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ABSTRACT. This study was under
taken as part of a major program to 
develop a low-pressure technique for 
fabricating boron-aluminum struc
tural components and in conjunction 
wi th a NASA program to evaluate 
boron-aluminum components for 
space shuttle applications. The 
evaluation of critical processing 
parameters was reported previously*; 
this Part II describes the development 
of production processes and their 
application to component fabrication. 

Deve lopmen t of p roduc t ion 
processes was concerned first w i th 
the chemical cleaning of monolayer 
foi l . Candidate cleaning processes 
were evaluated quantitatively using 
ellipsometry to measure residual alu
minum oxide layer thickness; a tech
nique was selected wh ich provided 
good cleaning wi th reprocessing 
flexibility on the basis of metal re
moval rates. The effects of monolayer 
storage conditions — both the un-
coated and copper-coated monolayer 
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— on the rate and buildup of oxide 
layers were measured by ell ipsom
etry to define specification times and 
required environments. A nitrogen 
environment was satisfactory w i th 
permissible storage t imes of 80 h for 
the cleaned monolayer prior to vapor 
deposition and 800 h after copper 
coating. The techniques necessary to 
produce an adherent physical vapor 
deposition (PVD) copper layer on the 
monolayer were developed and con
f irmed. Abi l i ty to apply a 20 microin. 
coating has been demonstrated in a 
significant number of tests. Further, 
parameters for glow d i scharge 
cleaning prior to PVD were evaluated 
through ellipsometer studies. Finally, 
complex boron-aluminum structures 
have been fabricated w i th structural 
shapes u t i l i z ing a m e c h a n i c a l 
forming technique to simultaneously 
pressure-form all monolayers prior to 
bonding. These structures have dem
onstrated strengths in excess of 
design ult imate loads at 600 F. An in
tegrally stiffened boron-aluminum 
panel has been fabricated, utilizing a 
simple, re-usable tooling concept 
which can be cost competitive w i th 
t i tanium machinings. 

In t roduct ion 

Eutectic bonding is a diffusion 
brazing process developed for fab
r i ca t ing b o r o n - a l u m i n u m c o m 
ponents from composite monolayer. 

This process relies on the diffusion of 
a thin surface f i lm of copper into the 
aluminum matrix to form a liquid 
phase when heated above the copper-
aluminum eutectic temperature of 
1018 F. The first phase in the de
velopment of this process, previously 
reported, w a s conce rned w i t h 
defining the critical processing 
parameters of bonding temperature, 
time and copper thickness and estab
lishing that the process could be 
applied to boron-aluminum fabrica
tion. Then the processes associated 
wi th eutectic bonding were optimized 
and scaled-up for the production of 
large structural components; the de
velopment and application of these 
processes and component manu
facture are described in this paper. 

Process D e v e l o p m e n t 

The evolution of boron-aluminum 
from its receipt as monolayer foil into 
a laminated structural component in
volves several basic processing steps. 
After monolayers are inspected and 
accepted, they are chemica l l y 
cleaned to remove any surface con
tamination. Then each foil is coated 
on both sides wi th a 20 microin. layer 
of copper by physical vapor deposi
tion and laid-up to the desired shape 
on a combination forming/bonding 
tool. The part is then covered wi th an 
outer sheet which is welded directly 
to the tool to form an envelope which 
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can be evacuated. Bonding is ac
complished in an autoclave wi th the 
pack evacuated and under an external 
pressure of about 250 psi. The 
processing steps to be described 
herein are chemical cleaning, copper 
coating, lay-up procedures and 
bonding. 

Optimization Of Chemical Cleaning 

Monolayer foils must be chemically 
cleaned to remove surface f i lms 
which would prevent adherence of 
copper during vapor deposition or im
pede diffusion during the bonding 
process. Also, excessively thick sur
face f i lms present at the t ime of 
copper coating might be trapped in 
the joint area and lower joint 
strength. The approach to selecting a 
cleaning process consisted of rating 
several standard cleaning solutions 
according to their ability to remove 
surface f i lms and the rate at which 
they dissolved aluminum. An "op
t i m u m " method was selected on the 
basis of these ratings. Then, the rate 
of fi lm build-up after cleaning was re
lated to environment to establish 
storage conditions and t ime limits for 
monolayer foils after cleaning and be
fore coating. 

Selection of a Test Method. Several 
standard cleaning procedures were 
used during the initial development 
of eutectic bonding to prepare boron-
aluminum mono layer fo i l s for 
coating. Also, efforts were made to 
compare them and select an optimum 
process. However, the principal test 
method initially employed was peel 
testing of bonded samples. This ap
proach was considered to be of 
limited value because the cleaning 
methods could not be rated quantita
tively. Also, the bonding process itself 
may have introduced other variables, 

unrelated to cleaning, and influenced 
peel strength. A better method of 
comparing the effect iveness of 
various cleaning methods was 
needed to optimize the processing of 
boron-aluminum foils. The method se
lected was to measure the residual 
f i lm thickness, assumed to be an 
oxide, immediately after cleaning. El-
lipsometry was selected as the tech
nique for measuring these thin f i lms 
and 1100-0 aluminum foil was used 
for test specimens. 

An ellipsometer is an optical instru
ment which has sufficient sensitivity 
to detect a single layer of adsorbed 
oxygen or oxide molecules on a 
meta l l i c sur face. E l l i psomet ry 
basically measures changes in the 
polarization of monochromatic light 
upon ref lect ion at an op t ica l 
boundary. The magnitude of the 
change can be used to calculate the 
thickness of surface f i lms provided 
the composition and optical prop
erties of the f i lm and substrate are 
known. A photograph of the ell ipsom
eter used is shown in Fig. 1. Its high 
degree of sensitivity made it an ideal 
instrument for comparing solutions 
by measuring residual f i lm thickness. 

Comparison of Cleaning Processes. 
A standard method of cleaning 
aluminum alloys for removal of sur
face oxides consists of solvent or 
vapor degreasing fol lowed by alkaline 
cleaning to remove soil and finally 
acid pickling or deoxidizing to remove 
smut and oxide f i lms. A number of 
commercial cleaners and deoxidizers 
generally are approved for aerospace 
application and are listed as options 
in applicable process specifications. 
Several of these materials were com
pared to determine if any particular 
combination of alkaline cleaner, de-
oxidizer and immersion t ime was su
perior from the standpoint of residual 

Fig. 1 —Ellipsometer and associated equipment 
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f i lm th ickness. Three a lka l ine 
cleaners plus four deoxidizers were 
evaluated, and the immersion t imes 
were varied to provide 108 combina
t ions of c l ean ing p rocedures . 
Triplicate specimens of 1100-0 alu
minum, 0.006 in. thick, were tested 
under each condition. The cleaning 
solutions and test conditions are 
listed below: 

Solution Time, min 
Chromated, 

nonsilicated cleaner 5, 17, 30 
Silicated cleaner 5, 17, 30 
Nonsilicated cleaner 5, 17, 30 
Type A, 

commercial deox. 3, 6, 10 
4 Acid Type deox. 3, 6, 10 
Type B, 

commercial deox. 3, 6, 10 
HN0 3 -HF-Cr0 3 deox. 1. 8, 15 

Test samples were rinsed thorough
ly after both alkaline cleaning and de
oxidizing treatments and, after a final 
rinse in hot, deionized water, they 
were dried wi th gaseous nitrogen. 
Ellipsometer readings were made at 
several stages during the processing. 
Selected samples were checked for 
f i lm thickness in the as-received con
dition, after vapor degreasing and 
after alkaline cleaning. Al l 324 spec
imens were measured after the f inal 
deoxidizing treatment. These mea
surements assumed that the f i lm con
sisted entirely of aluminum oxide. 
However, atmospheric exposure prob
ably resulted in the formation of a 
f i lm of moisture less than 10 ang
stroms over the oxide so that the mea
surements did not represent the ab
solute thickness of the oxide f i lm. 
This factor was not considered a 
drawback in measuring the efficiency 
of cleaning techniques; the error 
introduced by ignoring moisture was 
slight, and since all the test spec
imens were subjected to atmospheric 
exposure they all contained some ad
sorbed moisture and a similar degree 
of error. 

In the as received condition, an 
average f i lm thickness of 133 ang
stroms was measured which was 
reduced to 111 angstroms after vapor 
degreasing. After alkaline cleaning, 
measurements indicated that the f i lm 
thickness generally increased. Read
ings in these three conditions do not 
represent true oxide thickness be
cause of the presence of other sub
stances such as oil f i lms on the sur
face. Reduction on f i lm thickness 
after vapor degreasing indicates that 
some of this initial f i lm had been re
moved. The increase in f i lm thickness 
after alkaline cleaning does not 
necessarily indicate that the oxide 
f i lm thickness had increased but pos
sibly indicates the buildup of reaction 
products which developed when the 
samples were immersed in the ag
gressive alkaline solutions. 

The ellipsometry data showed no 
general trend for increased cleaning 



efficiency wi th increased immersion 
times. However, there were differ
ences in residual f i lm thickness attr ib
utable to variations in alkaline clean
ing and deoxidizing solutions. Gen
erally, the most efficient alkaline 
cleaner, regardless of the deoxidizer 
used, was the nonsilicated solution. 
Also, the most efficient deoxidizer 
was the HN03 -HF-CrG\ acid pickle. 
These general trends are shown in 
Fig. 2 which compares the optimum 
results obtained wi th each c leaner/ -
deoxidizer combination. On an overall 
basis, the systems can be grouped 
according to residual f i lm thickness 
as fol lows: 

1. Residual Film Thickness 30 
angstroms — Nons i l i ca ted 
cleaner + HN0 3 -HF-Cr0 3 acid 
pickle 

2. Residual Film Thickness 40 
angstroms — Nons i l i ca ted 
cleaner + commercial de
oxidizer A or B 

3. Residual Film Thickness 50 
angstroms — (a) Sil icated clean
er + HN0 3 -HF-Cr0 3 acid pickle; 
(b) Silicated cleaner + commer
cial deoxidizer A; (c) Chro-
mated, nonsilicated cleaner -
HN0 3 -HF-Cr0 3acid pickle 

Rate of Metal Removal During 
Cleaning. Although the ellipsometer 
showed which of the cleaning 
methods was most efficient from the 
standpoint of oxide removal, the rate 
of metal removal also had to be con
sidered because the layer of matrix 
material covering the f i laments in 
boron-aluminum monolayer foil is 
very th in. The thickness of composite 
monolayer wi th 0.0056 in. diam 
boron is about 0.0075 in., so that the 
f i laments are covered by about only 
0.001 in. per side of aluminum. Even 
a small loss of surface metal could 
amount to an appreciable percentage 
of this layer. This potential problem 
assumes a greater proportion if re-

cleaning should be required for some 
reason, because significant reduction 
of this thin layer could reduce trans
verse tension properties appreciably. 
Therefore, it was decided that the 
loss of material due to cleaning 
should not exceed 10% of the matrix 
thickness over the f i laments per side. 

The comparison of cleaning pro
cedures indicated signif icant differ
ences existed in the aggressiveness 
of various alkaline cleaner-deoxidizer 
combinations. Therefore, a check 
was made of three of these combina
tions to determine the relative 
amounts of material removed and the 
influence of immersion times. Selec
tion of the three systems was made 
to represent three degrees of sever
ity. The conditions studied in in
creasing order of severity of the 
cleaner-deoxidizer combination were: 

1. Chromated nonsilicated clean
e r / 1 0 min + commercial de
oxidizer A for 3, 7 and 10 min 

2. Ch roma ted nons i l i ca ted 
c leaner /10 min + HN0 3 -HF-
C r 0 3 Acid Pickle for 3, 7, and 
10 mm 

3. Nonsilicated c leaner /30 min + 
HN0 3 -HF-Cr0 3 Acid Pickle for 
3, 7and 10 min 

The latter system had produced the 
thinnest residual surface f i lm (less 
than 30 angstroms) in the ell ip-
sometric evaluation of cleaning pro
cesses. 

Samples of 1100-0 aluminum 
alloy, approximately 25.4 mm x 76.2 
mm x 0.152 mm (1 x 3 x 0.006 in.) 
were weighed and then subjected to 
the candidate cleaning methods and 
reweighed. The weight difference 
was used to calculate the metal thick
ness removed per side. The results of 
the tests are shown graphically in 
Fig. 3. In general, the mildest clean
ing method removed about 6 to 1 2 mi
croin. as the deoxidizing t ime was in
creased from 3 to 10 min. A removal 
of 12 microin. is equivalent to a loss 

of about 1 % of the matrix material 
covering the boron f i laments; there
fore, monolayer foils could be re-
cleaned many t imes in this cleaner-
deoxidizer combination without re
moving more than 10% of the matrix 
thickness over the center of the f i l 
ament. 

On the other hand, a single clean
ing in the most efficient combination 
(nonsilicated c leaner /30 min. + 
HN0 3 -HF-Cr0 3 acid pickle) for as 
short a time as 3 min in the de
oxidizer would result in the loss of 
about 12% of the matrix material 
covering the f i laments. Cleaning in 
this combination would have to be 
limited to a single cycle to avoid an ex
cessive loss, and this l imitation was 
considered too restrictive. 

The intermediate combination of 
chromated nonsilicated cleaner + 
HN0 3 -HF-Cr0 3 deoxidizer resulted in 
metal removal ranging from 30 to 90 
microin. as the deoxidizing t ime was 
increased from 3 to 10 min. In this 
case, a 3 min immersion would result 
in the loss of about 2.5% of the alumi
num covering the f i laments. 

In summary, this series of tests 
indicated that the cleaner-deoxidizer 
which produced the cleanest surface 
would also dissolve more than 10% 
per side of the aluminum matrix. 
Therefore, using this combination for 
chemical cleaning of monolayer foils 
would prohibit recleaning, if needed. 
At the other extreme, the mildest 
combination was relatively inefficient 
for oxide removal, showing a residual 
f i lm thickness of about 60 angstroms. 
The intermediate combination of 
chromated nonsilicated cleaner + 
HN0 3 -HF-Cr0 3 acid pickle for 3 min 
offered a good compromise. The 
metal removal rate ( ~ 2 5 microin.) 
was sufficiently low to permit reclean
ing. Also, this combination is consid
erably more efficient than the milder 
combination evaluated. Ellipsometer 
readings made during this series 
showed residual f i lms after cleaning 
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Fig. 2 — Effect of chemical treatment on 1100 aluminum residual film thickness 
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in the intermediate system to be 
about 37 angstroms, or 40% less than 
measured on specimens subjected to 
milder environment. Therefore, the 
chromated nonsilicated cleaner plus 
HN0 3 -HF-Cr0 3 acid pickle was se
lected as the method of cleaning 
boron-aluminum monolayer fo i l s 
prior to copper coating. 

Finally, a limited test series was 
made to determine if the boron f i l 
aments would be attacked in the 
cleaning solutions. This was accom
plished by immersing dupl icate 
samples of boron f i lament in commer
cial A deoxidizer for periods up to 20 
min and in the HN0 3 -HF-Cr0 3 de
oxidizer for intervals up to 30 min. 
There was no change in weight of the 
boron f i laments as a result of these 
exposure conditions. 

Effect of Storage Conditions. One 
of the tasks in the cleaning optimiza
tion study was determining the rate 
at which an oxide f i lm forms on a 
freshly cleaned aluminum surface. 
This investigation was undertaken to 
establish if a t ime l imit should be im
posed on the interval between clean
ing and coating and if storage in an 
inert environment would retard the 
rate of film buildup. In this evaluation, 
strips of 1100-0 aluminum foil were 
chemically cleaned in nonsilicated 
cleaner and HN0 3 -HF-Cr03 de
oxidizer and then stored in small con
trolled atmosphere chambers and ex
posed to a continual uniform f low of 
either air, nitrogen or argon. Ellip
someter readings of oxide thickness 
were taken on each sample imme
diately after cleaning and at intervals 
during the test period. 

Ellipsometer readings taken imme
diately after cleaning showed the 
oxide fi lm on the test sample to be 
about 22 angstroms thick. At the end 
of 1 h exposure to the test environ
ments, the f i lm thickness had in
creased significantly. The oxide con
tinued to increase throughout the test 
period of 960 h, but at a slower rate. 
After 960 h, the oxide f i lm thickness 
had increased about 80% overall but 
the increase amounted to 40% during 
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the first hour. Also, the rate of in
crease was not influenced appre
ciably by environment. These rela
tionships are shown in Fig. 4. 

The test results showed that unless 
coating was begun almost immediate
ly after the cleaning operation, an in
crease in oxide f i lm thickness on 
monolayer foils could not be avoided 
even if stored in an inert gas environ
ment. This was not considered prac
tical for a production operation. 
Therefore, it was necessary to set a 
l imit on the storage t ime between 
cleaning and coating based on the 
test data and practical consid
erations. A l imit of 80 h was estab
lished to be consistent w i th a normal 
production f low cycle. Also, this ex
tended interval would result in very 
little increase in oxide thickness over 
a one hour exposure, as shown in Fig. 
4. 

Vapor Deposition Studies 

During the init ial development of 
the eutectic bonding process, both 
electroplating and physical vapor 
deposition (PVD) were considered as 
potential methods of depositing 
copper on aluminum. Tests were 
made to compare both methods, and 
vapor deposition gave more consis
tent results. This was attributed to the 
better control of coating thickness 
available wi th PVD and the fact that, 
unlike electroplating, this process did 
not require an intermediate metall ic 
layer. To ensure that a high purity cop
per deposit would be obtained, copper 
w i re meeting the requirements of 
ASTM B 1 70, Class I (99.99% Cu) was 
used. 

Initially, copper coating for eutectic 
bonding was accomplished in an 18 
in. diam, diffusion-pumped bell jar 
vacuum system. Because of the l im
ited size of th is laboratory facility, a 
scale-up of the basic concept was 
needed before large size components 
could be manufactured. This was ac
complished by modifying an electron 
beam welding chamber, but before 
undertaking a major manufacturing 
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Fig. 4 — Effect of storage environment on 
buildup of oxide film on chemically 
cleaned aluminum 
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Fig. 5 — Effect of current density on rate of 
oxide removal during glow discharge 
cleaning 

program, studies were made to en
sure that high quality coatings of uni
form thickness could be produced. 

Glow Discharge Cleaning. One 
area of investigation was concerned 
wi th the parameters of the glow dis
charge process (ion bombardment) 
which cleans the monolayer foil just 
prior to vapor deposition. The purpose 
of the evaluation was to determine 
the effect of current density and t ime 
on oxide removal. This was accom
plished in the ellipsometer (Fig. 1) 
which was modified to accommodate 
an atmosphere chamber in which a 
sample could be glow-discharge 
cleaned and the surface f i lm mea
sured wi thout exposure to air. Test 
samples were 0.006 in. thick by 1.12 
in. diam 1100a luminumal loy discs. 

The test procedure consisted of 
evacuating the sample chamber and 
imposing a high voltage between the 
chamber wal l and the sample, w i th 
the sample as the cathode. A glow 
discharge was then initiated by back
fi l l ing the chamber w i th argon until 
the desired argon ion current was 
achieved. Ellipsometer measuremets 
were made prior to and during the dis
charge to determine the thickness of 
the oxide f i lm. The discharge was 
continued until the measurements in
dicated that a min imum of f i lm thick
ness had been achieved. A l l the tests 
were made at 3700 volts potential dif
ference but the current density was 
varied for each run. 

Test results showed that the oxide 
was removed rapidly during the early 
stage of glow discharge but the re
moval rate decreased w i th t ime and 
eventually approached zero. I n 
creasing the current density reduced 
the time required to reach the final 
f i lm thickness, but did not change this 
minimum value appreciably. The 
removal rate, defined as the ratio of 
total f i lm removed to the t ime re
quired to reach the min imum value, 
was essentially a linear function of 
ion current as shown in Fig. 5. 

Since oxide free surfaces can be 
achieved by glow discharge just prior 
to coating, it is theoretically possible 
to eliminate all the chemical cleaning 
operations w i th the exception of 
vapor degreasing. However, the rate 
of oxide removal from aluminum was 
slow even at the highest current den
sities evaluated. Since the oxide f i lm 
on the starting material would exceed 
100 angstroms, which was demon
strated in the cleaning optimization 
study, glow discharge times would ex
ceed one hour even under high cur
rent densities to ensure an oxide free 
surface. This amount of t ime was con
sidered excessive. Therefore, chem
ical cleaning was selected as the pri
mary means to minimize the surface 
oxide on monolayers prior to copper 
coating. Glow discharge was relied 
upon primari ly to remove surface 
layers of adsorbed gases and water 
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vapor and thereby ensure adherence 
of the vapor deposited layer. 

The f inal experiment in the glow 
discharge study was designed to 
determine if an oxide free surface 
could be maintained under ideal 
conditions. This was carried out in an 
Auger electron spectrometer which is 
used to determine the chemical 
composition of surface deposits. The 
test procedure consisted of sputtering 
the oxide off a sample of aluminum, 
holding it under a partial pressure of 
argon (9 x 10" 5 torr), and analyzing 
the surface periodically. The initial 
scan, taken 30 seconds after ion bom
bardment was completed, showed a 
single 67 eV peak characteristic of 
pure aluminum. As the holding t ime 
was increased, the amplitude of this 
peak decreased and this was accom
panied by the appearance of a second 
peak at 57 eV. This second peak is 
associated wi th the formation of alu
minum oxide and eventually became 
more prominent than the pure alumi
num peak. The buildup was charted 
by the change in the aluminum peak 
which diminished as oxide was 
formed. 

Results of the test, shown in Fig. 6 
indicate that oxide begins to form on 
a clean aluminum surface almost im
mediately upon exposure to a high 
purity environment. These measure
ments indicate that even under ideal 
glow discharge conditions, an oxide 
f i lm would form on the metal surface 
during the subsequent evacuation of 
the chamber to the coating pressure 
which required about 5 to 1 0 min. 

Effect of Storage Environment. The 
possibility that freshly deposited 
copper would oxidize during the inter
val between coating and bonding was 
investigated using e l l i psomet ry . 
Freshly coated samples of 1100-0 
aluminum foil were subjected to sev
eral different environments and the 
f i lm thickness measured periodically. 
Initially, specimens were exposed for 
168 h and no appreciable difference 
was noted in the rate of oxidation as a 
function of storage environment. In a 
second test series, samples were ex
posed for a total of 960 h in argon. 
Oxidation occurred throughout the 
test period, but the rate appeared to 
decrease wi th time. At the end of the 
960 h exposure, the f i lm thickness 
was less than 40 angstroms. This 
amoun t w a s not cons ide red 
excessive. To ensure that oxidation 
would be kept w i th in acceptable 
limits, the t ime between coating and 
bonding was limited to 700 h and 
nitrogen was specified for the storage 
environment. 

Thickness Uniformity. During the 
initial development of the eutectic 
bonding process, the m i n i m u m 
copper thickness required for bonding 
had been defined and the physical 
vapor deposition process selected for 
production. About 12 microin. of 

copper is needed to ensure that some 
of the coating wi l l survive the loss 
due to diffusion during heating to the 
bonding temperature and be available 
to form an adequate amount of liquid 
phase for bonding. On the other 
hand, an excess amount could result 
in a britt le bond. A coating thickness 
of 20 microin. was established as a 
satisfactory level that would produce 
sufficient liquid phase without the 
danger of joint embritt lement. In 
scaling up the PVD process for pro
duction, it was necessary to refine 
the coating technique to ensure that 
desired coating thickness could be ob
tained consistently w i th in narrow tol 
erance limits, and that the coating 
would be uniform over the entire 
surface of each monolayer foil. 

Vapor deposition of copper on 
boron-aluminum monolayer foils for 
production is accomplished in the 
modified electron beam welding 
chamber shown in Fig. 7. A drum 24 
in. in diameter by 90 in. long is used 
to hold the monolayer foils. The outer 
surface of the drum is electrically in
sulated so that the entire outer sur
face on which the monolayer foils are 
wrapped can be glow discharge 
cleaned. A single boat source, posi
tioned 12 in. below the outer surface 
of the drum, is kept continuously fi l led 
wi th molten copper by fi l ler wire addi
tions. The molybdenum boat is sur
rounded by a metal shield and a cut
out area in this shield limits the depo
sition area. An ion rate monitor is 
used in the system to measure evap
oration rate which is controlled by the 
rate at which wire is fed into the boat. 

The mode of operation consists of 
moving the boat containing the 
copper from one end of the drum to 
the other as the drum rotates. Approx
imately 25 test runs were made to de
velop operating parameters of boat 
travel speed, drum rotational speed, 
power input to the boat and deposi
tion rate. For these tests, 3 rows of 6 
specimens each, located 120 deg 
apart, were coated under various con
ditions and the resulting coating 
thickness measured by w e i g h t 
change. The samples covered 18 in. 

of drum length. These tests indicated 
that on any given run, coating unifor
mity w i th in the 18 sample grouping 
did not vary more than about 3 m i 
croin. w i th an average uniformity vari
ation of 2.1 microin. 

The test runs demonstrated that 
the vapor deposition equipment was 
capable of depositing a uniform 
copper coating of closely controlled 
thickness. Therefore, a specification 
was prepared to control the process 
for production and establish coating 
thickness limits. In order to check 
coating thickness on each run, seven 
weight samples are included w i th 
each drum load. These samples are 
commercial aluminum foi l samples, 
cut into 2 x 3 in., and randomly distrib
uted on the coating drum. Difference 
in sample weight before and after 
coating, measured to the nearest 
microgram, is converted to coating 
thickness. Material coated for produc
tion eutectic bonding is required to 
meet the fol lowing conditions: 

1. The average coating thickness 
based on all seven weight sam
ples must fall between 17.5 and 
22.5 microin. 

2. The coating thickness of any 
one sample cannot exceed 26.5 
microin. 

3. The coating thickness of any 
one sample cannot be less than 
13.5 microin. 

Coating thickness requirements 
are met w i th little difficulty. This is 
shown in Fig. 8 which represents an 
analysis of coating thickness control 
sample results from the first 63 coat
ing runs on monolayer foil made 
under specification control and which 
are typical of present production capa
bility. The average of all weight spec
imens (441 total) was 19.57 microin. 
which is very close to the middle of 
the specified range. Sixty of the indi
vidual runs (~94%) met the require
ments for average thickness and the 
remaining exceeded the established 
bounds by less than 2 microin. Of all 
the first sixty-three runs, the upper or 
lower limits specified for single spec
imens were exceeded only twice and 
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Fig. 6— Oxidation of aluminum as studied by chemical shifts in 67eV Auger peak for alu
minum 
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Fig. 7 — Vapor deposition facility 

COATING THICKNESS -

Fig. 8 — Results of weight change quality control samples show
ing run-io-run variation in copper coating thickness on B/A 
monolayer 
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Procedures for mechanically forming B/AI structural shapes prior to eutectic 

Fig. 10 — Mechanically formed hat section ready for bonding 
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in both cases by 1 microin. or less. 
This analysis demonstrated that 

coating thickness can be closely con
trolled although some run-to-run vari
ation wi th in a narrow range can be 
expected. No requirements are spec
ified to ensure a minimum variation 
among the seven specimens from the 
same coating run. However, coating 
parameters were selected to reduce 
the variation wi th in the individual 
groups wi th the objective of holding 
this variation to 4 microin. or less. A n 
analysis of weight change data show 
that sample-to-sample va r ia t i on 
wi th in individual groups of seven 
averaged 2.9 microin.; 86% of the 
runs showed a variation of less than 
4 microin. 

Layup Techniques 

A principal advantage of fabricating 
structural shapes from individual 
monolayer foils is the versatility this 
approach offers for producing com
plex shapes of varying thickness. The 
layup of flat sheets is simple and 
straightforward, but the fabrication 
of structural shapes can be consid
erably more difficult. Initially, layups 
of this type were made by handform-
ing each ply over a shaped tool. This 
procedure was t ime consuming and 
the quality of the f inished part was 
variable because good contact be
tween adjacent layers especially at 
corners, was not always attained. 
Therefore, a study was undertaken to 
develop layup procedures that would 
reduce costs and improve quality. At 
the same time it became necessary to 
further increase the versatil ity of the 
monolayer approach to permit the in
clusion of local reinforcement in the 
form of t i tanium interleaves. The use 
of individual monolayers was ideally 
suited to interleaving, but hand layup 
techniques are not suitable because 
of the springback characteristics of 
t i tanium. 

The need for an improved layup pro
cess for shapes led to the develop
ment of a mechanical forming pro
cedure. This concept, shown sche-



matically in Fig. 9, utilizes a flat layup 
consisting of a cover sheet, slip and 
spacer sheet as wel l as the boron-alu
minum interleaves w i th t i tanium. 
This entire pack is formed as a single 
unit and the forming pressure main
tained until the cover sheet is welded 
to the bonding tool and the pack evac
uated. A welded pack ready for 
bonding is shown in Fig. 10. 

Several small hat-section test 
assemblies were fabricated w i th pro
totype tooling to develop tooling 
shapes, materials, etc. These parts 
were complex in that thickness was 
varied by terminat ing plies externally 
and t i tanium alloy interleaves were 
included internally. Some of the t i tan
ium plies were continuous whi le 
others were terminated internally at 
an abutting boron-aluminum ply. 
Metallographic examination of these 
test assemblies, wh ich were bonded 
in the conventional manner after 
forming, showed them to be of high 
quality w i th good contact between 
adjacent plies. On the basis of the 
good results obtained on the subsize 
assemblies, mechanical forming was 
selected for fabricating structural 
shapes. A typical stringer cross-sec
t ion is shown in Fig. 1 1 . The develop
ment of mechanical forming repre
sents a signif icant advance in boron-
aluminum fabrication. Mechanical 
forming, fol lowed by eutectic bonding 
or any other low pressure, liquid 
phase bonding system, permits the 
fabrication of thick, complex struc
tural shapes which vary in thickness 
and incorporate t i tanium interleaves. 
Assemblies of such shapes cannot be 
easily fabricated by other manufac
turing methods w i th the degree of 
design flexibil ity afforded by this 
system. 
Bonding Procedure 

Eutectic bonding is carried out in an 
autoclave under a nominal pressure 
of 250 psi. Heating is accomplished 
in ah auxiliary furnace capable of han
dling parts as large as 5 x 6 ft. This 
furnace has six heating zones, each 
of wh ich is individually controlled and 
programmed to provide the same 
thermal cycle of heating rate, max
imum temperature and t ime and tem
perature. The autoclave and furnace 
are shown in Fig. 1 2. 

After parts have been laidup and 
placed into weld sealed packs as 
shown in Fig. 10, they are instrument
ed w i th 2 4 thermocouples. Six of 
these are used to control the heating 
cycle and the remainder used to 
" m a p " the temperature profile of the 
overall part. The instrumented packs 
are placed in the furnace which in 
turn is moved into the autoclave. The 
packs are then evacuated to a pres
sure of less than 1 x 10" 2 torr, back
fi l led w i th argon, and re-evacuated. 
This procedure is repeated three 
times. Then, the autoclave is pressur

ized to about 250 psi and the heating 
cycle started. Parts are heated at a 
rate of about 10 F /min to the bond
ing temperature range from 1030 to 
1060 F. When the thermocouples 
indicate that the entire part has 
reached this range, the power is shut 
off and the pack al lowed to cool to 

300 F underpressure. 
The studies conducted to establish 

a suitable thermal cycle for eutectic 
bonding showed that boron f i lament 
degradation could be expected as a 
result of bonding but that the degree 
could be minimized by control l ing the 
thermal cycle. On the basis of these 
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Fig. 12 — Bonding furnace and autoclave 
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Fig. 14 — Boron-aluminum demonstration panel 

Stringer Assembly 

STRINGER 

STEEL ^STRINGER 

0° BORON ALUMINUM WITH 

TITANIUM INTERLEAVES 

LOAD INTRODUCTION 

350 KIPS AT 600°F 

-LOAD INTRODUCTION MEMBER 

(STEEL) 

Component Panel 

Fig. 15 — Load redistribution panel and test components 

LOAD 
REACTION 

MDAC-E 

NAS «~27: 
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redistribution compression panel 

studies, thermal cycle parameters 
were established for the bonding 
cycle to l imit the degradation to an ac
ceptable amount. The lower temper
ature limit was established at 1030 F 
w i th the t ime at this temperature not 
to exceed 15 min. A n upper of 
1060 F was selected w i th the t ime of 

this temperature not to exceed 7 min. 
Generally, the amount of degrada

tion which occurs during production 
runs is less than would be predicted 
on the basis of the fiber degradation 
studies. This has been demonstrated 
by quality control specimen test re
sults. Each bonding run contains ten
sile test samples which are eutectical-
ly bonded along wi th the components 
in the pack. These tensile specimens 
are made from monolayer material 
for which as-received properties are 
known. A direct comparison of tensile 
strengths before and after bonding is 
made of each run. The results of the 
test specimens from 35 runs shown 
in Fig. 13. These data show that the 
average bundle strength of all of the 
runs was wel l above the predicted 
value based on the f i lament degrada
tion studies. Also, the minimum pre
dicted strength was exceeded in 
more than 60% of the runs. These 
results demonstrate that the eutectic 

bonding cycle can be controlled to 
minimize degradation of the boron 
f i laments caused by interaction of the 
f i lament and matrix during high tem
perature exposure. 

C o m p o n e n t F a b r i c a t i o n 

The scale-up of the eutectic bond
ing process for the production of large 
size boron-aluminum structures cul
minated in the fabrication of several 
complex components. The first of 
these, shown in Fig. 14, was a 4 x 5 
ft. skin-stringer panel intended to 
demonstrate the feasibility of pro
ducing large size boron-aluminum 
structures. The panel skin consists of 
8 plies of boron-aluminum cross-
plied at ±45 deg orientation. The 
eleven stringers, 1.4 in. high by 24 
plies (0 deg orientation) thick, were 
bonded as hat sections and then cut 
longitudinally to provide zee shapes. 
The stringers were mechanically 
fastened to the skin. Al l of the details 
were of uniform thickness and did not 
require interleaving of local reinforce
ment. This panel was designed to 
carry a uniformly distributed compres
sion load of 7200 l b / i n . combined 
w i th shear load of 1000 lb / i n . at 
500 F. 

Successful completion of the 
demonstration panel led to a subse
quent development program (Con
tract NAS 8-27735) for the "Design, 
Process Development, Manufacture, 
Test and Evaluation of Boron-Alumi
num for Space Shuttle Components". 
The ult imate objective of this mult i
phase program was to design and fab
ricate a 4 x 6 ft. compression panel 
for 600 F service. The panel was to 
be capable of withstanding a concen
trated load of 350 kips introduced at 
one end and redistributing it into a 
uniform running load at the opposite 
end. The structural integrity of the 
panel was to be demonstrated by test
ing two component assemblies. 
Figure 15 is a schematic representa
t ion of the panel and test components. 

Several unique features were incor-
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porated in the panel design to provide 
load carrying capability whi le min
imizing weight. The skin thickness 
varied across both its length and 
width from a maximum of 62 plies to 
a minimum of 10. Construction of the 
hat section stringers varied w i th their 
lateral distance from the load intro
duction point. The centerl ine stringer 
varied from 52 plies in thickness at 
the load introduction end to 21 plies 
at the reaction end. The other str ing
ers wre thin at the load introduction 
end and increased in thickness as the 
individual stringer load was intro
duced and increased by shear trans
fer along the panel length. For exam
ple, the outboard stringers varied 
from 5 plies at the load introduction 
end to 23 plies at the reaction end of 
the panel. In addition, both the skin 
and stringers had t i tanium alloy foil 
interleaved w i th the boron-aluminum 
to improve shear transfer and bearing 
capabilities. The number of inter
leaves and their location and length 
varied according to loading condi
tions. Some interleaves were contin
uous whi le others wre terminated 
internally at an abutting boron-alumi
num ply. To accommodate internal 
ply terminat ion, t i tanium alloy inter
leaves were approximately the same 
thickness as the boron-aluminum 
monolayers (~0 .008 in.). 

Varying the thickness of detail 
parts and incorporating t i tanium 
interleaves both represented " f i rs ts " 
in the fabrication of boron-aluminum 
structural components. The suitabil ity 
of these innovations and the ability to 
analyze the load distribution and de
flection of a boron-aluminum struc-
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Fig. 17 — Load redistribution component panel. (Top) Stringer side; (Bottom) 
Skin side. 
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ture under complex loading was 
demonstrated by means of the test 
components. The first of these was 
the stringer element which was to 
demonstrate that column buckling 
and crippling behavior of the str ing
ers, under the influence of a varying 
applied load, could be predicted an
alytically. A photograph of this com
ponent which duplicated the outboard 
stringer is shown in Fig. 16. This 
stringer was the most critical from 
the standpoint of compression and 
bending loads. The test assembly con
sisted of a boron-aluminum stringer 
and skin and a steel load introduction 
member. A load of 100 kips was intro
duced into the steel member at room 
temperature and reacted at the other 
end of the assembly solely by the 
boron-aluminum through a t i tanium 
end f i t t ing. Stringer deflections were 
measured at several locations and 
good correlations were obtained 
when compared wi th predicted 
values. 

The second component, 24 x 48 in., 
(Fig. 17) duplicated the load-introduc
t ion end of the full size panel and was 
tested to permit comparison of actual 
and predicted values of load distribu
t ion and panel deflection. This test 
was conducted at 600 F; the panel 
was successfully loaded to 400 kips-
50 kips above its design ultimate 
load. Again, good correlation was ob
tained between measured and pre
dicted values for internal and external 
load distribution and panel deflec
tions. 

Upon completion of the component 
tests and verification of the structural 
analysis, the full size panel was fabri

cated. The completed assembly, 
shown in Fig. 18, is ready for NASA 
testing as specified under NAS 8-
27735. 

The unique fabrication steps re
quired for the manufacture of boron-
aluminum structural elements can 
also be used to advantage in pro
ducing low cost composite structures. 
This was demonstrated by producing 
an integrally stiffened panel repre
sentative of the type of structure com
monly used in airframe and space
craft construction (Fig. 1 9). This panel 
features a combined cross-plied and 
unidirectional skin at 0 and ±.45 deg 
and unidirectional stringers wi th 
local radius reinforcement. In this 
case, the stiffeners were reinforced 
w i th a composite material consisting 
of high strength, cold worked stain
less steel f i laments in an aluminum 
matrix. This assembly was laid-up in 
several subassemblies for design flex
ibility and manufacturing ease but 
bonded in a single thermal cycle as 
an integral unit. 

This type of fabrication offers 
design flexibility in that skin thick
ness may be varied, the stiffness 
geometry and orientation can be 
varied and local reinforcement can be 
added. In addition, this type of boron-
aluminum structure offers high eff i
ciency. The panel shown in Fig. 19 is 
31 % stronger than Ti-6AI-4V alloy on 
an equal weight basis or 17% lighter 
if compared on the basis of equal 
strength. Also, this method of con
struction can be cost-comparative 
w i th complex t i tanium shapes; simple 
tooling permits easy layup, bonding is 

a onestep operation and little f inish 
machining is required. 

Conclusions 

The results of development studies 
have shown that eutectic bonding is a 
viable process for fabricating complex 
boron-aluminum structures. Critical 
processing parameters have been 
identified and evaluated so that bond
ing can be accomplished w i th min
imal degradation of f i lament prop
erties. Finally, production capability 
has been developed and demon
strated to the extent that boron-alumi
num is now ready fqr selected appli
cation to aerospace structures. Such 
applications can result in substantial 
weight savings without correspond
ing cost penalties if the unique fab
rication characteristics of boron-alu
minum are utilized fully. 
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This study was undertaken to determine: 
(1) The causes of higher-than-normal hardness in submerged-arc welds in plain-

carbon steels 
(2) The levels of strength or hardness which will not be susceptible to sulfide-

corrosion cracking 
(3) Welding procedures which will assure that nonsusceptible welds will be 

produced. 
Concentration is primarily on weld metal, though some consideration to the 

weld heat-affected zone is given. The study covered a two-year period. The first 
year was concerned with a macroscopic view of the weldments. In that first-year 
study, some inhomogeneities were observed in weldments which are not obvious 
in a macroscopic view of the weldment. It appeared likely that these 
inhomogeneities could affect the behavior of the weldment in aqueous hydrogen-
sulfide service. Accordingly, their presence and effects were investigated during 
the second year. 
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