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57 ABSTRACT 
Method and assembly for welding a flyer metal tube to 
a parent metal tube, comprising assembling a flyer 
metal tube and a parent metal tube in concentric dispo 
sition with the outer surface of one of said tubes being 
disposed in parallel, spaced-apart relation with the 
inner surface of the other metal tube, selecting and 
matching two layers of explosive which will, during si 
multaneous detonation thereof, produce a general bal 
ance of forces along the resulting detonating fronts in 

(11) 3,744,119 
(45) July 10, 1973 

a direction normal to said layers of explosive and, fol 
lowing detonation of the layers of explosive, maintain 
a pressure differential between the released and ex 
panding gases generated by the detonation of the two 
layers of explosive below a predetermined amount, 
placing a first one of said layers of explosive about the 
outer surface of the outer metal tube and placing a sec 
ond layer of explosive about the inner surface of the 
inner metal tube, and simultaneously detonating said 
layers of explosive along a common, generally planar 
front so that the detonation is propagated parallel to 
the longitudinal axis of said tubes. The loading of the 
layer of explosive disposed about a surface of the flyer 
metal layer is sufficient to produce a pressure greater 
than the elastic limit of the metal tube in the assembly 
having the higher elastic limit and to effect bonding be 
tween the metal tubes. The loading of the layer of ex 
plosive disposed about a surface of the parent metal 
tube is sufficient to preclude movement of the parent 
metal tube relative to the flyer metal layer in a manner 
that would prevent welding together of said metal 
tubes. The method and assembly relate to the use of a 
flyer metal tube having a resistance factor of at least 
approximately 1.5(10) psi and which is spaced apart 
from the parent metal layer by a distance equaling at 
least approximately 0.05 times the thickness of the 
flyer metal layer, and also to the use of a flyer metal 
tube having a resistance factor of at least approxi 
mately 2.5(10) psi and which is spaced apart from 
the parent metal tube by a distance equaling at least ap 
proximately 0.1 times the thickness of the flyer metal 
tube. The method and assembly also relate to the weld 
ing together of metal layers sandwiched between two 
layers of explosive in which the flyer metal layer has a 
resistance factor of at least approximately 2.5(10) psi 
and the distance separating said metal layers, prior to 
bonding, equals at least approximately 0.1 times the 
thickness of the flyer metal layer. The article of manu 
facture produced comprises a flyer metal layer bonded 
to a parent metal layer in which the flyer metal layer, 
prior to bonding, has a resistance factor of at least ap 
proximately 2.25(10) psi, and also a flyer metal tube 
bonded to a parent metal tube in which the flyer metal 
tube, prior to bonding, has a resistance factor of at least 
approximately 2.5(10) psi. 

12 Claims, 14 Drawing Figures 
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METHOD FOR EXPLOSIVELY BONDING 
TOGETHER METAL LAYERS AND TUBES 

BACKGROUND OF THE INVENTION 

Heretofore, a considerable amount of effort had been 
expended in perfecting methods of explosively welding 
together metal plates, tubes and the like. For example, 
some of the very early explosive welding work was 
done by Vasil Philipchuck as reported in pages 80-86 
of the August, 1958 issue of Steel. Subsequent work 
done by Philipchuck is disclosed in U.S. Pat. No. 
3,024,526. Other early pioneer work done in this field 
is disclosed in U.S. Pat. Nos. 3,031,746; 3,036,374 and 
3,060,874. Subsequent work done in this field is dis 
closed in U.S. Pat. Nos. 3,137,937 and 3,140,537. All 
of the aforementioned work related to the use of a sin 
gle layer of explosive disposed against a relatively thin 
metal layer to weld said thin metal layer to another 
layer of metal. In connection with the above 
referenced work and the work reported herein, the 
layer of metal against which the layer of explosive was 
disposed may be considered and is hereafter referred to 
as the "flyer' metal layer. The other metal layer, which 
may be considered and is hereafter referred to as the 
'parent' metal layer, was disposed upon a relatively 
rigid supporting surface or die member. In all of this 
work, there was a predetermined standoff or distance 
separating each of the metal layers prior to detonation 
of the layer of explosive. 
Based upon the teachings contained in the above 

referenced publication and patents, particularly U.S. 
Pat. No. 3,137,937 which not only disclosed and 
claimed that bonding of metal layers can be obtained 
by placing a layer of explosive on the outside of one of 
the metal layers but also showed in Examples 2 and 3 
the use of mild steel plates of 0.75 inch and 1 inch, it 
was thought that relatively thick metal layers could be 
welded to each other (or a relatively thick metal layer 
could be welded to a relatively thin metal layer) 
through the use of a single layer of explosive disposed 
adjacent a surface of said relatively thick metal layer 
merely by increasing the amount of explosive suffi 
ciently such that the layer of explosive, upon detona 
tion thereof, would deform the flyer metal layer and 
drive same against the parent metal layer. However, it 
was found that this did not work. As a matter of fact for 
the conditions specified, it was found that no weld 
could be obtained for certain thicknesses of flyer metal 
layers (such as 0.75 inch and 1 inch thick mild steel 
plates) and that only inconsistent results, i.e., no weld 
ing or poor or inferior welds, were obtained for flyer 
metal layers of slightly less thickness. Based upon a 
careful review of the factors and circumstances relating 
to the work done with thicker flyer metal layers, it was 
concluded that either the amount of explosive required 
to deform the relatively thick flyer metal layer to drive 
same against the parent metal layer was so great that 
the parent metal layer could not be stabilized or rigid 
ized sufficiently to permit a permanent weld or a weld 
of acceptable quality to form between the two metal 
layers and/or the parent metal layer moved, during det 
onation of the explosive, relative to the flyer metal 
layer in a manner that prevented welding together of 
said layers. In an attempt to overcome this problem, the 
mass or size of the support member for the parent 
metal layer was substantially increased. However, this 
did not solve the problem. 
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2 
Since the amount of explosive required to deform the 

flyer metal layer and to drive same against the parent 
metal layer in bonding or welding engagement is de 
pendent upon certain strength characteristics of the 
flyer metal layer, an analysis of the above-referenced 
work was made to determine the size of flyer metal lay 
ers or tubes which could be welded to another metal 
layer or tube through the use of a single layer of explo 
sive. It was found that a flyer metal tube could not be 
permanently welded to a parent metal tube where the 
resistance factor of the flyer metal tube was at least ap 
proximately 2.5(10) psi, and that only inconsistent 
results (either no welding or welds of reduced or infe 
rior quality) were obtained where the resistance factor 
varied between approximately 1.5(10) to slightly less 
than 2.5 (10) psi, i.e., 2.25(10) psi. It was also 
found that a flyer metal layer could not be permanently 
welded to a parent metal layer where the resistance fac 
tor of the flyer metal layer was at least approximately 
2.25(10) psi, and that only inconsistent results (as 
aforesaid) were obtained where the resistance factor 
varied between approximately 1.5(10) psi to slightly 
less than 2.25(10) psi, i.e., 2010) psi. The resis 
tance factor referred to herein is determined from the 
following formula: 
R = ort e -- E 
of = the yield strength (in psi) of the flyer metal layer 

or tube 
t = thickness (in inches) of the flyer metal layer or 

tube 
e = the density (in lbs/in.) of the flyer metal layer or 

tube 
E = Young's Modulus (in psi) for the flyer metal 

layer or tube. 
In essence, the resistance factor is basically a mea 

sure of the degree of resistance a particular member 
would have to deformation necessary for explosive 
bonding. 

SUMMARY OF THE INVENTION 

It has been unexpectedly discovered that relatively 
thick flyer metal layers or tubes can be welded to par 
ent metal layers or tubes through the use of two layers 
of explosive, one layer of explosive being disposed ad 
jacent the flyer metal or tube and the other layer of ex 
plosive being disposed adjacent the parent metal layer 
or tube, where (in the case of metal tubes) the layers 
of explosive are matched such that they will, during si 
multaneous detonation thereof, produce a general bal 
ance of forces along the resulting detonating fronts in 
a direction normal to said layers of explosive and, fol 
lowing detonation of the layers of explosive, maintain 
a pressure differential between the released and ex 
panding gases generated by the detonation of the two 
layers of explosive below a predetermined amount. Ad 
ditionally, the loading of the layer of explosive disposed 
adjacent a surface of the flyer metal layer or tube must 
be sufficient to produce, upon collision of the metal 
layers or tubes, a pressure greater than the elastic limit 
of the metal layer or tube (involved in the welding op 
eration) having the higher elastic limit and sufficient to 
cause bonding between said metal layers or tubes. Also, 
the loading of the layer of explosive disposed adjacent 
the parent metal layer or tube must be sufficient, upon 
collision with said flyer metal layer or tube, to preclude 
movement of the parent metal tube relative to the flyer 
metal layer or tube in a manner that would prevent 
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welding together of said metal layers or tubes. It has 
also been discovered that where the resistance factor of 
the flyer metal tube varies between approximately 
1.5(10) psi to slightly less than 2.5 (10) psi, i.e., ap 
proximately 2.25(10) psi, the standoff or distance 
separating the tubes should equal at least approxi 
mately 0.05 times the thickness of the flyer metal tube, 
and where the resistance factor of the flyer metal tube 
equals at least approximately 2.5 (10) psi, the stand 
off or distance separating the tubes should equal at 
least approximately 0.1 times the thickness of the flyer 
metal tube and preferably between approximately 0.2 
to 0.4 times the thickness of the flyer metal tube. 
Where the resistance factor of the flyer metal layer var 
ies between approximately 1.5(10) psi to slightly less 
than 2.25(10) psi, i.e., approximately 2(10) psi, the 
standoff or distance separating the layers should equal 
at least approximately 0.05 times the thickness of the 
flyer metal layer, and where the resistance factor of the 
flyer metal layer equals at least approximately 
2.25(10) psi, the standoff should equal at least ap 
proximately 0.1 times the thickness of the flyer metal 
layer and preferably between approximately 0.2 to 0.4 
times the thickness of the flyer metal layer. 
One of the principal objects of this invention is to 

provide a method and assembly for explosively bonding 
or welding together metal layers and tubes and a novel 
article produced as a result thereof. 
Another object of this invention is to provide a 

method of welding a flyer metal tube to a parent metal 
tube comprising assembling a flyer metal tube and a 
parent metal tube in concentric disposition with the 
outer surface of one of said tubes being disposed in par 
allel, spaced-apart relation with the inner surface of the 
other metal tube so that the distance separating said 
opposed surface equals at least approximately 0.001 
inch; selecting and matching two layers of explosive 
which will, during simultaneous detonation thereof, 
produce a general balance of forces along the resulting 
detonating fronts in a direction normal to said layers of 
explosive and, following detonation of the layers of ex 
plosive, maintain a pressure differential between the 
released and expanding gases generated by the detona 
tion of the two layers of explosive below a predeter 
mined amount; placing a first one of said layers of ex 
plosive about the outer surface of the outer metal tube 
and placing a second one of said layers of explosive 
about the inner surface of the inner metal tube; and si 
multaneously detonating said layers of explosive along 
a common, generally planar front so that the detona 
tion is propagated parallel to the longitudinal axis of 
said tubes; the loading of said layer of explosive dis 
posed about a surface of said flyer metal tube being at 
least sufficient to produce, upon collision of the metal 
tubes, a pressure greater than the clastic limit of the 
metal tube in the assembly having the higher elastic 
limit and sufficient to causc bonding between said 
metal tubes; the loading of a layer of explosive disposed 
about a surface of said parent metal tube being suffi 
cient, upon collision with said flyer metal tube, to pre 
clude movement of the parent metal tube relative to 
the flyer metal tube in a manner that would prevent 
welding together of said metal tubes. 
Another object of this invention is to provide a 

method as aforedescribed in which the step of assem 
bling includes assembling together two tubes of un 
equal length with one of said tubes being disposed con 
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4. 
centrically within the other of said tubes, and restrain 
ing at least a portion of the longer tube disposed adja 
cent and axially outwardly from one end of said shorter 
tube, during detonation of said layers of explosive, to 
control the bulging radially outwardly thereof. 
Another object of this invention is to provide a 

method as aforedescribed in which the step of assem 
bling includes assembling two tubes of unequal lengths 
with one of said tubes being disposed concentrically 
within said other of said tubes, and insulating at least 
one of the ends of said shorter tube against damage 
from shock waves reflected from said end of said 
shorter tube. 
Another object of this invention is to provide a 

method as aforedescribed in which the step of selecting 
and matching two layers of explosive includes selecting 
a first layer of explosive of substantially uniform thick 
ness and selecting a second layer of explosive which, 
adjacent the plane of initial detonation, has a maximum 
thickness equal to the thickness of the first layer of ex 
plosive and, proceeding in a direction parallel with the 
direction of propagation of the layers of explosive, has 
a reduced thickness. 
Another object of this invention is to provide a 

method of welding a flyer metal layer to a parent metal 
layer comprising selecting a flyer metal layer having a 
resistance factor varying between approximately 
1.5(10) psi and 2.25(10) psi and assembling said 
flyer metal layer and a parent metal layer in parallel, 
spaced-apart relation so that the distance separating 
said layers equals at least approximately 0.05 times the 
thickness of the flyer metal layer; selecting two layers 
of explosive; sandwiching said assembled metal layers 
between said layers of explosive so that each of said 
layers of explosive is disposed adjacent a surface of a 
corresponding one of said metal layers; and simulta 
neously detonating said layers of explosive along a 
common, generally planar front so that the detonation 
is propagated parallel to said metal layers in a direction 
generally perpendicular to said planar front; the load 
ing of said layer of explosive disposed adjacent a sur 
face of the flyer metal layer being at least sufficient to 
produce, upon collision of the metal layers, a pressure 
greater than the elastic limit of the metal layer in the 
assembly having the higher elastic limit and sufficient 
to cause bonding between said metal layers; the loading 
of the layer of explosive disposed adjacent a surface of 
said parent metal layer being sufficient, upon collision 
with said flyer metal layer, to preclude movement of 
the parent metal layer relative to the flyer metal layer 
in a manner that would prevent welding togeher of said 
metal layers. 
Another object of this invention is to provide a 

method as aforesaid described in which the step of as 
sembling includes selecting a flyer metal layer having 
a resistance factor of at least approximately 2.25(10) 
psi and assembling same with a parent metal layer so 
that the distance separating said metal layers equals at 
least approximately 0.1 times the thickness of the flyer 
metal layer. 
Another object of this invention is to provide an as 

sembly for welding together two metal layers, said as 
sembly comprising a parent metal layer; a flyer metal 
layer having a resistance factor varying between ap 
proximately 1.5(10) psi and 2.25(10) psi; means 
for supporting said metal layers in parallel, spaced 
apart relation so that the distance separating said metal 
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layers equals at least approximately 0.05 times the 
thickness of the flyer metal layer; two layers of explo 
sive, said metal layers being sandwiched between said 
layers of explosive, a first one of said layers of explosive 
being disposed adjacent a surface of said flyer metal 
layer and a second one of said layers of explosive being 
disposed adjacent a surface of said parent metal layer, 
the loading produced by said first layer of explosive 
being sufficient, upon detonation thereof, to drive the 
flyer metal layer in collision with said parent metal 
layer and to cause bonding between said metal layers, 
and the loading of said second layer of explosive being 
sufficient, upon detonation thereof simultantously with 
the detonation of said layer of explosive, to preclude 
movement of the parent metal layer relative to the flyer 
metal layer in a manner that would prevent welding to 
gether of said metal layers; and means for simulta 
neously detonating said layers of explosive along a 
common, generally planar front whereby the detona 
tion is propagated parallel to said metal layers in a di 
rection generally perpendicular to said planar front. 
Another object of this invention is to provide an as 

sembly as aforesaid described in which said flyer metal 
layer has a resistance factor of at least approximately 
2.25(10) psi and the distance separating said metal 
layers equals at least approximately 0.1 times the thick 
ness of the flyer metal layer. 
Another object of this invention is to provide an as 

sembly for welding together two metal tubes in which 
the assembly comprises a parent metal tube; a flyer 
metal tube; means for supporting said metal tubes in 
concentric disposition with the outer surface of one of 
said tubes being disposed in parallel, spaced-apart rela 
tion with the inner surface of the other metal tube so 
that the distance separating said opposed surfaces 
equals at least approximately 0.001 inch; two matched 
layers of explosive which will, during simultaneous det 
onation thereof, produce a general balance of forces 
along the resulting detonating fronts in a direction nor 
mal to said layers of explosive and, following detona 
tion of the layers of explosive, maintain a pressure dif 
ferential between the released and expanding gases 
generated by the detonation of the two layers of explo 
sive below a predetermined amount, one of said layers 
of explosive being disposed about the outer surface of 
the outer metal tube and the other one of said layers of 
explosive being disposed about the inner surface of the 
inner metal tube, the loading produced by the layer of 
explosive disposed about a surface of said flyer metal 
tube being sufficient, upon detonation thereof, to drive 
the flyer metal tube into collision with said parent 
metal tube and to cause bonding between said metal 
tubes, and the loading produced by the layer of explo 
sive disposed about a surface of said parent metal tube 
being sufficient, upon detonation thereof simulta 
neously with detonation of the other layer of explosive, 
to preclude movement of the parent metal tube relative 
to the flyer metal tube in a manner that would prevent 
welding together of said metal tubes; and means for si 
multaneously detonating said layers of explosive along 
a common, generally planar front whereby the detona 
tion is propagated parallel to the longitudinal axis of 
said tubes. 
Another object of this invention is to provide an as 

sembly for welding together two metal tubes as afore 
said described in which said flyer metal tube has a resis 
tance factor of at least approximately 1.5(10) psi and 
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the distance separating said tubes equals at least ap 
proximately 0.05 times the thickness of said flyer metal 
tube. 
Another object of this invention is to provide an as 

sembly for welding together metal tubes as aforesaid 
described in which said flyer metal tube has a resis 
tance factor of at least approximately 2.5 (10) psi and 
the distance separating said tube equals at least approx 
imately 0.1 times the thickness of said flyer metal tube. 
Another object of this invention is to provide an as 

sembly for welding together metal tubes as aforesaid 
described in which the metal tubes are unequal in 
length and one of said tubes is disposed concentrically 
within the other of said tubes, the longer of said tubes 
having a part extending axially outwardly from one end 
of the shorter tube, and restraining means for control 
ling the bulging radially outwardly of a portion of said 
part of the longer tube disposed adjacent and axially 
outwardly from said one end of said shorter metal tube. 
Another object of this invention is to provide an as 

sembly for welding together metal tubes as aforesaid 
described in which the metal tubes are unequal in 
length and one of said tubes is disposed concentrically 
within the other of said tubes, the longer of said tubes 
having a part extending axially outwardly from one end 
of the shorter tube, and means for insulating at least 
one of the ends of said shorter tube against damage 
from shock waves reflected from said end of said 
shorter tube. 
Another object of this invention is to provide an arti 

cle of manufacture comprising a flyer metal layer ex 
plosively bonded to a parent metal layer, the flyer 
metal layer, prior to bonding, having a resistance factor 
of at least approximately 2.25 (10) psi. 
Another object of this invention is to provide an arti 

cle of manufacture as aforedescribed in which the par 
ent metal layer, prior to bonding, has a resistance fac 
tor of at least approximately 1.5(10) psi. 
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Another object of this invention is to provide an arti 
cle of manufacture comprising a flyer metal tube explo 
sively bonded to a parent metal tube, one of said metal 
tubes being concentrically disposed within the other of 
said metal tubes, the flyer metal tube, prior to bonding, 
having a resistance factor of at least approximately 
2.5(10) psi. 
Further objectives, advantages, and salient features 

will become more apparent from the description to fol 
low, the appended claims, and the accompanying draw 
1ngs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view of an assembly of two 
metal layers formed in accordance with this invention; 

FIG. 2 is a longitudinal, cross-sectional view of the 
assembly shown in FIG. 1; 

FIG. 3 is a longitudinal, cross-sectional vicw of an as 
sembly of metal tubes formed in accordance with this 
invention; 
FIGS. 4-6 are partial longitudinal, cross-sectional 

views of two assembled metal tubes showing two 
matched layers of explosives; 
FIGS. 7A-C show a representative pressure gradient 

generated by the detonation front of a layer of explo 
sive as same travels from the point of initial detonation 
to the point of termination of detonation, said layer of 
explosive being disposed above the metal layer; 
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FIGS. 8A-C show a representative pressure gradient 
generated by the detonation front of an explosive 
charge as same travels from the point of initial detona 
tion to the point of termination of detonation, said 
charge being disposed within said metal tube; and 
FIGS. 9 and 10 are cross-sectional views of articles 

of manufacture produced in accordance with the 
method of this invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

It is to be understood that where two layers of explo 
sive are used, both metal layers can be considered as a 
flyer metal layer; however, it will normally be found 
that for various reasons, such as dimensional stability 
of the finished article or the configuration of the parts 
involved, one metal layer will be considered either as 
the flyer metal layer or the primary flyer metal layer 
while the other metal layer will be considered as the 
parent metal layer or the secondary flyer metal layer. 
Unless otherwise specified, the use herein of the term 
"parent' metal layer or tube shall also include those 
layers or tubes which are “secondary' flyer metal lay 
ers or tubes as specified above. 

It is to be also understood that the layer of explosive 
need not be disposed in direct contacting engagement 
with the appropriate surface of the layer or tube, al 
though such is preferred in many instances, and that a 
sheath or layer of buffer material may be disposed in 
termediate said surface and the layer of explosive. Con 
sequently, the use herein of the terms "adjacent' and 
"about' encompasses those conditions where the layer 
of explosive is disposed in direct contact with the sur 
face of the metal layer or tube as well as spaced apart 
therefrom. 
Referring now to the drawings and particularly to 

FIGS. 1 and 2, an assembly 20 for welding together two 
metal layers is shown comprising a parent metal layer 
22, a flyer metal layer 24 having a resistance factor of 
1.5(10) psi or more, means 26 (see FIG. 2) for sup 
porting the flyer metal layer 24 above the parent metal 
layer 22 in a horizontally disposed, parallel, spaced 
apart relation, two layers 28 and 30 of explosive, and 
means 32 for simultaneously detonating said layers of 
explosive along a common, generally planar front 
whereby the detonation is propagated parallel to the 
metal layers 22 and 24 in a direction generally perpen 
dicular to the planar front. 
The standoff or distanced separating the metal layers 

equals at least approximately 0.05 times the thickness 
of the flyer metal layer. It has been found, however, 
that the distance d must be increased where thicker 
flyer metal plates 24 are involved. For example, the use 
of flyer metal layers having a resistance factor of at 
least approximately 2.25(10) psi requires the use of 
a standoff or distance dequaling at least approximately 
0.1 times the thickness of the flyer metal layer or plate. 
It has been found that the increase in the standoff or 
distance d is not directly proportional to the increase in 
the thicknes of the flyer metal layer. Baeed upon test 
results it has been found that for layers having a resis 
tance factor at 2.25(10) psi or more the standoff or 
distance d preferably should vary between approxi 
mately 0.2 to 0.4 times the thickness of the flyer metal 
layer. 
The means 26 for supporting the flyer metal layer 24 

in parallel, spaced-apart relation with respect to the 
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8 
parent metal layer 22 comprises a plurality of cube 
shaped metal blocks as shown. However, it will be un 
derstood that other suitable means may be used for 
mounting the metal layers in this manner. 
The layer 30 of explosive disposed upon the upper 

surface of the flyer metal layer 24 must produce a load 
ing which, upon detonation thereof, is sufficient to 
drive the flyer metal layer 24 into collision with the par 
ent metal layer 22 and to cause bonding or welding be 
tween said metal layers. The layer 28 of explosive dis 
posed beneath the lower surface of the parent metal 
layer 22 must produce, upon detonation thereof simul 
taneously with the detonation of the layer 24 of explo 
sive, a loading sufficient to preclude movement of the 
parent metal layer relative to the flyer metal layer in a 
manner that would prevent welding together of said 
metal layers. 
For a metal layer having a resistance factor of at least 

approximately 1.5(10) psi to slightly less than 
2.25(10) psi, i.e., approximately 2(10) psi, it is be 
lieved that the layer 28 of explosive disposed adjacent 
the parent metal layer 22 must produce a loading suffi 
cient to stabilize the parent metal layer to prevent 
movement of same away from the flyer metal layer 24 
in a manner or at a rate that prevents welding together 
of said layers. For a metal layer having a resistance fac 
tor of 2.25(10) psi or more, it is believed that the 
layer 28 of explosive disposed adjacent the parent 
metal layer 22 must produce a loading sufficient to 
move the parent metal layer toward the flyer metal 
layer 24 in a manner or at a rate that enables or effects 
welding together of said layers. 
As shown in FIGS. 1 and 2, the explosive layer 30 is 

thicker than the explosive layer 28. However, it is to be 
understood that the thickness of explosive layer 28 may 
vary from that as shown and may have the same thick 
ness as the explosive layer 30. As a general rule, the 
thickness of the explosive layer 28 is held to a mini 
mum. The thickness of the explosive layer 28 is primar 
ily dependent upon the thickness of the flyer metal 
plate, i.e., the thicker the flyer metal layer used, the 
thicker will be the explosive layer 28. Additionally, the 
thickness of the explosive layer 28 is affected to a lesser 
extent by the thickness of the parent metal layer 22, 
i.e., as the thickness of the parent metal layer 22 in 
creases the thickness of the explosive layer 28 may de 
crease somewhat. It is to be understood that the 
amount of explosive contained in explosive layer 28 
must be sufficient either to prevent movement of the 
parent metal layer 22 relative to the flyer metal layer 
24 in a manner that would prevent welding together of 
said layers or to cause the parent metal layer 22 to be 
driven into colliding engagement with the flyer metal 
layer 24. 
The means 32 shown in FIGS. 1 and 2 for simulta 

neously detonating the layers of explosive along a com 
mon, generally planar front comprises an electric blast 
ing cap 36 and a plurality of identical lengths of deto 
nating fuse 38. One end of each of the detonating fuses 
38 is connected to the blasting cap 36. The other end 
of half of the detonating fuses 38 is connected to prede 
termined, laterally spaced-apart points of the layer of 
explosive 30 along one end thereof. The other end of 
the remaining half of detonating fuses 38 is connected 
to predetermined, laterally spaced-apart points of the 
layer 28 of explosive along one end thereof. It has been 
found that a detonating fuse known in the trade as 
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Primacord, a trademark of the Ensign-Bickford Com 
pany of Simsbury, Connecticut, may be used with good 
results. The Primacord detonating fuse has a detonat 
ing velocity of approximately 21,000 feet per second. 
Since identical lengths of detonating fuses are used, it 
is possible to initiate accurately and, for all practical 
purposes, simultaneously detonation of the layers of ex 
plosive along a generally planar front, i.e., along the left 
end of the layers of explosive as shown in FIGS. 1 and 
2. The electric blasting cap 36 is connected by wires 40 
to a suitable source of electrical power (not shown). 
Referring now to FIGS. 3 and 4, an assembly 44 for 

welding together two metal tubes is now described. The 
assembly 44 comprises a parent metal tube 46, a flyer 
metal tube 48, means 50 for supporting said metal 
tubes in concentric disposition with the outer surface 
of the inner metal tube 48 being disposed in parallel, 
spaced-apart relation with the inner surface of the 
outer metal tube 46 so that the distance separating said 
opposed surface equals at least approximately 0.001 
inch, two matched explosive layers 52 and 54, one 
layer 52 of explosive being disposed about the outer 
surface of the outer metal tube 46 and the other layer 
54 of explosive being disposed about the inner surface 
of the inner metal tube 48, and means 56 for simulta 
neously detonating said explosive layers 52 and 54 
along a common, generally planar front. 
The criteria controlling the standoff or distance d 

separating the metal tubes is similar to that set forth 
above with respect to the metal layers shown in FIGS. 
1 and 2. More specifically, the standoff d must be in 
creased where thicker flyer metal tubes are involved. 
For example, the use of flyer metal tubes having a resis 
tance factor of at least approximately 1.5(10) psi to 
slightly less than 2.5(10) psi requires the use of a 
standoff or distance dequaling at least approximately 
0.05 times the thickness of the flyer metal tube. Where 
a flyer metal tube having a resistance factor of at least 
approximately 2.5(10) psi is used, the standoff d 
should equal at least approximately 0.1 times the thick 
ness of the flyer metal tube. As is the case with the 
metal layers, it has been found that the increase in the 
standoff or distanced is not directly proportional to the 
increase in the thickness of the flyer metal tube. Test 
results have shown that the standoff d for metal tubes 
having a resistance factor of at least approximately 
2.5(10) psi should vary between approximately 0.2 to 
0.4 times the thickness of the flyer metal tube. 
The means 50 for supporting the metal tubes in paral 

lel, spaced-apart relation comprise a plurality of cube 
shaped metal blocks as shown. However, this invention 
is not limited to the use of metal cubes since other suit 
able means may be used for mounting the metal tubes 
in the specified manner. 
The explosive layers 52 and 54 must, during simulta 

neous detonation, produce a generally balance of forces 
along the resulting detonating fronts in a direction nor 
mal to the layers of explosive and, following detonation 
of the layers of explosive, maintain a pressure differen 
tial between the released and expanding gases gener 
ated by the detonation of the two layers of explosive 
below a predetermined amount. Thus, the problem in 
volved in selecting and matching two layers of explo 
sive is twofold. First, the opposed pressures produced 
along the detonating fronts must be fairly accurately 
balanced, in a direction normal to the disposition of the 
explosive layers, if damage or destruction to the metal 
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10 
tubes is to be avoided. It will be understood that if a 
substantially greater pressure is produced along the 
detonating front of the explosive layer 54 than is pro 
duced along the detonating front of the explosive layer 
52, the metal tubes will be expanded radially outwardly 
by an excessive amount thereby damaging or destroy 
ing said tubes. Conversely, if the pressure produced by 
the explosive layer 52 along its detonating front ex 
ceeds that produced by the explosive layer 54 along its 
detonating front, the metal tubes will be crushed or 
driven radially inwardly by an excessive amount 
thereby damaging or destroying the tubes. Conse 
quently, the amount of pressure generated along the 
detonating front of the explosive layer disposed adja 
cent the flyer metal tube must not exceed the amount 
of pressure generated by the other layer of explosive 
along its detonating front plus the amount of pressure 
required to expand excessively or crush the metal 
tubes. 
As previously stated, the selection and matching of 

the explosive layers requires maintaining below a pre 
determined amount the pressure differential occuring 
between the released and expanding gases generated by 
the detonation of the two explosive layers. Although 
further discussion of this particular matter is found 
hereinafter with respect to FIGS. 7 and 8, it has been 
found that, following detonation, there is a buildup of 
pressure within the inner tube 48 which may exceed 
considerably the pressure existing adjacent the outer 
surface of the outer tube 46. Consequently, it has been 
found that the pressure, due to the released gases, exist 
ing within the inner tube 48 must not exceed the pres 
sure, due to the released gases, existing adjacent the 
outer surface of the outer tube 46 plus the amount of 
pressure required to expand excessively or destroy the 
metal tubes. 
The explosive layer 52 disposed adjacent the flyer 

metal tube 46 must produce a loading which, upon det 
onation thereof, is sufficient to drive the flyer metal 
tube 46 into collision with the parent metal tube 48 and 
to cause bonding and welding between said metal 
tubes. The explosive layer 54 is disposed adjacent the 
inner surface of the parent metal tube 48 must pro 
duce, upon detonation thereof simultaneously with the 
detonation of the explosive layer 52, a loading suffi 
cient to preclude movement of the parent metal tube 
48 relative to the flyer metal tube in a manner that 
would prevent welding together of said metal tubes. 
Where there is involved a flyer metal tube having a 

resistance factor of at least approximately 1.5(10) psi 
to slightly less than 2.5(10) psi, i.e., approximately 
2.25(10) psi, it is believed that the explosive layer 
disposed adjacent the parent metal tube must produce 
a loading sufficient to stabilize the parent metal tube to 
prevent movement of same away from the flyer metal 
tube in a manner or at a rate that prevents welding to 
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gether of said metal tubes. Where there is involved a 
flyer metal tube having a resistance factor of approxi 
mately 2.5 (10) psi or more, it is believed that the ex 
plosive layer disposed adjacent the parent metal tube 
must produce a loading sufficient to move the parent 
metal tube toward the flyer metal tube in a manner or 
at a rate that enables or effects welding together of said 
metal tubes. - 

A number of explosives, as follows, have been found 
to be suitable for use in the method and assembly of 
this invention: 
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Explosive Detonation Velocity (fps) 

70% Gelex dynamite 18,400 
40% Extra dynamite 10,400 
Trojamite "A" dynamite 10,600 
Trojamite' 'B' dynamite 10, 100 
Trojamite 'C' dynamite 9,600 

* A trademark of E. I. DuPont de Nemours & Co., Wilmington, 
Delaware. 

** A trademark of the Trojan Powder Company, Allentown, Pennsyl 
Walla. 

The means 56 shown in FIG. 3 is similar to the means 
32 shown in FIGS. 1 and 2 and functions in the same 
ae. 

As shown in FIG. 3, the metal tubes 46 and 48 are un 
equal in length. The inner metal tube 48 is longer than 
the outer metal tube 46 and has a part 60 extending axi 
ally and outwardly from the end 62 of the shorter metal 
tube 46. The assembly 44 includes a restraining means 
64 for controlling bulging radially outwardly of a por 
tion of the part 60 of the longer metal tube 48. The 
means 64 also insulates the end 62 of the shorter tube 
46 against damage from shock waves which are travel 
ing axially along metal tube 46 and which would be re 
flected from the “free" end 62 thereof except for the 
use of the means 64 as aforedescribed. As shown, the 
means 64 has a conically shaped inner surface 64A. 
The diameter of surface 64A disposed adjacent the end 
62 of the tube 46 is substantially equal to the inner di 
ameter of the tube 46. Proceeding in a direction away 
from the end 62 of tube 46, the diameter of surface 
64A preferably decreases. Since the longer metal tube 
48 extends axially and outwardly from both ends of the 
shorter metal tube 46, it will be appreciated that an 
other means 64 is also used adjacent the other end 66 
of the metal tube 46. As the resistance factor of the 
flyer metal tube increases, the more critical is the re 
quirement that a suitable means be used to preventra 
dial bulging for the longer of the tubes and to insulate 
the ends of the shorter tube against damage from shock 
waves reflected from the free end of the shorter tube. 
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It has been found that failure to use such means as . 
aforedescribed may result in either damage or failure 
to the part 60 of the longer tube and/or free ends of the 
shorter tube. 
The assembly 44 also shows the use of a metal sleeve 

68 and means 70 for supporting the metal sleeve in par 
allel, spaced-apart relation with respect to the inner 
surface of the inner metal tube 48. The use of the metal 
sleeve 68 has for its purpose to provide a coating of me 
tal, if desired, about the inner surface of the inner metal 
tube 48. Thus, through the use of the metal sleeve 68 
mounted as shown, it is possible to clad a layer of metal 
about the inner surface of the inner metal tube 48. 
FIGS. 4-6 show partial longitudinal, cross-sectional 

views of two assembled metal tubes and their associ 
ated matched layers of explosives. In each of these 
views, the direction of propagation of detonation pro 
ceeds from the left to the right. In FIG. 4 is shown a 
partial assembly 72 comprising an inner metal tube 74, 
an outer metal tube 76, an explosive layer 78 disposed 
about the inner surface of the inner metal tube 74, and 
an explosive layer 80 disposed about the outer surface 
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2 
of the outer metal tube 76. The explosive layers 78 and 
80 are selected and matched as aforedescribed. More 
specifically, the inner layer of explosive 78 has a sub 
stantially uniform thickness while the outer explosive 
layer 80 has, adjacent the plane of initial detonation, a 
minimum thickness equal to the thickness of the explo 
sive layer 78 and, proceeding in a direction parallel 
with the direction of propagation of the explosive lay 
ers, the thickness thereof increases to a predetermined 
maximum. 

In FIG. 5 is shown another partial assembly 82 com 
prising an inner metal tube 74, an outer metal tube 76, 
an explosive layer 84 disposed about the inner surface 
of the inner metal tube 74, and an explosive layer 86 
disposed about the outer surface of the outer metal 
tube 76. The explosive layers 84 and 86 are selected 
and matched as aforedescribed. The explosive layer 86 
has a thickness which, adjacent the plane of initial det 
onation, has a minimum thickness and, proceeding in 
a direction parallel with the direction of propagation of 
the layers of explosive, increases in overall thickness. 
The explosive layer 84 has a maximum thickness adja 
cent the plane of initial detonation and, proceeding in 
a direction parallel with the direction of propagation of 
the layers of explosive, decreases in overall thickness. 

In FIG. 6 is shown another partial assembly 88 com 
prising an inner metal tube 74, an outer metal tube 76, 
an explosive layer 90 disposed about the inner surface 
of the inner metal tube 74, and an explosive layer 92 
disposed about the outer surface of the outer metal 
tube 76. The explosive layers 90 and 92 are selected 
and matched as aforedescribed. The explosive layer 92 
has a substantially uniform thickness. The explosive 
layer 90 has a maximum thickness, adjacent the plane 
of initial detonation, equal to the thickness of the first 
layer of explosive and, proceeding in a direction paral 
lel with the direction of propagation of the layers of ex 
plosive, decreases in overall thickness. 
As previously indicated, the explosive layers must be 

selected and matched one to the other such that follow 
ing detonation thereof a pressure differential will be 
maintained below a predetermined amount between 
the released and expanding gases generated by the det 
onation of the two layers of explosive. The criteria as 
sociated with this requirement will be more readily un 
derstood by examining FIGS. 7 and 8. In FIGS. 7A and 
7B is shown a metal layer 94 having an explosive layer 
96 disposed upon the upper surface thereof. Explosive 
layer 96 is initially detonated at I and the propagation 
of detonation proceeds from left to right to the termi 
nation of detonation T, see FIG. 7C. As shown in FIG. 
7B, the detonation front is represented by the number 
98 while the gases which are being generated as a result 
of detonation of the explosive layer 96 are being re 
leased along the release front 100. The velocity of the 
release front 100 is about two-thirds the velocity of the 
detonation front 98 and, thus, the release front trails or 
follows behind the detonation front. As indicated in 
FIG. 7B, the gases, which are essentially unconfined, 
are released generally obliquely with respect to the 
upper surface of the metal layer 94. As shown in FIG. 
7C, the amount of pressure generated by the detona 
tion of the explosive layer 96 is substantially constant 
immediately following the point of initiation I until im 
mediately prior to the termination of detonation T. In 
FIGS. 8A and 8B is shown a metal tube 102 substan 
tially filled with a charge of explosive 104. In FIG. 8B 
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the detonating front is represented by the number 106 
and the release front is represented by the number 108. 
Due to the confinement exerted upon the released 
gases by the cylindrically shaped inner surface of the 
metal tube 102, the gases are released in a direction 
generally parallel to the longitudinal axis of the metal 
tube 102. As a result, there exists a substantial pressure 
to the left of the release front 08 due to the fact that 
the released gases are confined as aforesaid. Adequate 
compensation must be made for the buildup of pressure 
due to the released and expanding gases if damage or 
failure of the tube 102 is to be prevented. As previously 
stated, it has been found that the pressure (due to the 
released and expanding gases) existing within the inner 
tube must not exceed the pressure (due to the released 
and expanding gases) existing adjacent the opposed 
outer surface of the outer tube plus the amount of pres 
sure required to expand excessively or crush the metal 
tubes. In FIG. 8C is shown a pressure profile curve 110 
representative of the pressure generated by the detona 
tion of the charge of explosive 104. Since the velocity 
of the release front 108, as detonation takes place, is 
approximately two-thirds that of the velocity of the det 
onation fron 106, it has been found that a rapid buildup 
in pressure occurs somewhere upstream from the ter 
mination of detonation T, in some instances about five 
sixths of the distance from points I to T. This occurs at 
the point of intersection of the release front 108 with 
the reflection of the shock waves which are reflected 
from the right end of the metal tube 102 back toward 
the left end. Of course, where the charge of explosive 
104 is replaced by an annular layer of explosive (as 
contrasted to a cylindrically shaped charge that sub 
stantially fills the inner tube), there will be less confine 
ment of the released and expanding gases and the 
amount of pressure buildup will be correspondingly re 
duced. However, it will be readily appreciated that due 
to the buildup of pressure occurring from the intersec 
tion of the release front and the reflection of the shock 
waves as aforesaid, it becomes quite important to select 
and match the layers of explosives and/or the confine 
ment aspects (such as by the use of an annular die) ex 
teriorly of the outer tube in order to compensate for 
this condition. 

In FIG. 9 is shown a cross-sectional view of an article 
of manufacture produced in accordance with the 
method of this invention. More specifically, in FIG. 9 
is shown an article of manufacture 112 comprising a 
flyer metal tube 114 bonded to a parent metal tube 
116, said flyer metal tube having, prior to bonding, a 
resistance factor of at least approximately 2.5 (10) 
psi. The parent metal tube 116 included in the article 
of manufacture 112 preferably has, prior to bonding, a 
resistance factor of at least approximately 1.5( 10) 
psi. Due to the scale involved, no attempt is made to 
show the weld or bond between the tubes 114 and 16. 

In FIG. 10 is shown a cross-sectional view of another 
article of manufacutre produced in accordance with 
the method of this invention. More specifically, in FIG. 
10 is shown an article of manufacture 118 comprising 
a flyer metal layer 120 bonded to a parent metal layer 
122, said flyer metal layer having, prior to bonding, a 
resistance factor of at least approximately 2.25(10) 
psi. The parent metal layer 122 included in the article 
of manufacture 118 preferably has, prior to bonding, a 
resistance factor of at least approximately 1.5(10) 
psi. Due to the scale involved, no attempt is made to 
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14 
show the weld or bond between the layers 120 and 122. 

In view of all of the foregoing, it will be readily appre 
ciated that a new and novel method and assembly for 
explosively welding together metal layers and tubes has 
been described as well as a new and novel article pro 
duced by said method and assembly. The method and 
assembly of this invention permits the welding together 
of relatively thick metal layers or tubes through the use 
of a pair of layers of explosives. Through the practice 
of the method and assembly of the subject invention, 
flyer metal tubes having a resistance factor in excess of 
10(10) psi have been explosively welded to a parent 
metal tube. Not only does the method and assembly of 
this invention permit the welding together of relatively 
thick metal layers and tubes but also it permits same to 
be done in an economical, safe and rapid manner. 
From a position of hindsight, it now appears that the 
knowledge and information gained from explosively 
bonding together flat metal plates can be translated to 
metal tubes and the like on a somewhat logical basis al 
though such was not at all apparent until a considerable 
amount of inventive development had been done in this 
aca. 

It is to be understood that this invention is not limited 
to the exact methods, assemblies and articles of manu 
facture shown and described as various other forms and 
modifications will be apparent to those skilled in the 
art. For example, it will be understood that acceptable 
results will be obtained even though the opposed sur 
faces of the metal layers and tubes are not truly dis 
posed in a parallel manner since quite acceptable re 
sults can be obtained even though true parallelism is 
not maintained. Additionally, it is to be understood that 
the terms metal layers and metal tubes may also en 
compass other metal configurations such as conically 
shaped members, and similarly configured metal layers 
which may have arcuately shaped, mating boss and re 
cess portions formed in a portion thereof. 
We claim: 
1. A method of welding a flyer metal tube to a parent 

metal tube comprising: 
a. assembling a flyer metal tube and a parent metal 
tube in concentric disposition with the outer sur 
face of one of said tubes being disposed in parallel, 
spaced-apart relation with the inner surface of the 
other metal tube so that the distance separating 
said opposed surfaces equals at least approximately 
0.001 inch; b. selecting and matching two layers of 
explosive which will, during simultaneous detona 
tion thereof, produce a general balance of forces 
along the resulting detonating fronts in a direction 
normal to said layers. of explosive and, following 
detonation of the layers of explosive, maintain a 
pressure differential between the released and ex 
panding gases generated by the detonation of the 
two layers of explosive below a predetermined 
amount, 

c. placing a first one of said layers of explosive about 
the outer surface of the outer metal tube and plac 
ing a second one of said layers of explosive about 
the inner surface of the inner metal tube; and 

d. simultaneously detonating said layers of explosive 
along a common, generally planar front so that the 
detonation is propagated parallel to the longitudi 
nal axis of said tubes; the loading of said layer of 
explosive disposed adjacent a surface of said flyer 
metal tube being at least sufficient to produce, 
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upon collision of the metal tubes, a pressure 
greater than the elastic limit of the metal tube in 
the assembly having the higher elastic limit and suf 
ficient to cause bonding between said metal tubes; 
the loading of the layer of explosive disposed adja 
cent a surface of said parent metal tube being suffi 
cient, upon collision with said flyer metal tube, to 
preclude movement of the parent metal tube rela 
tive to the flyer metal tube in a manner that would 
prevent welding together of said metal tubes. 

2. A method as described in claim 1 in which the step 
of assembling includes assembling a flyer metal tube 
having a resistance factor of at least approximately 
1.5(10) psi in parallel, spaced-apart relation with the 
parent metal tube so that the distance separating said 
metal tubes equals at least approximately 0.05 times 
the thickness of the flyer metal tube. 

3. A method as described in claim 1 in which the step 
of assembling includes assembling a flyer metal tube 
having a resistance factor of at least approximately 
2.5(10) psi in parallel, the spaced-apart relation with 
the parent metal tube so that the distance separating 
said metal tubes equals at least approximately 0.1 times 
the thickness of the flyer metal tube. 

4. A method as described in claim 1 in which the step 
of assembling includes assembling together two tubes 
of unequal length with one of said tubes being disposed 
concentrically within the other of said tubes, and re 
straining at least a portion of the longer tube disposed 
adjacent and axially outwardly from one end of said 
shorter tube, during detonation of said layers of explo 
sive, to control the bulging radially outwardly thereof. 

5. A method as described in claim 4 in which the step 
of assembling includes assembling a flyer metal tube 
having a resistance factor of at least approximately 
2.5(10) psi in parallel, spaced apart relation with the 
parent metal tube so that the distance separating said 
metal tubes equals at least approximately 0.1 times the 
thickness of the flyer metal tube. 

6. A method as described in claim 1 in which the step 
of assembling includes assembling together two tubes 
of unequal lengths with one of said tubes being dis 
posed concentrically within the other of said tubes, and 
insulating at least one of the ends of said shorter tube 
against damage from shock waves reflected from said 
end of said shorter tube. 

7. A method as described in claim 6 in which the step 
of assembling includes assembling a flyer metal tube 
having a resistance factor of at least approximately 
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16 
1.5(10) psi in parallel, spaced-apart relation with the 
parent metal tube so that the distance separating said 
metal tubes equals at least approximately 0.05 times 
the thickness of the flyer metal tube. 

8. A method as described in claim 1 in which the step 
of assembling includes assembling together two tubes 
of unequal lengths with one of said tubes being dis 
posed concentrically within the other of said tubes, and 
insulating the ends of said shorter tube against damage 
from shock waves reflected from said ends of said 
shorter tube. 

9. A method as described in claim 8 in which the step 
of assembling includes assembling a flyer metal tube 
having a resistance factor of at least approximately 
2.5 (10) psi in parallel, spaced-apart relation with the 
parent metal tube so that the distance separating said 
metal tubes equals at least approximately 0.1 times the 
thickness of the flyer metal tube. 

10. A method as described in claim 1 in which the 
step of selecting and matching two layers of explosive 
includes selecting a first layer of explosive of substan 
tially uniform thickness and selecting a second layer of 
explosive which, adjacent the plane of initial detona 
tion, has a maximum thickness equal to the thickness 
of the first layer of explosive and, proceeding in a direc 
tion parallel with the direction of propagation of the 
layers of explosive, has a reduced thickness. 

11. A method as described in claim 1 in which the 
step of selecting and matching two layers of explosive 
includes selecting a second layer of explosive of sub 
stantially uniform thickness and selecting a first layer 
of explosive which, adjacent the plane of initial detona 
tion, has a minimum thickness equal to the thickness of 
the second layer of explosive and, proceeding in a di 
rection parallel with the direction of propagation of the 
layers of explosive, has an increased thickness. 

2. A method as described in claim 1 in which the 
step of selecting and matching two layers of explosive 
includes selecting a first layer of explosive having a 
thickness which, adjacent the plane of initial detona 
tion, has a minimum thickness and, proceeding in a di 
rection parallel with the direction of propagation of the 
layers of explosive, increases in overall thickness; and 
selecting a second layer of explosive which, adjacent 
the plane of initial detonation, has a maximum thick 
ness and, proceeding in a direction parallel with the di 
rection of propagation of the layers of explosive, has a 
reduced thickness. 
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