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SHEET-MEMBER CONTAINING A PLURALITY
OF ELONGATED ENCLOSED
ELECTRODEPOSITED CHANNELS AND
METHOD

Matter enclosed in heavy brackets [ J appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

This application is a Reissue of U.S. Pat. No. 4,871,623,
filed Feb. 19, 1988.

TECHNICAL FIELD

This invention relates to a sheet member having a
plurality of elongated enclosed channels and a method
for generating the sheet member.

BACKGROUND ART

Various approaches have been developed in the past
for providing an article having elongated enclosed
channels. Such channels are useful, such as for the cir-
culation of fluids. Articles have been assembled having
a plurality of discrete tubes bonded together, or to a
common support structure. Additionally, holes may be
machined into a solid block of matenal to form passage-
way. However, such constructions have been expensive
to manufacture and have been difficult to construct
with extremely small, and/or closely spared elongated
passageways.

Electrodeposition of materials on patterns known as
mandrels to construct articles having a desired shape
has been known in the past. It is also recognized that
electrodeposition on to a mandrel containing recesses or
grooves may result in the formation of enclosed voids.
That is, due to localized variations in the potential gra-
dient during the electrodeposition process, the depos-
ited material will form at a faster rate adjacent corners,
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projections or other sharp changes in the geometry of 40

the mandrel. If allowed to accumulate at the tops of

recesses of a mandrel, the material on each side of the
recess will meet or “bridge” at an intermediate point
over the recess, shielding the interior of the recess from
the accumulation of further material. An enclosed void
is thus formed, generally recognized prior to the present
invention as a defect in the article produced.

DISCLOSURE OF THE INVENTION

This invention provides sheet member having a plu-
rality of enclosed elongated channels that includes op-
posing major surfaces. A plurality of elongated, en-
closed electroformed channels extend through the sheet
member between the opposing major surfaces. The
channels have a predetermined cross sectional shape.

The method disclosed for constructing the sheet
member comprises the steps of providing a mandrel
having a base portion and a plurality of elongated ridge
portions projecting from the base portion. The ridge
portions have conductive surfaces and elongated edges
spaced above the base portion. The ridge portions also
define elongated grooves between the ridge portions. A
conductive material is electrodeposited on the conduc-
tive surfaces, with the conductive material being depos-
ited on the edges of the ridge portions at a faster rate
than on the surfaces defining inner surfaces of the
grooves until the conductive material bridges across
between the ridge portions to envelope central portions
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of the grooves and form the sheet member. The sheet
member includes a base layer and a plurality of elon-
gated projections, each extending from the sheet mem-
ber base layer into the grooves, with each of the projec-
tions containing an elongated enclosed channel.

In one embodiment, the method also includes the
further step of separating the mandrel from the sheet
member.

In yet another embodiment, wherein the sheet mem-
ber projections have elongated edges spaced above the
base layer and the projections define elongated grooves
between the projections, the method also includes the
further steps of electrodepositing a conductive material
on the conductive surfaces of the projections with the
conductive material being deposited on the edges of the
projections at a faster rate than on the surfaces defining
inner surfaces of the grooves until the conductive mate-
rial bridges across between the projections to envelope
central portions of the grooves and form additional
elongated enclosed channels in the sheet member.

Thus, a sheet member is provided that includes a
plurality of elongated enclosed channels extending
therethrough that is quickly and inexpensively pro-
duced, and is particularly adapted to produce channels
of extremely small cross sectional area and having a
predetermined shape. As previously discussed, it has
been known that an electrodeposition process may re-
sult in the formation of enclosed spaces within an elec-
troformed piece. However, it is unexpected until the
present invention that such enclosed spaces may be
deliberately produced in the form of elongated enclosed
channels having a predetermined shape.

BRIEF DESCRIPTION OF DRAWING

The present invention will be further described with
reference to the accompanying drawing wherein like
reference numerals refer to like parts in the several
views, and wherein:

FIG. 1 is an isometric view of a mandrel for use in
constructing the sheet member according to the present
invention having a plurality of elongated ridge portions.

FIG. 2 is a cross sectional view of a portion of the
mandrel of FIG. 1 along plane 2—2.

FIG. 3 is a cross sectional view of the mandrel of
FI1G. 2, with conductive material partially electrode-
posited thereon.

FI1G. 4 is cross sectional view of the mandrel of FIG.
3 with additional conductive material electrodeposited
on the mandrel.

FIG. 5 is a cross sectional view of the mandre] of
FIG. 4, with additional conductive material electrode-
posited on the mandrel so as to envelope the grooves of
the mandrel.

FIG. 6 is a photomicrograph of a cross section of a
sheet member according to this invention for circulat-
ing fluids; .

FIG. 7 is a photomicrograph of a cross section of a
sheet member electroformed at a rate of 40 amperes per
square foot and grooves spaced 0.0107" apart and
0.0129" deep.

FIG. 8 is a photomicrograph of a cross section of a
sheet member as in FIG. 7 for circulating fluids electro-
formed at a rate of 80 amperes per square foot.

FIG. 9 is a photomicrograph of a cross section of a
sheet members as in FIG. 7 for circulating fluids elec-
troformed at a rate of 160 amperes per square foot.

FIG. 10 is a cross sectional view of an alternative
embodiment of the mandrel of FIG. 1 including ndge
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portions having sides inclined at a negative angle with
respect to & base portion of the mandrel.

DETAILED DESCRIPTION

Referring now to FIGS. 1 and 2, there is shown man-
drel 10 for use in the method according to this invention
in producing the sheet member. The mandrel includes a
base portion 12 and a plurality of elongated ridge por-
tions 14. The ridge portions 14 include edges 18 spaced
from the base portion and each adjacent pair of ridge
portions define an elongated groove 16 therebetween.
The ridge portions 16 have tapered surfaces 16 inclined
at an angle a with respet to the base portion 12. The top
of each ridge portion includes a surface 20 generally
parallel with the base portion 12. The mandrel is con-
structed of a conductive material such as Nickel or
Brass, or alternatively, by a non-conductive material
having a conductive outer coating or layer. For in-
stance, a plastic or flexible material such as silicone
rubber may be provided with a conductive coating on
at least the ridge portions 14 of use as a mandrel in this
invention. In the illustrated embodiment of the inven-
tion, the ndge portions are substantially identical in size
and shape and further are paralle]l and uniformly posi-
tioned with respect to each other on the base portion 12
of the mandrel. However, as shown in FIG. 1, one pair
of ridge portions 22 and 24 are oriented transversely to
the remaining ridge portions, and intersect a ridge por-
tion 14 at point 26, as will be explained in greater detail
hereinafter.

A sheet member according to the present invention
may be generated using the mandrel through an electro-
deposition process. For the purposes of this invention,
the term “‘electrodeposition” includes both “electro-
Iytic” and *‘electroless” plating, which differ primarily
in the source of the electrons used for reduction. In the
preferred electrolytic embodiments, the electrons are
supplied by an external source, such as a direct current
power supply, whereas-in the electroless plating process
the electrons are internally provided by a chemical
reducing agent in the plating solution.

Preferably, at least the surface of the ridge portions
14 of the mandrel are passivated, such as by contacting
the surface with a 2% solution of Potassium Dichro-
mate in distilled water at room temperature. The man-
drel i1s then rinsed with distilled water. Passivation of
the surface of the ridge portions of the mandrel is desir-
able in that it provides a thin oxide coating which facili-
tates remoal of an electroformed article from the man-

drel. Passivation of the surface of the ridge portions of 50

the mandrel may not be necessary in the case where the
mandrel is provided with a conductive coating as previ-
ously discussed, where the conductive layer is trans-
ferred from the mandrel to the electroformed article as
hereinafter produced to facilitate removal of the com-
pleted article from the mandrel. Further, passivation is
not necessary where it is desired to permanently bond
the sheet member produced, as described herein, to the
mandrel. ‘

The mandrel is then immersed in a plating bath for a
desired period of time for the electrodeposition of a
material on the surface of the mandrel. Any appropriate
eletrodepositable material may be used, such as nickel,
copper, or alloys thereof.

In one embodiment of this invention, the plating bath
consists of a solution of Nickel Sulfamate (16 oz. of
Ni/gal.); Nickel Bromide (0.5 0z./gal.); Boric Acid (4.0
oz./gal.) in distilled water with a specific gravity of
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4
1.375-1.40. Anodes are provided in the form of S-
Nickel pellets. The pellets are immersed in the plating
bath and carried in Titanium baskets enclosed in poly-
propylene fabric anode basket bags.

Preferably the mandrel is rotated about an axis per-
pendicular to the axis of the rotation of the mandrel at
5-10 rpm in periodically reversed rotational directions
within the plating bath to ensure even plating on the
mandrel. The temperature of the plating bath is main-
tained at 120° and a pH of 3.8-4.0 Normally during
operations, the pH of the plating bath rises. Therefore,
the pH is periodically adjusted by the addition of sul-
famic acid. Evaporation loses are compensated for by
the addition of distilled water to maintain the desired
specific gravity. The plating bath is continuously fil-
tered, such as through a 5 micron filter. The filtered
output of the pump is preferably directed at the mandrel
to provide fresh nickel ions.

The deposition of the nickel on the mandrel is a func-
tion of the D.C. current applied, with 0.001 inch/hour
of nickel deposited on a flat surface at average current
density rate of 20 amperes per square foot (ASF). How-
ever, as previously discussed, the electrodeposited ma-
terial 30 has a tendency to accumulate at a faster rate in
electrolytic deposition adjacent sharp changes in the
geometry of the mandrel, such as the edges 15 of the
ridge portions 14 as shown sequentially in F1GS. 3-§. A
larger potential gradient and resulting electric field is
present at the edges which induces deposition of mate-
rial at a faster rate (as at 32) than on flat surfaces in the
inner portions of the grooves. Eventually, the material
deposited on either edge of the ridge portions of the
mandrel “bridge” between the adjacent ridges so as to
envelope the centra] portion of the grooves within the
electrodeposited matenial. The void space enveloped by
the material is now shielded from the electrical field and
no further deposition occurs. The junction 34 of the
matenial is referred to as a8 “knit” line. The body thus
formed 1s integral and structurally unitary. The space
that is enveloped by the material defines elongated,
enclosed channels 36 extending through the sheet mem-
ber formed on the mandrel. The channels each have a
size, shape and cross sectional area determined by the
configuration of the mandrel, the material used to con-
struct the article, and the rate of deposition, among
other factors. The higher the average current density
during deposition, the faster the grooves are enveloped, -
and the larger the average cross sectional area of the
channels. Of course, the average current rate must be
sufficient so that a completely solid sheet member is not
produced. In electroless embodiments, faster deposition
rates have also been observed near sharp changes in
geometry. It is belived that this results from the effects
of increased surface area of depletion-induced non-
uniformities in the plating solution.

In the illustrated embodiment, the ridge portions on
the mandrel have oppositely tapered sides 18 and the
channels 36 produced have a generally rectangular
cross sectional shape. A relatively small crevice 358
extends slightly above the channel as a remnant of the
formation of the knit line.

Referring now again to FIG. 1, the mandre! 12 in-
cludes two projections 22 and 24 intersecting a trans-
verse projection 14 at a point 26. It will be appreciated
that this configuration produces a sheet member having
intersecting channels 36 at point 26.

Deposition of the material on the mandrel continues
after the formation of the channels until a base layer 40
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having desired thickness above the channels is
achieved. After sufficient deposition of material and the
enclosing of the channels, the mandrel is removed from
the plating bath. In one embodiment of the invention,
the sheet member 38 is separated from the mandre] as
shown in FIG 6. Otherwise, the sheet member may be
left bonded to the mandrel after formation of the chan-
nels. It may also be desired that the base layer 40 of the
sheet member is ground or otherwise modified to form
planar surface 39 as in FIG. 8. The sheet member 38
includes a plurality of projections 42 with tapered sides
44 and a top 46 extending from base layer 40. Each of
the projections is a replication of the grooves 14 of the
mandrel and includes one of the channels 36. Further,
the projection 42 of the sheet member 38 include edges
43 spaced from the base portion 40 and each adjacent
pair of projections define a plurality of grooves 48
thercbetween.

If desired, the projection 42 of the sheet member may
be constructed so as to function as described in co-pend-
ing U.S. [patent application Ser. No. 904,358 filed Sep.
1986 and now abandoned] Pat No. 4,875,259 entitled
“Intermeshable Fasteners”, which 1is incorporated
herein by reference. In this embodiment, projections 42
each include at least one side inclined relative to the
base layer 40 at an angle sufficient to form a taper such
that said projection may mesh with at least one corre-
sponding projection when brought into contact with
said corresponding projection and adhere thereto at

least partially because of the frictional characteristics of 30

the contacting sides. Further, the projection 42 of the
sheet member 38 may be utilized to radiate or convey
heat from fluids circulated through the channels, as
hereinafter described.

However, in many applications, it is desirable to con-
struct additional channels on the sheet member 38. In
such a case, the sheet member is utilized as a first sheet
portion 38a constituting a mandrel for generating a
complementary second sheet portion 385 integrally
joined to the first sheet portion, as shown in FIGS. 7-9.
The method of this invention this may include further
steps to accomplish this. The exterior surfaces of the
first sheet portion is preferably activated, such as by
rinsing with a solution of sulfamic acid. Activation of
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the surface of the first sheet portion 384 is desirable 10 45

facilitate bonding of additional material thereon by
removing oxide or other contaminates from the surface
of the first sheet portion 38a. The first sheet portion 384
is then immersed in a plating bath as hereinabove de-
scribed. A second sheet portion 385 substantially identi-
cal to the first sheet portion 382 is then produced with
as plurality of elongated enclosed channels formed in
the projections of the base layer of the second sheet
portion such that the projections of the first and second
sheet portions are interdigitated and joined at boundary
52. Since the material of the second sheet portion 38b is
elecrodeposited directly on the first sheet portion 38q,
the first and second sheet portions form a unitary sheet
member with a plurality of elongated enclosed chan-
nels. If desired, however, the second sheet portion may
be formed as a solid member, without channels, such as
to mechanically strengthen the sheet member.

It is to be understood that the rate of deposition of the

material may be controlled to alter the size and shape of

the channels. For instance, FIG. 7 illustrates the forma- 65

tion of a sheet member with an average current density
of 40 amperes per square foot (ASF) applied. The aver-
age cross sectional area of the enclosed channels thus

55
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produced has been measured at 1.8 X 103 sq. inches
(1.2 X 10—-4 sq cm). FIG. 8 illustrates a sheet member
formed with the application of an average current den-
sity of 80 AF, with an average measured channel cross
sectional area of 4.0X 10—3 sq. inches (2.5 104 sq.
cm). FIG. 9 illustrates a sheet member formed with the
application of a average current density of 160 ASF,
with an average measured channel cross sectional area
of 5.2 X10-7 sq. inches (3.4 10* sq. cm).

FIG. 10 illustrates an alternate embodiment of the
invention in which the mandrel 12’ includes projections
41 having conductive surfaces 18, inclined at a negative
angle 8 and edges 15'. The undercut projections require
that the mandrel be constructed of a flexible matenal,
such as silicone rubber to facilitate removal, of of a
material that may be destroyed during removal without
damaging the sheet member. The mandrel shown In
FIG. 10 produces a channel 36’ having a generally
triangular shape. As in FIG. §, the exposed surface 39’
of the sheet member may be ground, or otherwise modi-
fied as found convenient.

Of course, it is within the scope of this invention to
produce sheet members having channels with any de-
sired cross sectional shape, as predetermined by the
shape of the ridge portions on the mandrel used to pro-
duce the sheet member as well as the rate of deposition
of the material. For instance, the sides of the ridge por-
tions of the mandrel may be perpendicular to the base
portion. It is also one of the features and advantages of
this invention that sheet members having elongated
enclosed electroformed channels having a cross sec-
tional area of any desired size. A sheet member of any
desired thickness may be generated. Further, sheet
members may be constructed that are flexible so as to be
able to closely conform to the configurations of a sup-
portive structure (not shown).

The sheet member of this invention is particularly
advantageous if utilized for the circulation of fluids
through the plurality of channels. For the purpose of
this invention, the term *‘circulation” includes the trans-
portation, mixing or regulating of fluids. For instance,
fluid circulation may be used for heat transfer purposes,
to or from an object or area adjacent to or in contact
with the sheet member.

Table 1 below illustrates the results of a series of tests
performed on a sheet member constructed according to
this present invention used for the circulation of flmd
for heat transfer purposes. The sheet member was |
inch % 1 inch (2.54 cm X 2.54 cm) in dimension and 0.033
inches (0.084 cm) in thickness. The sheet member had
162 channels, each having a cross sectional area of be-
tween 5.2%10-3 sq inches (3.4X10-4 cm) and
6.9 103 sq inches (4.5 X 104 3q. cm).

A silicon wafer 0.4"” (1.0 cm)x0.6” (1.5 cm) and
0.020” (0.5 cm) thick was soldered to one side of the
sheet member by an Indium solder layer 0.005 inches
(0.012 cm) in thickness. The silcon wafer was centered
alone one transverse edge of the silicone water.

In the tests, power was applied to the silicon wafer as
shown in the right hand column in Table 1 below.
Fluorinert ~43 (a fluorochemical marketed by Minne-
sota Mining & Manufacturing Co. of St. Paul, Minn.)
was circulated through the channels of the sheet mem-
ber for conducting heat away from the silicon wafer.
The effectiveness of the heat transfer as the applied
power is increased is shown in the column entitled “AT
Chip to Fluid/*Celsius.”
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TABLE |
Flow Press.
Fluid Rate Drop AT Chip Power
Test Temp. gr/sec. N/cm? o Fhid Denuitg
No. ‘*Celsivs com width cmlength *Celsius W/cm
1 22 0 0 63 4
2 25 1.4 2.8 4 7
3 235 1.5 2.8 i8 25
4 25 1.6 2.8 24 36
5 26 1.8 2.8 42 64
6 29 1.8 2.8 45 81
7 32 2.0 2.8 36 100
8 32 2.1 2.8 63 121
9 A5 2.2 2.8 78 142
10 4 4.2 6.0 o4 144

Although not shown, the sheet member 38 of the
present invention may be constructed with channels
that are non-parallel or non-linear. The depth, angle of
inclination, and spacing of the channels may be varied,

5

10

15

as desired, and the cross sectional area can vary 2

throughout the length of the channel. For instance, if
the circulation of fluids through the channels is for heat
transfer purposes, the channels may be concentrated at
one or more points within the sheet member to more
eflectively convey the fluid for heat transfer. Different
materials and different deposition rates may be used to
construct the first and second sheet portions, if desired.
The present invention has now been described with
reference to multiple embodiments thereof. It will be
apparent to those skilled in the art that many changes
can be made in the embodiments described without
departing from the scope of the present invention. Thus,
the scope of the present invention should not be limited
to the structures described in this application, but only
by structures described by the language of the claims
and the equivalents of those structures.
We claim:
1. An article for circulating fluids, comprising:
(2) a sheet member having opposing major surfaces:
and
(b) a plurality of elongated, enclosed electroformed
channels extending through said sheet member
between said opposing major surfaces for the circu-
lation of fluids through each of said channels [said
channels having a predetermined cross sectional
shape] wherein each adjacent pair of said channels
are joined at an undulating boundary extending
through said sheet member. |
[2. The article of claim 1, wherein each adjacent pair
of said channels are joined at an undulating boundary
extending through said sheet member.}
3. The article of claim 1, wherein said channels are
parallel and uniformly spaced with respect to each
other within said sheet member.

25
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45

L4. The article of claim 1, wherein one of said major ss

surfaces of said sheet member includes a plurality of
projections, each projection containing one of said
channels.

[3. The article of claim 4, wherein said projections

each include at least one side inclined relative to said g

major surface containing said projections at an angle
sufficient to form a taper such that said projection may
mesh with at least one corresponding projection when
brought into contact with said corresponding projec-

tion amd adhere thereto at least partially because of the ¢gs

frictional characteristics of said contacting sides.}
6. The article of claim 1, wherein said sheet member
1s constructed of an electroformable material selected

from the group consisting of nickel, copper, and alloys
thereof. |

1. The article of claim 1, wherein at least one pair of
said channels intersect within said sheet member.

8. A method for constructing a sheet member having
a plurality of channels, said method comprising the
steps of:

(a) providing a mandrel having a base portion and a
plurality of elongated ridge portions projecting
from the base portion and having elongated edges
spaced above the base portion, the ridge portions
defining elongated grooves between the ridge por-
tions, and the ridge portions having conductive
surfaces; [and]}

(b} electrodepositing a conductive material on the
conductive surfaces with the conductive material
being deposited on the edges of the ridge portions
at & faster rate than on the surfaces defining inner
surfaces of the grooves until the conductive mate-
rial bridges across between the ridge portions to
envelope central portions of the grooves and form
the sheet member having a base layer and a plural-
ity of elongated projections extending from the
sheet member base layer into each of the grooves,
with each of the projections containing an elon-
gated enclosed channel ;

(c) separating the mandrel from the sheet member; and

(d) electrodepositing a conductive material on the con-
ductive surfaces of the projections with the conductive
material being deposited on the edges of the projec-
tions ar a faster rate than on the surfaces defining
inner surfaces of the grooves until the conductive ma-
terial bridges across between the projections to enve-
lope central portions of the grooves and form addi-
tional elongated enclosed channels in the sheet mem-
ber.

[9. The method of claim 8, further comprising the
step of: (c) separating the mandrel from the sheet mem-
ber].

[10. The method of claim 9, wherein the sheet mem-
ber projections have elongated edges spaced above the
base layer, the projections defining elongated grooves
between the projections, and the method further com-
prises the step of:

(d) electrodepositing a conductive material on the
conductive surfaces of the projections with the
conductive material being deposited on the edges
of the projections at a faster rate than on the sur-
faces defining inner surfaces of the grooves until
the conductive material bridges across between the
projections to envelope central portions of the
grooves and form additional elongated enclosed
channels in the sheet member.’}

11. The method of claim 8, further including the step

of: -

passivating the surface of said elongated ridge por-
tions of said mandrel prior to step (b).

12. The method of claim [10,] & further comprising

the step of:

activating said first major surface of said first sheet
portion prior to step (d) in claim [10] &.

13. An article produced in accordance with the

method of claim &.
14. An article produced in accordance with the

method of claim [107 &
| .

* % =&
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