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This invention relates to a resilient volume-enclosing 
member, and more precisely to a metallic volume-enclos 
ing member to withstand deforming forces. A non 
limitative example of such a member is a metallic bel 
lows, in terms of which the invention is herein disclosed. 
(The term “metal” and its derivatives are used herein to 
embrace alloys as well as individual pure metals.) 
For a large number of their functions such members 

are required to be leakproof in very high degree (a typical 
requirement being for a gas-tightness so great that with 
a pressure difference of only one atmosphere existing 
across the wall of the member, less than 1 cc. of gas 
would pass through the wall in 32 years), and it is an 
important object of the invention to provide a leakproof 
but economical such member. The provision of a leak 
proof member becomes the more difficult, the thinner be 
the member wall, and in practice this has limited the 
thinness of wall which could be achieved; it is an im 
portant object of the invention to make possible the 
achievement of materially thinner-walled members than 
have hitherto been practical. 
A general method very useful for the production of 

such members is the formation of the member wall by 
electrodeposition on a suitably formed mandrel, which 
after the wall is formed is dissolved away or other 
wise removed from the wall. The art of electroplating 
currently permits the creation in this manner of a wall, 
typically of almost-pure nickel, which has excellent re 
silience or spring quality, high elastic limit, long en 
durance in the face of repeated deformations, toughness, 
ductility, and surface brightness and resistance to cor 
rosion. It has, however, been difficult, especially with 
very thin-Walled members, to avoid random defects in 
the form of minute transverse holes or faults through the 
wall which result in gas-perviousness or so-called “poros 
ity” of the member. _ 

In practice such faults, even with relatively thick-walled 
members (e.g., of many thousandths of an inch wall 
thickness) and although there'has been taken every care 
not inconsistent with the qualities just mentioned, may 
force the rejection of as much as 30% of the product; 
with wall thicknesses of the order of .001" the rate of 
required rejection may rise to as high as about 85%. 
It is an important object of the invention to provide for 
such a method improvements which drastically reduce 
such rejection rates. ‘ 

According to one aspect of the invention the member 
is formed with a wall comprising inner and outer layers 
each of metal which has a substantial unit elastic limit 
(i.e., elastic limit per unit of cross section) but is prone 
in such layers to transverse faults, and an intervening 
layer of metal which has a lower unit elastic limit but 
is relatively substantially less prone to transverse faults, 
the successive layers being intimately adherent to each 
other. The intervening layer may be substantially thinner 
than either of the inner and outer layers and its metal 
may even in such ‘a thinner layer be substantially less 
prone to such faults; it may, although it is not always 
required to be, itself a gas-impervious layer. Each of 
the inner and outer layers may desirably be of almost 
pure nickel. The intervening layer may typically, al 
though not in the broadest aspect limitatively, be of 
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metal softer than that of either of the inner and outer 
layers. The thickness of the intervening layer may be 
a small fraction of the aggregate thickness of the three 
layers, with the result that the abovementioned desirable 
qualities of the member are little in?uenced by the inter 
vening layer. The ratio of the thickness of either of 
the inner and outer layers to that of the other may be 
limited to at most of the order of 2.5 and may more 
ideally approach unity, with the result that the interven 
ing layer will lie at a section within the wall where the 
stress attendant upon deformation of the member is 
small or essentially zero. 

Another aspect of the invention relates to the making 
of the member by the electrodeposition of its well on 
a mandrel. Out of a ?rst bath there is electroplated a 
metallic deposit prone to transverse faults but of sub 
stantial unit elastic limit; out of a second bath different 
from the ?rst there is electroplated an intimately ad 
herent metallic deposit substantially less prone to trans 
verse faults but of lower unit elastic limit; out of a third 
bath different from the second there is electroplated an 
intimately adherent metallic deposit which relative to 
the second is substantially more prone to transverse faults 
but is of higher unit elastic limit; and from the thus 
deposited wall the mandrel is removed. The second 
deposit may be substantially smaller than either of the 
?rst andv third; it may, although it is not always required 
to be, itself a gas-impervious deposit. The ?rst and third 
baths may be at least substantially the same. The second 
bath may be a strike-type or a levelling-type bath; 
typically the ?rst and third may be of some other type 
or types. 

Various objects of the invention have been stated above 
and others made apparent in the foregoing brief descrip 
tion of the invention. Allied and still other objects will 
appear from the following detailed description and the 
appended claims. 

In the detailed description of the invention reference 
is had to the accompanying drawing, in which: 
FIGURE 1 is a side view of a typical bellows in which 

the invention may be embodied, with certain portions 
shown in section; ’ 
FIGURE 2 is a tremendously enlarged showing of 

such a section of the bellows as is indicated at 2 in FIG 
URE 1; and 
FIGURE 3 is a view similar to FIGURE 2 but illus 

' trating a dimensional modi?cation. 
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FIGURE 1 shows a typical volume-enclosing mem 
ber in the form of a metallic bellows 10. By way of 
example this has been illustrated as having at its right 
a closed end 11, and at its left an end which is open 
but which, subsequent to the formation of the bellows 
1t) proper, has been ?tted about and hermetically sealed 
(as by soldering) to the periphery of a metallic closure 
member 9. (Such ?tting may call for spinning of the 
‘end portion of the bellows to a properly tailored diame 
ter—capability of being spun, as well as ability to resist 
shocks resulting from handling and minor abuse, being 
considerations rendering ductility of the bellows mate 
rial usually important.) The closure member 9 might 
typically be provided with a neck 8 which is threaded 
for insertion into the apparatus (not shown) with which 
the bellows is to be used and which has an axial bore 
7 "to provide for ?uid communication between the in 
terior of the bellows and the interior of that apparatus. 
A typical function of the bellows may be to elongate 
and contract in the direction of its axis, thereby dis 
placing its closed end 11 rightwardly and leftwardly, 
under the in?uence of variations of the pressure of the 
?uid therewithin. 
The wall of the bellows It} may be of metal of essen 



tially uniform thickness throughout. In FIGURE 1 that 
wall appears in‘ cross section in the region of the upper 
portion of the closure member 9 and at another arbi 
trarily chosen region 2; in both those regions, by rea 
son of limitations imposed by the mechanics of illus 
tration, the thickness of the wall is shown as relatively 
much larger than it may be in practice, and the wall 
appears with no indication of any laminar nature and 
without sectional hatching. ‘ 
FIGURE 2 illustrates the wall cross section at the 

arbitrarily chosen region 2, in a tremendously enlarged 
scale which overcomes the limitations just referred to; 
it also includes a fractional showing of > a mandrel M 
on which the bellows may have been initially formed 
and which is hereinafter referred to. In FIGURE 2 it 
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will be seen that the bellows wall comprises ?rst an ‘ 
inner layer 21 which may for example be of almost-pure 
nickel and which has the desirable characteristics intro 
ductorily mentioned (excellent spring quality, high unit 
elastic limit, long endurance, toughness, ductility, and 
surface brightness and resistance to corrosion) but which 
is prone to random faults such as referred to above; 
secondly, an intervening layer 22 of metal which has 
a lower unit elastic limit but is relatively less prone 
to transverse faults and which is intimately adherent to 
the ?rst layer; and thirdly an outer layer 23 which like 
the layer 21 has the desirable characteristics introduc 
torily mentioned but is prone to random transverse 
faults, which may for example also be of almost-pure 
nickel, and which is intimately adherent to the layer 22. 
Preferably the intervening layer 22 is substantially thin 
ner than either of the layers 21 and 2.3, and the metal 
of ‘which it consists is even in such a thinner layer 
substantially less prone to transverse faults. Desirably, 
but (for‘reasons hereinafter set forth) not mandatorily, 
the intervening layer 22 may be itself a gas-impervious 
layer. ~ . 

The intervening layer 22 may be of a metal softer 
than, and at least predominately different constituently 
from, that of either of the inner and outer layers 21 
and 23. Among metals of which it may then consist 
there may be mentioned by way of example copper, sil 
ver, gold and platinum. Alternatively, and as herein 
after more detailedly dealt with, it and the other two 
‘layers may be predominately of the same metal—but 
subject to the limitations of the preceding paragraph as 
to relative unit elastic limit and relative proneness to 
transverse faults. - 

As shown in FIGURE 2, the thickness of the inter 
vening layer 22 is substantially less than that of either 
of the inner and outer layers 21 and 23, and is prefer 
ably a small fraction-for example between ‘1/15 and 1/5, 
and typically of the order of 1/10—~of the aggregate thick 
ness of the three layers. Such proportioning insures 
that the desirable characteristics of the layers 21 and 
23 will be negligibly “diluted” in the bellows as a whole, 
even though those characteristics or many of them be 
lacking from the intervening layer itself. 
As shown in FIGURE 2,’ the inner and outer layers 

21 and 23 are of essentially the same thickness, so that 
the ratio between their thicknesses is essentially unity. 
This proportioning places the transverse center of the 
intervening layer 22 at the transverse center of the wall, 
Where the stresses incident to the operative or other 
bending of the wall ‘(which appear as compression at 
one surface of the wall and as tension at the opposite 
surface) are zero. Even taking into account the ?nite 
thickness of the intervening layer, the maximum stress 
appearing at any point within it remains a small frac 
tion of the stresses at the Wall surfaces; accordingly the 
‘mechanical strength, and in particular the unit elastic 
limit, of the intervening-layer metal need be only a small 
fraction of that required in the inner and outer layers, 
thus freely permitting the use for the intervening layer 
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_ other mechanical characteristics. 

41‘. 
of such mechanically weaker materials as have been typi 
cally mentioned above (whose unit elastic limits are in 
general distinctly minor fractions of that of the mate 
rial, almost-pure nickel, typically used for the inner and 
outer layers). ‘ 

In practice with typical materials it has been found 
that it is not necessary to maintain by any means full 
equality between the thicknesses of'the inner and outer 
layers 21 and 23, and that one of those thicknesses may 
be permitted to be as high as about 2.5 times the other 
without appreciable prejudice to the endurance or other 
qualities of the bellows. Thus the alternative FIGURE 
3 illustrates the cross section of the bellows'wall in 
which the thickness of one of those layers, by way of 
example that of the outer layer (therein designated as 
23'), has been made about 2.5 times that of the other 
layer (i.e. the inner layer, therein designated as 21’). 

In the making of a bellows such as above described 
a metallic deposit (e.g. the inner layer) may ?rst be 
electroplated on the suitably formed mandrel (e.g. M, 
fractionally seen in FIGURE 2); this deposit may be 
electroplated out of a ?rst bath and with a technique 
best adapted to achieve the various characteristics 
(spring quality, high unit elastic limit, etc. etc.) introduc 
torily mentioned, even though such bath and technique 
increase the proneness of that deposit to transverse faults. 
Next an intimately adherent metallic deposit (e.g. the 
intervening'layer) may be electroplated out of a sec 
ond bath different from the ?rst; this step is more de 
tailedly discussed below. Next an intimately adherent 
metallic deposit (e.g. the outer layer) may be electro 
plated out of a third bathrand with a technique adapted 
to achieve similar ends to the ?rst bath and technique 
(as well as the intimate adherence). Any of a variety 
of baths (though usually not a strike- or a levelling 
type bath) may be used for the ?rst andthird deposits 
in accordance with the technology appropriate to the 
formation by electrodeposition of non~laminar bellows; 
conveniently though not imperatively the ?rst and third 
baths may be at least substantially the same. Finally 
the mandrel may be dissolved or otherwise removed 
from the thus-deposited wall in accordance with known 
practice. ‘ l l ‘in-‘fl 

Attention may now be directed to the electroplating 
of the second deposit. ' This is called upon to minimize 
transverse faults in the plated metal as well as to provide 
an intimate adherence of that metal to the metal pre 
viously deposited, and is carried out in a bath and with 
a technique primarily adapted to' achieve those results 
at an attendant sacri?ce in unit elastic limit, if not also 

As non-limitative ex 
amples of an appropriate bath there may be mentioned 
one either of the strike type or of the levelling type. 
When copper is the metal of which the second deposit 
is electroplated the strike-type bath has in practice proven 
easier to employ; on the other hand with many metals, in 
particular including the silver, gold and platinum speci? 
cally mentioned above, either of those types may be em~ 
ployed. ' ' ' 

In some of its aspects the invention is not limited to 
the second deposit (or intervening layer) being of a 
metal predominately different constituently from that or 
those of the ?rst and third deposits (‘or inner and outer 
layers). Thus it has been found that, with almost-pure 
nickel ‘forming the inner and outer deposits, nickel may 
be used for the intervening deposit if it be electroplated 
out of a levelling-type bath, and that there may still be 
achieved a very satisfactory intervening layer and an 
output of bellows exhibiting a very low rate of required 
rejection ‘for leakage. In this case the contrast of unit 
elastic limit between the second deposit on the one hand 
and the ?rst and third deposits on the other hand has 
not been as great as typically indicated above, but has 
still been appreciable. 
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An advantage of the dissimilarity of the metal of the 
second deposit from the metal or metals of the ?rst and 
third deposits, or of the dissimilarity of the bath out of 
which the second deposit is electroplated from that or 
those out of which the ?rst and third deposits are elec 
troplated, or of both those dissimilarities jointly, is found 
to be a far greater assurance of the creation of a leak 
proof wall. The metal of the second deposit may itself 
be one (such as the copper, silver, gold or platinum 
exemplarily mentioned above) itself well adapted to elec 
trodeposition with a minimum of transverse faults, and 
the bath out of which it is electroplated may be one 
(such as the strike-‘or levelling-type baths mentioned 
above) well calculated to that end. It appears, how 
ever, that there is a further and independent action 
strongly contributing to the improved results. This we 
believe is due to the fact that in being electroplated 
over one deposit, a succeeding deposit of a dissimilar 
metal or out of a different-type bath or both will 
not reproduce the same metallographic granular struc 
ture; in other words, faults in the lone deposit will not 
be (perpetuated in the succeeding one-even though in 
the succeeding one there might be developed an independ 
ent fault at some new point which is unaligned with 
any fault in the prior one and is therefore eifectively 
closed by that prior one. 
With the practice of the invention in the manufacture 

of bellows having wall thicknesses of the order of one 
to several thousandths of an inch, the intervening layer 
being of a metal different from that of either of the inner . 
and outer layers, there have been achieved in produc 
tion reductions of the rates of rejection for leakage 
to the order of 1/10 of the corresponding rates for bel 
lows of the usual non-laminar-wall variety but other 
wise similar-an altogether startling reduction indeed. 
Large reductions have also been achieved, as indicated 
above, with the intervening layer predominately similar 
constituently to the inner and outer layers but electro 
plated out of a different-type bath. 

While we have disclosed our invention in terms of 
particular embodiments and operational procedures, we 
intend thereby no unnecessary limitations. Modi?cations 
in many respects will be suggested 'by our disclosure to 
those skilled in the art, and such modi?cations will not 
necessarily constitute departures from the spirit of the 
invention or from its scope, which we undertake to de?ne 
in the following claims. ~ 
We claim: - 

1. A volume-enclosing member to withstand deform 
ing forces having a wall, of thickness of the order ‘of 

. one to several thousandths of an inch, comprising inner 
and outer layers each of metal which has a substantial unit 
elastic limit but is prone in such layers to transverse 
faults, and an intervening layer of metal which has a 
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lower unit elastic limit but is relatively substantially less 
prone to transverse faults, said inner and intervening 
layers and said intervening and outer layers being inti 
mately adherent to each other. 

2. The subject matter claimed in claim 1 wherein said 
intervening layer is substantially thinner than either of 
said inner and outer layers and wherein said metal of 
which it consists is even in such a thinner layer substan 
tially less proneto transverse faults‘. 

3. The subject matter claimed in claim 1 wherein said 
intervening layer is itself a gas-impervious layer, 

4. The subject matter claimed in claim 1 wherein 
the metal of which said inner layer consists, and the metal 
of which said outer layer consists, is almost-pure nickel. 

5. The subject matter claimed in claim 1 wherein 
said metal of which said intervening layer consists is a 
metal softer than that of which either of said inner 
and outer layers consists. 

6. The subject matter claimed in claim 1 wherein said 
metal of which said intervening layer consists is a metal 
at least predominately different constituently from that of 
which either of said inner and outer layers consists. 

7. The subject matter claimed in claim 1 wherein the 
metals of which said inner and outer and intervening 
layer-s respectively consist are predominately the same 
constituently. 

8. The subject matter claimed in claim 1 wherein the 
thickness of said intervening layer is a small fraction of 
the aggregate thickness of said three layers. 

9. The subject matter claimed in claim 1 wherein the 
ratio of the thickness of either of said inner and outer 
layers to that of the other is at most about 2.5. 

10. The subject matter claimed in claim 8 wherein the 
ratio of the thickness of either of said inner and outer 
layers to that of the other is at most about 2.5. 

11. The subject matter claimed in claim 1 wherein the 
thicknesses of said inner and outer layers are substantial 
ly the same. 

12. The subject matter claimed in claim 1 wherein said 
member is a bellows. 
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