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20  boats, sporting goods, missiles and armor. However, a major drawback of these
types of fibers has been their relatively poor flexural rigidity and compressive
properties. Fibers yield at low values of stress on the order of 400 megapascals
(MPa) with the formation of kink bands.

In order to alleviate this difficulty, much effort has gone into attempts to

25  cross-link the polymer in the filaments, but to date there has been little success.
Another approach has been to coat the fiber with a sufficiently high modulus
material, to, in effect, "girdle" the filament and prevent buckling. Early work by
McGarry et al., SAMPE Quarterly, p. 35, July 1992, demonstrated the

- effectiveness of this approach with vapor deposited alumina coatings. Recently,

30 enhanced properties have been reported for the microwave plasma assisted
organometallic deposition of TiN coatings on KEVLAR® aramid fibers.

An alternative coating for KEVLAR® aramid fibers with potential for
improving the mechanical properties of the fibers is "diamond-like-carbon” (DLC).
DLC is a smooth amorphous solid made up of a highly cross-linked carbon

35 network with a substantial degree of sp3 bonding. This sp? bonding results in
mechanical properties approaching that of diamond itself. The fraction of sp3
bonding can vary from about 10 percent to about 90 percent depending upon the
deposition process and the processing conditions, yielding films with properties
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SUMMARY OF THE 10N
20 To achieve the foregoing and other objects, and in accordance with the
. purposes of the present invention, as embodied and broadly described herein, the
present invention provides a process of coating a non-conductive fiber with
diamond-like carbon including passing a non-conductive fiber between a pair of
parallel metal grids within a reaction chamber, introducing a hydrocarbon gas into
25  the reaction chamber, forming a plasma within the reaction chamber for a sufficient
period of time whereby diamond-like carbon is formed upon the non-conductive
fiber.
The present invention further provides a reactor chamber for deposition of
diamond-like carbon upon a non-conductive fiber including a vacuum chamber, a
30  cathode assembly including a pair of electrically isolated opposingly parallel metal
grids spaced apart at a distance of less than about 1 centimeter, an anode, a means
of introducing a hydrocarbon gas into said vacuum chamber, and a means of
generating a plasma within said vacuum chamber.
The present invention still further provides a cathode assembly mcludmg a
35  pair of electrically isolated opposingly parallel metal grids spaced apart at a
distance of less than about 1 centimeter sufficient to substantially eliminate
formation of a plasma within the space between the parallel metal grids.
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metal grids. or fibers of inorganic polymers or matenals such as silicon carbide. Othefnon-
conductive polymer fibers, such as nylon, other liquid crystalline polymers, or
20 NOMEX?® aramid fibers (commercially available from E. 1. du Pont de Nemours
and Company, Wilmington, DE), or other non-conductive inorganic fibers, such as
alumina-based fibers or glass fibers, can be similarly coated.

The fibers coated by DLC in the present procéss and apparatus are

generally of a thickness from about 0.1 microns to about 10 microns, preferably
25  from about 0.1 microns to about 2 microns.

The cathode assembly of the present invention includes a paxr of metal, e.g.,
steel, plates, each having a center section removed from the plate. Over this center
section of each plate is mounted a metal grid or mesh having square or diamond-
shaped openings. The metal grid or mesh is preferably oriented such that the metal

30 portion of the grid is not parallel to the direction of fiber alignment during
deposition thereby avoiding any potential continuous shading of the underlying
fiber.

The cathode assembly is shown in Fig. 1 and includes a first plate 12
positioned within a parallel plane over a second plate 13 (not shown). Both the

35 first plate 12 and the second plate have a center opening over which is
positioned a metal grid or mesh 14. The metal grid or mesh 14 is shown with
 the openings defining a square or diamond shape and the metal of the grid is
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20  combination with a grounded anode, will result in a negative DC bias at the
cathode. Generally, the bias potential is maintained at from about 100 to about
1000 volts. Higher bias potentials can result in the formation of ;Sroducts other
than DLC such as glassy carbon or graphitic carbon.
To form the plasma for formation of the DLC in the present process,
25 hydrocarbon gases such as alkanes (methane, ethane, propane, butane and the
like), alkenes (ethene, propene, butene, pentene and the like), alkynes
(acetylene, propyne, butyne, pentyne and the like) or other hydrocarbons such
as alkadienes, alkatrienes, cycloalkanes, arenes, cumulenes, terpenes and the
- like can be employed. Preferable, the hydrocarbon gas is an alkane such as
30 methane. _
The reactor assembly can further include a means for transporting fiber
through the chamber for efficient and continuous processing of the fiber. Such
a means for transporting the fiber can involve a pair of spools or reels situated
on opposite sides of the reaction chamber within the vacuum system such that
35  the fiber to be coated is unwound off of a first spool, passed through the
reaction chamber and through the cathode assembly for coating with DLC and
then rewound as a coated fiber on a second spool.
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15 bombardment aspect of the process results in line of sight deposition.

Conformal coating is possible by careful design of the anode/cathode assembly.
To fully coat around the fibers, deposition was performed on spread fiber tows
and coated one side at a time.
The present invention is more particularly described in the following

20 non-limiting examples which are intended as illustrative only, since numerous

modifications and variations will be apparent to those skilled in the art.
EXAMPLE 1
KEVLAR® 49 aramid fibers from E. I. du Pont de Nemours and

Company (Wilmington, DE) were coated using a parallel plate 13.56 megahertz

25 (MHz) RF plasma technique as shown in Fig. 1. The system consisted of a
diffusion pumped high vacuum chamber with mass flow controllers and a
conductance valve for operation at reduced pressure. The basic process required
the formation of a plasma between a grounded anode (the wall of the vacuum

_ system) and a powered cathode. The anode-cathode assembly was deliberately

30 asymmetrical such that a negative DC self-bias resulted at the cathode. The
plasma was formed from a hydrocarbon gas of methane, which was
disassociated and jonized in the plasma. Ions were accelerated across the
plasma sheath towards the cathode as a result of the self biasing. Yon
bombardment was a critical aspect of depositing DLC with the desired

35  properties. For a pressure regime of 50 to 100 microns, biasing on the order of
several 100 volts to about 1000 volts was required. Low bias potentials result in
polymer-like properties while too high of a potential will yield a glassy or
graphitic carbon film.
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spool , passed t hrBRWE wasapplied to theoqthope Fesiiagines negative saibbighoft he cat hode
assenbly for coat ippgortinaalyDIs00 @5t DC. Theidvonditiondweaed used @ sparidr@tbahitiRer on a
second spool .15 fper surface for a period of 15 minutes and improve film adhesion. Poliowing
this argon pretreatment, the RF power and argon was turned off and the system
was evacuated to 10-6 torr. Methane gas was introduced to a pressure of
8.5 X 10-5. Sixty-five watts of RF power was applied to the cathode resulting
in a negative self-bias of approximately 520 volts DC. Deposition was
20  continued for about 4 hours. At the end of this time both the RF power and
methane gas flow were discontinued and the chamber re-evacuated. The sample
was allowed to cool. The chamber was backfilled with argon and opened to air.
The stainless steel plate was removed from the cathode, turned over and
refixtured to the cathode for coating the opposite side of the fibers. The
25 chamber was evacuated as before and methane gas was introduced to a pressure
of 8.5 X 10-3. Sixty-five watts of RF power was applied to the cathode
resulting in a negative self bias of approximately 475 volts DC, Deposition was
continued for an additional 4 hours.
- The resultant material, i.e., the coated fibers, was tested using a three point
30  bend test developed for use with a nanoindentor from Nano Instruments, Inc.
(Knoxville, Tennessee) and described in U.S. provisional patent application serial
number 60/007,849, by Devlin et al., entitled "Flexure Test For Small Diameter
Fibers", filed concurrently herewith, the contents of which are incorporated herein
by reference. The results of the test are shown in Fig. 3.
35 | 'EXAMPLE 2
As a goal to continuously and efficiently coat fibers, a process for coating
both sides of the fiber simultaneously was devised. The process is illustrated in
Fig. 1. The cathode assembly consisted of two parallel grids constructed from
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skill ed in thdS5ar tacross the open section of a steel plate 1.5 millimeters thick. A EodNRIplatel

Cvoary (b1 o noy el O e 4 e, A BRI St .

Conpany. (W I m ngto P@)c using a para
25 (Mz) RF pl adhem ﬁﬁblqé@naaotéﬁ@mmmvgh ithe openings e w@@‘%mmwz@d of

a di f f usi on apagheéto mtglplam@uvumgm@ammng& t This@sisre fab@ibBosRvedldser s and
a conduct angg, é’aﬁlo‘&g O3 n&??ﬂagﬁg%g‘tw%én h%%%?@e{ﬁ \g—ﬁﬁ% ?3} The basic

process required orna ounded anode
(the wal |l of 2fe Vegirgments necessggbslo@wyxdamowmee@ﬂ@arﬁw@ﬂem formed
anode- cat hode assegiehl e SfthddearsRindlywere acceRaBdRirbds G dairld@ﬁkc& oA both

' om o hydr ocar ok st B ekfRiyhe b e SRR Snd Bled rongn RT3 Bl ' ™

SO
i oni zed in the pl &hebers fam baty sidesc Jae @p&s@aiua%rrgo%l@r& were then held between

the grids as jons were accelerated through the grid from two directions to strike
25  the fibers.
EXAMPLE 3
The fibers were continuously transported between the grid (assembled as in
Example 2) resulting in uniform coatings on both sides. Continuous coatmg
_ avoided shadow effects from the grid forming in the coating.

30 Although the present invention has been described with reference to
specific details, it is not intended that such details should be regarded as limitations
upon the scope of the invention, except as and to the extent that they are included
in the accompanying claims.



pl asma sheath towards the cathode as a result of the self biasi ng. lon
bonbar dnent was a critical aspect of depositing DLC with the desired 35
properties. For a pressure regine of 50 to 100 m crons, biasing on the

order of several 100 volts to ab@u IO 1S required. Low bias
potenti al s resuW¥pO 9740981 pol ymer-1lik ??B’%Eﬁgﬁ%&gggﬁﬁ t 00 heQuUSYE/18438
potential wll vyi . ~1agr apt rbon Film :
P || Y1 AR S RAVER 1s: | _ nfitm
PCT/ US96/ 18438 1. A procgssf codting a spn-copdustivedibenwithidiamondslikagarben
length, was cut fgompdsify: t ow and 2/ 3 of the fiber bundle renoved. The
remai nder of the bundl e was.s rew wve fi hand and .nount ed, on a st eel
plate approximately 10 crRayE&nmzaRfyqtive fiber betveen a pairo Fipetalgrids
di mensi ons 2. 55 cmithin® reactiorolamber; The fibers were held to the 5 pl ate
w th wel ded netal clips. j ] d 98 bt 2 a second
J@&ueil i ngtaﬁxz%\‘:ou}ﬁ %@ o YRSedBRbRLiBHbEC

"cat hode pl ate" and el ect L.e om the cathode plate with

al uni na spacers. T 3%581‘?‘5‘?‘5/"@%%'%@8“%"@’% E8 %péﬁ?‘gtﬂf:l

i solated from time ouherebyl diathbmd-like dackaba ipforrned wpns the montcondutive/fillwnnect ed to

a power output of a ' \ | 3 to
P P 2, OTHEBJSrﬁ%E{kg CLEMOS Herih S 68 ndRSonldlctive hﬂeﬁ?%g@%&ﬁmg .

an RF, 13.56 Mhz power e vacuum cha
evacuated to bobas@yfﬁ??e@@me of 10[err] torr and backfilled with
argon to a pressure of 3.3. Theprddbsoflaiin® wher&h xdid ndri-sonduative Srgahicigblymer

power was applied | AL | L,ve self-bias of
approxi mately - 5081%3(!) %?p%yﬁﬂ’&%hwg%%%%@g%gd to sputter clean
the 15 fiber surface #orA sathedeaswembly includingapascofglegtricallyrisplated oppesiaghiesi on.

Fol | owi ng t parslledingRNgids@biced hpdit a diskmcEbf [pRwiin abost lodegifietéps t ur ned
off and the Y5t ®Mfficient to substantially eliminate formation of a plasma within the space between
the parallel metal grids.

5. A reactor chamber for deposition of diamond-like carbon upon anon-
conductive fiber comprising:
a vacuum chamber;
20 a cathode assembly including a pair of electrically isolated opposingly
parallel metal grids spaced apart at a distance of less than about 1 centimeter;
a means of introducing a hydrocarbon gas into said vacuum chamber;
and,
a means of generating a plasma within said vacuum chamber.
25 6. The reactor chamber of Claim 5 further including a means of
continuously passing a non-conductive fiber through said cathode assembly.
7. The reactor chamber of Claim 5 wherein said non-conductive fiber is
comprised of poly(para-phenylene)terephthalamide.
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was evacuated to 10-6 torr. Methane gas was introduced to a pressure of
8.5 X 10[err]. Sixty-five watts of RF power was applied to the cathode

resul ting in a negative self-bias of approximtely 520 volts DC.
Deposition was ti nued for about 4 hours. At the end ofpé{¢§§

both the RF pomé?)svg/rz] ] “nmet hane gas flow were di scontinued an t‘héﬁg
chanber re-evacuated. The sanple was allowed to cool. The chanber was
backfilled with argon and opened to air. The stainless steel plate
was renoved fromthe cathode, turned over Yd refixtured to the

cat hode for coating the opposi de,of the fibers. The 25 chanber was
evacuated as before and nethad%ﬁba; s I ntroduced to a pressErzgah iz of
r was applied to th 5]

8.5 X 10[err]. Sixty-five watts of RF p %ﬁ
xi matel yg475 volts DC. ”’g §|t|on

resulting in a fggative self
was cont i nuegsfe . . The resul tant er|
i.e., the coated fifkdrs, was tested using at poi nt 30 b

devel oped for use Wit ho | nstrunents, | ndgjE
(Knoxvill e, Tennesgee ' ) ~ provi sional patent @p#lication
seri al nunbef 6 viin et pl.{ entitled "Fle ® Test

For Smal| D ane{gr- ; eaconcufrently herewith, tdjgjcontents
of which are incorpor [ fpregnce. The resul t S3[3
test are shown in Fi gi$eSs 4 | 14 —JISAVRLE 2
As a goal to conti fuo ef o] fii bers, a processiH
coati ng bot h{ si t e equsly was deviseg e
process is illu$2rate 5 he t Hode assenbly conflicst ed of
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(57) Abstract -

A process of coating a non-conductive fiber with
diamond-like carbon, including passing a non-conductive
fiber between a pair of parallel metal grids within a reaction
chamber, introducing a hydrocarbon gas into the reaction
chamber, forming a plasma within the reaction chamber for
a sufficient period of time whereby diamond-like carbon is
formed upon the non-conductive fiber, is provided together
with a reactor chamber for deposition of diamond-like carbon
upon a non-conductive fiber, including a vacuum chamber,
a cathode assembly including a pair of electrically isolated
opposingly parallel metal grids spaced apart at a distance of
less than about 1 centimeter, an anode, a means of introducing
a hydrocarbon gas into said vacuum chamber, and a means
of generating a plasma within said vacuum chamber.
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7 . WHAT IS CLAIMED I'S: 1. +A process for inproving the fl exuol
risgidity of an aranid fiber conprising deposittitg—=a

di anond- | i ke-carbon coating directly og the s aid fiber

wherein the fl exural dity of said fiber HWﬂE’ ,% Il red to that
of o WHATESGLAMED B o Tiber 2. The /| SR
sai d diannnd | i ke-carbon coating IS dep05|ted by radlo frequency

pl asma assi sted chemical vapor osition. ) The process of claim?2

wherein the f.Aepros:@ssD@rcmr@dng 3 afbs@ral b@td!%e‘?f an pepmid fiber commprising
electrically i 8%% g a%dn‘ﬁ' hkg‘i‘:%?don ﬁ;ﬁﬂb&!}rgéﬁ ‘i‘hé’%&ﬁ & ofsHatip

assenbl y e formation o ma an ereln salg grids
are spaced apaWhefa§ln the ﬂe)@l’aﬂtf&iﬂﬂd fosaﬂdsﬁbe"t lﬁancrgamwrnmreﬁl te ghat of an

substantial ly ﬁﬁéd&é@érSmfooﬁHEFt ion of a pl asma within the space
bet ween the gri

2. The process of claim 1 wherein said diamond-like-carbon coating is deposited by
radio frequency plasma assisted chemical vapor deposition.

3. The process of claim 2 wherein the fiber to be coated is passed between a pair
of electrically isolated parallel metal grids which are part of a cathode assembly
used in the formation of said plasma and wherein said grids are spaced apart a
distance of less than 1 centimeter to substantially eliminate formation of a
plasma within the space between the grids.
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