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[57] ABSTRACT 
Composite products of certain aluminum and steel 
layers metallurgically bonded together over at least 90 
percent of their interface by a substantially diffusion 
less wavy bond containing, by area, at least about 70 
percent direct aluminum-to-steel bonding are~ pre~ 
pared by an improved explosion-bonding process 
wherein at least one layer of aluminum is caused to 
collide progressively with a layer of steel at a velocity 
of about from 2,500 to 3,400 meters/sec. and at an 
impact angle of about from 14° to 25°, the opposed 
surfaces of said layers being disposed at an angle of 
less than 5° prior to detonation of said explosive, 

4 Claims, 3 Drawing Figures 
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EXPLOSION ESQNEED ALUMINUM TO STEEL 

CROSS-REFERENCE TO RELATED APPLICATION 

This application is a continuation-in-part of our prior 
copending application Ser. No. 695,506, ?led Jan. 3, 
1968 now abandoned and is a division of Application 
Ser. No. 756,704, ?led on July 30, 1968, now US. Pat. 
No. 3,583,062. 

BACKGROUND OF THE INVENTION 

US. Pat. Nos. 3,137,937 and 3,264,731 describe 
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also generally is’ preferred over the substantially 
straight bond because of the larger interfacial area the 
wavy zone provides. 
Coassigned, copending US. Pat. application Ser. No. 

503,261 new US. Pat. No. 3,397,444, describes an im 
proved method of carrying out the processes of US. 
Pat. Nos. 3,137,937 and 3,264,73l so as to form clad 
products having a minimum amount of solidi?ed melt 

- at the bond'zone, hence improved strength and ductil 

processes for producing 'metallurgically bonded clad . 
products by means of explosives. According to the‘ 
processes described, the metal layers to be metallurgi 
cally bonded are propelled'together with an explosive 
so as to cause them to collide progressively at a velocity 
which is below 120 percent, and preferably below 100 
percent, of the sonic velocity of the metal in the clad 
ding system having the highest sonic velocity. The 

, metal layers initially are spaced from each other at an 
angle, usually less than 40°, and preferably about 0° 
(i.e., they are substantially parallel) and a layer of deto 
nating explosive is positioned adjacent the outer sur 
face of at least one of the layers and then initiated so 
as to cause the required progressive collision. _ 
Three types of bond zones, each completely metal 

lurgical, may result from the above processes: direct 
metal-to-metal, uniform melted layer, or a mixture of 
these arranged in a wave pattern. “Direct metal-to 
metal" means that the metals are bonded together at 
their adjoining surfaces to form an interface without 
the intervention of a layer of solidi?ed melt therebe 
tween. The “uniform melted layer” type of bond zone 
is that in which the metals are bonded together via anv 
intervening layer of solidi?ed melt of substantially ho 
mogeneous composition, forming substantially two in 
terfaces. As seen in a cross-sectional view taken normal 
to the interface and parallel to the direction of detona 
tion, the wave pattern type of bond zone is composed 
of periodically spaced discrete regions of solidi?ed 
melt between areas of direct metal-to-metal bond. This 

' means that at the bond zone there is one interface, i.e., 
metal-to-metal, in the areas where the bonding is of the 
direct metal-to-metal type, and two interfaces, i.e., 
metal-melt and melt-metal, where melt pockets or re 
gions are present. Regardless of the type of bond zone, 
there is substantially no diffusion across any interface 
at the bond zone in the as-bonded product. ' 

Irrespective of the metals being bonded, the melted 
layer type of bond produces a product of high shear 
strength; and in metal systems which form ductile al 
loys, this type of bond gives a product also capable of 
being worked extensively. However‘, when brittle alloys 
or intermetallics are formed, a melted layer bond 
should be extremely thin (e. g., less than 10 microns and 
preferably less than one micron) if the. product is to 
have the workability required by forming operations, 
and even then the cladding or prime .metal layer must 
be relatively thin, e.g., less than about one-eighth inch. 
Consequently, as a rule, a high degree of direct metal 
to-metal bonding with melt regions isolated from each 
other is preferred in metal systems which form brittle 
alloys or brittle intermetallic compounds. This is one 
reason why the wavy bond zone with a major propor 
tion of the bonding consisting of the direct metal-to— 
metal type of bond is preferred. The wavy bond zone 

ity. According to this explosion-bonding process, the 
metal layers are initially spaced from each other at an 

‘ angle less'than 10°, and preferably at about 0°, and then 
caused to progressively collide at a certain impact 
angle and a velocity below that at which large amounts 
of solidi?ed melt are produced at the interface, impact 

- angles up to about 20° and collision velocities of about 
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from 1,400 to 2,500 meters/sec. being exempli?ed. The 
products thus produced, including those wherein alu 
minum is bonded to steel, are bonded over at least 90 
vpercent of each interface and have low melt content. it 
has been found, however, that the commercially impor 
tant system, aluminum/steel, is unlike the other dissimi 
lar metal combinations in two respects. First, in the 
usual situation where aluminum is driven into the layer 
of steel, decreasing collision velocity within the exem 
pli?ed range of about from 2,500 to 1,400 meters/sec. 
does not increase the amount of direct aluminum~to 
steel bond at impact angles up to about 20°. Second, 
the preferred wavy type bond wherein any interfacial ' 
melt is isolated between areas of direct metal-to-inetal 
bond, cannot be produced between aluminum and steel 
at collision velocities belowv about 2,500 meters/scc. 

- when the aluminum is caused to collide with the steel 
at such impact angles. 
Aluminum/steel clads are acquiring increased techni 

cal importance for use as transition joints in structural 
and electrical systems. Aluminum/steel structural tran 
sition joints,'.e.g., for marine and aerospace applica 
tions, must have high tensile strength and. a high degree 
of ductility. in electrical transition joints, the highest 
possible conductivityv across the aluminum/steel bond 
is desirable. Since aluminumand steel form intermetal 
lic compounds which are brittle andoffer substantially 
more resistance to the passage of electricity than direct 
aluminum-to-steel bond, it is readily seen that there is 
need for aluminum/steel clads wherein the bond has 
not only a low melt content but also a high percentage 
of direct aluminum-tossteel bond. 

SUMMARY OF THE ENVENTION 

This invention provides an improvement in alumi 
num/steel composites wherein at least one layer of alu. 
minum whose yield strength before bonding is up to 
‘about 17,000 psi and a layer of steel having a yield 
strength in the normalized condition of up to about 
60,000 psi are bonded together over at‘ least 90 percent 
of their interface by a substantially diffusionless metal 
lurgical bond. The improvement resides in the metal 
lurgical 'bond‘and constitutes a wavy bond that is at 
least about 70 percent direct aluminum-to-steel bond, 
the remainder being periodically spaced, discrete‘re 
gions of solidi?ed melt that are separated from each 
other by said direct bonding. 
By “substantially difr’usionless" it is meant that in the 

as-bonded condition, the interface and adjacent areas 
do not exhibit the gradient composition characteristic‘ 
of diffusion-bonded products. Preferably, the as 
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bonded composites do not reveal diffusion across any 
interface when examined with'an electron probe and by 
sectioning techniques having a 0.2 micron limit of reso 
lution. 
The “solidified melt" is a mixture of the parent met 

als, i.e., metals of the aluminum and steel layers, and 
their intermetallic compounds. The composition of this 
mixture is substantially uniform, i.e., it is of substan 
tially homogeneous composition, throughout each'melt 
pocket. 
Also provided in accordance with this invention is an 

improved explosion-bonding process for producing the 
above new products. In particular, the improvement 
comprises effecting progressive collision of at least one 
.aluminum layer whose yield strength is up to about 

10 

17,000 p.s.i. with a layer of steel whose yield strength ' 
in the normalized condition is up to about60,000 psi, 
at a collision velocity of about from 2,500 to 3,400 me 
ters/sec. and an impact angle of about from 14° to 25°, 1 
the opposed surfaces of said layers being disposed at an 
angle of less than 5° prior to detonation of the explo 
sive. . 

The collision velocity is the velocity with which the 
line or region vof collision travels along the steel and 
aluminum layers to be bonded. The impact angle is the 
angle between the steel and aluminum layers on colli 
sion. 
The term “aluminum" as used herein with reference 

to the metal layer bonded directly to the steel layer de-‘ 
notes pure aluminum as well as aluminum-base alloys 
containing at least 85 percent aluminum, by weight. 

Unless otherwise specifically indicated, the term 
"steel" is used herein to denote carbon steel and low 
alloy steels, i.e., alloy steels that contain less than about 
5 percent alloying elements, by weight. ' 

DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings which illustrate spe 
ci?c embodiments of this invention: 
FIG. I is a plot of percent of direct metal-to-metal 

bonding in the interfacial area versus collision velocity 
for a typical aluminum/steel clad of this invention; and 
FIGS. 2 and 2A are photomicrographs at two differ-‘ 

ent magnifications of a typical wavy bond zone ,ob 
tained in aluminum/steel clads made by the process of 
this invention. 

DETAILED DESCRIPTION OF THE INVENTION 
According to the present process, a layer of alumi 

num having a yield strength of up to about 17,000 psi 
is metallurgically bonded to a layer of steel‘whose yield 
strength in the ‘normalized condition is up to about 
60,000 psi by explosively propelling the aluminum 
layer toward the steel layer so as to cause the aluminum 
and steel layers to collide progressively at a velocity of 
about from 2.500 to 3,400 meters per second and an 
impact angle of about from 14° to 25°. Carrying out the 
explosion bonding process in this particular collision 
velocity range at the speci?ed impact angles and with 
the designated types of aluminum and steel produces at 
least 90 percent bonding by a substantially di?'usionless 
wavy bond zone in which at least about 70 percent of 
the bonding is of the direct metal-to-metal type, i.e., at 
least about 70 percent of the bond area is a metal-to~ 
metal interface,: as contrasted to metal-to-solidi?ed 
melt interfaces. By virtue of their high'percentage of 

. direct aluminum-to-steel bonding, the products of this 
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invention exhibit a ductile type of failure in both shear 
and tension, and high resistance to shock loading as ev 
idenced by the fact that they cannot be separated at the 
interface by a chisel. Hence, these products are capable 
of being worked extensively without failure at the bond 
zone. 

The manner in which the, nature of the bonding varies 
with collision velocity in aluminum/steel explosion 
clads can be understood more clearly by reference to 
FIG. lJThe plot in FIG. 1 is representative of the re 
sults obtained when a 0.5-inch-thicl't layer of ll00-F 
aluminum is clad explosively to a LS-inch-thick layer 
of AlSl-SAE-IOOS steel. the metal layers initially‘ being , 
disposed substantially parallel to each other and with 
the standoff between them and the explosive load being 
such that'a steady-state impact angle of about l8°-20° 
is set up between the layers during bonding. In FIG. 1, 
the curve shown is drawn through points obtained by 
plotting collision velocity, i.e., detonation velocity of 
the explosive since the metal layers initially are sub 
stantially parallel, as the abscissa and percent direct 
metal-to-metal bonding obtained as the ordinate. Just 
at about 2,500 meters per‘ second, there is an abrupt 
rise in percent metal-to-metal bonding, associated with 
a‘ transition from a substantially straight or irregular 
bond zone to a distinct wavy pattern. A bond zone 
characteristically obtained at about this velocity is 
shown in FIG’. -2 which is a cross-sectional view (6.6x) 
normal to. the surfaces of the clad composite and paral 
lel’ to the direction of detonation travel, from right to 
left. FIG. 2A is a magni?cation of the boxed-in area of 
FIG. 2. The interface is the continuous wavy line be~ 
tween the aluminum layer (top) and steel layerlbot 
tom). Asbest seen in FIG. 2A, a normal drawn through . 
most points on the interface passes only through alumi 
num and steel, i.e., the bonding is metal-to-metal. At a 
few points, normals pass through aluminum, solidi?ed 
melt and steeLI-Iere the‘ bonding is via the melt layer. 
A ‘region of solidi?ed melt is} completely encapsulated 
by the overlapping steel layer and is not present at the 
interface. The percent metal-to-metal bonding de?ned 
herein is obtained by measuring the total length of the 

, continuous wavy interface, and the lengths of the small 
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sectionslof the interface which are aluminum/melt in 
terfaces. The difference between the total length of the 
wavy interface and the sum of these section lengths, di 
vided by the total length of the interface gives the per 
cent metal-to-metal bonding. 
The minimum collision velocity for wave formation 

increases slightly as impact angle decreases, i.e., the 
dotted transition line of FIG. 1 shifts to the right when 
the impact angle is reduced to below about l8°-20°. As 
a rule, the minimum velocity for wave formation in 
creases substantially linearly from about-2,500 to about 
2,900 m./sec. as the impact angle decreases from about 
20° to about I4°.'\Vhatever impact angle is chosen, the ‘ 
collision velocity employed should be, sufficient to 
cause wave formation. 

At collison velocities neartthe minimum for wave for 
mation, the amount of melt at the interface is at a mini 
mum, and the percent metal~to-metal bonding at a 
maximum. At these velocities melt regions are nearly 
completely encapsulated in the steel layer by the over 
lapping waves. Under some circumstances the encapsu 
lation is complete, and there may be no melt'at the in 
terface, e.g., the melt will not be observable at a magni 
?cation of 1,000X. As the collision velocity is in 
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creased, the amount of melt at the interface increases 
until a velocity is reached, i.e., about 3,400 m/sec., at 
which the percent metal-to-metal bonding no longer 
exceeds about 70 percent, as shown-in FIG. 1. This 
maximum velocity remains about the same albeitthe 
minimum velocity for wave formation may be above 
about 2,500 m./sec. because as this minimum velocity 
increases so does the rate of melt formation with in- ’ 
creasing collision velocity. 
The collision velocity range of about from 2,500 to 

3400 in/sec. is‘ employed for the aluminum/steel sys 
tems of this invention because it gives a high percent 
age of directaluminum-to-steel bonding. This'affords 
the best bond ductility. Also, since direct aluminum-to 
steel bonding has substantially no measurable electrical 
resistance, it is important where the clad composites 
are to be employed in electrical systems, e.g., as transi 
tion joints. Whether strength or conductivity is the 
prime consideration, bonds containing at least about 90 
percent direct aluminum-to-steel bonding are most de 
sirable, and for this reason, the collision velocity pref 
erably will not be far above the transition velocity for 
wave formation. For example, where this transition ve 
locity is about 2,500 m.sec., the collision velocity pref 
erably will not exceed about 2,900 m./sec. To ensure 
wave formation, the explosive preferably will be chosen 
so that the calculated collision velocity is at least about 
100 meters/sec. higher than this transition velocity, 
thus making the preferred minimum velocity at least 
about 2,600 m/sec. . J 

Within the collision velocity region'speci?ed above, 
the aluminum and steel layers should collide at an im— 
pact angle suf?cient to cause wave formation but not 
less than about 14°. Below this value, wave formation 
is difficult to obtain irrespective of the collision veloc 
ity employed. For a given thickness of the aluminum 
layer, the impact angle produced increases with in 
creasing explosive loading, and increases with increas 
ing initial standoff or angle to a maximum-Stated dif 
ferently, impact angle increases with the aluminum dis 
placement velocity and reaches a maximum with stand— 
off. The maximum impact angle that will be employed 
is governed partly by the size of the waves desired, 
wave size increasing with increasing impact angle. 
Therefore, the maximum impact angle which should be 
used is the angle above which the amplitude of the 
waves formed is larger than desired. In addition, since 
wave size increases also with increasing collision veloc 
ity within the velocity range employed in the present 
process, for a ?xed maximum desired wave size, the 
maximum impact angle which should be used decreases 
with increasing collision velocity. In any event, the im-, 
pact angle should not exceed about 25° since higher an; 
gles often result in pronounced edge effects and irregu 
lar bond patterns, and tend to give melt regions of suffi 
cient volume that they will have a significantly deleteri 
ous effect on bond strength, often because of solidifi 
cation (voids) caused by shrinkage of the melt upon 
cooling. Best results are obtained when the steady state 
impact angle is about from 14° to 20°. lmpact angles 
can be measured from framing camera sequences using 
a re?ected grid-displacement technique. Such a tech 
nique is described by WA. Allen and CL. McCrary in 
Review of Scienti?c Instruments, Vol. 24, pages 
165-171 (1953). 
In general, to achieve the impact angles useful in the 

present process in the preferred parallel arrangement, 
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an explosive loading weight of about 0.2 to 3 times the 
weight of the layer(s) to be driven is used, while a 
standoff of about from 1 to 6 times the driven layer’s 
or layers‘ thickness is employed. Explosive loading 
weight is the weight per unit area of explosive material, 
exclusive of any non-explosive ingredients which may 
be present in a given explosive composition. 
Aluminum may be clad to one side of a steel layer, 

or to both sides. Two outside aluminum layers may be 4 
clad onto the steel in two stages, or they can' be pro 
pelled simultaneously toward the steel layer. Each alu 
minum layer that is to be‘ bonded directly to the layer 
of steel is pure aluminum or an aluminum-base alloy 
containing at least 85 percent aluminum, by weight, 
and has a yield strength, measured before bonding, i.e., 
when the aluminum layer is ready for bonding, that 
does not exceed about 17,000 psi. When an aluminum 
base alloy is employed, the type of alloying elements is 
not critical however, aluminums containingrless than 
2.1 percent magnesium plus silicon, by weight, are pre 
ferred. Also, the aluminum layer( s) bonded to steel in 
the present process may be in the fully annealed, par 
tially annealed or hardened condition, the important 
consideration being their yield strength just beforev 
bonding. Exemplary aluminums are those having the 
designations 1,l00°-F, 3003-0, 5005-0, 5457-0 and 
6061-0 (Aluminum Association numbers and temper 
designations). After bonding, i.e., in the ‘as-bonded . 
condition, the yield strength of the aluminum will be 
substantially higher than before bonding, primarily be 

. cause of substantial work hardening at and adjacent the 
bond zone. Often, and particularly when the aluminum 
is at least about one-quarter inch thick, at least the out 
side surface of the aluminum layer will have a yield 
strength of about 17,000 psi. or less. This yield strength 
is conveniently computed from Brinell hardness mea 
surements taken on the aluminurn’s outside surface. 
The yield strength of the steel layer, measured when 

it is in the normalized condition and before'bonding, 
will not exceed about 60,000 psi. This layer will be car 
bon steel or low-alloy steel containing less than about 
5% alloying elements by weight. The type of alloying 
elements is immaterial, the only requirement being that 
their quantity and the yield strength of the steel layer 
be within the above limits. The steel layer may be in the 

' normalized or annealed condition at the time of clad 
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ding, but preferably is normalized. Suitable steels in 
clude those having the ASTM designations A-212-B 
(A-?lé-GRSS to 70) and A204, and those having the 
SAE designations 1008 and 4620. As bonded, the ac 
tual yield strength of the steel layer will be substantially 
the same as that of the starting layer because work 
hardening is slight and is con?ned to a very narrow 
layer of steel, e.g., about 50 to 70 mils thick, at the 
bond zone. in the normalized condition, the product’s 
steel layer will have a yield strength of up to about 
60,000 psi. v 

For two-layered products, the aluminum and steel 
layers to be bonded generally are at least about 0.125 
inch thick, the bonding of thinner layers being feasible 
but not often in demand. For most applications, the 
steel layer will be at least about 0.5 inch thiclt. Also, as ._ 
a practical matter, the thickness of an aluminum layer 
(i.e., a propelled layer) normally will not exceed about 
two inches. ' 

When the starting aluminum and steel layers do not 
meet the foregoing requirements as to yield strength 
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and composition. a wavy bond is difficult to form, and 
if formed, will contain too much solidi?ed melt. The 
exact reason for this is unknown, but it is believed that 
the metals’ resistance to wave formation causes‘ heat 
generation, hence an increasing amount of melt when 
the limitations on amount of alloying elements and 
yield strength are exceeded. It is to be understood that 
these limitations apply to the steel and aluminum layers 
that are to be bonded directly to each other, and not to 
layers of. different metals that may be bonded to the 
outside surface of the aluminum and/or steel layer. For 
example, one side of the steel layer can be bonded to ' 
a layer of aluminum meeting the above requirements 
while the other side of the steel'layer is bonded to a 
layer of high-alloy steel, e. g., stainless steel; or, one side 
of the aluminum layer can be bonded to a layer of car 
bon or low-alloy steel, as de?ned above, and the other 
side to a layer of aluminum-base alloy whose yield 
strength exceeds about 17,000 psi. ‘In such cases,~the 
three metal layers can be bonded together simulta 
neously, or any pair can be bonded ?rst and athird sub 
sequently bonded to the vproper surface of the two 
layered composite. ' 
An additional requirement for wavy bond formation 

according to the process of this invention is that each 
aluminum layer which is to be bonded directlyto the 
layer of steel be caused to progressively collide with the 
layer of steel. In other words, each such aluminum 
layer is explosively driven, either directly by the explo 
sive itself or indirectly by means of an explosively pro 
pelled metal layer. This procedure not‘only gives the 
above-described low-melt-content wavy bonds at the 
collision velocities employed in;the process of this in 
vention, but usually’also requires the least amount of 
explosive to obtain proper bonding conditions, since 
the mass of the aluminum layer per unit area normally 
is substantially less than that of the steel layer..Al 
though the layer of steel can be driven, if desir'edyit is 
more practical to support the‘steel layer and explo‘ 
sively propel only the aluminum layer(s). 
The metal layers can be arrayed initially parallel to, 

and spaced apart from, each other, or at an angle less 
than. 5°. Higher angles are operable but normally give 
non-uniform bonds when commercial size metal layers 
are being clad. EThC substantially parallel arrangement 
is preferred, however, for reasons of easier operability 
and greater uniformity of the bond zone produced. A 
layer of detonating explosive is placed adjacent the 
metal layer(s) to be driven, and is initiated so that deto 
nation is propagated substantially parallel to the sur 
face of the adjacent metal layer. It‘ the metal layers are 
initially parallel, the collision velocity equals the deto 
nation velocity of the explosive, and an explosive hav 
ing a detonation velocity in the range of about from 
2,500 to 3,400 meters/sec. is employed. When the 
angle cladding technique is employed, explosives hav 
ing higher detonation velocities can be used, since the 
required collision velocity can be achieved with explo‘ 
sives of higher detonation velocity by increasing initial 
angle and/or explosive load. 
Typical explosive compositions useful in the present 

process are described in the aformentioned copending 
US. Pat. application Ser. No. 503,261, the disclosures 
of which are incorporated herein by reference. ltis pre 
ferred to have the layer of explosive overhang each 
edge of the adjacent metal layer by a distance .at least 
equal to twice, and usually less than about 4.5 times, 
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the latter layer's thickness. This procedure substan 
tially eliminates non-bonding at the edges, hence in 
sures the maximum degree of bonding. It is particularly 
preferred to additionally employ edge-extension pieces 
on all edges of the aluminum layer to minimize thinning 
of its edges. These extension pieces should be of the 
same density and thickness as the aluminum layer and 
have a width about equal :to the distance the explosive 
overhangs the driven layer. 
The ‘technique employed to initiate the explosive 

layer(s), support the cladding assembly, prepare the 
metal surfaces, and otherwise e?‘ect the bonding pro~ 
cess are described in the aforementioned patents, the 
disclosures of which are incorporated herein by refer 
ence. Effective means of maintaining the stando?'. dis 
tance are described in US. Pat. No. 3,205,574 and co 
pending U.S..Pat. application Ser. No. 587,299, now 
US. Pat. No. 3,360,848. Also. as in=the processes de 
scribed in the aforementioned patents and patent appli~ 
cations, the present process can be used to bond alumi 
num and steel layers of any shape, e.g., planar or tubu 
lar, thus to produce aluminum/steelclad products in 
such forms as plates, sheets, strip, rods, bars, tubing, 
etc. Clad composites wherein the layers have an inter 
facial area of at least about one square foot, and partic 
ularly planar products, are preferred commercially. 
The aluminum/steel composites of this invention are 

useful as transition joints in structural and electrical 
systems in which aluminum components need to be 
joined to steel components; The use of such joints over 
comes the problem of brittle intermetallic formation 
encountered in the fusion welding of aluminum to steel, 
since aluminum components of the system are welded 
to the aluminum portion of the transition joints and the 
steel components to the steel portion. Two-layered 
composites in which an aluminum layer having a yield 
strengthtbefore bonding)‘ of less than 17,000 psi is 
bonded to a carbon or low-alloy steel, e.g., 1,100 or 
5,005 aluminum to 1008 steel or A~5l6~GR55, are 
suitabletransition joints in certain electrical and struc 
tural applications. In systems in which the aluminum 
portion of the transition joint is to be welded'to a com 
ponent ‘made of an aluminum ‘alloy having a yield 
strength greater than 17,000 psi, it may be desirable, to 
assure maximum weld strength, to employ a three 
layered transition joint in which a high-strength alumi 
num alloy, e.g., a high-strength alloy of the 5,000 series 
such as 5456 or 5083 aluminum, is bonded to the alu 
minum layer of the two layered composite. ln such 
cases, one may alternatively use a higher yield strength 
aluminum of this invention, e.g., 5454 or 5086, as the 

v outer layer and a preferred aluminum, e.g., 1,100-0 or 
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—F, as the interlayer. Transition joints in which a layer 
of different metal, e.g., stainless steel, is bonded to the 
steel layer of the two~layered composite, with or with 
out a layer of different metal bonded to the aluminum 
layer, also are feasible. 
A three-layered composite can be produced by ex 

plosion-bonding the three layers simultaneously under 
the conditions defined above, e.g., by positioning the 
layers at the selected initial standoff from each other 
and initiating a layer of explosive on the outside surface 
of the outermost aluminum layer. Alternatively, two 
layers can be bonded in one step. and the third bonded 
to the two-layered product in a second step. For exam 
ple.» to. produce a- composite in which an aluminum 
layer is sandwiched between a steel layer and a layer of 
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higher-strength aluminum. the lower-strength alumi 
num can be bonded to the steel ?rst under the condi 
tions de?ned above, and the higher-strength aluminum 
bonded to the aluminum side of the resulting composite 

W 
aluminum layer, and the layer of explosive covers both 
the aluminum layer and the extension pieces. The ex 
plosive composition is a granular mixture of 80/20 am 
atol (80 percent ammonium nitrate/20 percent trinitro 

under conditions falling within a broader range than 5 toluene) and 35 to 55 percent sodium chloride based 
that described for aluminum/steel bonding, e.g., the on the total weight of the composition, the percentage 
conditions described in US. Pat. No. 3,137,937. A col- of sodium chloride being adjusted within this range to 
lision velocity range of about from 1,800 to 3,200, me- give the designated collision velocities. The description 
ters per second is preferred for the latter step, however, of the metals, standoff, explosive loading, collision ve 
to prevent the formation of solidification defects asso- ~l0 locity. and impact angle employed. and the nature of 
ciated with the formation of large amounts of melt at tha bond Obtained are Ell/eh in the following table- The ' 
the bond zone. In another embodiment, the two 'alumi- yield Strengths given for the aluminum and steel layers 
num layers are bonded together ?rst by any suitable are their actual Yield Strengths bef‘h'e bonding- The 
method, e,g,, explosion-bonding or rolpbgnding, and steel layers are in the normalized condition and the alu 
then the surface of the lower-strength aluminum is 15 mlhul'h layers have the temper indicated by their Alh 
bonded to the steel surface. The thicknesses of the lay- "hm-"h Association desighatiohs- All Products are 
ers can be as desired provided the aluminum layer bonded Over more-than 90 ‘Percent of the aluminum 
which is bonded to the steel is at least about 0.03-inch Steel lhlel'fatiei cam")! be Separated at the bond Zone by 
thick to assure well-de?ned waves. . , a chisel, and exhibit a ductile type of failure. Their 

The composites can be used as transition joints in any 20 bonds have Shear and tensile strengths above those of 
required manner. As electrical transition joints, for ex- the Weaker Parent metal before Cladding- Measure 
ample. they may be employed in aluminum reduction ments of electrical resistance on bars cut from the clad 
cells, e.g., between aluminum bus bars and steel cath- products show that substantially no resistance is con 
ode rods. A typical mode of use as structural transition tributed by the bond zone. 
joints in ship construction, for example, is in joining an 25 The same type and‘degree of bonding is obtained 
aluminum superstructure to a steel deck, e.g., by weld- when each of Examples v1 to 7 is repeated using the tab 
ing the steel side of the joint to a steel coaming which ulated conditions, but with'the aluminum layer at an 
is welded to the steel deck, and the aluminum side to angle of about 2° to the steel backer and separated 
the aluminum superstructure. Transition joints also can therefrom at the closest point by a space equal tothe 
be employed to join steel deck ?ttings, e.g._, bitts, to an 30 exempli?ed standoff. A150,. three-layered aluminum/ 
aluminum deck. In railroad tank car structures, the steel/aluminum composites having the same type and 
transition joints may be used to join an aluminum tank degree of bonding are obtained by vertically arranging 
to a steel chassis. _ v the steel layer and two of the aluminum layers with the 
The following examples serve to illustrate speci?c steel layer in the middle, using an additional layer of 

embodiments of the process and products of this inven- 35 the same‘ explosive, i.e. adjacent the outside surface of 
tion. However, they will be understood to be illustrative the secondaluminum layer, and simultaneously initiat 
only and not as limiting the invention in any manner. ing the explosive layers at corresponding locations, 
The collision velocity given in the measured detona- when the conditions are otherwise the same as those 

tion velocity of the explosive. The percent metal-to- illustrated in the foregoing examples. 

Aluminum prime metal ' Steel backer metal Explo~ Percent 
v . sive‘ ' direct 

Thick- Yield Thick- Yield loading Collision Impact Type ol’ aluminum 
ness strength has strength Stand- Obi/sq velocity. angle, bond steel 
(in.) (p.s.i) Type (in) (p.s.i.) oil’ (in.) _ ) (m./sec.) degrees izone bonding 

0.5 12,000 c 1008 1.5 32,000 1.5 15, 2,520 18 Wavy-.- 93 
1.0 12,000 c 1008 1.5 32,000 2.25 24 2,050 15 __.d0___. 08 
0.5 s, 000 c 1008- 1.5 32,000 1.5 15 2,710 10 “.00.-.. 04 
0.5 17,000 o 1000 1.5 32,000 2.0 12 2,850 17.5 _._do___. 02 

0.1ss 17,000 A—212—B" 6.0 49,000 1.0 9 3,020 17.5 0__.. 85 
0.5 0,000 01003 1.5 32,000 1.5 15 , 3,100 15 0-... 77 
1.0 12,000 o 1008 1.5 32,000 2.5 ‘ 21 3,300 10.2 ._.do__.. 75 

‘Includes weight of the sodium chloride. : 
“A-5l6-Grad0 70. 

metal bonding is determined as described above with EXAMPLE 8 
reference to FIGS. 2 and 2A. 

EXAMPLES l-7 

An 18 X 24 inch aluminum plate is clad to a sup 
ported l8 X 24 inch steel backer plate by positioning 
the aluminum plate over the backer with facing (op 
posed) surfaces parallel to each other at a standoff, po 
sitioning a layer of explosive on the outer aluminum 
surface. and point-initiating the explosive at the center 
of the short edge. In each example, edge~extension 
pieces of the same composition and thickness as the 
aluminum layer and having a width equal to four times 
its thickness are taclowelded to all four edges of the 
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a. A 16 X 32 inch IlOO-HM aluminum plate 0.25 
I inch thick is clad to an ASTM A-S lé-GRSS steel plate 
(yield strength 38,000 psi) measuring 16 X 32 inch and 
having a thickness of 0.5 inch, by the procedure de 
scribed in Examples l-7. Collision velocity is 3,060 
meters per second, and impact angle is 19°. The com 
posite produced is bonded over more than 90 percent 
of the interface by a wavy bond, the direct aluminum 
steel bonding being about 85 percent. The product can 
not be separated at the bond zone by a chisel, and ex 
hibits a ductile type of failure. The shear and tensile 
strengths of the bonds are above those of the aluminum 
before bonding. 
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b. A 16 X 32 inch 5456~H32l aluminum plate (yield 
strength 37,000 psi) 0.25 inch thick is clad to the alu 
minum layer of the composite formed as described in 
Step (a) above, using the same procedure. The colli 
sion velocity is 2,230 meters per second and impact 
angle l2‘. The aluminum layers‘ are, bonded over more 
than 90 percent of the interface by a wavy bond, which - 
is ductile. 
The three-layered composite from Step (b), as well 

as a two-layered composite of 0.5 inch aluminum 
bonded to 0.5 inch steel, prepared as described above 
in Step (a), are employed as transition joints in a struc 
ture simulating .shipboard construction, steel being 
welded to steel and aluminum to aluminum without ad 
verse effect on the bond zone. 
We claim: 
1. A three-layered explosion-bonded composite com 

prising a layer of aluminum whose yield strength before 
bonding is up to about 17,000 psi sandwiched between 
and metallurgically bonded to two metal layers over at 
least 90 percent of each interface therebetween, one of 
said metal layers being a layer of aluminum whose. yield 
strength before bonding is above 17,000 psi, and the 
other of said metal layers being a layer of steel having 

12 
a yieldstrength in the normalized condition of up to 
about 60,000 psi. the bond between said aluminum and 
steel layers being a substantially dit‘l'usionleu wavy 
bond comprising'by area, at least about 70 percent di 
rect aluminum-to-steel bonding, the remainder being 
periodically spaced regions of solidi?ed melt that are 
separated from each other by said ‘direct bonding. 

2.‘ An explosion~bonded composite of claim 1 
wherein the layers have an interfacial area of at least-l 
square foot, and the aluminum layer bonded directly to 
steel contains less than 2.1 percent magnesium plus sili 

' con, by weight. 
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3. A‘ transition-joint assembly comprising an alumi 
num .structuralcomponent, a steel structural compo 
nent, and a composite of claim 1, said aluminum com 
ponent being welded to said composite's layer of alumi 
num whose yield strength before bonding is above 
l7,000 psi, and said steel component being welded to 
the, layer of steel of said composite. 
_4. An assembly of claim 3 wherein said aluminum 
and said steel structural components are components 
of a ship. ' ‘ 

i t i i 1i! 


