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RESEAN MRS E, FHHEGEGLRESHRN
RIRFVE[2103], BCONIRIRLS | IRIR iz S5 4k i)
R BRI R IRIR MR, T2 N TR 2T IR
BHETE . B 2% 52 0% 46 S5 G Rt & [4][5][6]- A6 4
AR R AT DR R D82 15 % B i, 17 20846 BT FH BB
(7], A& — Ak REAR AR A 5 15 2% AN AT Bl Bk (0 A1) o
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[19][20]. [Rlik, FiRER-E e 32 (i B Y A 2R
SR IS SRR R g . SR, BEE PSR R,
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[19][21], MIAHERA G EARERIAE T b S 1T A
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BEReIEYIME K. AR, BAREFRALRNKES
TRBEAE AR IR v o T 4 A A R RS AR B8 R R P 30
YEHR Ay R AR T T, AN AR e YRR B 1 R
[22][23][24]. 3—F B T RVEA R LR G FIAS T AR
AT E R . Lei ZE[251MIMFREY, XUE (optos)
M, EEALER B F)E (B FIFERT) o B3E
P 7M. Shi ZE[24) %8, AENER ST M)
PAE BB VAR T DL B SR SO A% (R AT il 2 B 35 = e e )
PERIS<HE K 2 . Zhang Z5[26]50 18, REASHE 4345 HIE IR
o FAANEER o A0, DARRE R ELBI D A B R A, Tt
IR B ZE 2R . Dai S [27 0I5 o F A S 45
FIUERA , B ARAR A B o A0 B A3 T AR A B8 2 A A e 7%
MBI A FR, Ko /2 (EHRD RS OF
LT R EIEED BRSSO A S AR A R R
[28][29]-

TC4 5k &4:4 UM N Ti-6Al-4V . 5 HoAth 4 )@ A4 k)
FHE, HEAERE . BRI RS T iRE
PERE T W25 V) S [30][31]. TC4-0.55Fe &4 AE TC4
Ga Xl FRA Fe A & m 7 SRt il —Flogi 84
o+B BUAHER A& 42[32]. RSN Fe RIS INTAT DA 2548 =
TC4 k& 498 B [33], W 80 ¥ [34135], %
[361[37][38]%5 M it - Liu Z5[39]4R &, 7F Ti-6Al-4V(TC4)
HE&FUINL 0.5% Fe Ja, MEHNRIM &R,
TR FE FE A CRIFAAL . SO |, Fe FIHNI 35 520
o/B FFITESTEAS: 0.9 wt.%[ Fe "I ff o 2 58 b
21 47%, ZEMLT FEHH[40]; RN, Fe RIKT &
SR (~19%) FFA2 R FE T AN HE T S5 R FE TG 7%
RSN, AmiEE T MBI EEARTEEE ), AR Tk
AR A TR

AT 4110 7T T Ti-6Al1-4V-0.55Fe & 4 7E -
20°C TR RTAT N, KILEIE 2 b 23R 13 (1 X
AHYLARE B b o DA B v T A5 fh A am 20 2 . AR T
A TR H LR FEIG R . BUEZEZR 2 R
A o FIERGIAIAE o 2L A b im s T 2ay & 77 1),
iR T R OUE AL RRE B, T AT (SR 42 s [FI
MBI KRB o i B RIBRZHH
B DR T KRR XEHLHIES Fe &4
FEARIR AR SR ORI i (1 e B R ORI LI a0y JR (1 e
J7e BRI, HHEIR oM RE R ma L R I B, e
HEMEMLT-20CH Fe & &t w/B M THAT N AR
G RAA MR ER RIRANRE

IR, AR S PAZ K URABGE () TC4-0.55Fe &4 et A
WFARMT R, 1E 20~-196°C iR EEVEFE N, FIFHE L4
AHRIGAUIE AR B 1% & SRR R RE IR, 4
4 OM. SEM. EBSD &RAEJ7 R0 b4 41 1 AN AR

ST A bl OB MO SRR R R
2 MREEEA

2.1 #HR

ARSI BT R A RN TC4-0.55Fe 4k & &40 b
M, WA R 99.6%MIIFL4RER . AIVSS 4. Al 5.\ TiFe
G4 G, R VCT360kg H45 HFEHIFT (VAR)
X E T 3 IREBHURIETTRIRE S, B34
AN Ti-6Al1-4V-0.55Fe ] TC4-0.55Fe & & 5548, 1%
MBI 22 B WAR 1. R ZERGHTE (DSC) ME &

S AEAE fR 951 °C.
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Al \ Fe O N C H Ti
62 40 05 004 000 000 0000 =R
0 3 4 3 7 4 7 iy

SR IG B A 4 7 AE Tp+160 °C. Tpt60 °C. Tp-
50 °C (il BE N T = K IRBUE G ¥, ASR1T 9100
mm [ RS A . DITHGE 7 AE iR, £ 900°C B
K 1.5h, BERESSHAEAEEIR; BETE 530°CH 2L
4h, FEFSPAEEEE . JEE 8 E AR E S
MR (AxioObserver.Alm) M HMMALR, 454
FHA A8 Nano Measurer HE{T AL ZR 5 ki R ~F )
3T
22 hERLE SRR

R4 GB/T 229.2020 AN LKl 1a 1) 45°V LGk
Ml AE, X TC4-0.55Fe &4:1E47 20 °C. -20 °C. -
70 °Cy -120 °C+ -196 °C AN s P kit . KA
54 IBSA-450  H 3 iR Ie Ll &b ditEae . ¥
FERIRNEN T 10 458 Rk B2 35 5] Gl i 3l AR
an ) KO BSRAEAR D, B A, P e R e 7R
PR & B, TR . AR ECNEE -
FEXF IR g5 R, PRERGRIGIITE 10~15s P58
Bo AWRERCIR S R ERE, WE =TT, HL
SEFEME. FAARME TR (SEM) 57 EHEEAT
St (EBSD) Xfeiik3e J5 1) TC4-0.55Fe & & MM 25
MRS TERE AT T IR TE, HEFEm B 1b fros.
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TC4-0.55Fe & &M R LURFE X WIZE o M Cop)

(9 oL R SE AT U 2 BT o B 4 I o AH 2 B0 26l
RECAIK IR AR, P38 R R SF 2058 5.96 pm, AR5
LN 56.3%, BEARRKIH M8 1) SR ZURHE; B AHE
BN 0.6%. IbAh, HT Fe EIEN B HHEREILEN
INIMCA R B B BRI 52, B AR 2R (B AT HE T

EA/NRBUIEIRIRAE o A Cag)o EBSD B R M Z2
FI B I8 K AR

' | S8
6 s 10
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2 TC4-0.55Fe &4 M BMAL: (a)SEM, (b)EBSD 7%t LI, (c)
tp SRR RS04

3.2 HEtRE

3 RAEAFERE FIEK TC4-0.55Fe & &bt
frhilie s R, G & i DA B B A TR R R
JE R AR N . 7E 23R 20 °C F1-20 °C B i sh 5
Tt B0 L P iR R YT Y S vy » 40l 9 53.4 T T 66.8
Jem?, 7E IR FE G FE N & 4 1) i ME e S T P R A 1 8
M SEA T . W EPEAKE]-70°C, HppRURTh 5
PIPEAI L T-20°C R % T 29.9%, 73514 37.41.46.8 J/em?;
M REE IR 3 — 25 FFFR1-120°C, FRRIE R 4H I,
MR S I R T 14.5%, 40508 32 T, 40
Vem?; i PR BRI E-196°C, BRIKEIHAR{E 20.1
J.25.13 J/em?, MhifittBEAHER T-120°C N I% 149 37.3%.
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20°C  -20°C  -70°C  -120°C  -196°C
Temperature (°C)
3 ANFEHRE N AR thag
FAbBIE FEN ST AR A < A b P AL A T AR 1Y
ZEERANFE 2 Pn[42][43][44][45]. ST =S RS
BRI KU SR AL, A E SR phE R
R FMICIR R R G 4 CT20 AHEL, CT20 KR RE

BN, (HTE-196°CHEE T, TC4-0.55Fe (K3
3.9J/em?, ZEFEER/N, UEB T AR SCE SAEARIR T AR
e

% 2 AR E SR

®HE% B I Pt ZE
°C) (J/em®)
TCA[42] 20 32.0 1
0 28.8 1
-40 27.0 04
-80 26.0 0.5
-120 24.8 0.5
-160 22.5 0.1
-196 19.1 03
TC4[43] 25 533 /
-50 45.7 /
-196 20.5 /
Ti6321[44] 20 63.8 /
0 62.5 /
-20 60.0 /
-40 57.5 /
-60 53.8 /
-196 22.5 /
CT20[45] 20 90.0 55
0 79.0 4.5
-50 80.0 4.5
-100 61.0 35
-196 29.0 4.5
TC4- 20 66.8 1.2
0.55Fe -20 66.8 1.6
(This work) 270 46.8 12
-120 40.0 1.7
-196 25.1 1.1

33 pEETORSE
BR A 4 1 o o T 2R THD ER PR R XA R B DR IX
(Shear lip region) FAFFRLX, J53& A 455 NS X
(Radiation region, AR aHIRIX ) FMILF4EX (Fiber region)
[46], H AR RGUPEY /=4, 38 H WA S A T
ST I I RRAIE . BIETR & Wi A G e S
WAL T A E S I PE T X3 U IX DRI 2R
X4 (AFLEDCO, PRI TBUR X 5 HAR PN XA I ELE R
(AR Ak, A 2Ry 20 W BT 2 X 3890 i 5 A8 47 9 1) — o O %
[47][48]: izl ARG RS, 3 A 2
€ SUNPI-Hai AR IR B, B ER MR R IR LT,
FUAB A 1 I PRI P - AR Ui FE
4 J&7RT TCA-0.55Fe &S AEARIREE N ik
JE BT VTS0 o 85I R 2 A T BRRES ABBR F1 Ab i 2,
HAERGY R b R — e AR R I BT T . Ak
KE, 1£20°C (E4a) B, ZF4EX RO, BEHIXTH
BUHEXRCN, BIYIEX R, XERHESEZREXIE A
BAREIM, ROy il b R RN
71, WCEZ REE. 20 °C (K 4b) B, JFUR XA S
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TR DX F TR S K, A7 4 X TR B /N e Z2 I 1
X —A A S e A S IEEE D R I, MEE AT
g, RO REIEIFEK. SR K E-196°C (B
4e) B, JBUNXHEFUAZIERK, HHRERR, HXiEk)
Y EEIE, AYEX SRV X AR P40/ R
WX SA4EX NI E X LLBIZ N 82%, T/hF 1, &
BRI, ABFFUNEZEEN-196°C, KRHITEA Mt
24, R AHED ) s % AR B X IR T7-196°C 5 Zhao 55[42]
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WT T SARFIE SR & S MR T I RE 1800k 5S
Hoy R R ERERL, RECEG PR &, M
SEOPEH I RZRET TR SR W O BT AR A
FE5 T e S O 2 SR e B G N, IR ST L PR
TC4-0.55Fe & 4RI BIPERRR S etk g na gy,  Hap
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5 WIRT TC4-0.55Fe A4 %S N IR 7%
Fi. 7£20°C (B Sa) BF, WrOImiAmsRmKM#E, #
UL IS B ARy, BRI T KR
PERESR, XN TR . 7E-20°C (B 5b) AEEF,
WSS 20°C FEL, ES SR, RITBHEREG N,
BREY A LG & 3, AR 8 T S HIPENTRL.
-70°C (B 5¢) BF, BREIES, R Wb B e s
TURBLL, GRS TR BABL IR AR i X B B AR Ak A
[13][45], VEHITEIXANR B OB MatERHEB N . 7E-120°C
(] 5d) 35, Wit — 2, AR iR Ra

SR, PIERAEREIINES, RECEMA T AL
GAGTEYEY R, JRAEWRRHEE . BRI EE-
196 °C (K 5e) I, Wi S LMEE AN X TFHEY5,
I8 % B RIRRFAR, I 2 ki, 7EH R
KEH, AIEICE BIVERRE LT A RS S D e
S A7, S 5 3 S IO ME- TR A Wi, A
20 °C £-196 °C B WL, BEARERS, Ry RH
JIEGIR, WEtEFFIEABIE SR, FHEARRELS I
eI 2 5 IR RGCE RN AT
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& 5 TC4-0.55Fe &4yt 200 5 oW I 35: (al, a2)20 °C, (b1, b2)-20 °C, (c1, ¢2)-70 °C, (d1, d2)-120 °C, (e1, €2)-196 °C

SN T AR R R W R LRI R R, 4k T 1
FITHAZ VUANREE 43 518 (B 6). 7£20 °C (B 6a) 3
N, LU T S R IRARAT AR, R IR
Z R AR T IR EAWEANAS Ly Foy KA AL
K o AHERL (B 6a2 WEMLHE) RN o M (K
6a3), ARRLHTSZ 107 MBI RSB () S RVRFAE, 10 B
TC4-0.55Fe & fEr i T 3 2@ B shm et
TR S R B o X —RFAEXS L 1 SR R PR BB P AR T A A e
M (266.75 J/em?). 7E-20°C (B 6b) I, HEUHEh
TREERE AW, AR ORIFRGR AT R, Rl kb ATy
TS (B 6b2 WA ZAME); FEHCRE (B 6b3) Him]
DIEL RIS LR AEAE, R T B VERS A s, HATIEA
It E S, BEREE-120°C (H 6c) B, ZEMBLET
FEANCPE, Wi B> WO SRR R S, AR
JRFBIECR B (] 6¢3) MEZEIHJZ ZIRRLL, v] WEBPEIX
Wi 5 . TEMIRIE-196°C (B 6d) T, LM
R, GRS E S ORI O AR, AL
TR BN (B 6d3) . B4R 2 HEARERARFE, YEPENL
CEVAL: SN

WAl ST R R R O FLIR, B AR
FETRRE, FLIR BB AR B Rl o FLIRRRIE A2 2 iy
R EBENRE, HFEEMEREA SR B A
FREETRBOKFEDIME I FLIF 98 R R SR /R B
R NPPEHIE B2 T —J0 T, KRS ISR 2
MG FRLT, FEAASLE A H AR AT, Bk

et A=E T

PRI RE )38 T 1% AT, 288 R 3R BUE A Fr
8Tt (EA3 AL P 2R R A T DU e T, AT
FatEWT RN 588 5, FUIR BT RS 3 e 23 (B AH RL4E /)5
F—J7TH, I RHEE IR FE AR T RIUME I RAE, RS i
PORMTR LR R, FIRERRAR 7 LI & AT RENE:

BEE L 20°C B EE-196 °C, phii it
M E T GRIRREL RFURA. SRRk EBEA
NMEtE RS CBerERan. FURRD . RIS RRKD,
Tk T A 2 S I 4 T 2R e A g AR A 2R ) B
WFAR BRI (W120°C) R, W R B BRI %
LR HRL, o BB RN EERE, & T8
B9 s U A, AR R, B R BRI ST IR
HI P L RIAREE S A, RN PEARHE I,
RO AT N N)- iR G AR R . ) T &
ICIREE-196 °C I, W RIS BB s G B, FLIR)
B A RO RIE >, —RE BRI 2, Ui I 2R
FEULF I R, BT TR O EE AR .
SRS, RERKSHRGY BHIEE TR, 680
WiEE A H = IR T MSEL R AU S PIERR, &
FARRIR T DL AN £ SRR, %
PUNRLG e f 45 N IR R R Je i o« / B AH S T J&
(IR BD A NIRRT 58 22 M BT 27 o AH AR P 35
C R ED , PEBEY) 5 S BRI TEAFAE ek D T fFEE 5 0
WL SR B 2
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6 TC4-0.55Fe & &l LEITRZH U S TESR: (al-a3)20 °C, (b1-b3)-20 °C, (c1-¢3) -120 °C, (d1-d3)-196 °C

4 SR

4.1 SRR HE MR

TERNRAELR G 4, =i T TC4 && M ENHIH o
AR B AHFL SN, {2 TC4-0.55Fe [ B IR 2> B ik
(214 0.6%), B ALHEHE %8 H Je e IG S 8y U1 R ) A
() o AH A JE BN[49][501[51], SR A mi BN HAT M IR
MR 5 . NHE— 5 T f# TC4-0.55Fe EASFIEE R s
RIEH AL, 1 EBSD RAE T iZ%4&41E 20°C,
-120°C. -196°CER AT LL, o IPF K5 a#t
Bl 7 fios. B 7a 1, 20°CH: S22 S0 T df o e AR 1k

et A=E T

B, atdiigER e, BESITRGUN MR AS
BB, RHAESEEIRTET T BONRIZI Y
AT MAEE Te 1, -196°CHR T IIFE i fib 58 Ay 52 %,
YRG0 2 R REAFTE SR B (R R R, AH /D LS il ks
KRR WA UL PO AR Y RN T, WMERERE
Fefik. 7E&RSEEF, W RLWLEZR] 20°CHF: il (1 /)N FE 5t
(LAGBs), fEREUR L i B R A7, & EE 4y 44.8%,
Ui BT B R GARIR X UR A T R I AR I 75
IR X ELTE s TAE-196°CHE MR M HZINL R, LAGBs
TRER 28.4%, RIUKIR— e FEE LA0H T AR EHE.
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0001 -12-10

01-10

— LAGBS
2-15°

m— HAGBS
15-90"

Y 20pm

B 7 vha G IPF LA A g S (a,d) 20°C, (be) -120°C, (c,f) -196°C

20°C. -120°C. -196°CZLLL[fHir ) KAM (Kernel
Average Misorientation) KU1l 8 fir7x. & KAM {H )4
AT F B ALE ap it TR o AR B I , B ik 5L RE AN 20 °C
FFEAKEI-196 °C, KAM Bl s B RS (SR X380 1L
B PR, BARRICA KAM > 1°X3 5 (Fovs1y)
SRRIA 27.32%. 20.70%H1 15.09%, “F1J KAM {81 i
0.83°F# 2% 0.67°. 1X — & #-Ui H BE IR BE A%, B4k} R0
IBVEARTUAR BE 5 PR AIC,  ZREU DX Sy 485 B0 AT
T RS2 B R ZAN ], 5 350 R P 0 SR BE 9N o

£ KAM 1 GND (JUT R ZAr %) EligH,
BIRoR o/B FHIE A A B 0 R R AR A4S 2 (S
ERIR), R T M= T 13 10 R AR R £ HE
o XYL B IR B BRI, /B ST (9 45 6 e S R R AR

TEOMRAE S N R, FREALTE 5 IR )8 I S BUR
T2, B IR EFRK, GND EIrh g bl B 3% Tk, 2
SR F I3 FE M 20°CH) 1.2x10'/m? F#K£-196°C
[ 0.92x10'%/m?, &K T £ 23.3%, XRFILEFIKEE
PN T ZESCEE AL AL B AR R . ARIR R o AHFEAAR
MY B RRR, Ma— BAERME, WY REER
WY RATHBENELE o M ERY E. R
B AHILBIRAC, o/B AHFEHEITEAS R T ASRxT &3
WL GBI, B 2 5 R GUR S B
JEIMF I . 455 & 6 1 SEM W D3 A B, 20°C
BN op AT R, RELEFRHA: W
MR R ZE-196 °C B, o dn i R LL ) ) 2 2 v, B
YT B,

Fuaiony=27.32%
KAM.ave —0.83°

Frequency (%)

i s

et A=E T

Faagey=20.70%
KAM.ave =0.73"

ia L

K8 M RgHE i KAM B, KAM 73 Ai4iitEl. GND E: (ad,g) 20°C, (b,e,h) -120°C, (cfii) -196°C

Lipngeny= 15.09%
KAM.ave = 0.67"

H 4.8X10%/m?
7 0°
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Low-Temperature Impact Toughness and Fracture Mechanisms of a
High-Strength, High-Toughness TC4-0.55Fe Titanium Alloy
Wang Delong', He Miaoxia!, Gao Wenshuo', Guo Yumeng', Dong Yuecheng', Igor V. Alexandrov?
(1. College of Materials Science and Engineering, Nanjing Tech University, Nanjing 211816, China)

(2.Department of Materials Science and Physics of Metals, Ufa University of Science and Technology, Ufa 450008, Russia)
Abstract: Because of their exceptional corrosion resistance and superior low-temperature mechanical properties, titanium alloys are ideal
structural materials for critical equipment operating under extreme conditions, such as Arctic resource exploitation and polar shipping routes. To
further enhance low-temperature toughness and clarify the fracture—failure mechanisms of titanium alloys, a TC4-0.55Fe alloy was produced by
micro-alloying with Fe, and its impact performance and fracture behavior were systematically investigated over the temperature range 20 °C
to —196 °C. The alloy exhibits a room-temperature Charpy impact toughness of 66.75 J cm 2, which remains unchanged down to —20 °C. When the
temperature is lowered to —70 °C, the toughness decreases to 46.75 J cm2, and at =196 °C it still retains 25.1 J cm >—representing a 23.8 %
improvement over conventional TC4. Scanning electron fractography confirms that —196 °C is still above the alloy’s ductile—brittle transition
temperature. EBSD characterization reveals abundant deformation twinning in the vicinity of the crack at all test temperatures, with twin density
increasing markedly as temperature decreases. The outstanding impact toughness of the TC4-0.55Fe alloy is attributed to the synergistic effects of
grain refinement, the dispersion of fine acicular o_s precipitates within the § matrix, and the pronounced rise in twin density at low temperature;
together they promote crack-path deflection and significantly enhance resistance to fracture.

Key words: TC4-0.55Fe titanium alloy; impact toughness; fracture surface morphology; low-temperature properties

Corresponding author: Dong Yuecheng, Ph. D., Associate Professor, Tech Institute for Advanced Materials, College of Materials Science and


https://kns.cnki.net/kcms2/article/abstract?v=hQuCc5bkPPMSlPgHR4XwglH3yxq9U_zbmWhfXAOCchQ728MZLydbqR2HbJF8FNt4lC1o3nbOTtAtA4p7-wgeY_tetNn5l6Yb57y3JkcE67V6fxbLFeDSUQFoRP7AQbrA90G-q1JFz6jl2Tqqtnx40f4--44ITZBLcoR8gxdPvqS1xuLW8mHsQg==&uniplatform=NZKPT&language=CHS
https://www.sciencedirect.com/science/article/pii/S0264127519306896
https://www.sciencedirect.com/science/article/pii/S1005030221005454
https://www.sciencedirect.com/science/article/pii/S1005030221005454
https://www.sciencedirect.com/science/article/pii/S2238785424025092
https://www.sciencedirect.com/science/article/pii/S2238785424025092
https://www.sciencedirect.com/science/article/pii/S2238785424012705
https://www.sciencedirect.com/science/article/pii/S2238785424012705
https://www.sciencedirect.com/science/article/pii/S0925838825002336
https://www.sciencedirect.com/science/article/pii/S0925838825002336
https://www.mdpi.com/2075-4701/10/7/854#:~:text=of%20the%20heat,in%20marine%20and%20aeronautical%20applications
https://www.mdpi.com/1996-1944/17/21/5161
https://www.sciencedirect.com/science/article/abs/pii/S1044580325005753
https://www.sciencedirect.com/science/article/abs/pii/S1044580325005753
https://link.springer.com/article/10.1007/s12540-020-00869-5?utm_source=xmol&utm_medium=affiliate&utm_content=meta&utm_campaign=DDCN_1_GL01_metadata
https://www.sciencedirect.com/science/article/pii/S0042207X2400112X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0921509324010268
https://www.sciencedirect.com/science/article/pii/S0921509324010268
https://www.sciencedirect.com/science/article/pii/S1044580322007860
https://www.sciencedirect.com/science/article/pii/S1044580322007860
https://www.researchgate.net/publication/345676344_Fracture_Mechanics_Fundamentals_and_Applications
https://www.sciencedirect.com/science/article/pii/S1359645417308340
https://store.astm.org/jai101662.html
https://store.astm.org/jai101662.html
https://www.sciencedirect.com/science/article/pii/S0925838823030566
https://www.sciencedirect.com/science/article/pii/S0925838823030566
https://www.sciencedirect.com/science/article/pii/S0921509310005514
https://www.sciencedirect.com/science/article/pii/S0921509310005514
https://link.springer.com/article/10.1007/s11661-020-05945-4?utm_source=xmol&utm_medium=affiliate&utm_content=meta&utm_campaign=DDCN_1_GL01_metadata
https://link.springer.com/article/10.1007/s11661-020-05945-4?utm_source=xmol&utm_medium=affiliate&utm_content=meta&utm_campaign=DDCN_1_GL01_metadata
https://www.mdpi.com/2079-6412/14/12/1528
https://link.springer.com/article/10.1007/s10853-023-08330-9?utm_source=xmol&utm_medium=affiliate&utm_content=meta&utm_campaign=DDCN_1_GL01_metadata
https://link.springer.com/article/10.1007/s10853-023-08330-9?utm_source=xmol&utm_medium=affiliate&utm_content=meta&utm_campaign=DDCN_1_GL01_metadata
https://link.springer.com/article/10.1023/A:1022920514474
https://www.sciencedirect.com/science/article/pii/S0921509319304733
https://www.sciencedirect.com/science/article/pii/S0921509319304733
https://www.sciencedirect.com/science/article/pii/S0921509323013242
https://www.sciencedirect.com/science/article/pii/S0921509323013242
https://www.sciencedirect.com/science/article/pii/S0022311510001571
https://www.sciencedirect.com/science/article/pii/S0921509300020037
https://www.sciencedirect.com/science/article/pii/S0921509300020037

4 WA & mpES TR
&

51

Engineering, NanjingTech University, Nanjing 211816, P. R. China, E-mail: dongyuecheng@njtech.edu.cn



mailto:dongyuecheng@njtech.edu.cn

