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Abstract: Polyether ether ketone (PEEK) is widely used in aerospace applications because of its excellent physical and mechanical

properties. However, given its intrinsic viscoelasticity and low hardness, PEEK is prone to wear failure. To address this problem, a
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carbon-based film deposition technology is typically applied. Among these films, diamond-like carbon (DLC) films have attracted
considerable attention owing to their high hardness, good wear resistance, and chemical inertness. Using a linear ion beam combined
with direct current magnetron sputtering technology, W-DLC films with different doping contents were prepared on PEEK by varying
the C,H, flow ratios from 68 / 12 to 62 / 18. The effects of the gas flow ratio on the composition, microstructure, and mechanical and
friction properties of the PEEK / W-DLC composites were systematically examined. The SEM and HRTEM results showed that as the
Ar / C,H, flow ratio decreased, the deposition rate of the film gradually increased, the carbon clusters densified and their size
increased. As the gas flow ratio decreased, the size of W clusters decreased, leading to a decline in the content of highly crystalline
WC,.x. Moreover, when compared with pure PEEK, the surface wrinkle density of the PEEK / W-DLC composites increased and
mechanical interlock structures were formed at the interface. The X-cut test showed that as the gas flow ratio decreased, the interfacial
adhesion weakened, and the peeling of the films tended to become obvious. The XPS data showed that the W content decreased from
7.08at. % to 2.63at. %. The increase in C content resulted in the formation of more C—C bonds, and some of C=0O bonds
preferentially transformed into C—O bonds. With a decrease in the gas flow ratio, the W° content decreased, whereas the W>*/ W®"
content increased slightly. This indicated that the W element in the film tended to exist in the form of W carbides. Raman analysis
showed that I, / I decreased from 0.42 to 0.32, the sp* content and cluster size decreased accordingly. The full width at half
maximum (FWHM) of G peak increased from 62.67 cm™ to 71.26 cm™, indicating that the incorporation of W atoms could aid in
reducing the structural disorder in films. As the gas flow ratio decreased, the hardness (H) and elastic modulus (E) of the PEEK /
W-DLC composites reached to 5.25 and 30.23 GPa, respectively. Compared to pure PEEK, the values of H and E both increased by an
order of magnitude. When the gas flow ratio was 66 / 14, the H / E and H* / E? of the composite corresponded to 0.2 and 0.17,
respectively, which were approximately two orders of magnitude higher than those of pure PEEK. This implied that the composite had
strong fracture toughness and good elastic-plastic deformation resistance. Compared with other samples, the W-DLC films prepared
with 66 / 14 flow ratio exhibited better tribological properties with a low wear rate of 1.52X 10~ mm?® / (N « m). This was mainly
owing to the mechanical protection of the carbon films (improving wear resistance) and W-rich lubrication transfer film formed at the
wear scars (reducing friction factor). By analyzing the formation mechanism of the pits on the PEEK / W-DLC composites, it was
determined that owing to the viscoelasticity of PEEK and the generation of wear debris of W-DLC films, both adhesive wear and
abrasive wear occurred during the friction process. The pits that formed on the wear tracks mainly existed in the following three forms:
the first type of pit was mainly composed of C elements, while the distributions of O, Fe, and W elements were hardly observed. This
indicated that during the friction process, the wear debris of W-DLC films formed C-rich clusters. These C-rich clusters were
embedded in the low-hardness PEEK substrate by frictional compressive stress. The second type of pit was mainly composed of C and
O elements, whereas W and Fe elements were rarely distributed. These pits were caused by the peeling of W-DLC films, which led to
the exposure of PEEK substrate. The third type of pit was mainly composed of C, O, and Fe elements, while the presence of W
element was relatively rare, and Fe element was concentrated on the convex part of the pits. The convex part was formed by the
accumulation of wear debris in the pits. This showed that the first type of pit further caused abrasive wear on the grinding ball due to
the convex part. This research not only reveals the structural evolution and wear failure mechanism of carbon-based films on PEEK,
but also guides the design of high-efficiency wear-resistant aerospace materials.

Keywords: polyether ether ketone (PEEK); diamond-like carbon film; metal doping; microstructure; friction property
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Tablel Deposition parametersof PEEK / W-DLC films

Ar/ C,H, Deposition Deposition Film w
flow rate / (nm / time thickness / content
ratio min) / min nm /at. %

68/12 14.55 24 346.39 7.08
66/ 14 21.45 16 341.60 4.09
64/16 22.83 15 342.34 3.26
62 /18 24.98 14 348.31 2.63
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Fig. 2 Surface morphologies of virgin PEEK and PEEK / W-DLC composites with different Ar / C,H, flow ratios
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Fig.3 Cross-section morphologies for PEEK / W-DLC composites with different Ar / C,H, flow ratios

K X TIE 525 A A< G ) PEEK / W-DLC
MR RS A it T e RAE, SRWE 4 s,
H X UIRIEATLLEH, Skt 68/12~62/18 i,
W-DLC {#fi5 PEEK ALk J¥8chs, WIIRJLF-UEE
AFNFITEING . AT SN e EEAS [ S L
W-DLC {#fii5 PEEK Kigh Ik, 58T X )%
XI5k SEM JUK K o XtF 5 PEEK / W-DLC #4 %},
X DI 5 | AR R i 2 BT A [ e

K 4 ANE Ar/ CH, it btk PEEK / W-DLC #4 %t
RS e X-UIEI AL 2R 3R
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Fig. 11 Morphologies and elements mapping of
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composites with 66 / 14 flow ratio



10 2 EBEB X W L =

2024

AR FerOs. IEAN, F2> W IG R EE 7% 25 0 Rk
KM, TERLT & W R (AFE S & 2177
AR, BEER R D SR RTE ISR . R
ke 66/ 14 W, MEMRIE S FYERIIR LE W
T e BRI T A FE B A B L I PR S i M e

3 4B

PEEK HA sk E )24 Ene, |2 NAT
RS WUR AR . (H 52 BR T FLAE RS 3 1 RO Rt
PEEK 5% & A BRI k. — R UiA DLC
AR S R R . FIHAME FRES
LRI RS HoA, 1% Ar/ CoHy SR HL(68 / 12~
62/18), fE PEEK FKHfl & T AFBREEMN
W-DLC #Ji5t. i 5T 7 < btx PEEK / W-DLC #4 K}
(2 o540 D)5 A EE B BRI RE A LA . 2 B4
WUR:

(1) BEE S AL, PEEK 1 W-DLC i
TR 2RI K, SR C R HAE R
B RN W L ER E B U m 45 WCL gk
HEARBENL 3 BUE C ZEmirh, H P R 128
o Ip /o MH RS 032, sp” HFER SHE/N. G ik
PR AH] 71.26 em™, W R THIB NG BT
AR BN R T . C uR
RN MEERENEREZT C—C %, 7y
C=0 ¥4k N C—O .

(2) #%T4li PEEK, PEEK / W-DLC #1 Kl %
R4 % FERS K . PEEK ()R KRS B2 J2 W-DLC i
UTRE S B AL T U & 454 . X-T1%)
MR, SRR B S BRI S & Jmkss,
JEHVE IR T B2 . PEEK / W-DLC #EH H Al
E (AL PRI . Skt 66 / 14 B, A0k
A R R &b B AR e ). A H/E
FH /B 5% B8 &8, 43 519 0.20 F10.17 GPa,
FHELAE PEEK $2 T+ 29PN 40 2

(3) Uitk 66 /14 i5f, PEEK / W-DLC #1£H)
FEEEME R R, HEREME 152X
10° mm’ / (N *m). X EE I T W-DLC i )72
PEREII RS (MY B KB BEALE W R
TERL REERED . tesh, EEEGS AR AR TH 5
PR, EE A AT S, K ILE
I AE TR BE AR B R S 41 . AHORZE RV B T
657~ PEEK. % [HT ik 325 Ve B (10 25 A4 Y 73 R A I B 43 2K
SOHLER, 10 HoaT LAAR S8 T R v sk B A s R
R

2 £ X W

BOTEL E, ZIMMERMANN T, SUTEL M, et al. Influence
of different low-pressure plasma process parameters on
shear bond strength between veneering composites and
PEEK materials[J]. Dental Materials, 2018, 34: 246-254.
TSUK H, MORIT K, KATO K, et al. Effect of laser
groove treatment on shear bond strength of resin-based
luting agent to polyetheretherketone (PEEK)[J]. Journal of
Prosthodontic Research, 2019, 63: 52-57.

A, NI, (B, 4. BT RGN GF / PEEK 4
JEACER RS SR IR ], E R TR, 2023,
36(2): 86-96.

ZHONG Li, JIN Fanya, DAN Min, et al. Bonding strength
of metallized coatings on GF /PEEK surface after ion
beam activation[J].
36(2): 86-96. (in Chinese)

YU X M, IBRAHIM M, LIU Z Y, et al. Biofunctional Mg

China Surface Engineering, 2023,

coating on PEEK for improving bioactivity[J]. Bioactive
Materials, 2018, 3: 139-143.

BIANCHI M, ESPOSTI L D, BALLARDINI A, et al.
Strontium  doped
poly(etherether-ketone) (PEEK) by pulsed

calcium phosphate coatings on
electron
deposition[J]. Surface & Coatings Technology, 2017, 319:
191-199.

SU Y F, WANG Y X, WANG C T, et al. In-situ growing
amorphous carbon film with attractive mechanical and
tribological
plasma-induced process[J]. Vacuum, 2021, 187: 110147.
HUANG J X, WAN S H, LIU B, et al. Improved

adaptability of PEEK by Nb doped graphite-like carbon

adaptability on PEEK via continuous

composite coatings for bio-tribological applications[J].
Surface and Coatings Technology, 2014, 247: 20-29.

BRA G, ZRRHPH, fR4kFE, 5. BkdimEXS 3161 AN
PR T A g WA T v AT R[], oh [ SR T A,
2022, 35(5): 272-278.

CHEN Dongxu, GUO Yangyang, QI Jilong, et al. Effects
of pulsed bias on the corrosion behavior of diamond-like
carbon film prepared on the surface of 316L stainless
steel[J]. China Surface Engineering, 2022, 35(5): 272-278.
(in Chinese)

BEREEE, Eo0T. KEWIABREHBARIM]. db5:
Bl AL, 2012.

XUE Qunji, WANG Liping. Diamond-like carbon-based
film material[M]. Beijing: Science Press, 2012. (in
Chinese)



55 6 11 O, S5

RBERER R I W 1B 2 e NI S5 [ L R e 11

[10]

[11]

[12]

[13]

[14]

[15]

MA X, GUO P, TONG X S, et al. Piezoresistive behavior
of amorphous carbon films for high performance MEMS
force sensors[J]. Applied Physics Letters, 2019, 114:
253502.

DUFILS J, FAVERJON F, HEAU C, et al. Evaluation of a
variety of a-C:H coatings on PEEK for biomedical
implants[J]. Surface and Coatings Technology, 2017, 313:
96-106.

VAN DER PAL J P, MATINEZ-MATINEZ D, PEI Y T, et
al. Microstructure and tribological performance of
diamond-like carbon films deposited on hydrogenated
rubber[J]. Thin Solid Films, 2012, 524: 218-223.

PEI Y T, BUI X L, ZHOU X B, et al. Tribological
behavior of W-DLC coated rubber seals[J]. Surface and
Coatings Technology, 2008, 202: 1869-1875.

BAIC N, LIANG AM, CAO Z Y, et al. Achieving a high
adhesion and excellent wear resistance diamond-like

carbon film coated on NBR rubber by Ar plasma

pretreatment[J]. Diamond and Related Materials, 2018, 89:

84-93.

KIM S J, YOON J I, MOON M W, et al. Frictional
behavior on wrinkle patterns of diamond-like carbon films
on soft polymer[J]. Diamond and Related Materials, 2012,
23: 61-65.

WANG Y X, GUAN W, FISCHER C B, et al
Microstructures, mechanical properties and tribological
behaviors of amorphous carbon coatings in-situ grown on

polycarbonate surfaces[J]. Applied Surface Science, 2021,
563: 150309.

[17] KACZOROWSKI W, BATORY D, SZYMANSKI W, et al.

[18]

Evaluation of the surface properties of PEEK substrate

after two-step plasma modification: etching and
deposition of DLC coatings[J].
Technology, 2015, 265: 92-98.
BURPH, A3, WS, % HiPIMS 2t Al &4%
[fl Ti/DLC ¥J2 12 FIEEE L RE R SERA ], o [ 2 1
THE, 2023, 36(4): 77-88.

WEI Chenyang, BAI Qin, GUO Peng, et al. Effect of duty

Surface & Coatings

ratio on structure, mechanical and frictional properties of
Ti/DLC coatings on Al alloy via HiPIMS[J]. China
Surface Engineering, 2023, 36(4): 77-88. (in Chinese)
ke, DEME, PN, . BEAEREXT 3161 REENE
112 )2 Ti-DLC R B K AT AR )], h &
T2, 2023, 36(1): 189-199.

LI Chao, MA Guojia, SUN Gang, et al. Effects of

substrate bias voltage on friction and corrosion behavior

[21]

[24]

[26]

[28]

[29]

of multilayer Ti-DLC film on the surface of 316L stainless
steel[J]. China Surface Engineering, 2023, 36(1): 189-199.
(in Chinese)

SUN L L, GUO P, LI X, et al. Comparative study on
structure and wetting properties of diamond-like carbon
films by W and Cu doping[J]. Diamond and Related
Materials, 2017, 73: 278-284.

DAI W, WANG A Y. Deposition and properties of
Al-containing diamond-like carbon films by a hybrid ion
beam sources[J]. Journal of Alloys and Compounds, 2011,
509: 4626-4631.

FRRGAR, BUE, HmWOC, S5 GRB A KGRI HA
FEGRAVEREMIREIA[T]. R TR, 2021, 34(4):
19-29.

GUO Peilin, JIA Qian, MENG Shuwen, et al. Effect of
element doping on the tribological properties of
diamond-like carbon films[J]. China Surface Engineering,
2021, 34(4): 19-29.

LIX W, KE P L, WANG A'Y. Probing the stress reduction
mechanism of diamond-like carbon films by incorporating
Ti, Cr, or W carbide-forming metals: ab initio molecular
dynamics The
Chemistry C, 2015, 119(11): 6086-6093.

LI X W, SUN L L, GUO P, et al. Structure and residual

stress evolution of Ti / Al, Cr / Al or W / Al co-doped

simulation[J]. Journal of Physical

amorphous carbon nanocomposite films: insights from ab
initio calculations[J]. Materials and Design, 2016, 89:
1123-1129.

WANG A Y, AHN H S, LEE K R, et al. Unusual stress
behavior in W-incorporated hydrogenated amorphous
carbon films[J]. Applied Physics Letters, 2005, 86(11):
111902.

QIANG L, BAI C N, GONG Z B, et al. Microstructure,
adhesion and tribological behaviors of Si interlayer / Si
doping diamond-like carbon film developed on nitrile
butadiene rubber[J].
2019, 92: 208-218.
WU W Y, TING J] M. Growth and characteristics of
Thin

Diamond and Related Materials,

carbon films with nano-sized metal particles[J].
Solid Films, 2002, 420-421: 166-171.
SCHMIDTOVA T, SOUCEK P, KUDRLE V, et al.
Non-monotonous evolution of hybrid PVD-PECVD
process characteristics on hydrocarbon supply[J]. Surface
and Coatings Technology, 2013, 232: 283-289.

CHOI H W, DAUSKARDT R H, LEE S C, et al

Characteristic of silver doped DLC films on surface



12

b =B X W L =

2024 4

[30]

[32]

[33]

[36]

[37]

properties and protein adsorption[J]. Diamond and
Related Materials, 2008, 17(3): 252-257.

SATTEL S, ROBERTSON J, EHRHARDT H. Effects of
deposition temperature on the properties of hydrogenated
tetrahedral amorphous carbon[J]. Journal of Applied
Physics, 1997, 82(9): 4566-4576.

GUO P, KE P L, WANG A Y. Incorporated W roles on
microstructure and properties of W-C:H films by a hybrid
linear ion beam systems[J]. Journal of Nanomaterials,
2013,2013(1): 1-8.

SCHENKEL M, MARTINEZ-MARTINEZ D, PEI Y T, et
al. Tribological performance of DLC films deposited on
ACM rubber by PACVDIJ].
Technology, 2011, 205(20): 4838-4843.

NATTHAPHONG K, PAT P, WONGPANYA P.

Surface and Coatings

Improvement of thermal stability, adhesion strength and
corrosion performance of diamond-like carbon films with
titanium doping[J]. Applied Surface Science, 2019, 469:
471-486.

BERA P, SEENIVASAN H, RAJAM K S, et al. XRD,
FESEM and XPS
electrodeposits[J]. Materials Letters, 2012, 76: 103-105.
JUSKENAS R, VALSIUNAS 1, PAKSTAS V, et al. XRD,
XPS and AFM studies of the unknown phase formed on

studies on heat treated Co-W

the surface during electrodeposition of Ni-W alloy[J].
Applied Surface Science, 2006, 253: 1435-1442.

ZHANG L, MACDONALD D D. Segregation of alloying
elements in passive systems—I. XPS studies on the Ni-W
system[J]. Electrochimica Acta, 1998, 43(18): 2661-2671.
FU Z Q, WANG C, ZHANG W, et al. Influence of W

[39]

[40]

[41]

[42]

content on tribological performance of W-doped
diamond-like carbon coatings under dry friction and
polyalpha olefin lubrication conditions[J]. Materials and
Design, 2013, 51: 775-779.

BHARATHY P V, YANG Q Q, KIRAN M S R N, et al.
Reactive biased target ion beam deposited W-DLC
nanocomposite thin films—microstructure and its
mechanical properties[J]. Diamond and Related Materials,
2012, 23: 34-43.

ZHANG S, ZENG X T, XIE H, et al. A phenomenological
approach for the Id / lg ratio and sp3 fraction of
magnetron sputtered a-C films[J]. Surface and Coatings
Technology, 2000, 123: 256-260.

YANG S, ZHANG Y W, ZENG K Y. Analysis of
nanoindentation creep for polymeric materials[J]. Journal
of Applied Physics, 2004, 95: 3655-3666.

BRISCOE B J, FIORI L, PELILLO E. Nano-indentation
of polymeric surfaces[J]. Journal of Physics D: Applied
Physics, 1998, 31: 2395.

ZHANG S D, YAN M F, YANG Y, et al. Excellent
mechanical, tribological and anti-corrosive performance
of novel Ti-DLC nanocomposite thin films prepared via
magnetron sputtering method[J]. Carbon, 2019, 151:

136-147.

TEZ BN B, Z, 1989 fElAE, Wid, BUEWIARG. EEHAN

Iy

ROovRmEE TRIRESE.

E-mail: cuili@nimte.ac.cn

RS GRfEEE), &, 1975 FliE, Mt ian.

LRSI

NP BRI S IR RO o

E-mail: aywang@nimte.ac.cn



