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Development of Hydrogen-Free ta-C Coatings for Precision Forming Tools
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Hydrogen-free ta-C coatings have been applied for precision forming tools. However,
improvement of the surface smoothness and adhesion of the hydrogen-free ta-C coatings is
required for better performance of coated forming tools. This paper aims to present
technical solutions to improve the surface smoothness and adhesion of ta-C coatings using
a T-type filtered arc deposition system (T-FAD). Specifically, the smoothness of the ta-C
coatings was improved using a plasma filtration system to prevent droplet formation during
coating using the T-FAD. Likewise, to improve the adhesion of ta-C coatings, Ar-H; gas
etching and underlayers formation were investigated. Adhesion of the ta-C coatings was
examined using HRC indentation tests, ball-on-disk tests, and scratch tests. The
experimental results of this study showed that application of T-FAD prevents formation of
droplets on the ta-C coatings. Moreover, the Ar-Hs gas etching and underlayers formation
by addition of nitrogen and acetylene gases at the coating-substrate interface improved the
adhesion properties of the coatings. The ta-C coatings are recommended for nonferrous
precision forming tools due to the improved surface smoothness and adhesion.
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Fig.1 Image views of DLC molecular structures
(a) Graphite, (b) Diamond, (c) DLC (a-C), (d) DLC (a-C:H), (e)
DLC (ta-C), and (f) DLC (ta-C:H)
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Fig.2 Observation results of conventional ta-C coatings
(a) surface of a ta-C coating, (b) a ta-C coating with 100% Ar
etching
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Fig.3 Schematic illustration of a T-FAD system (top view)
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Table. 1 Experimental conditions used for underlayers formation
formation of ta-C Coatings

underlayers addition
B1 Nitrogen Ar-5% H, gas 20 60
B2 Nitrogen Ar-5% H, gas 45 130
B3 | Acetylene/Nitrogen | Ar-5% H, gas 20 60
B4 | Acetylene/Nitrogen | Ar-5% H, gas 20 60
B5 | Acetylene/Nitrogen | Ar-5% H, gas 20 60
B6 No gas addition 100% Ar gas 20 60
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Fig.4 Observation results of ta-C coatings deposited under various Ar
gas etching conditions (a) Ar-5% H. gas, (b) Ar-10% H. gas, (c)
Ar-20% H: gas, (d) Ar gas, (e) Ar gas/CrN underlayer, and (f) Ar
gas/Ti ion bombardment

Hi£B#%k Vol. 34 (2018) 11



Ar T ATy F ¥ THIZKETAZRM L2 B TH
o INHIZBWTIX, A7 T v FREBEOERME (4
T HATE) 3 oRERR & R TEWEEZ R L, B%
HEER L2 KD CrNHEB L N 100% Ar & A
Iy F v T efio R, AN WREER T E A
mL72720, taCEREDO Ty 5 7 hike LTA+T4ST
H5bH(F2 A4-A6), T72, HHNTZ ta-C EIEDOFEEEDY 60
GPallLTHrZ LWHMRTE, BOMERESENT
WBIZEWNGHD, RIS, R2ICRTIHITTTH
KB OMLELH% T-FAD IZ X 5 ta-C I o FiHL < 1%
002 umPTTHBrIENL, BN FETEEZRTIE
EHERR L 720

Ar TRy F v ZI3EY 5 S CREFT A ZHTML 72

L Coating delamination |
. - P e

5 Lol 4 oA 2
5 AHAIyFLIEEHTHRIELL ta-C BIED HRC ERABRER
Fig.5 Results of HRC indentation tests of ta-C coatings deposited
under various Ar gas etching conditions (a) Ar-5% H. gas, (b)
Ar-10% H, gas, (c) Ar-20% H. gas, (d) Ar gas, (e) Ar gas/CrN

underlayer, and (f) Ar gas/Ti ion bombardment
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Fig.6 Observation results of ta-C coatings deposited on nitrogen-

and acetylene-doped underlayers (a) (b) N-doped underlayers (c)

(d) (e) N- and C,H>-doped underlayers, and (f) no underlayer

Table. 2 Summary results of ta-C coatings deposited under various Ar gas etching conditions:

(A1) Ar-5% H. gas, (A2) Ar-10% H» gas, (A3) Ar-20% H: gas, (A4) Ar gas, (A5) Ar gas/CrN underlayer, and (A6) Ar gas/Ti ion bombardment

Before deposition Evaluation results of ta-C coatings
No. Rotjlglr:g;ass Rotllglhnr:;ass H?(r;d;;ss Delamination adﬂzs(i:on Critic(?\: )Ioad
A1 Ra0.01 Ra0.01 67 Excellent Excellent 52
A2 Ra0.01 Ra0.02 7 Excellent Excellent 48
A3 Ra0.01 Ra0.01 80 Excellent Excellent 52
A4 Ra0.01 Ra0.01 73 Bad Bad 44
A5 Ra0.01 Ra0.01 65 Good Good 28
AB Ra0.01 Ra0.02 60 Bad Bad 43

Adhesion evaluation standard

Less than 50 um delamination: Excellent
50~100 um delamination: Good

larger than 100 um delamination: Bad
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Fig.7 Results of HRC indentation tests of ta-C coatings deposited on

nitrogen- and acetylene-doped underlayers (a) (b) N-doped

underlayers, (c) (d) (e) N- and C,H.-doped underlayers, and (f)

no underlayer
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Fig.8 Measurement results of nanoindentation hardness of ta-C
coatings
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Table. 3 Summary results of ta-C coatings deposited on nitrogen- and acetylene-doped underlayers-part 1 (B1) (B2) N-doped underlayers, (B3)

(B4) (B5) N- and C.H,-doped underlayers, (B6) no underlayer

Before deposition Evaluation results of ta-C coatings
No. ROL(JLgII’:]r:)eSS ROtJﬁf:g)eSS H?(r;dg:)ss Delamination adﬂzsci"on Critic(;,e\all) load
B1 Ra0.01 Ra0.01 75 Excellent Excellent 61
B2 Ra0.01 Ra0.01 81 Excellent Excellent 70
B3 Ra0.01 Ra0.01 77 Excellent Excellent 67
B4 Ra0.01 Ra0.03 92 Excellent Excellent 65
B5 Ra0.01 Ra0.01 71 Excellent Excellent 58
B6 Ra0.01 Ra0.01 75 Bad Bad 43
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BRBEIWL L TWASZ EDRER SN, FHEkZ, ta-C
B BB & b oKk FEE % ERDA 7504 %217 -
TR RE, Ar AAL Y F U 7 BLXOTEF LA
AT & O B AKRFEE 10 H T %~ 78 i 1% & A7

Coating delamination

|
9 BEHXBLUT7EFLUHIICEZFEBOLICKEL =
ta-C FEOAR—IA LT 1 X VHBRER
Fig.9 Ball-on-disk results of ta-C coatings deposited on nitrogen-
and acetylene-doped underlayers (a) (b) N-doped underlayers,
(c) (d) (e) N- and C.H,-doped underlayers, and (f) no underlayer
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QD

=

FREEDEICREL %

A Ly .
10 BRHRBLIUVT7EFLOARIZESD
ta-C IR DIERTE R DEIEHER
Fig. 10 Observation results of fracture cross-sections of ta-C
coatings deposited on nitrogen- and acetylene-doped underlayers
(a) N-doped underlayer and (b) N-and C.H.-doped underlayer
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ABRAGB L OB AR D P TRT . CORED D,
Ar-Hy TAZ Y F U ZBLOTEF L ¥ F AR TR L
72 ta-C BZEIZ BT, M2 & RmANZ M TkHE
BEENEA L TWAEZ DRI N,

UEn X912, ArH, ATy F ¥ 7B X OFIEATIC
BOWTOBRENAELETEF LY T ARMELTH 2 &
T, BAEMEOE ta-C % WIS 2 2 LA HETH Y,
T-FAD %% W CHEEDO BV A D B ta-C K%
Hohiz,

WIZ, EELS AT OfERD S, REBRTH SN Arb%
Hy ALy F ¥ 7B LSBT A Z RN L 72 ta-C B2
DFAXYEY FIRGOE G %FKT SPEAOHEE I,
83% TH V), ENTALFRENEHT LI LWnhro72(R
5), SP A DEIEDHMT % 2 & T ta-C KO
BT s EpmsnTwnS Y, X512, ta-C O D-G
NV REREEL (In/16) % 9~ ¥ 43 6 CTHERE L 725 513,
ERT AR L O ta-C BB & R TRSFREE O %2 7R
L7z7:9, ta-CH R & FEMAICER AT ABIML T D
ta-C FEO KT D SPP RS RITTERBIIITLEAL
TWweEZbhb, T/, R1LFXIDBIBLUBO®
RERHIZDWT, ta-C Kl & b o 5 2 TEM #HT % 47
W, Ar-Hy AT v F ¥ 7 %47 - 7R MO BIgE k& %

®5 T-FADEBTHREL - ta-C KED SPP I, S3>DD-G/N>
RE&fELE, REDWEEREOFHA

Table. 5 Detailed results of T-FAD deposited ta-C coatings including
SP® ratio, Raman D-G intensity ratio, thickness of the modified
layer at the coating interface

EELS
: |D band/ . Modified layer
analysis
No. y3 %1 band I/l -(rh'g; thickness at the
SP (cm™) u interface (nm)
ratio
(Table 4-B1)
Ar-5% H, gas etching 1374/
Nitrogen gas addition 083 1569 0.88) 040 5
at the interface
(Table 4-B6)
100% Ar gas etching .
No nitrogen gas 087 | 1128 10.90| 0.43 | Nomodified
addition at the 4
interface

R4 BRAZABSIVTEFLOARCEZHEEDO LICKIEL 72 ta-C KEDOKREHERDE LD - 2D 2
Table. 4 Summary results of ta-C coatings deposited on nitrogen- and acetylene-doped underlayers-part2 (B1) (B2) N-doped underlayers, (B3)

(B4) (B5) N- and C>H.-doped underlayers, (B6) no underlayer

ERDA analysis AES analysis
hydrogen (at%) Nitrogen (at%) Thick
No. (um) Observation after ball-on-disk test
Near the Near the Near the Near the H
interface surface interface surface
B1 1.0 <0.2 3.5 <1 0.40 No delamination nor metal buildup
B2 1.0 <0.2 3.5 <1 0.78 No delamination nor metal buildup
B3 4.7 <0.2 3.6 <1 0.45 No delamination nor metal buildup
B4 7.8 <0.2 3.4 <1 1.23 No delamination nor metal buildup
B5 4.4 <0.2 2.8 <1 0.50 No delamination nor metal buildup
B6 <0.2 <0.2 <1 <1 0.43 Delamination and metal buildup are observed
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Fig. 11 TEM observation results of T-FAD deposited ta-C coatings for
(a) Ar-5% H. gas etching and N-doped underlayer and (b) Ar gas
etching and no underlayer
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Fig. 13 Observation results of ball-on-disk tests of ta-C coatings and non-coated WC-Co substrates
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Fig. 12 Friction curves obtained by ball-on-disk tests (ball materials:
Al, Cu, Ni, P-Cu, SUS304, Ti) (a) ta-C coated WC-Co substrates
and (b) non-coated WC-Co substrates

(c) P-Cu/WC-Co

(cc) P-Cu/ta-C coating

(f) Ti/WC-Co

(ff) Ti/ta-C coating

Hi£E+H% Vol. 34 (2018) 15



A5052, ZF ¥ L A JIS SUS304, = v 7, U 4
(P-Cu), HEFEFS (Cu), 7% v) & OB Z 7R3,
W D720, WC-Co Bl (2—74 v 74EL) 2 H
W, AR IEGM R — L THERZ AT, 155 N7z BRI
M zR 12 (b) IR T. B 12 (a) DEEHFHO VTR D
0.05 ~ 0.15 DIREEERR KA R L7z B12 (b) ® WC-Co ¥
TRER R DY A, FERDOIEHM R — v D EEEREIL 03 ~ 08
ThHY, BEEREER L. 512, Hlo g
R L7274 227 BIXUOR—VOREIREEZ ZhZh
K13 BLUORE141R”F, B13(@)-F &, 71 A7l
IZBWTIE WC-Co B ERER T oKz~ L, 13 (aa) -
(ff) 1%, ta-C KR ARL, GEBORENIERIEZR
Fo T—F 4 ¥ 7L WC-Co WSRO K2 IE§A
DOEAEDBLESN, HFIT7VI=v A (R13@), A7V
L Z JIS SUS304 (R 13 (b)), % >~ (R 13 (f)) oA
WL AN D, ta-CRETHIKENZ2F 1 27128\ T
EIEFRM DEEAEFIZIT L A LTERTE S, BhmEAEN %
AL (K13 (aa) - (ff))o A=V F ¥ F 1 2 7 REE DIk
MAR—NVENE, ta-CRZIE & DEEERIZB W T, BEREDS
INE L BN Z R L2 (K114 (aa) - () ) o — 4,
WC-Co BT 4 A7 L OEEHIZBWTIX, K— VO
BARKEVD, T4 A7MICEENLS NV EFbR b,
FRIZ, 7V =4 JIS A5052, AT ¥ L X JIS SUS304,
F 5 v OBERENLLLEONS (K14 (@), (b), ().

ta-C Bz o> BEHR RS & R B L 75 S5 5, JESRA IR
T HBEBEESEN T WD S E R MR L. X512, il

(a) Al/WC-Co

(aa) Al/ta-C coating

(b) SUS304/WC-Co

(bb) SUS304/ta-C coating (cc) P-Cu/ta-C coating

MEWENL L TERAETZIEH VY OREIER S
I, RFENHBRIEH OFE X EAEREL V. 2D
728, REFZECTHEM L7z BB )02 X % ta-C B2hid, JE
P OREE RN B BN, WA o7z
DRIRITH %,

5. EHMAKRBET O

RIS, REFRTE O N7 ta-C 2 EE O R % &Rl
WHEL, B LRI OWTHET 5, 2427 & —iBh
Y v FH REH 006 mm) O & T <> 512
03~04 um®ta-CREBEZRE L0 A5 Y E ¥ THIC
BRI B 58 O & % FHICFHi 2 1T > 720 — 38
DY ay MBIV FOLIMIC) ¥y =T 2R L
720 FORER, BETFY 3 v MUK D ta-C B S
FIZHARTH 3B oFmHEZ R L.

AR, 01 mm PEEAHY — K7L —2a8 (8, Do
X40) O E I TR S > 712 ta-C K2 8 L7234
SEMHI L L7z S HI, BIRA SRS —y B LU —
b (S8 X OEBRE) OBERITEGED2®, 03 ~04 4 m
D ta-CHEREBE L 728 25, ta-CIEBEIC X ) & B
RIPEASKIRIC S S 7z,

EH1C, BREBH 2 EEMOBEIMHE S5 &R/
BWTH, BREM OS2 HHT 5 2w HEIELN
zo HARIICIE, T-FAD #EBEZM) 2 & T ta-C R K
Oy 7Ly b7 =LY, BERECYIN 2% M A

(c) P-Cu/WC-Co

(d) Cu/WC-Co

(dd) Cu/ta-C coating
14 K—vF > 7 1 27 HAERED R — L REIRE
Fig. 14 Observation results of balls surfaces after the ball-on-disk tests
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(ee) Ni/ta-C coating

(ff) Ti/ta-C coating
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