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METHOD AND APPARATUS FOR
FABRICATION OF METAL-COATED
OPTICAL FIBER, AND THE RESULTING
OPTICAL FIBER

BACKGROUND OF THE INVENTION

[0001] The present invention relates to optical fiber. More
particularly, the present invention relates to metal-coated
optical fiber, and techniques for manufacturing same.

[0002] Optical fiber is typically constructed having a poly-
mer coating, but some applications necessitate the use of
metal-coated optical fiber. For example, distributed fiber
sensing technology for temperature, acoustic vibration and
strain have become popular in oil and gas well monitoring.
The well temperature in oil sands or super heavy oil reser-
voir sometimes becomes more than 300 deg. C. because
thermal extraction enhancement is applied frequently. Cur-
rent polymer coated fiber does not keep its original mechani-
cal properties against such high temperatures. Thus, metal
coated fiber is applied for high temperature environment
instead of polymer coated fiber.

[0003] Metal coated fibers such as aluminum, copper and
gold are commercially available. But all of these fibers have
thick metal layers more than 20 micron because dipping
methods are applied for their manufacture. In particular, bare
fiber is dipped into molten metal during passing coating die
filled with molten metal and then frozen on the fiber surface.
One disadvantage of these fibers is larger attenuation
because thicker coating thickness of around 20-30 micron
and thermal contraction by freezing leads to additional loss.
For example, a typical loss of copper coated fiber with 125
micron of glass diameter and 20 micron thickness of copper
is around 10 dB/km at 1310 nm.

[0004] As an alternative manufacturing method of metal
coated fiber, it was reported that a low loss metal coated fiber
was made by a plating method. (International Wire & Cable
Symposium Proceedings 1991, pages 167-171.) The attenu-
ation of the reported fiber with 125 micron glass and 2.5
micron of nickel layer is 0.7 dB/km at 1300 nm. The
structure of metal coated fiber made by plating is described
in U.S. Pat. No. 5,093,880, which is incorporated herein by
reference for all purposes. But long metal coated fiber made
by plating is not yet commercialized due to the difficulty of
handling bare fiber. A method of manufacturing metal coated
fiber by plating without degrading mechanical reliability is
disclosed in application no. PCT/US2014/028151 (pub-
lished on Sep. 25, 2014 as WO 2014/152896). U.S. Pat. No.
5,093,880 and application no. PCT/US2014/028151 are both
incorporated fully herein by reference for all purposes.

[0005] As for the performance of temperature resistance,
only loss performance under high temperature was previ-
ously described. The bending performance after heat treat-
ment or ductility against high temperature environment was
not reported. However, retaining ductility after heat treat-
ment is an important mechanical performance characteristic
for downhole cable. In this regard, sensing cable is installed
into well repeatedly for logging. Thus, repeated mechanical
movement is applied to the sensing cable. And even sensing
cable installed permanently has been affected by mechanical
vibration and other mechanical movement that occurs during
well production and operation. Thus, keeping ductility after
heat treatment as well as loss performance are important
criteria in the downhole application.
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[0006] The present invention recognizes the foregoing
considerations, and others, of the prior art.

SUMMARY OF THE INVENTION

[0007] In accordance with one aspect, the present inven-
tion provides a method for producing metal-coated optical
fiber. This method comprises feeding a length of glass fiber
through a first solution bath so as to plate a first predeter-
mined metal on the glass fiber via electroless deposition. The
length of glass fiber is then passed continuously from the
first solution bath to a second solution bath adapted to plate
thereon a second predetermined metal via electrolytic plat-
ing such that the optical fiber contacts an electrode only after
at least some of the second predetermined metal has been
applied. According to exemplary methodology, the length of
glass fiber may also be continuously passed from the second
solution bath to a third solution bath adapted to plate thereon
a third predetermined metal via electrolytic plating. For
example, the first and second predetermined metals may be
copper with the third predetermined metal being nickel.
[0008] Other aspects of the present invention provide an
optical fiber comprising a glass fiber including a core and a
cladding. The optical fiber further includes a multi-layer
metal coating comprising a first layer of copper, a second
layer of copper, and a third layer of nickel. The first layer is
applied through an electroless process and the second and
third layers are applied through respective electrolytic pro-
cesses. For example, the combined thickness of the first
layer of copper and the second layer of copper may be at
least about 5 microns, with the thickness of the first layer of
copper being no greater than about 0.5 microns. In addition,
the thickness of the third layer of nickel may be at least about
0.5 microns. The optical fiber preferably has a length greater
than one meter, such as a length between one and ten
kilometers in length.

[0009] Other objects, features and aspects of the present
invention are provided by various combinations and sub-
combinations of the disclosed elements, as well as methods
of practicing same, which are discussed in greater detail
below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] A full and enabling disclosure of the present inven-
tion, including the best mode thereof, to one of ordinary skill
in the art, is set forth more particularly in the remainder of
the specification, including reference to the accompanying
drawings, in which:

[0011] FIG. 1 is a perspective diagrammatic view of a
metal-coated optical fiber with layers cut away but without
showing individual metal layers.

[0012] FIG. 2 is a table showing characteristics and per-
formance of various examples of metal-coated optical fiber.
[0013] FIG. 3 is a table showing characteristics and per-
formance of various examples of metal-coated optical fiber.
[0014] FIG. 4 illustrates an exemplary process for drawing
optical fiber and applying a temporary coating thereto.
[0015] FIG. 5A is a diagrammatic end view of an optical
fiber at an intermediate manufacturing step in accordance
with the present invention.

[0016] FIG. 5B is a diagrammatic end view of the optical
fiber of FIG. 4A at the conclusion of a manufacturing
process in accordance with the present invention showing
individual metal layers.
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[0017] FIG. 6 illustrates an exemplary process for coating
optical fiber with metal in accordance with an embodiment
of the present invention.

[0018] FIG. 7 is a diagrammatic representation of a bath
arrangement that may be used in the process of FIG. 6 in
accordance with an embodiment of the present invention.
[0019] Repeat use of reference characters in the present
specification and drawings is intended to represent same or
analogous features or elements of the invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0020] It is to be understood by one of ordinary skill in the
art that the present discussion is a description of exemplary
embodiments only, and is not intended as limiting the
broader aspects of the present invention, which broader
aspects are embodied in the exemplary constructions.
[0021] The present invention provides various improve-
ments in metal-coated optical fiber and methods of making
the same. Referring now to FIG. 1, an exemplary metal-
coated fiber 10 is illustrated. Fiber 10 includes a glass fiber
having a core 12 and a cladding 14. A metal coating 16
surrounds and contains the cladding/core combination. As
will be described more fully below, metal coating 16 may
often be formed of a plurality of metal layers applied by a
combination of electroless and electrolytic plating. Typi-
cally, combinations of electroless copper, electrolytic cop-
per, and electrolytic nickel can be used. The resulting fiber
will typically have a desirable combination of low transmis-
sion loss and good ductility.

[0022] As further background, the inventors investigated
optimal structure of metal coating based on plating method
to meet the dual requirements of low loss performance and
of keeping ductility after heat treatment. In this regard, short
pieces of metal coated fiber were made using carbon coated
fiber and tested after heating to find optimal metal structure
for meeting the requirements of downhole cable. Carbon
coating is often desirable because it will inhibit mechanical
degradation by protecting humidity permeation from aque-
ous solutions of plating and hydrogen permeation generated
during plating. One skilled in the art will appreciate, how-
ever, that fiber without a carbon coating can also be appli-
cable.

1. Single Layer Structure

[0023] Optical fiber is made of fuzed quartz, which is
nonconductive. Even if a carbon layer is coated on glass, the
conductance is not sufficient for electrolytic plating due to
thickness of less than 100 nm. The first metallic layer should
be applied on bare optical fiber by electroless plating regard-
less of metal kind. We formed nickel phosphorous alloy or
copper by electroless plating in accordance with the follow-
ing process.

Example 1 (Nickel Phosphorous Alloy Electroless
Plating)

[0024] Step 1 (Removing temporary coating)}—An optical
fiber was provided that was coated with carbon coating
(specifically, amorphous carbon coating) and secondly
coated with temporary plastic coating for mechanical pro-
tection which is soluble with water (as described in appli-
cation no. PCT/US2014/028151). The fiber was dipped into
a container with deionized water for five minutes at approxi-
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mately 60 deg. C., to eliminate the temporary coating and
any contamination deposited on the carbon coating.

[0025] Step 2 (Tin attachment)—A carbon coated bare
fiber with 125 micron diameter was dipped in the next
container with aqueous solution containing 100 ml/LL of a tin
attachment solution (in this case, 20-330001 “sensitizer”
made by Okuno Chemical Industries) for two minutes at
approximately 50 deg. C.

[0026] Step 3 —The tin attachment solution (“sensitizer”)
deposited on the optical fiber was washed away with water.
[0027] Step 4 (Pd attachment)—The optical fiber coated
with the carbon coating was dipped in a container filled with
an aqueous solution containing 70 ml/L. of an activating
reagent (in this case, E20-330003 “Activator” made by
Okuno Chemical Industries) for two minutes at approxi-
mately 50 deg. C.

[0028] Step 5 —The activating reagent was washed away
with water.
[0029] Step 6 (nickel coating formation by electroless

plating process)—The optical fiber coated with the carbon
coating was dipped in a container filled with nickel phos-
phorous solutions of 120 ml/L. of IPC nicoron GM-NP-M
and 70 ml/L. of IPC nicoron GM-NP-1 (GM-NP-M and
GM-NP-1 made by Okuno Chemical Industries) for 27
minutes at approximately 80 deg. C. As a result, a Ni alloy
coating having a thickness of approximately 3 micron was
formed on the carbon coating.

[0030] Step 7—The electroless plating solution deposited
on the Ni coating was washed away with water.

[0031] Step 8 —The optical fiber having the Ni coating
was then suitably dried.

[0032] The resulting optical fiber comprised the silica
based glass optical fiber having a core diameter of 10 micron
and cladding having an outer diameter of 125 micron. The
amorphous carbon coating coated on the cladding had a
thickness of 500 A, and the Ni coating had a thickness of
approximately 3 micron. Namely, an optical fiber coated by
the electrically conductive metal, i.e., the Ni layer, having a
diameter of approximately 131 micron was formed. The
carbon coating and the Ni coating were in good contact with
each other, and thus the Ni coating was not peeled from the
carbon coating when the optical fiber was bent. The optical
fiber with Ni coating was heated inside oven in air atmo-
sphere for 5 hours at 500 degree C. After heating, the optical
fiber became brittle. The fiber was broken when the fiber was
bent. The same fiber was heated in nitrogen atmosphere for
5 hours at 500 deg. C. and then, a bending test was done.
This fiber was also broken by bending.

Example 2 (Copper Electroless Plating)

[0033] In this sample, a copper (Cu) coating was formed
on the fiber’s carbon coating by the electroless plating
process. Accordingly, the steps 1 through 5 were almost the
same as Example 1 except for temperature of step 2 and step
4. Specifically, a temperature of 45 degree C. was applied for
both steps instead of 50 degree C. The following steps were
carried out after step 5.

[0034] Step 6 (copper coating formation by electroless
plating process)—The optical fiber coated with the carbon
coating was dipped in the a container filled with aqueous
copper solutions of 72 ml/l. of OPC copper HFS-A, 150
ml/L. of OPC copper HFS-M and 4 ml/L of OPC copper
HFS-Cnicoron GM-NP-M and 7.3 ml/L of electroless cop-



US 2017/0285261 Al

per R-H (HFS-A, HFS-M, HFS-C, R-H made by Okuno
Chemical Industries) for 15 minutes at approximately 45
deg. C.

[0035] Step 7—The electroless plating solution deposited
on the Cu coating was washed away with water.

[0036] Step 8—The optical fiber having the Cu coating
was dried.
[0037] As a result, a Cu coating having a thickness of

approximately 3 micron was formed on the carbon coating.
Namely, an optical fiber coated by the electrically conduc-
tive metal, i.e., the Cu layer, having a diameter of approxi-
mately 131 micron was formed. The carbon coating and the
Cu coating were in good contact with each other, and thus
the Cu coating was not peeled from the carbon coating when
the optical fiber was bent in the diameter of 10 mm. The
optical fiber with Cu coating was heated inside oven in air
atmosphere for 5 hours at 500 degree C. After heating, the
coating of optical fiber was cracked and peeled off. The fiber
was broken when the fiber was bent at 10 mm diameter
because metal coating did not work for protective coating.
According to the results of Examples 1 and 2, initial bending
performance was good before heating but it lost ductility
after heat treatment in air and fiber was broken by bending.
Optical fibers were heated under nitrogen atmosphere and
gave bending of 10 mm in diameter. The fiber broke by
bending again. But cracked carbon was porous and still soft
but was peeled off partially. So the breakage was caused by
handing glass fiber without coating.

II. Double Layer Structure

Example 3—(Electroless Copper and Electrolytic
Nickel Plating)

[0038] In this sample, a copper (Cu) coating was formed
on the carbon coating by the electroless plating process, and
a nickel (Ni) coating was formed on the Cu coating by
eletrolytic plating. Accordingly, the following steps were
carried out after steps 1 through 6 of Example 2.

[0039] Step 6a (Cu coating formation by electroless plat-
ing process)—The optical fiber coated with the carbon
coating was dipped in a container filled with aqueous copper
solutions of 72 ml/LL of OPC copper HFS-A, 150 ml/LL of
OPC copper HFS-M and 4 ml/l. of OPC copper HFS-
Cnicoron GM-NP-M and 7.3 ml/L. of electroless copper R-H
(HFS-A, HFS-M, HFS-C, R-H made by Okuno Chemical
Industries) for 12 minutes at approximately 45 deg. C. As a
result, a Cu coating having a thickness of 2.5 micron was
formed on the carbon coating.

[0040] Step 7a—The optical fiber was washed with water.
[0041] Step 8a (Acid activation)—The optical fiber coated
with the carbon coating and the Cu coating was dipped in a
container filled with acid solutions (Sulfuric acid 100 g/L.)
for 0.5 minutes at room temperature (RT) for activation.
[0042] Step 9a (Ni coating formation by electrolytic plat-
ing process)—The optical fiber coated with the carbon
coating and the Cu coating was dipped in a container filled
with aqueous solutions (300 g/, of nickel (II) sulfamate
tetrahydrate, 5 g/IL of nickel (II) chloride hexahydrate and 40
g/L of boric acid) for 9 minutes at approximately 40 deg. C.
with 1A/dm?2 of current.

[0043] Step 7—The electrolytic plating solution deposited
on the Ni coating was washed away with water.

[0044] Step 8—The optical fiber having the Ni coating
was dried.
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[0045] As a result, a Ni coating having a thickness of 1.7
micron was formed on the Cu coating. Namely, an optical
fiber coated by electrically conductive metal, i.e., the Cu and
Ni layers, having a diameter of approximately 133 micron
was formed. The carbon coating and the Cu/Ni coating were
in good contact with each other, and thus the Cu/Ni coating
was not peeled from the carbon coating when the optical
fiber was bent in the diameter of 10 mm The optical fiber
with Cu/Ni coating was heated inside oven in air atmosphere
for 5 hours at 500 degree C. The fiber broke by bending after
heat treatment under air. But the same fiber passed bending
test after heat treatment of 5 hours at 500 deg. C. in nitrogen
atmosphere.

Example 4 (Electroless Copper and Electrolytic
Copper Plating)

[0046] In this sample, a copper (Cu) coating was formed
on the carbon coating by the electroless plating process, and
a copper (Cu) coating was formed on the Cu coating by
eletrolytic plating. Accordingly, the following steps were
carried out after steps 1 through 6 of Example 2.

[0047] Step 6b (Cu coating formation by electroless plat-
ing process)—The optical fiber coated with the carbon
coating was dipped in a container filled with aqueous copper
solutions of 72 ml/LL of OPC copper HFS-A, 150 ml/L. of
OPC copper HFS-M and 4 ml/l. of OPC copper HFS-
Cnicoron GM-NP-M and 7.3 ml/L. of electroless copper R-H
(HFS-A, HFS-M, HFS-C, R-H made by Okuno Chemical
Industries) for 9 minutes at approximately 45 deg. C. As a
result, a Cu coating having a nominal thickness of 1 micron
was formed on the carbon coating.

[0048] Step 7b—The optical fiber was washed with water.
[0049] Step 8b (Acid activation)—The optical fiber coated
with the carbon coating and the Cu coating was dipped in a
container filled with acid solutions (Sulfuric acid 100 g/L)
for 0.5 minutes at RT for activation.

[0050] Step 9 (Cu coating formation by electrolytic plating
process)—The optical fiber coated with the carbon coating
and the Cu coating was dipped in a container filled with
aqueous solutions (70 g/L. of copper sulfate, 200 g/L. of
sulfuric acid, hydrochloric acid 50 ml/L,, 2.5 ml/L of top
Iucina 81 HL, and 10 ml/L. of top lucina make up (top lucina
81 HL, top lucina make up, made by Okuno Chemical
Industries) for 24 minutes at approximately RT with 1A/dm2
of current. As a result, a Cu coating having a thickness of 4.4
micron in total including electroless copper was formed.
Namely, an optical fiber coated by electrically conductive
metal, i.e., the Cu layer, having a diameter of approximately
134 micron was formed. The carbon coating and the Cu/Cu
coating were in good contact with each other, and thus the
Cu/Cu coating was not peeled from the carbon coating when
the optical fiber was bent in the diameter of 10 mm. The
optical fiber with Cu/Cu coating was heated inside oven in
air atmosphere for 5 hours at 500 degree C. The fiber broke
by bending after heat treatment under air. But the same fiber
passed bending test after heat treatment of 5 hours at 500
deg. C. in nitrogen atmosphere. And the surface of metal
layer was cracked and peeled off partially.

[0051] The characteristics of four fibers are summarized in
Table 1 of FIG. 2. As can be seen, Example 2 and Example
4 showed no breakage against bending after heat treatment
but the coating surface was cracked and glass portion was
exposed partially according to the observation of SEM
(scanning electron microscope). It is known that nickel
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phosphorous alloy made by electroless plating changes its
brittleness by heat aging (See Wolfgang Riedel, Electroless
Nickel Plating). In general, electroless nickel has less duc-
tility than that of electrolytic nickel. Comparing effect of air
and nitrogen of heat treatment, nitrogen heat treatment gave
less degradation of ductility. It is known that oxidation speed
of nickel is lower than that of copper. This was verified
comparing Example 3 and Example 4.

[0052] Japanese patent P2011-64746A, incorporated
herein by reference in its entirety for all purposes, includes
three layer structure of metal coating, namely electroless
copper, electrolytic copper, and amorphous nickel. The
amorphous nickel described in the patent is made by elec-
troless nickel plating as nickel phosphorous alloy or nickel
boron alloy. Amorphous nickel is different from cystalic
nickel made by electrolytic nickel plating as pure nickel.
[0053] In order to improve ductility after heat treatment
under air, a three layer structure having selected thicknesses
of each metal layer can be advantageously employed. For
example, according to a preferred embodiment, electroless
copper may be coated on the carbon coating as the first metal
layer. Then, an electrolytic copper layer may be deposited on
the layer of electroless copper. And finally, electolytic nickel
may be deposited on the electrolytic copper as an outer
surface. Preferably, the thickness of the electroless copper
layer may be minimized because the deposit rate of elec-
troless copper is less than that of electrolytic copper. By
minimizing electroless copper thickness, process times can
be improved. Moreover, the total thickness of copper (in-
cluding electroless copper and electrolytic copper) is opti-
mized for ductility after heat treatment. The nickel layer is
applied to protect oxidation of copper.

[0054] Ductility performance after heating as parameters
of copper and nickel thickness is shown in FIG. 3. Each
circle or “X” indicates that metal coated fiber having Cu and
Ni of various thickness was made and bending test was done
after heating. The test results, as indicated, demonstrate that
the structure having more than 5 micron of electrolytic
copper and more than 0.5 micron of electrolytic nickel
showed good ductility against atmospheric heating of 500
deg. C. for 5 hours.

[0055] As noted above, transmission loss performance, in
addition to ductility after heat treatment, is an important
characteristic for downhole applications. The inventors fab-
ricated long metal coated fiber for evaluation of transmission
characteristics. As an example, metal coating thicknesses of
six (6) micron of electrolytic copper and one (1) micron of
nickel may be utilized. Referring now to FIG. 4, long optical
fiber having carbon layer and water soluble polymer may be
produced using the illustrated apparatus. In this regard, a
single mode fiber preform 20 is heated by heater 22 to a
suitable temperature (e.g., 2000 deg. C.). The drawn fiber 24
enters carbon coating furnace 26 in line with the drawing
furnace. Acetylene or other hydrocarbons are decomposed
thermally and amorphous carbon is deposited on glass
surface during passing through the chamber. Then, carbon
coated fiber 28 goes through coating die 30 for application
of water soluble polymer. In one example, the water soluble
polymer may be OKS 8049, Nichigo 20% aqueous solution.
The coated fiber 32 passes through a curing oven 34 and is
taken up into a reel 35.

[0056] The cross section of the temporary coated optical
fiber 32 is shown in FIG. 5A. As can be seen, fiber 32 has
a core 34, cladding 36, and a carbon coating 38. The
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temporary polymer coating, which is applied to facilitate
handling during intermediate process steps, is shown at 40.
The temporary coating 40 may desirably have a thickness of
about 10 microns in accordance with some preferred
embodiments.

[0057] FIG. 5B illustrates the final long optical fiber 42 to
be produced. Fiber 42 retains core 34, cladding 36 and
carbon coating 38. In addition, however, a three-layer metal
coating is located on the exterior of carbon coating 38. As
noted above, this metal coating may comprise an electroless
copper layer 44, an electrolytic copper layer 46, and an
electrolytic nickel layer 48 in some presently preferred
embodiments. An apparatus and process for producing the
long optical fiber 42 will now be described.

[0058] Referring now to FIG. 6, optical fiber 32 (with
water soluble polymer) is stocked, such as on reels 35. When
necessary, a reel 35 of fiber 32 is served for plating.
Specifically, temporary coated fiber 32 is paid off from reel
35 as shown. Pulleys 50, 52 may preferably be provided to
determine position of fiber precisely against the input holes
of the respective baths. The take-up reel for the finished
optical fiber 42 is shown at 54.

[0059] It will be appreciated that the plating process is
similar in some respects to that described in application no.
PCT/US2014/028151. For example, during the process
before sufficient thickness of metal is applied, bare fiber is
exposed to solutions without any contact to hard material. In
fact, each of the baths to be described is preferably config-
ured such as shown in FIG. 7 to allow entry and exit of the
optical fiber without touching any hard material. As will be
described, pulleys 56 and 58 are preferably made of con-
ductor so that they are used for cathodes of electrolytic
plating.

[0060] Fiber 32 first encounters bath 60, which is filled
with water for removing the temporary polymer coating.
Bath 62 is filled with aqueous solution of tin attachment and
bath 64 is filled with aqueous solution of Pd attachment.
Baths 66, 68, 70, 72, and 74 are filled with water for rinsing.
Bath 76 contains activation solution and bath 78 is filled
with aqueous solution of electroless copper.

[0061] Baths 80 and 82 are filled with electrical copper
aqueous solution and electrolytic nickel aqueous solution,
respectively. Anode plates 84 and 86 are located inside of
respective baths 80 and 82, and are used for electrolytic
plating. When fiber goes through at constant speed, one
skilled in the art will appreciate that bath length determines
soaking time. The relative length of each bath is thus
designed to correspond to relative ratio of soaking times for
baths (except for rinsing).

[0062] After passing bath 60, the fiber’s carbon coating is
exposed by dissolving the polymer coating. The bare fiber
goes through each solution in the baths without contacting
hard material due to the overflow design concept shown in
FIG. 7. During bath 78, electroless copper is deposited on
the carbon coating. In general, process time is dominated by
electroless copper because the deposit rate of electroless
copper is slow. In the system shown in FIG. 6, however,
electroless plating and electrolytic plating are processed in
tandem. So the thickness of copper is formed by not only
electroless copper in bath 78 but also electrolytic copper in
bath 80 before contacting cathode pulleys 56 and 58. This
means the thickness of electroless copper can be reduced as
small as possible to give enough conductivity for electrolytic
plating. For example, the thickness of electroless copper can
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be reduced to be less than 0.5 micron because enough
thickness of copper, more than 2 micron, is formed by
electrical plating before arriving to pulley 56. As can be
seen, the optical fiber reenters bath 80 after passing around
pulley 56 for additional electrolytic plating of copper. This
plating line is designed to form six (6) micron of copper
layer and one (1) micron of nickel layer from the thin
electroless copper layer which is formed on the carbon
coating. The bath solutions may include formaldehyde bath
solutions.

[0063] FIG. 7 illustrates one configuration of an arrange-
ment that can be used in the process of FIG. 6 to ensure that
the optical fiber does not contact anything except the water
or process solution (depending on which bath). In this case,
fiber passes through exits (i.e., fiber inlet and outlet) of a
bath where liquid flows out and below the level of liquid.
The bath arrangement includes dual cells, an inner cell
(vessel) 90 and an outer cell (vessel) 92. Inner cell 90
contains sufficient liquid such that it flows over from exits at
each end (as shown). Outer cell 92 receives the liquid which
flows out from inner cell 90 for recirculation. The liquid
received by outer cell 92 flows to solution reservoir 94. A
slight pulling tension is preferably applied to the fiber so as
to cause straight passing through holes or slits of walls
without touching.

[0064] As shown, solution in reservoir 94 is pumped up
into inner cell 90 to keep the fiber immersed in the liquid of
the cell. It will be appreciated that the fiber will have a
tendency to sag between fiber inlet and fiber outlet due to
gravity. Because the liquid inlet into inner cell 90 from the
pump is located at bottom of the cell, this tends to push the
fiber up by the flow of the liquid. The upward force
counteracts the sagging due to gravity and prevents the fiber
from contacting hard components, such as the bottom or
walls of inner cell 90. The fiber’s vertical position will
preferably be controlled to keep constant against sag by
monitoring position and adjusting the flow rate of the
incoming solution, if necessary.

[0065] As result of the described arrangement, optical
fiber with carbon coating and six (6) micron of copper
coating and one (1) micron of nickel coating was obtained
in an example. The transmission loss was 1.4 dB/km at 1310
nm and 1.1 dB/km at 1550 nm. The transmission loss is
much improved up to Yioth of conventional metal coated
fiber. The bending test after heating for 5 hrs at 500 deg. C.
atmospheric oven showed good ductility.

[0066] Regarding metal coating structure, the three layer
structure comprising inner electroless copper layer, electro-
Iytic copper layer, and outer nickel layer was found to be
good for heat resistant property in atmospheric environment.
This is because copper keeps good ductility even after heat
treatment and nickel works as protective coating against
oxidation because of its low oxidation speed. From the
viewpoint of ductility after heating, pure copper is better
than alloyed copper with some impurities. Thus, electroless
copper or electrolytic copper should preferably be designed
to form copper as pure as possible to get enough ductility.
Copper is easily oxidized at high temperature under air
atmosphere. But oxidized copper is porous, still soft and will
not generally give damage to fiber surface after heating. And
thicker copper layer works as a buffer layer against outer
layer’s stress. On the other hand, oxidization speed of nickel
is very slow compared with copper although oxidized nickel
becomes hard and brittle. Oxidized nickel is not good for
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inner layer for its hardness, but a nickel layer is good for
outer surface as it serves as an oxidation barrier. Inner
copper makes a role of protective layer against mechanical
propagation of crack or contact of hard and brittle outer layer
of nickel.

[0067] As parametric study of nickel and copper, copper
thickness of more than five (5) micron including electroless
copper and more than one (1) micron of electrolytic nickel
works well under high temperature, atmospheric environ-
ment. As increasing thickness of copper or nickel, the
transmission loss increases because the thermal stress at
interface between glass and metal increases and then it
causes microbending loss. So less than 20 micron of metal
layer gives better loss performance than conventional metal
coated fibers made by metal freezing method.

[0068] The three layer structure is preferably formed by a
tandem process of electroless copper plating and electrolytic
copper process. The tandem process enables minimizing the
thickness of electroless copper because enough thickness for
mechanical handling is formed by adding electrolytic copper
layer to electroless copper layer. The process time is domi-
nated by the electroless copper for its slow deposit rate
compared with electrolytic plating process. This enables
enhancement of line speed of production because the fixed
length of plating bath and deposit rate limits the process
time, that is, plating thickness. The present invention pro-
vides a manufacturing method to form enough thickness of
metal by adding electrolytic metal deposit to electroless
metal deposit tandemly on a optical fiber without contact to
hard material until optical fiber contacts with cathode, thus
contributing to productivity enhancement.

[0069] While preferred embodiments of the invention
have been shown and described, modifications and varia-
tions may be made thereto by those of ordinary skill in the
art without departing from the spirit and scope of the present
invention. In addition, it should be understood that aspects
of the various embodiments may be interchanged both in
whole or in part. Furthermore, those of ordinary skill in the
art will appreciate that the foregoing description is by way
of example only, and is not intended to be limitative of the
invention as further described in the appended claims.

What is claimed is:

1. A method for producing metal-coated optical fiber, said
method comprising:

(a) feeding a length of glass fiber through a first solution
bath so as to plate a first predetermined metal on the
glass fiber via electroless deposition; and

(b) passing said length of glass fiber continuously from
said first solution bath to a second solution bath adapted
to plate thereon a second predetermined metal via
electrolytic plating such that said optical fiber contacts
an electrode only after at least some of said second
predetermined metal has been applied.

2. A method as set forth in claim 1, further comprising the

step of:

(c) passing said length of glass fiber continuously from
said second solution bath to a third solution bath
adapted to plate thereon a third predetermined metal via
electrolytic plating.

3. A method as set forth in claim 2, wherein said second
predetermined metal is copper and said third predetermined
metal is nickel.

4. A method as set forth in claim 3, wherein said first
predetermined metal is copper.
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5. A method as set forth in claim 4, wherein a combined
thickness of said first predetermined metal and said second
predetermined metal is at least about 5 microns.

6. A method as set forth in claim 5, wherein a thickness
of said first predetermined metal is no greater than about 0.5
microns.

7. A method as set forth in claim 4, wherein a thickness
of said third predetermined metal is at least about 0.5
microns.

8. A method as set forth in claim 1, wherein said glass
fiber has a carbon layer.

9. A method as set forth in claim 1, wherein said electrode
comprises a first electrode integrated into a first pulley
wheel.

10. A method as set forth in claim 9, wherein an additional
thickness of said second predetermined metal is plated on
said length of glass fiber after contacting said first pulley
wheel.

11. A method as set forth in claim 10, wherein said length
of glass fiber further contacts a second electrode integrated
into a second pulley wheel after said additional thickness of
said predetermined metal has been plated thereon.

12. A method as set forth in claim 10, wherein said length
of glass fiber bends around said first pulley wheel and
reenters said second solution bath.

13. A method as set forth in claim 1, wherein said length
of glass fiber is initially coated with a polymer coating that
is removed prior to said first solution bath.

14. A method as set forth in claim 1, wherein said polymer
coating is water soluble.

15. A method as set forth in claim 1, wherein said first and
second solution baths each comprise a vessel having an inlet
hole and an outlet hole through which the length of glass
fiber passes into and out of said vessel, an associated
solution flowing out of said inlet and outlet holes.

16. An optical fiber comprising:

a glass fiber including a core and a cladding;

a multi-layer metal coating comprising a first layer of

copper, a second layer of copper, and a third layer of
nickel, said first layer being applied through an elec-
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troless process and said second layer and said third
layer being applied through respective electrolytic pro-
cesses.

17. An optical fiber as set forth in claim 16, wherein a
combined thickness of said first layer of copper and said
second layer of copper is at least about 5 microns.

18. An optical fiber as set forth in claim 17, wherein a
thickness of said first layer of copper is no greater than about
0.5 microns.

19. An optical fiber as set forth in claim 17, wherein a
thickness of said third layer of nickel is at least about 0.5
microns.

20. An optical fiber as set forth in claim 16, wherein said
glass fiber has a carbon layer outside of said cladding.

21. An optical fiber as set forth in claim 16, wherein said
optical fiber has a length greater than one meter.

22. An optical fiber as set forth in claim 21, wherein said
optical fiber is between one and ten kilometers in length.

23. An optical fiber comprising:

a glass fiber including a core and a cladding;

a multi-layer metal coating comprising a first layer of first
metal, a second layer of said first metal, and a third
layer of a second metal, said first layer being applied
through an electroless process and said second layer
and said third layer being applied through respective
electrolytic processes, such that a combined thickness
of said first layer and said second layer is at least about
5 microns and a thickness of said third layer is at least
about 0.5 microns.

24. An optical fiber as set forth in claim 23, wherein a
thickness of said first layer is no greater than about 0.5
microns.

25. An optical fiber as set forth in claim 23, wherein said
glass fiber has a carbon layer outside of said cladding.

26. An optical fiber as set forth in claim 23, wherein said
optical fiber has a length greater than one meter.

27. An optical fiber as set forth in claim 26, wherein said
optical fiber is between one and ten kilometers in length.
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