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Influence of WC addition on wear resistance of Fe-Mn-Si-Cr-Ni alloy by
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Abstract: Fe-17Mn-6Si-9Cr-5Ni alloy with varying WC concentrations was fabricated via laser wire deposition additive
manufacturing. Their tribological performance under oil-lubricated conditions was systematically evaluated to elucidate the
influence of WC addition amount on the wear resistance of Fe-Mn-Si-Cr-Ni alloy. Results demonstrate that in the Fe-Mn-Si-Cr-Ni
alloy, when the WC addition amount does not exceed 1% (by mass fraction), the hardness of the alloy increases with the increase in
WC addition amount, but its wear resistance actually decreases. At this point, the wear resistance of the alloy is mainly influenced
by the intrinsic friction-reducing and wear-resistant properties brought about by the stress-induced martensitic phase transformation
in the iron-based memory alloy. However, when the WC addition amount is increased to 2% and 4%, the hardness of the alloy
continues to increase with the increase in WC addition amount, and its wear resistance improves accordingly, which is still only
approximately the same as when no additives are added. At this point, martensite laths can no longer be observed in the sub-surface
layer of the friction wear. It can be considered that at this point, the wear resistance of the alloy is mainly influenced by the
dispersion strengthening effect of the WC particles. Under the conditions studied in this paper, the alloy with 0.25% WC added has

the best wear resistance.
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Highlights: (1) With minor WC addition, the wear resistance of iron-based memory alloy was primarily governed by their intrinsic

friction-reducing and wear-resistant properties.

(2) The FegW¢C particles formed at excessive WC concentrations effectively suppressed the formation of cooling-

induced e-martensite.

(3) The influence of the WC addition amount on the wear resistance of iron-based memory alloy was clarified.

Key words: iron-based shape memory alloy; wear resistance mechanism; laser additive manufacturing; oil lubrication; WC particle

0 F&

Fe-Mn-Si-Cr-Ni & 4 J& — 2R F F W 1155 & W)
Shockley A~ 5¢ 4= o &8 19 7 336 7% 5, o % & vy
(fee) BLERHR— ¢ (hep) I FR A I 396 AH A%, DA 17T S 0
TERATAZ RN B i ik BT R4 41, Fe-
Mn-Si-Cr-Ni &4 HAT AR | 58 3 1 | AH AR T 42
AT A I TV b e S o T ot L g b i
T T R 2 3 L H R A 1 B e R
T, JEE 452 R 461 5 A v A 42 Mk N 0, 2 Fe-Mn-Si-
Cr-Ni JEARICIZE & 7= A 0 175 & B G, B — 34
SHYERIFTHET v (fec) B IRAK— ¢ (hep) I G AARAH
AR (KRS 7, DT RAR T AR F AR B A S B4 42 i
N PUBE T, e (hep) B ERARES v (fec) ¥ AR H
A 5 R R R S AR R B 2287, S Fe-Min-Si-
Cr-Ni A 4 HL A U 04 Dl 8 1 5 ek, (H AR B AR
X 5 ARG A A5 B8 AT i) 24 7 FLHE UMb A 1 1 Y
™. T i vkeix — Al B, S AL Fe-Mn-Si-Cr-Ni 4
G DA S LA R, 4 S8 T lb RS R R
HABEXH.

Wi 25 R PR L . 3 4 T 4 R R S 42 1
) T A A Ak, Hoh we DL H: i R
(2 800 ~ 3 500 HV). i ik R %L (3.84 x 10 ° ~
5.96 x 10 ° K '), M 5 (2 870 °C) FI B HyFAFA
BT R it s, NG 4 A A I v R R LR
Mg, i dn, 75 Lo 28 A" s, i akAE
304 ANFEFR AE FHEOCIE B R, fils 17 &
A WC 1Y Fe-Mn-Si JEARICHZ A4 (SMA/WC) 172,

WC 51 RT TIRZHHERE, IRIZ0
TRhEE B Y8 i T A DAL, i R A AR BRI S P A O
SR T 2 25% F67%. BLAh, 5 ek g A1)
T I HE AR AR BF ST & B, WC AT LABE S AR X3 4l iz
SR BEASAE H, DI 25 (32 TH AL A 3 BT | A 2
At EEPE. SR, HEGX WC #2412 A 4t
JESERE AT/, XL AL A AF 5 AL 15 AN V5 B

(EAFHE—25 48 B, BB RICIZA 45
TIE R 2E, MELMl AR S T 2 OB &2 2285 %
PR sk RN T B TERACIZ N RE I R 2

N9 = 1 ol = S e 0 WP 5 17 N = - "] D
S SRS RATZ A 4 (07 R JE T,

FEHL Fe-17Mn-6Si-9Cr-5Ni & 41 WHFIE /42,
LA WC VE B It L, SR OGS 22 TR 14 il 1
AR 2 T IMAE & & WC ) Fe-17Mn-6Si-
9Cr-5Ni &4, B4 T HARM I M 50T i B 52
AT A, TR T WC BB I X & 4 i
FERLH A5, 5 7 R AR O A A T
RIS %.

1 R %

i I8 Fe-17Mn-6Si-9Cr-5Ni-xWC & 4 (x = 0,
0.25,0.5, 1, 2, 4; WC AROKLR) mtb#alsr, 8t
Al S AR R RE LK) 304 NN L 2T N
Fe, Cr il Ni) {E A5 e, Ff-48 B[R] o3 L SRR
JE ) it & 3 78 M K (Fe, Mn, Si, Cr, Ni #1 WC #7),
TAC B 1A 493 A o 7 B S i 1) ) o sl 2 2
HIEARGWE b, BHENS LM 56830t
B — B, IR 2 i p FLo iR — IRk 2
B, SRR B R A 08 b s Y AR 22 61 0,
HEZETZWBME 1 Fis. 28226 BA A
) K Ak " B £5 4, RSN & 4 h TR Ay
P (1= = R G 5 i W 1 B - ) )
HWS2000 RIFOE KA A 32 04 1 38 44 il 3 F &, K
Ky its 22K LA 2 mm/s 36 223 B L 1 500 W 193062
R,IE 304 ANEER AR g 2 HERR 2 75 mm
(£) x 10 mm(%5) x 10 mm(=) F3ERERSFE, IR
52 15 18 NSC-M332/W6 I Hi, k#8246 1) B AL %)

AR

A2 e

B 1 #hiesrfl&RER (mm)
Schematic diagram of powder core filament
preparation

Fig. 1



142 B

% 46 %

B AT, HHUGT R 10 mm(1) x 10 mm(5E) x
5 mm(Ey) PSR AT TR A SO FH AL,

JEE B0 AT, £ 400 HRPA0R A RE R T
ITEEZ#. i )S, 75 MGW-01 1158 20 EE i ML
PEAT BRI S . AE I AR b, R R [ e 7
28 b, AR SN RAY B, SR E
o0 2.1 mm B GCr15 BIBRVE Ay Xt B A4, it fin 22 g
M TN, FEE EEENR N 30 Hz, /772N 6 mm, R4
B E] 24 60 min, 50 R A 8h sh AR E B R
B AN, SRR FR R T B FE i, AR
PR W= vid, b, v R EBBUATRI K, d HiE5h
TTTREEES. SR VHX-2000 71 H: 20 g i) fule i 15 1A
FRUES A1 232, It SR Ae ) v ) R 3 7 7Y
FEIR VR | Vi B 5 R A D) I A, DA R U
T AR P I A A AR 460

JEEREREEAL 5, VSR EPI‘EHW‘Y&ME@JE
%J%/i\mﬁtfri ISR S IR IR R 2B, DIRAL

NRZE FH R RIS TR W R 2 TE S 4% ﬁﬁﬁﬂjﬁﬂ%
Jﬂzéﬂﬁﬁw, Z5F B (3 g CuSO4 + 10 mL HCI +
30 mL H,0) B FE 5, Sk H CMY210 A% i
TR S-3400N A 414 Hy 7 A Ba i AT IO 2 21
TESER.

K H HXD-1000TMB . faft A B -0+ 384 464 1l
TG4, 0T 0. 98 N, B 3 Ab A ] X el £ 5 i
SEIEAE RIS R, SRS AR (& 2) e

160 um 160 160 pm 160 um

@0 (b) 0.25%

LS e

(&) 2%

(d) 1%

3  Fe-Mn-Si-Cr-Ni-xWC & &infl

B2 THMEEENESSHKOEHFETEE
Fig. 2 Schematic diagram of the bending deformation
method for measuring the shape recovery
characteristics of alloy

RIS Rk, #22K (D) IR AR R g,
Horb o iCIZ &M I A, 6.4 I 1 IR 1E12
ESEEE)

Om
= _Im 1
1= 507 —g, < 100% M

AR AT & ¢ TR A (2) 115, jCEF'
FHFME TR 01 52 32 A SR SRR B ¢ O 1 mm, 2R
HIEE H4E D 0 25 mm, BUHLTASIE & ¢ N 4%.

= % x 100% @)

2 REERE M

21 AEMRSER
& 3 Ay B bF i i Fe-Mn-Si-Cr-Ni-xWC(x = 0,

(¢) 0.5%

(B 4%

ZSg) OM B

Fig. 3 OM images of Fe-Mn-Si-Cr-Ni-xWC alloys in the as-deposited state. (a) 0; (b) 0.25%; (c) 0.5%; (d) 1%; (e) 2%;

() 4%



% 8 #

BE R, % WC B 7 A 3 8ok 3 At 4 1 Fe-Mn-Si-Cr-Ni &4 il B I #8195 v 143

0.25, 0.5, 1,2, Hh 5 & VISR OME &, W
& 3(b) iz, 24 WC Bl 0.25% ), 7E65 4
UL %% 2 B 5 A WC B 8 B0k, X AT RE O R
WC 7Efin# G F b 58 4 4, H W R C TR kA
i A% T) B, DT 38 ) [ S oAk B 0 S 4 s B
WC & i 8E s, B TROCSE (dnah % HHE
JE B R ) PR, RBUER T A4
AR MF- I Re i %, T ARG IR WC B
JoRIURE EL A 1 R, 3 22 1) WC T 5 80k - A I
1, 154 4 B B TR BR AL 1E T an el 3 (o) A
K 3(d) FioR, BT WC B30, &4 hREN
WC R Ji ks 2 B2 AR A RN I i, 3 B0 HsR L
S RE; WEE WC S InaE: 3 m, WiEl 3 (e) M
K3 TR, A0 B WC T0kE 25 5 bl =22 36,
WC BURL A R B0 A 0 52 T 1R BB % i 2 WA I F %
Wb,

| 4}y Fe-Mn-Si-Cr-Ni-xWC &4 (x =0, 0.25,
0.5, 4) B4V T H XRD, 7] LLEEE3] FesWC
I H B (HeR). Ak, WC eI it h
S, B R W TR A EE T A AT, A
T WL RES S EEER R, B LLRHE
I3 W JCE 5 Fe fll C TLEEE G, JEL FegW(C
BeALY Y. TWifE FeMnSi FEARIDAZ & 42, FegWoC
SO BB B 1) S BT 2 1932 2y, 2 1 0 ) 25 EGAAR 1
T, SR A B ECAARHE L A2 o T AN, PR,
Bfits WC &, FegW oC HH 10457 HE 6 5 300 - 184
58, (] A AR T A A A (BT B 055
22 AEEEBEHRRRIREFRIR

K5 IR T & 4 B4 S 400 J5 IR 3R )2 1 L B

@0 (b) 0.5%

=2
—
5 "5"% 0
i = 40%WC
~ > ~~
g | 0s%we ==
% | Joaswwe \
ﬂ L owe ]
20 30 40 50 60 70 80 90
TTE 11 20/(°)

4 Fe-Mn-Si-Cr-NixWC & & mZSH XRD
Fig. 4 XRD pattern of Fe-Mn-Si-Cr-Ni-xWC alloy in as-
deposited state

(SEM) 1%, XFHLIE 5 (a) FiIE 5 (b), 7T LA RIE0
0.5% WC & &HETREN WC &4, Y
BRRENY T QU = A = R AR N1 i | P
WC &3k 2% B, &l S (o) Bis, AR
R 2RI, B ICEFER S (o) o R R F|
I FRARM 2. 43 BTN R, BEE WC & s, &
I R £ (1) FegWC ki, FesWC ki fE 1%
FRAHIHERTZ 1323, SECAHIE G 4 Y
R IR FRAAR B il /b, X BB 5 FR AR, AT L&
SRR Z A . L, A RS
FRARAYIR D, A 4 T AZ 5 85 R BRRAIG, AT
PRIV 7175 T 00 2 B A8 i R ARAS 0 A PRI, X
PG 5 2 5 30 PR AR B30 1) S 5 08D, B T
SRS T TR HEE, TG 4 TR E 12
REF7 A T RFISEmE 2T, Ak, fE e s i A
FeoWC J0hr [R]F R il 1 e ALUKT 2 1Y 32 3, E—2F
BRI 1175 & 5 AR TR B, (A5 BE i i Tk R 2 v
N7 3175 % B B AR et itE— 2D AR

| (©) 2%

B 5 EEEREH Fe-Mn-Si-Cr-NixWC & &% REH SEM B
Fig. 5 SEM images of subsurface layers of Fe-Mn-Si-Cr-Ni-xWC alloy after friction wear. (a) 0; (b) 0.5%; (c) 2%

2.3 EEHICIZHERE
Kl 6 NAS[R] WC %Il & Fe-Mn-Si-Cr-Ni & 4
TE 4% WAL T B2 R, fiE WC & &3, &

SRR IZ TR,
KT WC 1Y Fe-Mn-Si-Cr-Ni & 4> [0l & %
68.5%; 4 WC IR~ 0.25%, 0.5%, 1%, 2% Fl



144 B

S & 46 &

—

40| \1

0 025 050 1.00 200 4.00
WC BRI w (%)

B 6 A[E WCFinE Fe-Mn-Si-Cr-Ni &7 4% T H
ThEZE
Fig.6 Recovery rate of Fe-Mn-Si-Cr-Ni alloys with
different WC additions at 4% predeformation

4% 5 4, BRI E R K 68.3%, 59.8%, 50.1%,
43.0% Fi1 38.8%. M1, X4 WC i finih 0.25% B,
ICIZPERE AT B BE AT /N, MR, 24 WC
WA 0.25% B, &4 WC &b, 41
e A BREE ) W OT R A PR, S8 FegW4C
Wik /b, LA BITEZ 544 T 1) XRD Bl L
WMEE AR F FegWoC AR, F ik, 71 6 & 3,
0.25% WC [ In XA 4 BT AR 01 52 352 /).
2.4 TEEFMERERE

P 7 5 34 K1 i 1 Fe-17Mn-6Si-9Cr-5Ni-xWC
B4 (x=0,0.25,0.5, 1,2, 4) BT B0 R J hfi i

k.
T R {500

50000 | —a—

40 000

07° mm?

=. 30000 -

=W,

X 20 000 |
#o
=S

£ 10000 1100

0

: : : . : Jdo
0 025 050 1.00 200 4.00
WC BN w (%)

7 Fe-Mn-Si-Cr-Ni-x\WC & & A FR 5 5 %2 K 8 B h 2
Fig. 7 Volumetric wear rate curves and hardness
curves of Fe-Mn-Si-Cr-Ni-xWC alloys

N 7 AT LAE Y, B WC B ks R i
W, A4 R E R BT, Hd, SR
T WC B4 4 B9BE BEZE 290 HV 26475 e 43 5
H0.25%. 0.5%, 1%, 2% Fl 4% i WC A J57 5k
i, & 4 0 7 468 B 43 il £ 7131 401 HV, 410 HV,
418 HV, 459 HV 1 458 HV, #H Lt T~ Ji & 44 7 BF
ARRIBEAN T 1.38 4% . 1.41 f% . 1.44 £% . 1.58 f% AN

1.57 f%. BEAk, 25 WC RE s N 2% 34 h 4%
i, A4 BB B IF R AR S 4L T, SR 4 1 R R T
T, FELE M BOCTIR  FEE | B A AR
BEFRMET, WOLESIEA &K P ReE %
RWEER. NI, BEE WC B 5BURLZS & (1o i —
AN, B T AR RE SV Bl A WC R T SR TG v
WA UG, X2 WC B B RUR 25 2 51 & 14
B, BamA AT a6, (1A 4 0 H B Gk
B, B S A A K 2 SRR A

ME 79 Rl LA R B I WC R 3
0.25%, 0.5%, 1%, 2% Fl 4% WC iLFE A 4 B AR
BEIRAM R 24 444 % 10 mm’, 19 875 x 10 * mm’,
34761 x 10 * mm”, 48 160 x 10 * mm’, 35 138 x 10 °
mm’ 1 28 710 x 10 * mm’. HHE bR IR BB %,
FHXTFARES N WC G4, BN 0.25% WC 541
it BB & T 23. 1%, 1 0.5% WC 7 4 1 it B
PERFET 29.7%, BA0 1% WC &4 1 it B R B
T 49.2%, N 2% WC & & W B T T
30.4%, Ui 4% WC &4 BT R T 14. 8%.
AT UL, &4 A VRFRUBR 451 2R 5L B RS T 5 R AR
B, ELAEARIN 0.25% WC AR AT A,

3 itk

FESN TIVE R, BRI A & WFp AR Y 7
K, — Py — e FHAE, 55— 0 98 M v
THEBEWTER LR, BRI R IR
7, N AR T 8 22 A L 5 [ AARRR 2 7R HH i 9
AL TR AR R B BE R R B A R, TR 2 A%
N R4 R AT DL —E R RIS 4 y — e AR AR
FE. BRFCAC G e BRI P At R v HAT el B
Y, R 7 TR, R M B AR o S S, £
fifi Fe-Mn-Si-Cr-Ni JEARICIZ & 4770 iE A S
A, BI— o ER 17825 T y(fee) B4R — ¢ (hep)
I RARAHAR IR 3l 7, ST R AR T A FAE & 4 E 452
At AR Al Ry g 5 HUBE 5 T, e(hep) 5 FRAARER y(fee) B
PR AR LA W v 190 1 8 A SR IR O R B R . R,
ARICAZARLN 1) Fe BUAE — 8 R b R T 4RSIk
A AR B IBUEE BT IS Rt Y 33 RE.

— MR U, A A )R R R L B R . A
IR AT, ME N 0.25%, 0.5% 1 1% WC
B, B4 0 i L S MR AR 2 T B, X2 T
A& MEBEBALHI T L A R B, &%, 7



% 8 #

BE R, & WC i 7R o 3t 8 o 34 4 % 1% Fe-Mn-Si-Cr-Ni & 4 if B M 6 87 & o 145

I 0.25%, 0.5% F1 1%WC BIEHT, B 35
H Fe-Mn-Si-Cr-Ni & 4 [& 47 i 9 BE Rt 5 Rk &=
S e R, AR WC &K 4200, BRCH Y
W LR EE A AT, SR, 6T W TR
EAE2THARBEEE, KERN WILERYS Fe M
C ILE W, TN FegW,C Ik, 7¢ FeMnSi JE
ARICIZE 4 h, X 8L Fe W C TRAL IR 7 AE % BH A5
AT RS 3N, AT ] = IR AH TR B, (Hi45 —
B3 L LG AAME L B 40 B G4, > WC RIS I
H0.25% B, lFEING WC &b, i Eg
FERREERY W ST R AR, RBOV A FegWoC ik
ki FECE A R, & 2R RICIZ BN R A B
=, AR R T, MG SR TSR, SR, B
H WC FaE M 0.25% 148 1%, B RLHY FesWoC Bk
YRR T RIS 22, & & 0BRSS 2 W
DS, PR B B e R R R R IR B s s
SRR AR B 2R A TIPS Rk Ik 55
T S P 14 AL R AIK.

FESS BB, B WC BN i3S hn-h 2% Al
4% B, EEBALHIEL AR, =2 h WC FUk iR SR 1k
SOV S BEBY BT, BTG R R R E S F 1 S
170 AR AN N S WL g @Al iR ) R SINE R E 1 BUY
FE B EEE SOR M AR, OS2
K EWPFRe % AR, Sl T WC il i
WOk L RE J1YE . R, Bl WC B itk —
SR, A 4 R ARV A B WC T 5 S50R 25 B 3 n
XL WC HURL Y TR R A SN AR 15 5 B i, AT
SR VAR T

4 it

(1) K& WC ks s it (3% i1, Fe-Mn-Si-Cr-
Ni 4 BTt BB e 5 R S T I e A i 34, HL
FEAN 0.25% WC B35 31 5 g 5 LR B %
/).

(2) TEARAN 0.25%, 0.5% F1 1%WC [ 1E LT,
BE R AL 325 Fe-Mn-Si-Cr-Ni 4 4 Fi A B U8 B8
BUBFRE 5. 4TI 0.25% WC I, HH TA 41
TCAL R AR A AN R ELAE B 34, L 1 A5 DL 3
. SR, BEE WC Eh 0.25% B4R 1%, &4
FITCALREN 128 T RAAIG, EE SR B4 IR 3R )2 h N 0375
R FAR S m b, B0 A SR A IR E BT
PENEIE R AEAR S, SN B AL T B

(3) 24 WC N A 2% il 4% A, BESAIL G4
AR, WC SR vR BRI E R R 3. B T OE S5
A, REUEH T A S8R0 T4 68 2% B [F
. I, BEE WC SRS, RIEr we Bt
7 2 B 2 340, WC BURL A 5k BGER A A T 8
8, IS S B P (R B T

Sk

[1] JING Zhijie, XU Peng, WANG Ling, et al. High corrosion resist-
ance of a novel armored super-hydrophobic Fe-Mn-Si-Cr-Ni coat-
ing [J]. Surface & Coatings Technology, 2024, 480 130565.

[2] YANG Xiao, CHENG Lijin, PENG Huabei, et al. Development of
Fe-Mn-Si-Cr-Ni shape memory alloy with ultrahigh mechanical
properties and large recovery strain by laser powder bed fusion[J].
Journal of Materials Science & Technology, 2023, 150: 201 —
216.

[3] ARAI, B, 2T, % M 2O H & Fe-xMn-

6Si-9Cr-5Ni & 4 ic 12 M BE [7]. FR 24, 2023, 44(7): 102 —
108.
ZHU Changshun, MAO Jizhou, WANG Hongyu, et al. Memory
properties of Fe-xMn-6Si-9Cr-5Ni alloy by laser additive manu-
facturing with powder cored wire[J]. Transactions of the China
Welding Institution, 2023, 44(7): 102 — 108.

[4] R, BRT, LA, 55 AR ICILA S TR EBTT N

B MBI AT [1]. SRR, 2022, 43(9): 50 - 55.
ZHU Jian, WANG Hongyu, SHI Donghui, ef al. Element loss be-
havior and compensation of additive manufacturing memory al-
loy[J]. Transactions of the China Welding Institution, 2022, 43(9):
50— 55.

[5] TIAN liayu, XU Peng, CHEN lJianhua, et al. Microstructure and
phase transformation behaviour of a Fe/Mn/Si/Cr/Ni alloy coat-
ing by laser cladding[J]. Optics and Lasers in Engineering, 2019,
122: 97 — 104.

[6] MG, W E4E, Actiik, . WOGIHE Fel Mn5Sil0CrsNi 1124

BAWIE M BB ST (7). EBOE, 2017, 44(2): 263 -
268.
XU Peng, SHANG Xiaojuan, ZHU Yizhi, et al. Stress release of
Fel7Mn5Sil0CrSNi shape memory alloy coating fabricated by
laser cladding[J]. Chinese Journal of Lasers, 2017, 44(2): 263 —
268.

[7] DEL-RIO L, NO M L, SOTA A, et al. Internal friction associated
with & martensite in shape memory steels produced by casting
route and through additive manufacturing: Influence of thermal
cycling on the martensitic transformation[J]. Journal of Alloys and
Compounds, 2022. DOI: 10.1016/j.allcom.2022.165806.

[8] LIU Xiaochen, XU Peng, YAO Like, et al. Nb reinforced Fe-Mn-
Si shape memory alloy composite coating fabricated by laser clad-

ding on 304 stainless steel surface[J]. Journal of Mechanical Sci-


https://doi.org/10.12073/j.hjxb.20220819003
https://doi.org/10.12073/j.hjxb.20220819003
https://doi.org/10.12073/j.hjxb.20220819003
https://doi.org/10.12073/j.hjxb.20220105001
https://doi.org/10.12073/j.hjxb.20220105001
https://doi.org/10.1016/j.optlaseng.2019.06.003
https://doi.org/10.1007/s12206-022-0915-y
https://doi.org/10.1007/s12206-022-0915-y

146 B

i % 46 %

[10]

(1]

[12]

[13]

[14]

[15]

[1e]

[17]

(18]

[19]

ence and Technology, 2022, 36(10): 5027 — 5033.

WANG Jianhao, YODO Shogo, TATSUMI Hiroaki, et al.
Thermal conductivity and reliability reinforcement for sintered
microscale Ag particle with AIN nanoparticles additive[J]. Materi-
als Characterization, 2023, 203: 113150.

HUANG lJiang, ZHU Zhikai, WANG Hao, et al. Effect of WC
content on microstructure and properties of CoCrFeNi HEA com-
posite coating on 316L surface via laser cladding[J]. Materials
(Basel), 2023, 16: 2706.

STRAUMAL Boris, KONYASHIN Igor. WC-based cemented
carbides with high entropy alloyed binders: A review[J]. Metals,
2023, 13(1): 171.

ZHAO Yufeng, MIN Byungwon, JIANG Yinfang. 316L rein-
forced with tungsten carbide particles by laser-directed energy de-
position: Interface microstructure and friction-wear performa-
nce[J]. Journal of Materials Engineering and Performance, 2024,
33: 8285 — 8298 .

TEE, MRz, k4, % WC &t WC HRIRILE Ak
JZR AR [J]. 2R, 2024, 45(1): 40 — 46

WANG Xingxing, TIAN Jiahao, WU Shengjin, et al. Effect of
WC content on the interface microstructure of nickel/tungsten
carbide composite brazing coating[J]. Transactions of the China
Welding Institution, 2024, 45(1): 40 — 46.

LIU Changyu, XU Peng, PANG Chi, et al. Phase transformation
in Fe-Mn-Si SMA/WC composite coating developed by laser
cladding[J]. Materials Chemistry and Physics, 2021, 267: 124595.
IR, 25, FIH, 5. DRI R AL 250 AR 22 i AR 22 2
GURNERBIRZI [7]. #4241, 2017, 38(11): 71 - 76.

YUAN Xiaobo, LI Feng, WANG Juan, et al. Influence of shield-
ing gas on microstructure and properties of tungsten carbide flux-
cored wire surfacing layer[J]. Transactions of the China Welding
Institution, 2017, 38(11): 71 — 76.

ZHANG Qin, WANG Hongyu, ZHU lJian, et al. Effect of B on
shape memory properties and microstructure of Fel4Mn6Si9-
Cr5Ni alloy and its mechanism[J]. Journal of Materials Engineer-
ing and Performance, 2025, 34: 1207 — 1214 .

GERA Dennis, SANTOS Jonadabe, KIMINAMI Claudio S, et al.
Comparison of Cu—Al-Ni-Mn—Zr shape memory alloy prepared
by selective laser melting and conventional powder metallurgy[J].
Transactions of Nonferrous Metals Society of China, 2020,
30(12): 3322 —3332.

MANIJAIAH M, NARENDRANATH S, BASAVARAJAPPA S.
Review on non-conventional machining of shape memory
alloys[J]. Transactions of Nonferrous Metals Society of China,
2014, 24(1): 12— 21.

HIRT, EER, 2R, . WO E ALY R R R A4
LU PRI BRI [T]. S92 4, 2024, 45(10): 59 — 68.
DONG Yijun, WANG Yonggang, LI Dongya, et al. Heat treat-

ment tailoring of microstructure and properties of laser cladding

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

carbide reinforced nickel based coatings[J]. Transactions of the
China Welding Institution, 2024, 45(10): 59 — 68.

FRT, B, B, A ARG R E AR =T A e ks
Y IBCR R HP R, 202010265172.7[P]. 2021-12-21.

WANG Hongyu, ZHAO Lei, CHEN Te, et al. Method for prepar-
ing tri-element alloy powder core wire with specific filling rate by
round tube method: China, 202010265172.7 [P]. 2021-12-21.
FBTF, ERR, Rk, 45 88 0 AR RS RAR A e
A BB PR IS 22 A Bk Tk R El, 202210131857.1[P].
2022-10-28.

WANG Hongyu, TANG Didong, CHENG Sheng, et al. Powder
core wire material blending method for additive manufacturing
with accurate alloy composition obtained by regulating powder
particle size: China, 202210131857.1[P]. 2022-10-28.

FRF, AT, B, % FET Cu-Al-Fe G4 1ML 4F
i 3 e K HOR B 3 4T (D], AR 4R, 2023, 44(4): 111 -
119.

WANG Hongyu, HUANG Jinlei, CHEN Sheng, et al. Analysis of
the theory and temperature field of additive manufacturing with
powder core wire based on Cu-Al-Fe alloy[J]. Transactions of the
China Welding Institution, 2023, 44(4): 111 — 119.

MG, BT, TR, BRILEYXT Fe JEA S W0CHE 2 MERER
SN [J]. N T T2, 2024(14): 11 — 15.

WU Pengfei, WEI Xin, SU Jianxiu. Effect of WC on properties of
Fe base alloy laser cladding layer[J]. Hot Working Technology,
2024(14): 11 — 15.

TR OIS E AR WC BRI R S IR E M IFST [D].
HEI: ILTRHEREE, 2022.

ZHANG Fan. Research on laser cladding nano WC particle rein-
forced iron-based composite coating [D]. Anshan: Liaoning Uni-
versity of Technology, 2022.

JU Heng, LIN Chengxin, ZHANG Jiaqi, ef al. Research on resid-
ual stress inside Fe-Mn-Si shape memory alloy coating by laser
cladding processing[J]. Optoelectronics Letters, 2016, 12(5):
344 —348.

ZHANG Qi, XU Peng, ZHA Ganggiang, et al. Numerical simula-
tions of temperature and stress field of Fe-Mn-Si-Cr-Ni shape
memory alloy coating synthesized by laser cladding[J]. Optik,
2021, 242: 167079.

XU Peng, JU Heng, LIN Chengxin, ef al. In-situ synthesis of Fe-
Mn-Si-Cr-Ni shape memory alloy functional coating by laser
cladding[J]. Chinese Optics Letters, 2014, 12(4): 041403 —
041405.

fEERIM R ER, L RENIR  edE sl AR
#6444 . Email: zhaoyf(@ntit.edu.cn.

TET GBEER), B, #2052, FEMRT I e
Bl 51 A ; Email: wangdoudoul974@163.com.

(4w%E:  FBLD)


https://doi.org/10.1007/s12206-022-0915-y
https://doi.org/10.3390/met13010171
https://doi.org/10.1007/s11665-024-09669-z
https://doi.org/10.12073/j.hjxb.20221025002
https://doi.org/10.12073/j.hjxb.20221025002
https://doi.org/10.12073/j.hjxb.20221025002
https://doi.org/10.12073/j.hjxb.20170425003
https://doi.org/10.12073/j.hjxb.20170425003
https://doi.org/10.12073/j.hjxb.20170425003
https://doi.org/10.1007/s11665-024-09179-y
https://doi.org/10.1007/s11665-024-09179-y
https://doi.org/10.1007/s11665-024-09179-y
https://doi.org/10.1016/S1003-6326(20)65464-4
https://doi.org/10.1016/S1003-6326(14)63022-3
https://doi.org/10.12073/j.hjxb.20231221002
https://doi.org/10.12073/j.hjxb.20231221002
https://doi.org/10.12073/j.hjxb.20231221002
https://doi.org/10.12073/j.hjxb.20220519002
https://doi.org/10.12073/j.hjxb.20220519002
https://doi.org/10.12073/j.hjxb.20220519002
https://doi.org/10.1007/s11801-016-6131-1
https://doi.org/10.3788/COL201412.041403
mailto:zhaoyf@ntit.edu.cn
mailto:wangdoudou1974@163.com

	0 序言
	1 试验方法
	2 试验结果与分析
	2.1 合金沉积态形貌
	2.2 合金摩擦磨损后次表层形貌
	2.3 合金的记忆性能
	2.4 硬度和体积磨损率

	3 分析讨论
	4 结论
	参考文献

