EJEFAR
Acta Metallurgica Sinica
ISSN 0412-1961,CN 21-1139/TG

(ERFIR) MEERRL

H - Mo & &%} CrAIMoN ¥R Z OS5 #4775 J BEHE 24 14 B (1 2

= Eefgyk 5, sk, TIRE, FEEERE, KK, sKANE, EER

Wk H - 2023-12-11

W& R H#E:  2024-03-09

51 A% Hefgyk 5, sk, EIRE, FRR, XIKER, 3KANE, EEIL. Mo FEN

CrAIMoN ¥ Z OS5 715 K EEBR A VE RERIRE M [J/OL]. &R~k
https://link.cnki.net/urlid/21.1139.TG.20240306.1422.006

@NKif oL

www.cnki.net

PISEE R TEgEM TAERAR T, Rtk NGB R EL SR ER . HECEfn. B0 E S
B, SHERBARCLHE, s FATE. Egma i R TR OR 0. HEROE fads 5t e R 0
TRl CRUAEM L IR HERE RaE, TR E AR B BRI . B e R R
FRAES 45 W DU 8 O e (0 BRI S R BV S 1 o S P e i 0 4% 11 R R iE A B B 4
MR FLZG) A CHTIH B EE ) A RE: AR AR B BRI BEEMEREEE, 764
BT T SO LR, AAETE S AR AN AT g S A AT s Rt 4 228 B B A A 1 5 DR 5 T G
MR E AR R, EFE NS —IVEIE S 07 9 87 AT BE VR E TR A Kt B AR5
DR E R 2% R i, SRR — AR AT, ARESOLSGEE |« 1EE . HUAFRAI R N2,
AL BT R R AT > B B L

HARFGIN: 400 AR E S (R EEARBIT OO BFREHARARZY, £ (FE
FARIAT (MZIO) HRERE & LA S 40T T 9 A — S 45 i, DL RS s A O 20, 78 BRI
AR /T RS SO A e R HERCE R . B e R . B o E AT (2RO ) 2 5 H
R B A RV A P 4 S T AR (ISSN 2096-4188, CN 11-6037/2), it A2 2y HAFII 4 W0 28 hix L 0 28
RSN TE AR -



2024-03-09 10:34:10
https://link.cnki.net/urlid/21.1139.TG.20240306.1422.006

A% M ACTA METALLURGICA SINICA

Mo S EX} CrAIMoN ZREMMER . HERERZE MRS

Hfek Bl K32 ITIRE?2 BRE? XNAKS R ELY EZER?2

1 AT TR 2 2 TREABE Bl 310014
2 P EBFERE T WA EHER S TR TR R B iR R 5 R R E A SR = WL IR RS B i
ARE SR E T 315201
3 TUWA T AR A IR AT T 315799
4 TWREHF R X RIEBERAR AR T 315812
% E CAINREFREA @R, RIFHHFEEMTIEMYERE, ERADY T M &2 k. M, ERe8/E%
AP A RS TOLUN, BN EE RS brrtPrEE, A A Z 2 ER . A TERET 2064
Wil 5@ & B, SRAZ RS Bl S EARE HI3 MR E R % T CrAIMoN 2, #FR T Mo
ErETIRIZ MO AE ) F1F R ER R E R RE RS . FIF XRD. SEM. EDS Hil SEM RAE T iR EARLE . &
B foc R A, FIH CMS RPRBCRIPK BRI T IR Z RS . JRIESE & Ty RIS 7)1tk Re, R BE
BERIOHUT A T IR BRI N BB LR . 2R R, 2 Mo MR T2\ 0.72%34 N3] 19.47%I}, 4% Mo
FHLLEE L RAFLE T(Cr, ADN @R 251 BT D& MoaN AHAE R, HoHp, 76 2.55%Mo &R, 12 BRI
PR, M 5N(38.7 £ 1.3)M1(580.9 + 11.1) GPa, HIREIIHLG=4 LY R )58, EMmBPREME. BT Mo
B T4 Magnéli AHE ALY MoOs, IRJEM RS EREL PR REFN B B2 JI7E 0.32~0.51 F(5.9~10.88) x
107 mm*/(Nm)Z i, 24 Mo & &iAF] 19.47%N, IRZMEHRERBERA 031, FEHRFEN 5.9x 107 mm¥/(Nm). ML
PO TR W R 2 BE B3 R B T B R A B 5 SR S A0 IR 9%
%217 CrAIMoN EVAIRZ, End&Emle, @omP), Magnéli EiFHH, BEHIERE
FESES TG174.4 XERS 0412-1961(202 X)X -X X=X

Effect of Mo Content on the Microstructure, Mechanical and Tribological
Properties of CrAlMoN Coatings

BI Jianhaonan !, ZHANG Yan 2, WANG Zhenyu 2, ZHOU Shenghao 2,
LIU Yongyue *, ZHANG Xiaoyan 4, WANG Aiying *
1 College of Chemical Engineering, Zhejiang University of Technology, Hangzhou 310014, China
2 Zhejiang Key Laboratory of Marine Materials and Protection Technology, Key Laboratory of New
Marine Materials and Application Technology, CAS, Ningbo Institute of Materials Technology and
Engineering, Chinese Academy of Sciences, Ningbo 315201, China
3 Ningbo Heli Mould Technology Co. Ltd., Ningbo 315799, China
4. Ningbo Tianzheng Mould Co. Ltd., Ningbo, 315812, China
Correspondent: WANG Zhenyu, professor, Tel: (0574)86697187, E-mail: wangzy@nimte.ac.cn
Supported by National Natural Science Foundation of China (No0.52171090), National Funds For Distinguished Young
Scholars (N0.52025014), and Science and Technology Project of Ningbo (Nos.2022Z011, 2023QL049, and 2023Z022)
Manuscript received 2023-12-11, in revised form 2024-01-18
ABSTRACT CrAIN coatings have garnered significant attention in the fields of cutting tools and plastic
injection molds because of their high hardness, excellent thermal stability, and superior oxidation resistance.
However, their applicability under the harsh conditions of aluminum alloy die casting and hot stamping dies
is curtailed by the coatings’ high coefficient of friction and limited impact toughness. By adopting a multiple
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alloying and high-throughput approach, this study focuses on the fabrication of CrAIMoN solid solution
coatings with varying Mo contents on H13 steel substrates using arc ion plating technology. The effects of
Mo content on the microstructure, mechanical, and tribological properties of the coatings were thoroughly
examined. Characterization techniques such as XRD, SEM, and EDS were employed to analyze the phase
structures, surface cross-sectional morphology, and elemental distribution of the coatings. Mechanical
properties, including hardness, film-base adhesion, and toughness, were assessed using a CMS scratch tester
and a nanoindentation tester. The friction properties were evaluated using a tribometer in an atmospheric
environment. The findings indicate that increasing the Mo content (atomic fraction) from 0.72% to 19.47%
resulted in the incorporation of Mo atoms into the (Cr, AI)N lattice, forming a typical solid solution coating
with a minor presence of MoxN crystal phases. Notably, at a Mo content of approximately 2.55%, the coatings
achieved peak hardness (38.7 £ 1.3 GPa) and elastic modulus (580.9 + 11.1 GPa), along with enhanced
toughness due to improved crack resistance. Tribological experiments demonstrated remarkable wear
resistance at 25 °C, with a coefficient of friction (COF) ranging from 0.32 to 0.51 and wear rates between
5.9 and 10.88 x 107 mm?*/(N'm). The low COF and wear rates are attributed to the formation of Magnéli-
phase oxide MoOs3, which facilitates low shear during friction. A further increase in the Mo content to 19.47%
led to even better tribological properties, as indicated by the lowest observed COF of 0.31 and a wear rate of
5.9 x 1077 mm?/(N-m). The microstructural analysis revealed that the accumulation of MoO3 phases during
friction contributed to the coatings’ tribological performance, with wear primarily resulting from the
combined effects of abrasive wear and severe oxidation, accompanied by minor pitting delamination from
the substrates.
KEYWORDS CrAIMoN soild solution coatings, high-throughput preparation, hard yet tough, Magnéli
lubrication phase, wear resistance
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WRIE PRI S RSN T BEEYERE RS IR .
ATARRT Gt 5l Rl 5 U8 e, RAZEHAREE IR S8R, #2464 CrAl A1 CrMo



A% M ACTA METALLURGICA SINICA

UM E BT R E, RS A A AR B R R R, Wl T — R Mo SRS
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99.9%, JRESF)AITIEE, K CrAl#E(Cr f1 Al 515 20 A 30: 70)F11 CrMo #E(Cr A1 Mo )R T
BN 70: 30) U1 CrAIMoN iR 2. 2 Bt Cr #USCE TSR IEM, CrAl $EF1 CrMo #EJBSCE T f8 44 5 — 1A
fil, Frh CrAl #E[E 2 7E CrMo #8175, XHERIEEEN 13 cm, $EF 53K 2 RPN 15 cm. #EH
H13 BAEE R G G AF AR AR, AR o 4 F T i b s AT 30 8¢, HA3 XA TR S, By -
DI EERR R RAE o WRE DU Z AT, Wl e b3 5 (1) 58 e AR RSN TR A AR 2 By A v 1 305 6 7 3 ok
15 min, ZRJERHE BT 5 IR AR i [ 8 T e %08 9.5 v/min (E4E b, 4%IBA E B B R BCERE W,
FEHFE S E BB Lom, Lo HEFES, RIF B L 45 871 i 7 A B 22 S 19 IR 2 1) Mo 1 Al
LIRS E, P IREEERTHH S EAAFEAS 1 CrAIMoN %2 . ZIREESAE, ¥ L 4 Hike K
WFRCHN Al~A4; R 2 HEESARARC N C1L Al C2. FRIER B FEAZE 3.0 x 103 Pa I, In#fk s
200°CH UG5S A 30 mL/min Y Ar SARFFERT ARG IN-200 V ), PR O 2R Z 1k 25 min DA
FRRIER R A AR ;. B 5% Ar <4468 200 mL/min, 2 ¢ Cr¥#EH A 70 A, fh/EHN-300V,
BHATE B &g, BHEY 10 min, DARIFH SRe RS 325 Cr BREANLE S T). SREHE Ac SN0
mL/min, N> &N 550 mL/min, k& N-70 V, 4ERF Cr¥EHRAL, i CiNJZ, BHECH 20 min. /5
VHEE N, S48 650 mL/min, M) Cr#EHL, % CrAl #EHL N 80 A, CrMo #EHEIRA 100 A, 1 E4E R
A, PUEL CrAIMoN ¥R 2, B[N 120 min. BAATIISHLE 1.

1 WA=
Fig.1 Schematic diagram of the deposition system (MFC—mass flow controller)
R 1 EAVIIRSH

Table 1 Deposition parameters in detail

S DC pulsed N Flow rate / Target Current / A Deposition
AImyplle Bias /V mlL/min Cr CrAl Cr CrMo Time / min
Ar* etching -200 0 0 0 0 0 25
Cr adhesive layer -300 0 70 0 70 0 10
CrN transition layer -70 550 70 0 70 0 20
CrAIMoN layer -70 650 0 80 0 100 120

FIFH Quanta 250 & 5413 T B A (SEM) A UP-Lambda 3D 2756 BRAX I 14 2 26 T A0k T T30
RHFREE (R, 18I X-Max fEEEH X G EEEDS) iR E I 224 . KA D8 Advance X 84k
ATHHU(XRD)RAE R ZE AL, T Cuk, 154, WA 0.15406 nm, & HEA BRI 40 kv F1 40
mA, #K0.02°, B ERENE02s, FHTEHE 5°~90°, I Talos F200X &7 #4:i% 5 H5 1 145 (HRTEM)
A1 5 F 7 BB (STEM) A AT iR E RE 4O 4544« 76 TEMIAZ 1, i Auriga REEE TR R4
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(FIB)JEFE LAl 2% TEM BEBRIFE 5

Fi Revetest KR SCINRERZ AR BE IR E SRR G502, E3NFE 0.2 mm. HEA 120001
HEE BN R Sk o A0 Sk B 2 AN RIIR A 4058 1.5 mm/min F1 5 mm. FIHBC A 20 nm 12 13
IR &R k2R3 1] MTS Nano Identer G200 Gt Uik J2 (I 0E S fgp ki i, R IESENIER S, B
TREEN 2000 nm, i 75 HURH il 28 1 & DO B A BAEL,  RIH A AR S 7EAS 8] IX S b 46T 8 IR E B R IR I
HCPME . R TI980 9K T IRAX MAIR E WM, 3 700 mN, = ARHESNIAE Sk, #Ef 900, iz piz
/NT 100 nm. @I SEM 3 Hi 2 SR O T SR PR iR 2 I 3042

KH TRB3 EEESRIGHLE R SIAEE N7 AU SLES, DLEAR 6 mm [f] ALOs; BN BERLE], s
IS FRE N S N FIE 2 3T A 6 mm (TS shATRE, SR FTE S R I BEE N 5 Hz fl 94.2 mm/s. FESER
ZEJE, F ASTQ K FE BN & B PITF BT . 2B EK)N:

- (1)

LA, VRRZEFBERAER (mm?), FRNEINERZE LREMN), L shEEE(m). FH Quanta 250 SEM
IR EEIRIES, 456 X-Max EDS 7387 B IR P 6 A B8 I8 1 G 3 7> 284k . K In Via-reflex Raman Y1
A 532 nm)%of BE Bt R Hh o= Az 16 B i AH A R AR — 25 2 T
2 LWHERE5IL
2.1 BB

F 24T AR Mo &8 F CrAIMoN 52 ML pl . JERE DK R HRLRE o @it 245 (AR A
M A HAG &R ZEEEEEA 6.03~9.47 um, 1M H A1~C2 FEfhHERE 206 N EE &S, HIEK
FEE A E RS AR R e, DU R AR, Hod, Al~Ad4 B AL SRR BN, A
36.76%[F K Z 27.53%; 1HFEA A4 2] C1L T AL S 2K, B 27.53%5 M2 8.64%. AR, Mo
SEMHIEE, M 6.38%%E 16.5%. 74, BEE Mo SEMBEIN, N SEFKBENES, Mo MEIER
F i 2 A A AR R B AL MooN iR, HE R T Mo ZEDIA RE 2 i R i il . S8
BET N SERK. WRIBGRERIHEELSE, A2 5 Cl RERREHREER, JRE R E
5 2 Yo e R e/, SECR IR 2 KBRS A 0GB 2 45 T A[FZH4) CrAIMoN iRk )Z
IRARTES . ATLVER], B iRZR DML, (H PR A2 3% B B 38 2 B IO R B [F)95 Je  R2,
PRIZYIH BT KRS (30 AR R 5 B R ARTER R Bilhn, C1OFES AT DTS 2 B M A7 1E
(Kl 2¢), HREH R FREAEKWE 2g), KBURRIE & W BB RKFLIE, HARERRBERA. 55, W
Kl 2e~h fiT7R, BT #RZE R 2 BUE AR IEE B T 2IRAK, Br CLERAN, HARENRA KR
WAL B, I LR R R DR I R KRR SR B A SRS, TER S TR R S R . TR
e, LEET Cr5 CN Z RS S HL, RIS 03, {3 CrN 5 CrAIMoN ¥ J2 F & b,
WEER AL GNEW G, TR AE RECEGRIEHIL, RRZEBREL S8,

2 2 RFELE CrAIMoN i KIL LR 53 T HLbE P

Table 2 Chemical compositions, thicknesses and surface roughnesses of AICtMoN coatings at different positions

Atomic fraction / % .
Thickness

Sample Cr Al Mo N J Roughness / um
Al 22.28+0.01 36.76+0.25 0.72+0.017 37.48+0.24 9.32 0.150 +0.044
A2 22.74£0.12 36.18+0.22 1.21+0.03 37.39+0.22 7.15 0.219+£0.010
A3 2342+0.25 34.15+0.32 2.55+0.03 36.71+0.30 6.35 0.137 £0.024
A4 26.89 +£0.28 27.53+0.16 6.38+0.22 33.90+0.17 6.01 0.080 +0.029
Cl1 38.40+0.57 8.64+0.09 16.5+0.31 25.14+0.41 6.16 0.200 +0.043

C2 44.73+£0.84 1.04+0.04 19.47+0.34 20.51+0.34 8.86 0.082 £ 0.005
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2 A[FZHr CrAIMoN ¥ 2 IR T AT 3 SEM 1%
Fig.2 Surfacial (a-d) and cross-sectional (e-h) SEM images of CrAIMoN coatings with different compositions
(a,e)Al (b,HA3 (c,g)Cl (d,h)C2

B 3 45t T AR CrAIMoN 321 XRD i . tIE T %1, Al~A4 FI C1~C2 %2 4 £ B NaCl B>
SEJTEERI(E 3a F c), HAHRIATESIES AT bR E A(111). (200). (220). (311)F1(222), KB Mo HIIIAIE
RECRRIRZ R o, S TIRIE Al~A4, B Mo S84, WRESATHES A W%, T
BERIEORFFAAL o PR 2 B TR JE A2 Mo [EVA SN R A1 AL [V S kb 5 30 i i K 22
l 3b A FE R (111)IEAL R TBOR B MUESE T340 Mo 452 & BB I T WAz [a A BERe 3N . A, WA
23], Mo BV AICIN IR/E 5 £IHIE A1) GO, DU LR W 0 Je iR 2R T 5E 5 M AR Be 2 AR AR Y
AR, Al~A4 REFI AL SRR, SEURZT BRI RASR AR, R RITARBOAR A K
EAGTRER IR E B R N AR RE, LI SORLSE M T R AR B A AR A (1) ARG, AR AR
AE. FE Mo SEIGH, (111)ATH AL TE HLATH 98 PR, (200)FT 5 IR BEIZE MW T, X5 SR04k 7
i) Mo [ElVA AICIN ¥R /2 IR AR AL —FL.
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Fig.3 XRD spectra of CrAIMoN coatings with different compositions
(a) A1-A4 samples (b) the enlarged view of (111) peak  (c) C1 and C2 samples
N T R GRIRZ A RIAZLEG,  IEFE Mo S B 2.55% (A3)M1 19.47% (COMIMRE, M4
HEHmES . K 4% A3 {R/ZH80 STEM 14 &% Mo Juz 1) EDS (#9455 . STEM WG 5 A2 PRI =
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TR M Z R AR, PIRAARETRE TR, BE, BANARE PN, BR. 48
4a M b, A3 JRZAFENIE AN Mo JERMITELSR, HPEEEHZ BN 3 nm 9F Mo JZ=, BHEHIN
HNEEL) Tom (71 Mo J2. KAKAHASRIHZHIER, ZHT Mo S5 R BEHUE Thdt N2 i
T, RREEEMRIIRTE, M4 c R Bbie, HIEZRIIERSEIE-Z 2 CrMo ¥, Mo JR1H48EL
CrJ5iF K, 2H 5 Mo Ji HPE I BUN £ k126271,

K4 A3 %21 STEM {4 B AR Z MRS 2 1 EDS 4553 &3 Mo SR 4 i
Fig.4 STEM image of A3 coating illustrated with EDS results for light and dark layers (insets) (a) and
corresponding Mo element mapping (b)

Kl 5 B A3 IREFM C2 irZHATH A . EX B AT (SAED)fErE. HRTEM 14 X H % Fourier
B IFFT)E . BIRMETESREMEE nTHI(E Sa fl e), 2 FPERJZ (K Mo Al Mo)#l LUHRIR fb 25 #4315 3 B L
TR, X52ZH7 SEM WAL R (KB 2) 8, WU Mo FHRFTIHIR R ES A K. Bl 5o M ch
A3 IRJZI HRTEM AR H1 IFFT K. 455K EW, A3 IREMON EAFEAE A& W8GR, XATRE2 HT Mo 5| A
BT RO R B A itefk, HoAr P sb A ¢ H i TRFT P35 ) ot T [R] #6754 (Cr, AL, Mo)N [ ¥4
FHF MooN fnfAH, H & Sc H 1) IFFT B RS2 BB AL RS S TR RT, 748 7= A2 24 vy i 10 1 A2 I X
T4 i 2 B . C2 ¥R 21 HRTEM {440 IFFT K& sE A1 g s, Al RIAEER R EEZ DL CrAl
A AICT & JBAHAAAE, IRZTHIFARKIL AIN S 8AH, Mo [BVARE CiN @ ALt dr, JEmU(Cr, Mo)N VA 445
¥, RN LR Z I MooN difRAH. A3 Fl C2 IR 2 kX AT (SAED)SE R an &l 5d F1 h Fros. 2
Pl 215/ foc 4540, AT AT bR e NEE A1), (200)F1(220), #iBH Mo F5 2 3t K AR IR 2 1
enRgER . 454 XRD Fl TEM 25 AT LIS, Mo Ji FHUX T 7E(Cr, ADN [EE AR S5/ 1 Al BE Cr 1 T,
FEK T (Al, Cr, Mo)N [k AH. RN, /D& Mo JiF25 N JEF RN MooN Sl #1281,

K 5 A3 JRZ AN C2 ¥R )= AL SR 45 F R Ak
Fig.5 Phase structure and microstructure of CrMoAIN coatings of A3 coating (a-d) and C2 coating (e-h) (d—crystal spacing)
(a, e) low-magnification morphologies
(b, ¢c) HRTEM images at different regions and inverse fast Fourier transform (IFFT) plots (insets) of A3
(f, g) HRTEM images at different region and IFFT plots (insets) of C2
(d, h) selection area electron diffraction (SEAD) patterns



418 % M ACTA METALLURGICA SINICA

22 REMNE MR

P 6a fion T ASE 2 50 S 2 A BE (D LA K R (F), 1 6b SBoR T XN H/E & HPE?, T8 A H
| E RV | B2 RVPAN IR E BT AR T s D APu B AR TR 68 71, H/E A HP ) B> IRMEERCOR, R ERE I #1%:
AT, MK 6a H1RE, H5 EBE Mo & &8N I E B NS, KA A3 RER HAE s,
43 H1(38.7 + 1.3) GPa F1(580.9 + 11.1) GPa. Mo & &M 0.72%3EIN4E 2.55%, Al FEM 36.76%4F L4
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W TELRFF foc SHALHIEN T, CrAIN REERRI AR KARE FHURT Al &8, JLHXS C1#
C2IR)ZE, HT AlEEMN SEPHFEC, 5 S R E I, X n a5 RAe A 7 B EAH A
B, M 6b thfEH, B Mo S &M, H/EM H/ B> 24885 s, Hd Mo & EAN
2.55%[) AICtMoN ¥%)2 H / E iV HP / B eI R, HOZIRIZMBEE R 5ok m, RZERIHAR S saft.
AL, DR Mo [V T LARTHEZE J12EERE, (B2 Al S EXTRER 1R K, R &
1) Mo JETFTE K MooN @A, FAEEE T CrN Al AINE2,
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Fig.6 Hardness (H) and elastic modulus (E) (a), and H / E and H°/ E? (b) of CrAIMoN coatings with different
compositions
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Fig.7 Nanoindentation morphologies of CrAIMoN coatings with different compositions
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Fig.8 Scratch morphologies of CrAIMoN coatings with different composition (a-d) and enlarged views of the
corresponding crack propagation (e-h)
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Fig.9 Friction curve (a) and average friction coefficient and wear rate (b) of CrAIMoN coating sliding relative to
AlO3 ball in atmospheric environment
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Fig.10 Morphologies of wear marks of CrAIMoN coatings with different composition (a-d) and the corresponding
wear spot morphologies for the Al,Os friction pair
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Fig.11 SEM image of the wear mark and corresponding EDS element mapping for A3 sample (a) and Raman

spectra at the wear mark of CrAIMoN coatings (b)
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