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fibers, commercially available from AKZO Nobel NV, Netherlands. These aram:d

fibers provide exceptional tenacity and a high tensile modulus. Breaking strengths

of 2.3-3.4 GPa, with a2 modulus of 55-143 GPa, are typical for these fibers. This,

combined with their low specific gravity and thermal stability, has resulted in

20 improved performance in many structural applications such as aircraft, boats,
sporting goods, missiles and armor. However, a major draw back with 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 MPa with the formatton of
kink bands.

25 In order to alleviate this difficuity, much effort has gone into attempts to
cross-link the polymer in the filaments to improve mechanical properties, 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 filaments preventing

- buckling. Early work by McGarry et al. (see F. J. McGarry et al., SAMPE

30  Quarterly, p. 35, July 1993) demonstrated the effectiveness of this approach with
vapor deposited alumina coatings. Recently, enhanced properties have been
reported for the microwave plasma assisted organometallic deposition of TiN
coatings on KEVLAR® aramid fibers. _

Aramid fibers have also been coated with a thin, smooth, adherent isotropic

35  carbon coating for use as medical sutures where biocompatability is important (see
U.S. Patent 4,204,542 (Bokros et al.)). The carbon coating is deposited on the
fiber substrate using vacuum-vapor deposition (VVD). Moreover, diamond-like-
carbon coatings have also been deposited on aramid fibers by initially pre-coating
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15  directly coating an aramid fiber with a high modulus, high strength material such as
diamond-like-carbon. .' _

The invention also provides for diamond-like-carbon coated aramid fibers
having improved mechanical properties, (e.g., flexural rigidity), compared to
uncoated aramid fibers. When diamond-like-carbon (DLC) coatings are applied

20  directly to aramid fibers, there is an increase in flexural rigidity and suppression of
low yielding behavior when the fibers are tested and their mechanical properties
evaluated.

BRIEF DESCRIPTION OF THE FIGURES

_ Fig. 1is an illustration of a cathode arrangement for the plasma deposition
25  of diamond-like-carbon on aramid fibers. |
' Fig. 2 is an illustration of a three point bend tester used to test the
mechanical properties of aramid fibers.

Fig. 3 is a plot showing the results of three point bend tests on NICALON®
SiC fibers of two different diameters.
30 Fig. 4 is a plot showing the results of three point bend tests on coated and
uncoated KEVLAR® aramid fibers.

Fig. 5 is a plot showing the results of tensile tests on diamond-like-carbon
coated KEVLAR® aramid fibers (2 micron thick coating) and uncoated
KEVLAR® aramid fibers.

35 Fig. 6 is a plot showing the results of a three point bending test on
KEVLAR® aramid fibers that have been coated with a submicron coating of
diamond-like-carbon.
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di amond- | i ke-car b%rlleldu%g films with properties ranging from polymer-like to diamond-like. Typical
values of modulus for hard coatings are in the range of about 20 to about 177 GPa. .
15 This, combined with low density, low coefficient of friction, high hardness and low
deposition temperatures, makes DLC an ideal candidate for coating aramid fibers.
Some typical properties of DLC and KEVLAR® aramid fibers are shown in

Table 1 below.

| Table 1 |
E GPa c GPa p___ gl
KEVLAR® 83 32 1.44
DLC 20-177 - 1.8-2.8

20 _
DLC may be deposited by a variety of techniques centered on energetic ion
bombardment, such as plasma assisted chemical vapor deposition (CVD), ion beam
assisted sputtering, cathodic arc and laser ablation of carbon targets. The
following description focuses on a radio frequency (RF) plasma-assisted CVD
25  technique for the deposition of DLC on aramid fibers and describes a method of
- evaluating the flexure properties of single filaments, although the invention is not
limited to this embodiment. '
In the non-limiting examples that follow, aramid fibers were coated using a
parallel plate 13.56 MHz RF plasma technique. Typically, the aramid fibers to be
30  coated by DLC have a thickness from about 5 to about 100 microns, preferably
about 10 to about 40 microns. The apparatus used consists of a diffusion pumped
high vacuum chamber with mass flow controllers and conductance valve for
operation at reduced pressure. The basic process requires the formation of a
plasma between a grounded anode and a powered cathode. The anode-cathode
35  systemis deliberately asymmetric such that a negative DC self-bias results at the
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[err] g/ cc KEVLARSB oatings of up to 2 micrdns were deposited by r_,imgnigg éheﬂ?ers 8
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between two steel plates 10 with a section 2.5 by 5 centimeters, removed from its
center as illustrated in Figure 1. The plate is mounted to the cathode 12 and can be
.15 removed and turned to coat both sides of the fiber. DLC was deposited on the
' fibers under the conditions listed in Table 2 below.

Tablc 2
Coating . _
Thickness Pressure Power Bias Treatment
microns Gas Pa watls Volts Time (min.)
Pretreatment - Ar 47 65 -500 15
DLC coating 23 CHy 113 85 -520 240

_ ~ To improve adhesion of the coating to the fiber, an argon etching process
20  using the same experimental configuration was employed prior to deposition.
After the initial DLC deposition was complete, the plates containing the fiber were
turned over and the other side of the fiber was coated using the same procedure.
Well adhered coatings up to two microns thick were obtained with this procedure.
- Evaluation of the axial compressive properties of single fibers is typically a
25  difficult problem. A number of methods have been devised, most notably the
tensile recoil test developed by Allen {see S. R. Allen, J. Mat. Sci,, 22, 853
(1987)). Alternatively, information on coating performance can be obtained from
measurements of flexural properties. To this end, a three point bend test for single
. fibers was developed for use with a nanoindentor (commercially available from
30  Nanolnstruments, Inc., Knoxville, TN). The method and apparatus are generally
illustrated in Figure 2. Greater detail is provided in U.S. provisional patent
application number 60/007,849 by Devlin et al. entitled "Flexural Test for Small
Diameter Fibers," filed concurrently herewith, the contents of which are
incorporated herein by reference.



DLC nay be deposited by a variety of techniques centered on energetic ion
bonmbar dnent, such as plasma assisted chem cal vapor deposition (CVD), ion
beam assi sted sputtering, cathodic arc and | aser ablation of carbon

targets. The fol | escription focuses on a radio frequency_ (RF

pl asma- assi st ed %@%’% echni que for the depositign of DLC on 5&54‘%&6“8439
fibers and describes a fheehefapphirgfihers aSicryindengthrand AP gicsonsin dizmster gyere

;o‘I nglhe fil alrmn_ts_ flid pal@Ehardna abmwbnmmmr sdtepbiied foerkapghidelfias Rﬁgﬁﬂl nent .
n the non |mt|n exa t m were coated using a
paral l el plate 13 phﬁ'—: ?'htgg?wﬁ'%'&eggﬁf’ tqnﬁgni i#ﬁ d fibers
to be 30 coated ldganmnd:txnaf/ére andmmcwmplmdom!emﬂnn(blth) Y0aigran diggeter
microns, pr ef e&@ﬂ:& ahrﬁyies%eﬁeeahﬁuﬁh d fikryy ﬁﬂ%&)da&hﬁtms% ?lﬁrelﬁb%éon
consists of a di n v er

control l ers and coﬁ@&&ﬁ‘%ﬁf&&%@r&&bggﬁ sgwg&f‘ﬁfeeth'ﬁ%?@p & ?”éth%e
basi ¢ process r equblusstig, hize fiber wast deflected beawpdnatbertwdosuppert fibess. gTlouienpths andode
and a powered cath ofmesa &@m&cmo&ﬁ suctS& thd ok t&e&eﬂta&ro% \,\3“’

asymmetric such th an ve - bi resul.ts at
97y20982 %xrd sapphire Ler was smal?compare to that of the test ﬁber amf’ mayb

PCT/ US96/ 184391¢ at heglertedT Miestfiberswere emily mbented byesithyldl slippingihem betscerstheh as

met hane, which is Q@ﬁ?éﬁ&k%ﬂ%&ﬂﬁg@@h%ﬁ%lh emxn @%@eh&!&é}s d

accel erated across resu of the

sel f-bi asi ng. |on BeRfEiantaleindegtos wag Pﬁqdéapbtéﬁ'ﬂ@?@tméfi'sﬂlé?ﬁwt datgingluding;i t h
the desired proper tHedbrce reuirédor Myafcasiired Sber defgtion All tebQ viepe thRéh tHiCT ONS,

bi asing on the or dg ,n.mﬁyac@ne&gm%&%n;OngragaﬁQ bl gty o0 Low

bi as potentials resu

potential willl¥i eS@n@rQF&wy sﬂmgmpﬁ pql ; mwcmmndvananonmﬁberspm

or gauge length due to rotation about the sapphire fiber support assembly. For an
assembly such as shown in Fig. 2, the gauge length becomes the gap or depression
distance in the planar surface rather than the span gap between the two fibers. For
small displacements, the equation reduces to the following equatiori which is

20  substantially equivalent to the Standard Flexure Formula:

.

dx

p=E50
where:
25 P is the applied load as measured by the indentor (in Newtons);

D is the diameter of the sapphire support fiber (in meters);
E is the modulus of the tested fiber (in Pascals);
1is the moment of inertia of the tested fiber (in meters to the fourth
) power (m#)); and
30 A 1s the displacement as measured by the indentor (in meters).
The fiber diameters were measured by scanning electron micfogfaphs
(SEM). The technique was evaluated with silicon carbide (SiC) fibers
("NICALON" SiC fibers commercially available from Dow Coming Corporation of
~ Auburn, Michigan) of known modulus. Single fiber tensile tests were performed
35  using a micro tensile tester described by Petrovic (see J. J. Petrovic et al,, J. Mat.
Sci., 20, 1167 (1985)). Typical gauge lengths were on the order of 1 centimeter.
The DLC coatings were smooth and reasonably well adhered. For fibers
coated one side at a time, a knit line was sometimes observed in some regions.
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generally compared to 2.93 GPa and 90.4 GPa for the uncoated KEVLAR® aramid fiber.
Results of mechanical tests are summarized in Table 3 below.

Table 3

Failare

Diameter Gauge Load
(um) {um) {mN) o GPa E GPa
KEVLAR® (flexural) 11.6 140 - - 63.5
KEVLAR® (tensile) 12.0 - 5138 331 293 90.4
DLC/KEVLAR® (fiexural) 17.2 140 - - 32.5
DLC/KEVLAR® (tensilc) 168 5641 358 - 1.62 48.5

20
The tensile data for the coated KEVLAR® aramid fiber shows a breaking
strength essentially the same as that of the uncoated KEVLAR® aramid fiber
despite its increased diameter. A calculation of the overall modulus and tensile
strength yields values of 48.5 and 1.62 GPa, respectively, however, on the basis of
25  the original fiber diameter values of 93.1 and 3.16 GPa were obtained. Since the
modulus of DLC and KEVLAR® aramid fibers are comparable, significant
increases in tensile behavior would not be expected. The overall decrease suggests
either a lower modulus coating or a discontinuous coating. If the DLC modulus
where significantly higher, premature failure of the coating due to flaws or pre-
30  existing cracks in the coatings would eliminate its ability to carry load in tension.
However, the behavior in bending was different. Clear improvements in
flexural rigidity were observed for the coated KEVLAR® aramid fiber. No

6



illustrated in Figure 2. Geater detail is provided in U S. provisional
patent application nunber 60/007,849 by Devlin et al. entitled "Flexural
Test for Small Diameter Fibers,” filed concurrently herewith, the contents
of which are incor orat ed herel n by reference. 4 WO 97/ 20982
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the two fi berslS FoYarying process condxtlons can reduce these stresses, but at the expense of desired
properties. Preliminary results on submicron coatings have shown minimal curling.
Figure 6 shows the bending behavior of one such KEVLAR® aramid fiber.
"The fiber shows the onset of yielding followed by a recovery. Although
this behavior is not fully understood, it may be the result of a discontinuous coating
20  orcrack. Filament buckling within the crack would be possible but constrained
due to the finite width of the crack. Further buckling was prevented by the intact
coating. '
An overall increase in flexural rigidity was observed for coated KEVLAR®
aramid fibers. The results of tensile tests showed no increase in tensile strength
25  despite an increase in fiber radius. The breaking strength was effectively the same -
as that of uncoated KEVLAR® aramid fibers. The flexural DLC coating modulus,
assuming the load was carried by the coating was calculated at 63.1 GPa. This is
the same as the measured tensile modulus of KEVLAR® aramid fibers. The
additional decease in the overall tensile modulus of the material may be attributed
30  to premature coating failure or existing cracks in the coating.

Submicron coatings show an unusual recovery behavior in bendings.
Agam this may be attributed to coating failure or pre-existing cracks.
EXAMPLES
The following non-limiting examples further describe and enable the
35  present invention.
- EXAMPLE ]
KEVLAR® 49 aramid fibers from E. I. du Pont de Nemours and Company
(Wilmington, DE) having no surface finish were coated using a paralle} plate
13.56 MHz RF plasma technique as shown in Fig. 1. The system consisted of a

7



snmal | di splacenents, the equation reduces to the follow ng equation which
s 20 subst anti al I y equivalent to the Standard Flexure Formula: [err]

where: 25 Pis the applied | oad as nmeasured by the indentor (in
Newtons); D is the dianeter of the sapphire support fiber (in nmeters); Eis
t he nodul us of tWO%@8%82d fiber (in Pascals); | is the nonent ofcinsiizae of

the tested fiber (i, EB‘?;:F%F@ ﬁgﬁb&uﬂ@%&ﬁ%%rm sghg&r%x)t)olle&'md 30

[err] is the displacenerit n neters). The
fiber diameters wsPBIypAREEYalYE fi B&OMWH@ ® M@@Weﬂﬁ%}cmﬁ(wﬁ The

t echni que was eV&'th@foﬁdaﬁMntdia%lameBétwafng@ﬁndeala@déanb‘pbﬁen(ed RhthMeON'heSI C

fi bers comrerci a vai fr Corn| n n_of .Au

M chi gan) of kno d’u‘faths?g T 1‘52'5%)@‘% Cgtflg cgtﬂ?é l}’?@ﬁfg{f 35
using a mcro ﬁené’iﬂséeﬂlwﬁﬁhmsww b&ke ndysnﬂeqomwm:o!(asqurarb@ngm& ovic et
al., J. Mat. SCi. mefithne Hfich wisHBisheiattdRhE Riniz8d Hthe pRGEL NMony\R&e On the

order of 1 centinete atin ot nd reason
adhered. For fibe Iagceietggpngacrgﬁgmg&f aéﬁ“ﬁ%ﬂ?ﬁﬂg ?@f?&?qadelaf ﬁéesb\!ég{ag‘ﬁw
observed in sone biagingnfon HmbardwenOwds20aBRal Eispeck oftdepositihgfDILE mith cher desitied
bly d t
Dot Lo sy oA E R gl SO T,

coating. For th| n

In
the results ofl? beﬁW%éP‘g"@ﬁtNFéﬁ?_QN[ Er"}'ﬁsri‘i"l' ¥ PBP‘EF@"‘(@’EQ“W‘Pber s of
di fferent di anet epslymei-tike propertiesditileecb high apossati eill yieid b glass)t or@raphitic

carbon film.

A portion of the fiber bundles, 5 cm in length was cut from the tow and 2/3

of the fiber bundle removed. The remainder of the bundle was spread by hand and

15  mounted on a steel plate approximately 10 x 13 cm. with a center section of
dimensions 2.5 x 5 cm. removed. The fibers were held to the plate with welded
metal clips. The plate with fibers was mounted to a second "cathode plate" and
electrically isolated from the cathode plate with alumina spacers. This arrangement
was placed in the vacuum system and isolated from ground. The cathode plate was

20 electronically connected to a power output of a matching network which was in
turn connected to an RF, 13.56 MHz power supply.

The vacuum chamber was evacuated to a base pressure of 106 torr. and.
backfilled with argon to a pressure 3.5 x 10-5 torr. Sixty five watts of RF power
was applied to the cathode resulting in a negatwe self-bias of approximately

25  -500 volts DC. These conditions were used to sputter clean the fiber surface for a
period of 15 minutes and improve film adhesion. Following the argon
pretreatment, the RF power and argon was turned off and the system evacuated to
106 torr. Methane gas was introduced to pressure of 85 x 10-6 torr. Sixty five

- watts of RF power was applied to the cathode resulting in a negative self bias of

30 -520 volts DC. Deposition continued for 4 hours. At the end of this time the RF

power and methane gas flow were discontinued and the chamber re-evacuated.

nh

The sample was allowed to cool. The chamber was backfilled with argon and
opened to air. The stainless stee! plate was removed from the cathode, turned over
and re-fixtured to the cathode for coating the opposite side of the fibers. The

35  chamber was evacuated as before and methane gas was introduced to a pressure of
85 x 105 torr. Sixty five watts of RF power were applied to the cathode with a
resulting negative self bias of -475 volts DC. Deposition was continued for an
additional 4 hours.



5 the nodulus for the fibers results in a value of 187 GPa in good
agreenent with the reported value of 193 GPa, denonstrating the validity of
the testing technique. Figure 4 shows the results of measurenents on an
uncoated KEVLAR[ err] aram d fiber and a KEVLAR err] aramid fiber coated
with 2.3 mcron¥®?¥/2882 The yi el di ng behavior at | ow | oads anBCTUS96/18439

di spl acenent is evi dentyelahddiSuatdha i gngn@@&ﬁgd;smﬁwahﬁmm theer

Yi el di ng oOccurs at a 8 acement mcrons ¢ rresgon a maxi num
strain of 1.2% mhaqe@ag’é end;fest pesviously descgbed;fos use Spthiaangin coat ed
KEVLAR@ ar anmi d f i Ngjolstrameftsdhe TKnoville, TN). EFhiectesults afshéan inuhg 3up to the

di spl acenent of 4 mcrons. Tensile dat%ﬂgjncoat ed and a coated
KEVLAR[ err] aram d fiber 15 (2 mcro - is shown in Figure 5.

A breaki ng stréess of 1A$1matoemmamnﬂmamhe:ﬁimnﬂmu@ram@ﬁberémraﬁth&iforor t he
coat eg gE\éECf[Ag[r " doafthB0tH s:ﬁémfthéﬁwpﬁﬂlﬁﬁnb&zs]& Wi @me@nmeﬁ&tmod@?a for the
uncoat e e ar.a sults of mec e are

summari zed in Tab‘Fl‘éJt"(? rrg% Tg‘ﬂﬁ cé“}f?%ﬁﬁwweﬁcﬁ ﬁ%ir&am%&ﬂﬁhé gady g
([err]m ([er r omptructed(fidd) a stainfesy stdel @Rsh. The glipawkiEshaaf & marh apdrt andur al )
11. 6 1

formed the cathode assembly The Aom-coiaY Etﬁﬁ[ﬂ%fs](n 4 [{BREREVRAR® 49 12. 240

5135 331 Cl KEVL r tal
- 32.5 § ¢ RM{%F@ of Fxﬁgfﬁ Verp passéﬁ)e eJn gg'ldg lons lveg%qucelerated 162
48.5 20 The t ensi theoughtle gridifranhrvoodicettbehs iKiriingRhefibels. Byamaidtainingahe gdows a

br eaki ng st engt hy saaﬁatxa@tﬁae th G2 RarkSpdBln AL o &fﬁ; sm@@&éﬂ err]

aram d fiber desp | S | nCrease | arre cal cul] at|on e oveérall
modul us and tensﬂlhé armationyfiz Rlasee gad ngsangqle veen Aprerids avas gyejded
respectively, hovwahite onlpstatidrandearie pefbrmed, in a preferred practice, the aramid ﬁber or

15  fibes would be continuously transported between the grid resulting in uniform
cdatings on both sides. Similar conditions and pretreatment to those previously
described in Example 1 were used. Uniform coatings up to 0.1 microns were
obtained. For thicker coatings, shadow effects from the grid were observed. Ina
continuous system shadowing would not be present.

20 ~ Sixteen KEVLAR® 49 aramid fibers were spread by hand and taped across
a open section of the steel plate 1.5 millimeters thick. A second plate identical to
the first was attached such that the fibers were sandwiched between them but
visible from both sides through the openings. Stainless steel mesh was attached to
both plates covering the openings. This entire assembly served as the cathode. A

25 3 mm spacing between the steel mesh grids met the requirements necessary to -

- avoid ionization between the grids while ions formed external to the cathode were

' accelerated across the dark space on both sides of the assemble due to the self-bias

and passed through the grids to strike the fibers from both sides. The aramid fibers
were then held between the grids as ions were accelerated through the grid from

30 two directions to strike the fibers.

The assembly was mounted in the vacuum chamber isolated from ground,
and electrically connected to the output of a matching network which in turn was
connected to a 13.56 MHz RF power supply. The chamber was evacuated to
106 torr and subsequently backfilled with argon to a pressure 35 x 106 torr.

35  Sixty-five watts of RF power was supplied to the cathode assembly resuiting in a
negative self bias of approximately 500 volts DC. These conditions continued for a
period of 15 minutes at the end of which the power and gas flow were
discontinued and the chamber was evacuated to 106 torr. Methane gas was



25 the original fiber dianmeter values of 93.1 and 3.16 GPa were obtained.
Since the -nodulus of DLC and KEVLAR[ err] aram d fibers are conparabl e,
significant increases in tensile behavior would not be expected. The
overal | decrease suggests either a | ower nodul us coating or a discontinuous
coating. If thewo@meul us where si gni ficantly higher, premat cﬁr fa%/lhgég;a
of the coating du st (L?H

woul d elimnate |515°d35‘74 ‘PV@E %mg?;frall 9"?%’5%0% ensf%rnagéﬁ}/'\@\%}“t ehavi or
i n bendi ng was dlpbWeremlnghamegampsdﬁfbameBO vdtﬁmémsapphedg)ﬁicwhme
observed for the, dﬂgﬁ}/&,ﬁﬁj V/

PCT/ US96/ 18439 y| B av| o‘r%%\fllvglaus 0 g?{'/lgbtgﬂt thé\gl&fwmén@g?e oé%gg&ﬁgr

di spl acenent | i m'aP Whoerediscontioped M%ﬂm"hgpevmr m stress occurs at
the surface afd the ni¥hésenamples were pestediusing dertkrek poipebend ey edthel rdayltst he

coatings. Under the coating perfornms well. The fl exural
nodul us for the t&%’ oat&ggg@teoﬁ[ err] aramd 5 fiber, assum ng i sotropic

behavi or, was cal cul aFedExanpies 1gmd 3 dasrribed sboveiDfife vas depesitadanderdboyr t ed by
MGarry et al. (gsesditionsdumhaizedblowdi\Wille@uarterly, p. 35 (July 1992)). The
sane cal culation for the coated KEVLAR err] aram d fiber yields an overall
nodul us of 32.4 GPa. When this cal cul ati 321 VpS performed, assum ng the
entire load was carried by the coating, xural nodulus of 63.1 GPa was
10 obt ai ned. This val ue reﬁ@é&&nts t he rm%ul us oggvtege g%(/: coating and was
essentially the sane as the red tensil€® ul f LARIERPEM™ gr am d
fibers. The conpressive stm&&%k&&om a&_&&as 2
GPa. This m ght Betremgeected to-contribate to3the giéxdlingoeffectisIn a
positive fashion xm wgver, it dj d resg{{} in gxcessiye curhgng of,fibers for

the thick, 2 mcron coatlngs .
Example 2 CHy - 85 85 -480 37
10

Although particular embodiments of the present invention have been
described in the foregoing description, it will be understood by those skilled in the
art that the invention is capable of numerous modifications, substitutions and
rearrangements without departing from the spirit or essential attributes of the

15 invention. Reference should be made to the appended claims, rather than to the
foregoing specification, as indicating the scope of the invention.

10



15  Varying process con - ce these stressesy at—t-hre
expense of desired prop I,'ngmﬁﬂuivg Bry results on sub mﬁlﬁgﬁtﬂiﬁgﬁm
have shown minimal curl i RQ.c ws the bendi ng befavi orRERLAGER such

KEVLAR[ err] aram d fiber. The fiber shows the onset of yielding TolTowed DYy
a recovery. Altweggrosai s behavior is not fully understood, itPCEUSIsE3430e
result of a di scogfllggi;@us coating 20 or crack. Filanent buckling within

the crack woul d 1 ble but constrai ned due to the finite width of the

crack. Further bucklinl wapiscess&rimprowps thedlexwabigidiinfian gppmidibesy er al |
i ncrease in flex ue&h prisingidéhdsiting@ izelene-likeBarben coating dicectirih Afslsarfide oftiesri d

fibers. The resul of tensile tests showed no increase in tensile strength
25 despite an i ease in fiber radius. The breaki ng strength was
effectively tHe sane a2 ttﬁmMceurﬁMmd wiExsin ke grangid bﬁ#ﬁ@ﬂpﬁb@r@f The

flexural DLC coatb aghiddje | oad was carri ed by the coating

was cal cul ated at Ggpm%we‘lr’lﬁ?% I S a tensile
modul Us of KEVLAR] err]3-ar %hed’“?qeﬁé’ig a"?ﬂﬁiﬁ%‘? ?F&ﬁ&'iﬁggg 12 Sover al |
tensil e nodul us odxrdcﬂedqnismedmithmnyfabeofamﬁbdoby exdficBfiequenay plasmaassisted coat i ng
failure or exi stl Alj,% coati ng. Subm cron coatings show an

aV| or |

gg;tsrﬁlg ;g?%fiyor pred eX|"§le|Pﬁ‘{f°§§r°ggP§“A%§ﬁRﬂﬂH&}S fr‘@%?%a t“ﬁgg‘;nig?i ?n'oti ng
exanpl es further mglesasetkompared mnmbbated dramidFiberspr esent invention. EXAVPLE 1
KEVLAR 49 aram d fiberg frp H?ax'r:t*md ll!A:e-dr.lélrlJD QQ:Batg@a%We?slﬁ ﬁqﬂﬁaﬁ{%ﬁlh{ mo,

(WImngton, DE) having no surtace finish were coated usi a para
plate 13.56 Mz Ryelfgingahe mesammsgs ofat lsasbdSfen Fig. 1. The system
consisted of a 7 6.  The aramid fiber of Claim 5 wherein the fiber is comprised of

15  poly(para-phenylene terephthalamide).
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WO 97/ 20982
PCT/ US96/ 18439 di ffusi on punped hi gh vacuum chanber with mass flow
control [ ers and conductance val ve for operation at reduced pressure. The
basic process required the formation of a plasnma between a grounded anode
and power ed catWO®a209he anode - cat hode system was del i ber at RGI/ESGMABEr | C
such that a negative DC self- 5 bias resulted at the cathode. The plasm
consi sted of a hydrocarbon gas of nethane, which was di sassoci ated and
ionized in the plasma. lons were accel eratAl across the plasnma sheath
towards the cathode as a result of the self- biasing. |Ion bonmbardnent was a
critical aspect of depositing DLC:mAtHF;!TEdejired properties. For the
pressure reginme of 50 to 100 microns bi a&i n the order of 10 severa
100 volts to a 1000 volts was required. Lom1b|as potentials result in

pol ymer-1i ke properties whi i.,eld a glassy or
graphitic carbon film A portion of the fiber bundles, 5fcmin | ength was
cut fromthe tow and 2/3 off the fiber bundle renoved. |Thg¢ renmi nder of the
bundl e was spread by hand and{15 nmounted on a steel Jpl §te approximately
10 x 13 cm wth a center jecﬁion of dinensions 2.5 x}5 ¢m renoved. The
fibers were held to the platejwith I F\"Ilps The plate with
fibers was mounted to a sedond "catfhod aphd el gctfically isolated
fromthe cathode plate wgtll allum ng sp Thi 5 arrgnggnent was placed in
t he vacuum system and isol dted frorfros he tat hode pl ate was 20

el ectronically connected td a}powerj ou
in turn connected to an ¥ERN 13. 56 Mz
evacuated to a base pressurje ¢f 10[jerr]
a pressure 3.5 x 10[err], tdrr] Sixtjy f
the cathode resulting il '”ﬁega&ive sefl

a [mat chi{ng] net wor k whi ch was
supply. The} vacuum chanber was
anf bacﬁfl led with argon to
Hts pf RF{polwer was applied to

appr ¢xi jratel y

LI ¢ b L
0o
o
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25 -500 volts DC. These conditions were used to sputter clean the fiber
surface for a period of 15 mnutes and i nprove fil madhesion. Follow ng the
argon-pretreatnent, the RF power and argon was turned off and the system
evdcuated to 10[err] torr. Methane gas was introduced to pressure of 85 x
10[err] torr. SWa97/Iop&2ze watts of RF power was applied to the ®&ERGHE18439
resulting in a negative self bias of 30 -520 volts DC. Deposition
continued for 4 hours. At the end of this t} t he RF power and net hane gas
fl ow were discontinued and the chanber re-e uat ed. The sanple was al |l owed
to cool. The chanber was backfilled with argon and opened to air. The
stainless steel plate was renoved fromthe cathode, turned over and
re-fixtured to the cathode for coating the o S|te ide of the fibers. The
35 chanmber was evacuated as before and net gi éwas i ntroduced to a
pressure of 85 x 10[err] torr. Sixty five wa power were applied to

the cathode with a resulting ne?-a-t—v-ve—se-l—‘
iti i areteti PG

s of °

Deposition was conti nued for R Fours 7/ 20982

PCT/ US96/ 18439 The resul tant Ttajeri & = i14e8 M AEORDat ed i i her, was
tested using the three point be \det b ﬂﬂe\‘h BUST YN Yescys uge wWith a
nanoi ndent or from Nanol nstrumgys, Inc. (Knoxville, . The resulfts are
shown in Fig. 5. EXAMPLE 2 5 As a goal to

efficiently coat arfa@AD fibers, Ja method for co t he
fiber . sinultaneousl ypMas devﬂsQa‘izl. The net hod 1. The

cat hode arrangenent consisted of [ ucted fqom a
stainl ess steel nmesh. The gri %s_

0.0 05 1.0 1.5 2.0 2.5
- DISPLACEMENT
microns

FIG.4

81— uncoated KELAR®
- 3 ——DLC coated KEVLAR“”
LOAD
mN 4
2...
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DISPLACEMENT
microns



fornmed the cat hode assenbly. The non-conducting fibers (i.e., the

KEVLAR[ err] 49 10 aramd fibers of Exanple 1) were passed between grids,
and ions were accelerated through the grid fromtwo directions striking the
fibéers. By maintaining the grid spacing to | ess than the cathode dark
space, on the orwem®72M8about one centineter, the formation of @PqlEsIwasand
a virtual anode between the grids was avoided. Wile only static runs were
perforned, in a preferred practice, the aram.d fiber or 15 fibes would be
continuously transported between the grid reddBting in uniformcoatings on
both sides. Simlar conditions and pretreatnent to those previously
described in Exanple 1 were used. Uniformcoatings up to 0.1 mcrons were
obt ai ned. For thicker coatings, shadow ef fromthe grid were observed.
In a continuous system shadow ng woul d noF&:‘eé)g 5ent. 20 Si xt een
KEVLAR[ err] 49 aramd fibers were spread by hand and taped across a open
section of the steel plate ~dS—nillingi-ersthi-chk—~A-sacondptate identical
to the first was attached $uclplich@loqltbd kEﬂgﬁ;@\ere sandwi ched bet ween t hem
but visible fromboth 3 thro%?lﬁ hh Peh@gs. Stainl egs” ®t gel nesh was
attached to both pl ateszjco e?i‘Wé: & o@%ﬂr s. This eng+#fTe-dssgnbly served
as the cathode. A 25 spaci ng between the steg ma!’h grifgs nmet the
requi renents neﬁ@&éry@g%' voi d ionization betwgg /5hé grids while ions
formed external he hode were accel er at gt _aCross the dark space on
bot h si des of themNsser‘tyoa due to the sel fgbfag and passed thrpugh the
grids to strike the fibersjfromboth si ge®” The aram d fibers were then
hel d bet ween the grids {9 4ons were A erated through the gr|jd from 30
two directions to strike the fibep##” The assenbly was nounted | n the vacuum
chanber isolated from gb®mhd, gAY electrically connected to the output of a
mat chi ng network which in. N was connected to a 13.56 VHz power

supply. The chanber was eveéeat&tstogle[eﬁg% t?ré agﬂ%su?S@quently
0 57 x er tort. 3%5°

backfilled with argon to a pressSture ] Si xty-five

watts of RF power was supplied to thePERCENT STFRATN resulting in a

FIG.6
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negative self bias of approxi mtely 500 volts DC. These conditions 1v2193-2
cont i nueﬂlmm Mﬁn“&”ﬁ 15 minutes at the end of which the power and gas
fl ow wer d the chanmber was evacuated to 10[err] torr.

Met hdne gas vas 9 WO 97/ 20982

PCT/ U896/ 18439 introduced to the chanbdd at pressure of 85 x 10[err] torr.
Ei ghty-fi vwHARIS cLAMED Itower resulting in a negative self bias of 480
volts DC was applied to the cathode assenbly. Deposition continued for 37
m nutes at the end of which tinme the power and gas fl ow were di sconti nued
aRd t he changemdeiamaumﬁca&on coateld araiih@Sﬁbes autptedrs saler diatrentldike-uarbog th?a

t hree point bend test and.t ultg are in Figure anpl es
1 and 2 descri G83NGS Poﬂfg%ﬁ)’d‘é’b ?‘gf& %18?' %m' ff’r“g?ﬁ'&e @‘?ﬁ‘ﬁ%n zed
bel ow i n Tabl e rigidity absaid 4osled larargid Tibecisimssased compared toRhatsef wheuncodteder

Bi as Tr eat nent ngr ons Gas torr 10[err] watts Vol ts Ti me
(mn) Pret r eat AEAY Ar 35 65 -500 15
Exanmple 1 2.3 CH err] 85 . 65 -520 240

Exampl e 2 37 10

0.1., . CH.err] . . 85 . -480
ALt hough Bar t J&Fa?ramct@fmt#m 1 Wergin. 6, ek ja TR Belgipere
descri bed in t bhefyeregerephtichiesaide)pt i on, it will be understood by those
skilled in the art that the invention is capable of nunerous nodifications,
substitutions and




{;‘
rearrangerrents W|thout departing fromthe spirit or ess@rﬁ‘ﬁ&ﬁ)é\ttrl but"?s of
the 15 invention. Reference should be made to the appended cl ai ns, raltnﬂérs

than to "t he foregoi ng specification;, as indicating the scope of I opY.
invention. 10 . 11 WHAT IS CLAIMED IS: 1. A di anond- | i ke-ca <.:,;.r': oat ed
NP rect |y

aram d fi ber V\herq'ggr-vgal d di anmppelpinteeEal IROPERIRVREANEATION dEepOSi N
on the surface of aram d fiber andmameaffmyral rigidity of Sai d
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fiber. 2. 1) ire L F > = (l?)rll?tergnﬂonalehlhu%:gl( Num%'u:r?orrpr IW%(WSZ

pol y( par@- p'ﬁen A
WNY 11724, 1 {43) International Publication Date: 12 June 1997 (12.06.97)
(21) International Application Number: PCT/US96/18439 | (81) Designated States: AL, AM, AU, AZ, BA, BB, BG, BR, BY,
: : . CA.CN, CU, CZ EE, GE, .LIS.IP.KG.KP.KR.KZ.
(22) International Filing Date: 18 November 1996 (18.11.96) 1LC LK, LR, L, }.V MD, MG, MK, MN, MX, NO, NZ,
PL, RO, RU, 7SI, SK, TJ, T™™, TR, TT, UA, US, U2,
o VN, ARIPO | t(KE,LS MW, SD, 5Z, UG), Eurasian
(30) Priority Data: patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European
60/007,834 1 December 1995 (01.12.95) uUs patent (AT, BE, CH, DE, DK, ES, FI, FR, GB, GR, IE, IT,
LU, MC, NL, PT, SE), OAPI patent (BF, Bl, CF, CG, CI,
) CM, GA, GN, ML, MR, NE, SN, TD, TG).
(71) Applicants (for all designated States except US): E.1. DUPONT
DE NEMOURS AND COMPANY IS/US]; 1007 Market
Street, Wilmington, DE 19898 (UY3). THE REGENTS OF | Published
THE UNIVERSITY OF CALIFOR [US/US]; 21st figor, With international search report.
| 300 Lakeside Drive, Oakland, CA 94612-3550 (US). Before the expiration of the time limit Jor amending the
: claims and to be republished in the event of the receipt of
(72} Inventors; and amendments.

(75) Inventors/Applicants (for US only): DEVLIN, David, James
{US/US); 365 Cheryl Avenue, Los Alamos, NM 87544
(US). COATES, Don, Maye [US/US]; 14 West Wildflower
Drive, Santa Fe, NM 87501-8505 (US). ARCHULETA,
Thomas, Arthur [US/US}; R.R. 1327 Upper San Pedro Road,
Espanola, NM 87532 (US). g PF%.

(74) Agents: SCHAEFFER, Andrew, L. et al; El. Dupont de
Nemours and Company, Legal Patent Records Center, 1007
Market Street, Wilmington, DE 19898 (US).

(54) Title: DIAMOND-LIKE-CARBON COATED ARAMID FIBERS HAVING IMPROVED MECHANICAL PROPERTIES

(57) Abstract

A process for improving the mechanical properties,
particularly the flexural rigidity, of aramid fibers by directly
depositing a diamond-like-carbon coating onto the surface of
the fibers. Diamond-like-carbon (DLC) coated aramid fibers
having increased flexural rigidity are also disclosed. DLC
coated aramid fibers show an increase in flexural rigidity
and suppression of low yielding behavior when compared - ' \
to uncoated aramid fibers.
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