resulted from 
radius filler bar* i* shown in Figure 27.

Optimisation of Rolling Pa-ameters. By 
rolling a series of subscale packs, idaatical in 
eross - section configuration and dimensions to the 
intended full-scale packs, an optimum rolling 
practice was established. Correlation of these 
data with metallographic evaluation of the rolled
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p&nels 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 live 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 a laboratory approach 
to a production approach, approximately 120 square 
feet of sandwich material, in panel sizes of 4 x 5
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FIGURE 27. LAYUP AND TYPIC.AL JOINT IN 
PANEL ll(*>

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 26, 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 28. OUT-OF-SQUARE CONDITION 
PRODUCED lF PACK IS NOT LINED 
UP BETWEEN PASSES DURING ROLL­
ING( I)) 

The importance of a precise fitup of the 
matrix. ompone nta was shown in a pack in which 
a longitudinal c rease deve loped during rolling 
because of underwidth filler bars in this area. 
In rolling, the total minus tolerance produced 
a void apace and the resulting crease. Thia 
condition waa orrected in succeeding packs by 
placing ahima in the pack• to correct for cumu­
lative negative filler - bar t.olerancea. 

Metallurgical Evaluation. Ge ne rally, 
metallographic examination of the developmental 
paneh showed omplete metallurgical bond• be -
tween the rib and face members of all panels. 
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Several of the ribs showed severe "under­
cutting" or rib thinning owing to intrusion of the 
steel filler bars. The same condition ex.iated with 
both the atrip and corrugation layup. Later 
studies showed that thia undercutting or rib thin­
ning could be eliminated by uaing the strip layup 
and by a more preciae fit bcitween cavity com­
ponents. 

Mechanical-Property Evaluation. Mechani­
cal teats were conducted to eatabliah mechanical­
property characteristics. The typea of testa con­
ducted included flatwise tension, shear, bending, 
burst, and edgewise compreaaion. The specimens 
were prepared from a full-acale production-type 
panel and were distributed so aa to be represen­
tative of all areas of the panel. The details of 
the testing program are discussed in the following 
paragraphs. 

Flatwi se tension te sta we re conducted on 
nine s pecimens using a specially designed fix­
ture. The r es ults are s hown in Table 9. The 

TABLE 9. FLATWlSE-TENSlON-TEST 
RESt:LTs(lJ) 

Rib No. Ultimate 
Thickness, of Stress, 

Specimen :nch Ri bs • psi 

Ft - .014 4 30,520 
- 5 .014 4 16,840 
- 7 . 0145 4 34,140 
- 14 .014 4 21,280 
- 15 . 015 4 35,450 
- 19 .014 4 29,490 
- 21 . 014 4 21,880 
- 22 .014 4 31,480 
- 2 3 . 014 4 34,320 

mode of failure in all flatwise te nsi.on tests waa 
rupture of the truss ribs near the bonded joints. 
No failures occurred in the dU:fusion -bonded joint. 

Core shear tests were conducted. Shear 
was e valuated in a direction both transverse and 
longitudinal to the core direction. The shear-teat 
results are listed in Table l 0. Figure 29 show a 
a typical stress-deformation curve for both 
transverae and longitudinal specimens. 

Shear beam tests were conducted on Z-1/Z 
x lZ- i nch specimens, with the corrugation running 
the length of the beam. Loads were applied Z. 75 
inches from the beam supports, with 5. 50 inc.hes 
between loads. The teat results are listed in 
Table l l. Typical streaa-defiection curves for 
beams with 0. 0JZ and 0. 040-inch face sheet are 
shown in Figure 30. 

Burst tests were conducted o.n 3 x 3-inch 
specimens, in which the face 1heet1 had been 
chem-milled to thickneaaea of 0. 03Z and 0. 040 
inch. The specimens were clamped between the 
pressure plates in a teat fixture and internal 
preaaure waa applied by a hand -operated hydrau­
lic pump until failure occurred. Failure waa 
indicated by a sudden preaaure drop on a pres­
sure gage. Results of the burst teat are shown in 
Table lZ. 

Panel compression tests were conducted 
in which the core waa placed parallel and tr!lna­
verse to the load direction. The teat reaulta are 
liated in Table 13. Typical streaa-deformation 
c urves for both longitudinal and transverse load­
ing and for both 0. 03Z and 0. 040-inch face sheets 
are s hown in Figure 31. 

In general, these mechanical-property 
evaluations s howe d the panel to be uniform in 
properties, and no evidences of bond failure 
we re detected. 

-- --------
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TA BLE 10. SHEAR-TEST R ES ULTS(1 3) 

Faiiure Stre 11, pai 

C o r e ba ae d on 

cime n Di r ection Rib Area P a nel Area 

11 L ona. 64898 25 04 

zo Lona. 666 32 25 96 
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8 Tra na. 1238 

(a ) C r acki na a nd wr inkling of the tru ■ • · cor e ribs. 

(b) C r ac kina of the tru11-co r e r ib ■ . 
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FIGURE 29. TYPICAL CORE SHEAR TESTs(l3) 

F a ilure Mo de 

(a) 
(a ) 

(b) 
(b) 

.011 .021 

3.0 

2., 
·-
M . 

2.0 I 
~ .. 
fl) 

1.5 ! 
1.0 I 
05 



I • 

25 
TABLE II. SHEAR-BEAM BENDING-TEST RESULTs(l 3) 

Face Shee t Max Streu (a ) 
I Max Deformation, 

seecimen Thickneu1 in. e•i in. Failure Mode 

13 0.032 63191 o. 8 (b) 
33 0,032 60143 o. 7 (c ) 

12 0.040 79106 o. 76 (b) 
32 0.040 81915 0.85 (c) 

(a ) Maximum 1tre11e1 were calculated, using the following beam formulae: 

M X h 
0 . ~ 

I 

I • 1/12 bh3 

M • P x a 

or 

Pa x h 
0 • 

2 
1/12 h3 b. 

(b) Failed by buckling between the applied load s , approximately a t the point 
of 111&ximum stre••· 

(c) Failed by buckling at one of the applied load locations. 

TABLE 12. BURST-TEST RESUL'fS(l 3) 

~ 
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i 
J 
IC 

i 

10 
10 
10 
10 
90 
40 
!O 
20 
10 

.040- in. face lhNt 

0 _ _.. ..... ___________ _ 

0. 2 0.4 0.6 0.1 1.0 1.2 1.4 1.6 18 2.0 

Blom Deflection, Inches 

FIGURE 30. TYPICAL SHEAR - BEAM BENDING 
TESTS(l 3) 

FIGURE 31. TYPICAL EDGEWISE­
COMPRESSION-TEST CURVEs(l3) 

Preeeure 
Face ~beet at Failure, 

seecimen Thickneu 1 in. e•i 

18 ,03Z 4525 
30 .032 4525 

10 . 040 5550 
31 . 040 5100 

(..i) Failure of (ace eheet and ribe. 
(b) Failure of ribe. 
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TABLE 13. EDGEWISE- OMPRE SlON-TEST RESULTS( 131 

Face Sheet Co r Fall ur F a ilure Mode 
S~cl men Thi k 1 

n, Dir. Slr •• a ea• 

2 , O)Z Trana . 48573 
Z4 . 032 Trana. 4458 1 Fa e ah I 
16 . 040 Trana. 69688 buckling 
H . 040 Tran ■. 63298 

3 . 032 Lon11 , l 19l 00 
4 . 032 Loni, 124800 

26 . 032 Lon11 , 1262 00 F C 1heet nd 
27 . 03Z Lon11, 118700 r ib bu kl l ng 

9 . 040 Lon11, 123300 
17 . 040 Long. 12 9000 
28 . 040 Lon . 127700 
29 . 040 Lon11 , 126300 

TABLE 14. STATUS OF FULL-SCALE PACKs(l4) 

Pack 

l, l 

3 

4 

5, 6 

7 to 10 

13, 15, 
16 

11, 12, 
14 

17, 18, 
19 

T e 

Devel. 

Devel. 

Devel. 

Preprod. 

Prod. 

Prod. 

Prod. 

Prod. 

20 to 23 Prod. 

24 (Special) Prod. 

Siz.e, 
ft 

4 X 5 

4 X 5 

4 " 5 

4 X 7. 5 

4 X 7, 5 

4 X 7, 5 

4 X 7. 5 

4 X 7. 5 

4x7.5} 

4 X 10 

Rolled 

9/17/65 

11/2/65 

12/16/65 

2 /11/66 

6/10/66 

7/8/66 

8/9/66 

10/11-12/66 

12/22-23/66 

Fabrication and Eval1.1&tion of Production Panell 
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A total of ZJ f'ull-1cale tr1&u- core paneh 
and one 1pecial panel, a vertical-1tiffened-frame 
web panel, are 1cheduled for fabrication. Table 
14 li•ll the type, and lize1 of the1e pack,, all 
of which had been 1cheduled for rolling by the 
end of calendar 1966. The 1pecial panel, which 
con1i1t1 of vertical 1tifienera approximately 
0. 040 inch high on both 1idet1 of the web, i• to 
be u1ed for an internal rilla frame 1upporting the 
bottom of the oxidizer tank. 

Po1trollina Evaluation. In1pection of the 
rolled product include, metallographic inspec ­
tion of difiu1ion-bonded joint, and surface layers 
of the titanium sandwich material, mechanical 
propertie1 of the diffo1ion bonded joints and face 
sheet,, and chemical analysis. 

A• of December, 1966, 1.3 of the produc -
lion panel• (Panell 7 through 19) had been rolled 
and evaluated. The re1ulta show that all of the 
panels were acceptable for production. Some of 
the panels show debonds at the panel extremeties. 
However , the1e areas were removed by trim1ning 
and the panels were forwarded to the production 
department for forming and leaching. 

Tankage Fabrication and Assembly. Fol­
lowing po1trolling inspection, the panels are 
being creep formed, leached, hot - sized, chem­
milled, ultrasonically inspected, and delivered 
to the auembly area. 

The method adopted for forming the cylin­
drical sections for the conjugate tankage struc -
lure consists of hot - reep forming the panels to 
confo rm roughly to the final tank wall configur­
ation with the filler bars in place. The final 
configuration is achieved by a hot- sizing ope r -
ation after the filler bars are leached. 

For the initial forming operation, the dies 
and sandwich panel are heated to about 1250 F. 
Following l e achin&, the panels are hot siz.ed at 
1050 F to the final tank wall configuration. Using 
thi1 techniq1&e, excellent conformity to contour 
ha1 been obtained without c rushing or buckling of 
the core. A» of January, 1967, the eight lower 
tank 1andwich paneh had been completed through 
the creep-forming, leaching, and hot-1izing 
operations. 

The steel mat.rix material is being leached 
from the production paneh at a faster rate than 
wa1 earlier anticipated. Figure 3Z ,hows a 
section from a full-scale panel after l eaching 
and trimming. 

A postleaching inspection of the lower tank 
paneh disclo1ed that intergranular corro1ion of 
the Ti-6Al-4V alloy surface had occurred to a 
maximum depth of about 5 mils during leaching. 
Laboratory inve1tigation showed that this re-
1ulted from a Hlective attack of the nitric acid 
leachant on iron-rich areas in the Ti-6Al-4V 
1urface layer. The1e area, of high iron content 
re1ulted from the u1e of steel pack detaih which 
had decarburiz.ed 1urfaces. A1 noted earlier, 
the Battelle supporting work had indicated that 
the pre1ence of about O. 20 percent carbon in the 
■teel surface wa1 nece ■ 1ary to inhibit iron 
difiu1ion into the Ti-6Al-4V alloy. 



figure 32. U3WER TANK PANEL, TRIM.MED AND MACHINED
.(14)

Chemical-mUling experiments in lull-stale 
panel sections showed that the face sheets could 
be them-sized without corroding the panel cores 
by filling the cores with a plastic material 
(Paraplast 5 3). The Paraplast is removed after 
chem-milling by heating the panel to 350 F and 
soaking in hot water.

Titanium Structural Sections 

ProEram Scope and Qbjci lives

In another phase of its roll-bonding 
activities, The Los Angeles Division of North 
American Aviation is conducting a program to 
develop a base of information to promote the 
use of roll-diffusion-bor.ded product in the 
Aerospace industry. This program nas three
major objectives;

(1) To produce structural shapes which 
can compete with state-of-the-art 
extruded and machined Ti-6A1-4V 
alloy shapes

(2) To produce closed-section extruded- 
type structural shapes which cannot 
be made by current state-of-the-art 
extrusion processes from Ti-6A1-4V

(3) To generate mechanical-property data 
representative of roll-diffusion-bonded 
joints in Ti-6A1-4V.

The program has four major aspects:
(1) definition of roll-bonded airfoil - shape 
problem areas; (2) development of a full-scale 
roll-bonded airfoU shape typical of jet-engine- 
inlet guide vanes, compressor stator blades.

and helicopter rotor blades; (3) development of 
roll-bonded structural shapes typical of aircraft 
wing and fuselage stringer shapes; and (4) a 
mechanical-property evaluation of roll-bonded 
material.

Progress to date is summarized below. 

Preparation of Airfoil_Sha£es^

In preliminary work, roll bonding of a 
3-foot-long airfoil shape of the Ti-6A1-4V alloy 
was completed. Figure 33 shows detaUs of the 
cross section of the pack layup used. This 
pack, which initially was 3 x 6-1 /2 x 14 inches, 
was rolled through nine successives passes 
(approximately 68 percent reduction) to 1. 35 x 
7-1/2 X 38-3/4 inches.

Postrolling inspection showed that excellent 
bonds were produced at all joint areas. However, 
some bowing of the vertical stiffener occurred as 
a result of an excessive reduction in the initial 
rolling pass.

Subsequently, a full-scale airfoil-shape 
pack was prepared and roll bonded. This is 
aiustrated in Figure 34.

Structural Shape Development

In this part of the program, two packs are 
to be rolled to produce an extrusion-type pro­
duct. This consists of a simple vertical rib 
sandwich structure of the general design shown 
in Figure 3. The two packs wUl dUfer only in 
panel skin thickness.



nr,URL 34. FULL-SCALE AIRFOIL SHAPE* “>•



The firot pack has been designed to yield 

a panel with l /8-inch-thick skins and eight 

l /8-inch-thick, l inch tall vertical ribs spaced 

l, 5 inch apart acro11 the section, Thia pack, 

which has external dimensions o! approximately 

6, 5 x 30 x 85 inches, has been aa , embl ~d and 

scheduled !or rolling. 

Mechanic :-.~ -Property Evaluations 

Nine rectangular bars, each a ;iproximately 

0, Z x Z, 5 x 36 inches, o! Ti-6Al-4V were rolled 

in a single pack to produce the mate rial for uae 

in this study. Six o! these bars contained a 

single joint at the midsection (i. e,, acrou the 

0. Z inch section) along the entire bar length. 

The three remaining bars were o! solid, un­

joined material to represent parent metal. 

Numerous teat samples are now being pre ­

pared to obtain tensile, Charpy-impact, 1tre1s 

rupture, and bend properties o! the joined 

material. The teat conditions to be used will 

include as-bonded material aa well aa mill­

annealed and solution-treated-and-aged material. 

Bar Mill Rolling of 
Titanium Structural Sections 

The McDonnell-Douglas Corporation 

program(l6) involves the fabrication of roll­

dif!uaion-bonded structural ahapea on bar mill 

equipment, In bar rolling, reductions occur 

in two dimensions, rather than only one aa in 

plate rolling. Aa a result, greater lengths are 

normally achieved !or a given length of starting 

stock in bar- aa opposed to plate-rolling oper­

ations. Figure 35 compares finished lengths 

of bar va plate rolled for given reductions in 

one dimension. In this context bar-product 

yield varies inversely with the square of re­

duction, whereas plate yield varies inversely 

with reduction in a linear fashion, In this 

respect, :ievelopme"irt"ofbar- rollina practice 

would provide greater versatility for production 

of long roll- bonded ahapea. 

Figure 36 1how1 the pack 1ize1 required 

to produce Z0- and 40-!oot structural 1hape1 

on the basic of a 66 percent rolling reduction, 

Other advantaaea of bar mill rollin&, accordina 

to the McDonnell-reaearchera are (l) that be­

cause laid-up dimensions of the titanium details 

are heavier, they are more tolerant of in 

proceu contamination, and (Z) that the 1maller-

1i&ed finished packs are more compatible with 

poatrolling heat treatment. 

Proaram Scope and Objective 

The purpose of the program ia to study 

th~ fea ■ibility of producing roll-diffusion-bonded 

structural 1hape1 on bar mill eqllipment, Roll­

diffuaion-bonded titanium structural 1hape1 will 

be compared with equivalent titanium 1hape1 
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FIGURE 35. COMPARISON OF BAR AND PLATE 

MILL ROLLING ON FINISHED LENGTH 

OF ROLL-BONDED SECTIONs(l6) 

Pack aizea: 6 inches x 6 inches x 3 feet (5. Z 

feet) before rolling 
Z inches x Z inches x 2.7 feet (47 

feet) after rollina 

Pack weight: 360 pounds (6Z9 pounds) 

Pa-:k sizes: 16 inches x 16 inches x 4 feet (6 

feet) before rollina 
5, 33 inches x 5, 33 inches x 36 feet 

(54 feet) after rolling 

Pack weight: 3400 pounds (5Z00 pounds) 

------------------------~ 

FIGURE 36, SIZE OF BAR PACKS REQUIRED 

TO PRODUCE Z0-FOOT(/trD 40-FOOT) 

STRUCTURAL SHAPES 

• 



p,oduced by other method• (e. I•, extruaiona, 
ho1-out• from bar, or welded section•) to 
determine whether roll-diffuaion-bonded atruc­

t11ral ahapea offer atruct11ral weight, fabrication, 
quality, or economic advantaae• over conven­

tionally prod11ced ahapea. Fi111re 37 comparea 
the relative merita of prod11cin1 a complex 
atruct11ral ahape (now in 11ae on the F - 4 
aircraft) by roll bondina. 

C.t ....... 
IN..._, ....., 
0....1 

....... ~ ... , .............. ...._. .......... 

A • C 0 

A • • A 

A I • A 

A • C 0 

FIGURE 37. COM' ' ARISON OF VARIOUS ME­
THODS FOk PRODUCING tITANIUM 
ROLL-BONDED SHAPES(l ) 

The program i• being conducted in two 
pha•e•. Phaae 1 i• a preliminary inveatiaation 
of proceu feaaibility. A aimple T config11r­
ation i• being fabricated of Ti-6Al -4 V alloy to 
determine how well atr11ct11ral-shape geometry 
can be maintained during rolling. Experimental 
pack• will be uaed to inveatigate factora auch aa 

pack de•ian, and aize ahape orientation, or 
variation in rolli.ng practice on geometric 
quality. 

The objective of Phaae 11 will be to acale 
11p the proce•• to produce atr11ct11ral ahape • 40 

feet in lenath, Initially, d11plicate pack• con­
tainin& two ahapea made from the Ti-6Al - 4V 
material will be rolled. Theae • tructure• will 
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be evd11ated for dimenaional control, surface 
finiah, mechanical propertiea, and freedom from 
contamination. To check 011t the reproducibility 

of the proce••• four additional structural ahapea 

will be fabricated. The alloy• selected for the 
reprod11cibility at11dy a re Ti-f-Al-4V and Ti-6Al -

6V-ZSn. The eval11&tion proaram will be e uen­
tially the aame aa that followed for the initial 

acale-up atr11ct11rea. 

Proare u to Date 

Th11• far, •ix packs to prod11ce up to 37-
foot length• of Ti-6Al - 4V atructure have been 
rolled in the Phaae I atudiea. Variable• have 
been ahape (T, complex), s hape orientation 
within the pack• and pack layup technique, 
rollina temperat11re (preheat at alpha - beta 
and beta temperature•), and roll deaign 
(diamond- aqua r e at Laclede, gothic - dia mond 
at Univeraal Cyclopa; box pauea will be tried 

at Armco). Eval11&tion• are not ye t complete, 

b11t aeveral obaervationa and concluaiona are 
evident. 

All atructure• have been well bonded. 
Becauae of alight heterogeneity in working 
throughout the cro•• aectiona, finiahed com­
ponent thickneaaea have varied by about :t5 
percent from nominal, and aome structural 
irregularitie• have reaulted. Figure• 38 and 39 
illuatrate general quality typical of the expe ri ­

mental products to date. Pack-deaign modifi 
cation (e.g., degree of fillet control) and per· 

haps proceu modificatl.on• (e.g., use of 
guidea) may be effective in improving geometry. 

McDonnell has found it very important to match 
atartir!i size of the bar to the specific mill to 
avoid overfill and exce ssive heterogeneoua de ­

formation . 

Preheating temperatures above the beta 

tranaua reaulted in very coarse grain structure 
in the titanium alloy, and consequent rough, 
irregular, surface finish. L-l this regard, one 
and only one component in one pack rolled at 
1750 F (s upposedly well below the beta tranaua 

for Ti-6Al-4V) unexplainably showed a coarse 
"beta" grain structure . Analysia ahowed this 
to be Ti-6Al-4V . The pouibility of especially 
low intentitial content of thh particular piece 

was inferred by the reaearcher•. 

McDonnell In-Houae Roll-Diffuaion 
Bonding Proarama (I ij 

1n addition to their Air Force program on 
roll-bonded ti tanium atructural aectiona, the 
St. Lo11ia facility of the McDonnell-Douglaa 
Corporation has conducted extenaive in-house 

atudiea of roll-diffuaion-bonded structure• in 
aeveral material• for a variety of potential 
application•. Moat of thia effort baa been 
concentrated on titanium alloy•, particularly 
Ti-6Al-4V alloy; however, aome limited work 

has been done with Ti-6Al-6V-ZSn, Ti-8Al-1Mo­
l v, and 1'i-SA1 - Z. 5Sn aa well as RenJ 41 auper ­
alloy and Cb-75Z columbium alloy. In the latter 
materiah, poor surface finishes reaulted from 

inadequate matching of hot deformation reais­
tance between atruct11ral and pack materiah. 

McDonnell baa inveatiaated a variety of 

aeometric confiaurationa, includina corrugated­
tru•• core aandwichea, atiffened -11kin atructurea, 

and atructural shape• (I'•, T'•, and complex 
ahapea). Many pack• have been rolled, with 
atarting aizea ranging from 8 x 6 x Z inchea to 
60 x 60 x 3 inchea. The laraeat Ti-6Al - 4V roll­
bonded truaa-core sandwich panel produced wa• 
48 x lZ0 x 0. 6 inch. Particular emphaaia haa 
been placed on liaht-gage atructurea (0. 010 inch) 
althouah heavier aectiona in Ti-6Al-4V have 
been evaluated (up to 0. ZS inch), 



Id) Roll-Bonded Shape

(b) Mac rosrc tion ol Bar 

HGURE 58. GEOMETRY OF TEE SECTION

McDonnell has studied the influence ol 
carbon content ol the steel-support structure, 
and their conclusions are in agreement with 
experimental results ol work conducted at 
Battelle in support ol NAA/LAD. e.g. , carbon 
content should be 0. 20 percent or more to pre­
vent iron dillusion into the titamum. McDonnell 
has also done research on mechanically assisted 
liller-removal techniques. They have labri- 
cated composite liller bars consisting ol a high- 
manganese-steel core surrounded by a carbon- 
steel jacket. Panels were labricated using 
these bars as support members. Using these 
bars, good panel geometry was maintained 
during rolling and the cores were successlully 
extracted Irom the panels alter rolling, leaving 
through-holes lor the circulation ol leaching 
solutions.

McDonnell has conducted extensive prop­
erty evaluation ol roll-bonded structures, 
leading to the general conclusion that satis- 
lactory properties can be maintained in roll- 
bonded materials. For example, tensile and 
notch-tensile properties ol Ti-6A1-4V samples 
cut Irom as-rolled bonded structures have been 
deterrmned at room temperature. Notched 
(K^ = fa. fa)-to-unnotched tensile - strength ratios

(,i) Koll > Bonded Shape

(b) Macrosection ol H i r

FIGURE 59. GEOMETRY OF COMPLEX SHAPE

were reported typically as 1. 06 to 1. Ifa. Me - 
Donnell concluded that the properties lor Ti- 
6A1-4V alloy specimens Irom rolled panels were 
within AMS specili ations lor annealed materi­
al.

Battelle Program tor Rolling Various 
Structural .Metal Panels'

Program Scope and Objectiveb

Battelle * Colambus Laboratories is 
currently engaged in a program' ' lor the 
U.S. Army Materials and Mechanics Research 
Center to develop design and processing methods 
necessary to produce structural metal panels ol 
a variety ol dillerent materials by the roll- 
dillusion-bonding process. Included in these 
studies have been 18Ni-250 maraging steel,
PH 14-8MO precipitation-hardening stainless 
steel. Inconel, two advanced laboratory titanium 
alloys (a beta alloy, Ti-8Mo-8V-2Fe - 3A1, and 
a texturing alpha grade, Ti-4A1 -0. 20^), and a 
specilic titanium-beryllium composite.

Initial studies were conducted on small 
vertical-rib sandwich structures. Rolling 
temperature, reduction schedule, support



w
material, and filler-removal methoda for the vari- 
oue structural materials were investigated. Bond 
qu^ity WAS Assessed by metAllogrAphic exAiruriA- 
tion and by tensUe teats 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-4A1- 
0. 2O2 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 titaruum 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 interlace 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 ■ arbon 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 
titamum-kUled, low-carbon (<6 points) steel was 
effective in producing good bonds, however. Low- 
carbon support materials are required for these 
metals to prevent carbon contanunation during roll 
bonding. Figure 40 shows a bond formed in 
PHI4-8M0 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 
gram-boundary definition in the bond region. This 
had litUe affect on bond strength.

Filler removal by leaching in nitric 
acid (no problem with Inconel or PH l4-8Mo) 
proved difficult with the I8N1 maraging steel. 
Although a limited range of HNOj conce-l.a- 
tion and temperature was defined within which 
attack on support material was rapid and the 
maraging steel was not appreciably affected, 
the operating ranges were so narrow as to be 
difficult to control in a production operation. 
Maraging-steel experiments were thus deferred.

FIGURE 40. PHOTOMACROGRAPH OF A
TYPICAL SKIN-TO-RIB BOND OF 
PH I4-8M0 STEEL PANEL IN AS- 
ROLLED CONDITION***'

FIGURE 41. PHOTOMICROGRAPH OF A
SKIN-TO-RIB BOND OBTAINED IN 
THE INCONEL PANEL USING TI­
TANIUM CONTAINING STEEL AS 
SUPPORT MATERIAL**"**



The beryllium-titanium composite de1ign 
comprise• embedding beryllium strips in skins 
of a titanium sandwich for reinforcement. A 
silver interlayer wa1 found to prevent the for­
mation of brittle titanium beryllides and pro­
vide potential 1tre1s transfer within skin 
components. Cracking of the beryllium rein­
forcement stripe during proce11ing ha1 not 
yet been eliminated. 

Pre1ent studies will sub1titute Rene" 41 
for lnconel, and 1cale-up to larger panel• of 
a modified, tru11-core de1ign i1 planned for 
the near future. Aleo, in view of the excellent 
potential for eliminating the leaching - time pro­
blems, the development of the practice of 
u1ing compo1ite filler bare and mechanical 
extraction of core• will be emphasized. 

Technique For Bonding Beryllium to Beryllium 
And Titanium 

Program Scope and Objective ■ 

Harvey Enaineering Laboratorie1< l 9) ia 
conducting a program to develop proce11 tech­
nique• for roll-diffu11ion bonding of beryllium 
to beryllium and beryllium to titanium to pro -
duce rib-stifien.ed paneh for space-vehicle 
applications. A 1econdary purpo1e ia to extend 
the 1tate of the art of roll-difiu1ion bonding. 
The work ii being conducted in two pha1e1 as 
follow ■: 

Phase I. Thie phaee i• concerned with 
the de1ign, fabrication, rolling, and te1ting 
of three kinda of sample• which are repre-
1entative of the type of diffueion-bonded joint• 
required in the final auembl y. The three 
type• of experimental sample• are shown in 
Figure• 4Z, 43, and 44. By fabricating and 
te1ting theae 1mall-1cale compo1ite 1tructures, 
the optimum parameter ■ for fabricating the 
full-1cale structure are to be establi1hed. 

Phaee ll. Thie phaee ii concerned with 
the deaign and fabrication of full-scale part• 
baaed on the proce11-developme nt technique• 
eetabli1hed in Phase l. Two full - scale stiffen­
ed skin panel• will be prepared. One of these 
will be 1ubjected to teat, deeigned to examine 
the intearity of the bonded joint• and determin­
ation of the material propertie1. Both de1truc­
tive and nondestructive teat• will be involved. 
The second panel will be 1ubjected to only non­
deatructive teat• and will be delivered intact 
to NASA-MSFC. 

Progreu to Date 

All of the work completed to date ha1 
been conducted under Phase l. About 30 lap­
type ■ample• of the configuration 1hown in 
Figure 4Z were prepared and rolled under 

33 

\ 

various condition ■. The1e efiorts were un­
auccesaful owing to e xce11ive oxidation of the 
beryllium surface• and fractur~of the thin 
beryllium ■trip at the joint• of the 1tainle11 
steel apacer and the thick beryllium ■trip. 
It was concluded tha, bonds could not be pro -
duced by rolling acrou the joint without cutting 
through the thin strip. Acco-rdingly, the lap­
joint-specimen auembly deaign waa modified 
according to the drawing in Figure 45. All 
1ubsequent 1amplea were rolled in thi1 type of 
jacket assembly. Since no proviaion wa1 made 
for evacuating the a11emblie1, zirconium 
chip• we re placed at each end of the auembly 
to getter the re1idual air in the pack and pro ­
tect the beryllium from oxidation in the event 
of a pack lea.k. 

The lap-type specimen• were fabricated 
in steel jacket• at temperature• from 1500 to 
1700 F. Rolling reduction• of 5 to 15 percent 
per pau a.nd total reduction• of Z0 to 75 per­
cent were u1ed. Examination of metallographic 
specimen■ from the1e sample• indicated that 
bonding wa1 obtained in 1pecimen1 rolled from 
60 to 75 percent total reduction at 1600 to 1700 F. 
Thi• work indicated that total reduction wa1 
more important in promoti.ng bonding than wa1 
rolling temperature, 1oak time, or reduction 
per pa11, 

Douglas Program on Roll-Bondin& of Beryllium 

A1 deacribed earlier, Douala• Aircraft 
Company pioneered the roll-diffuaion-bonding 
procesa in 1ponaored studie1 at Battelle' • 
Columbu1 Laboratoriea and in 1everal in-houae 
program■ to fabricate and evaluate a variety of 
bonded structure•. Recent intereat at Douala• 
ha1 emphasized adaptation of the roll-diffuaion­
bonding proceu to beryllium 1tructure1. With 
the aa1iatance of Battehe, 1everal •mall 
(~10 x 5 x 1/4 inchee) beryllium 1tructure1 have 
been succe1afully fabricated. Theae have in­
cluded vertical-rib (Figure 46) and truu-core 
1andwich (Figure 47) structure• and T-atiffened 
1kin1. 

Proce11ing variable• have been e1tab-
1i1hed to result in excellent bond quality 10 
that bond 1trength doe• not limit atructure 
performance. The major problem• in fabri­
cating beryllium structure• by roll-diffuaion 
bonding reeult from the low biaxial ductility 
of beryllium at ambient temperature•. Theae 
ca:-, be minimized to produce crack-free 1truc­
ture1 by proper ■ election of proce11ing vari­
able ■. 
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FIGURE 4Z. TYPE I SAMPLES - FLAT LAP 
BONos(l9) 
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FIGUR E 45, MODlFlE D L AP- BOND ASS E MBLY(l 9) 

Zirconium chip• are u1ed a1 a ge tte r to p rotect the 
be ryll ium from oxidation. 



FIGURE 46. A VIEW OF ONE SURFACE OF BERYLLIUM PANEL 66-5 AFTER LEACHING

FIGURE 47. PHOTOGRAPH OF BERYLLIUM PANEL 67-1 AFTER SECTIONING AND LEACHING
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