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carbon nanomaterials ( such as graphene) have been widely used as a kind of reinforcement for titanium or titanium alloy ma-
trix owing to their ultra-high mechanical properties and unique two-dimensional structure. However, the agglomeration of
nano-carbon sources and severe interfacial reactions often lead to the trade-off of strength and ductility of titanium matrix
composites (TMCs). With the in-depth study of the preparation technology and process of Ti matrix composites reinforced
with carbon nanomaterials, a series of research progress has been adopted in the interface-microstructure-performance rela-
tionship and strengthening mechanism of carbon nanomaterials reinforced TMCs. In the fabrication process of TMCs, it is
necessary to select the appropriate preparation process from various aspects (including process characteristics, application
scope and application requirements etc. ) , and further optimize the microstructure of TMCs and improve the mechanical prop-
erties of TMCs through the optimization design of interfacial structure. Therefore, this work systematically introduces the
preparation process, surface modification and application of carbon nanomaterials reinforced TMCs in recent years, and dis-
cusses the interface structure regulation and strengthening mechanism of carbon nanomaterials reinforced TMCs. Finally, the
existing problems are pointed out and the future development trend of carbonaceous nanomaterial reinforced carbon nanomate-
rials reinforced TMCs is prospected. It provides some guidance and reference for the development and application of carbona-
ceous nanomaterial/Ti composites in the future.
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S R SR SR PE DT

FEXPITARSRBRIE ST B AR B P S R, AR SCE 2 Ay
ZARAUKR ARG SR AL R A AR 8 T2 B IR Y
F ST RS I S5 A I R, TR hg IR E A bR
s AL DL, foe e i B A R A I SR BRI A2 5 AR AY
KT

2 BRI PHEENEE SMBIHIERE

BT, KREEERI KA EHE R 5 S bR R
MR EHARS S0, BRGS0 AR g s KR &
JR TR R, B R AR BT — 8 T2 PR RE R BRI
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e R S ol A e A 11 R R T R AR AR ) B Y
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1146 11269 MPa, 5 Ti-6Al-4V FA&AH L, 25427+ T
24. 6% F1 19% |,

Yang %52 R BB A7 B0 AT BRER v B8 I Kb B e 4
JEM AR, RENE LB AR I 5] ok, Hoa 4% iR
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i 568 B AP 5 B 4 R = T 18, 729% 1 9. 31% , XN [
FEMIRAE T T 8. 66%, Mu %6 I Liu % 4538 13 % 2k
JERESEATIOT (I 2b) , il 95 T AN TR) R A2 SR BE (Y B K
P T A SBE T BOSCR, IR T AR R X
ARMSATE A I 45 1Y GNPs/Ti &4 MHBHH 2 g 241 Rk
IR, 25K, &0 0. 1% GNPs/Ti A HRHY
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TEMFGRE] T 18% .,
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Fig. 1 Schematic diagram of fabrication of Ti matrix composites reinforced by carbon nanomaterials based on powder melaﬂurgy[

23]
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Fig. 2 Schematic diagram of fabrication of stripped GNPs/Ti mixed powder(a) (241, schematic diagram of fabrication of GNPs/flake Ti

mixed powder(b) [20]

30

percentage(%)
-

u T T
10 20 30 40 a0 60

Diameter(um)
g Laser I

pool specimens

Substrate

3 MO R L 45 B B R R R )

Fig. 3 Schematic diagram of fabrication of Ti matrix composites using selective laser melting technology[zg]
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T 2% T GNPs B3R Ti-6A1-4V & & bk, 45 R,
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PERE & 2 3] R 1517 MPa, 1526 MPa fil 145 GPa, %%
SPSed GNPs/Ti-6A1-4V 232 & 97%, 73% M 26% , %
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RHAPTHIE M 1078 $2 15 5] 1255 MPa, [HET)5 4E {5 AL
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R TR G 2T H e il & IR AR e ke o, (HB
FEN GO ikl 4 R SE 5 G b R 98 55 ME e 2IAR /D
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HEAERE, SLM A kA & 5 &S M & B AR A 1
ERA M L B BT O 57 PERE A BB L Ik, X
TAME . PERMRRIE R BB AT Sy 22 8] 5C R 9 B IR A
2 B, AR SLM BAR E— 45 I % e 1k RE Bk Jk

Mixed
Powder

BEME G,
2.3 HEHEIZ

BRT SPS HEARFNHOEE KB A, FHAlF AR
FHT HI & gAML BB GA R, o Hekesh | HIP
FRE e s 45 . TC 4 H AR T Lt 40 DK e Y K
PRI T R, BRI ) 3 v TR 5 B TE (cold
compaction and hot extrusion, CC-HE) #%5 & B JC e be 4k
T 2414 T CNTs 8 0. 5% 1) CNTs/Ti 4568, il
#HILZWME 4 iR, R, R CC-HE T2 %
(525 bR T 47 58 B W % 5 T SPS-HE ('spark plasma
sintering and hot extrusion) 1.7, JUH &2 & 17 2 LBk B
(planetary ball milling, PBM) il #1952 & M 8E, Hyrhn
B B M 1142 MPa( PBM-SPS-HE) #%] 1262 MPa( PBM-
CC-HE) , IX/ZMH T PBM f£ i#f T CNTs 7 Ti ¥ 1 (19 41
B, HCC T ZAAME SPS T2 A M F AR CNTs 2544
AISEREPE NI FE AR Th 5% B T 22 ) CNTs, B0 KR BiE
RGO B AR R P . BRSSPI AR — 2
& T BEUS B ARG K B R IR S, H 2338 A 40T
R T 9 5OR Y57 LU R e 45 554N Ak ¢ 42 LAY 1)
B REOAR N ECE MR 2E, B EL T m IR AR TR
TAbHE,

= i
- d Sample
HE
CE

4 BIRGE AR IEH % CNTs/Ti EAMRIR IR

Fig. 4  Schematic diagram of CNTs/Ti composites fabricated by cold pressing combined with hot extrusion

HIP J&—Fi 7 i ik i F T R 45 1] 349 45 1) g 4l
RS TE U ZE BUR LI AR, HAT b o FasE | TR
P T2 M RE R R RN 45 4 35 107 PR 0 S5 A 05, REAS S
F R B LA 72 Cao S50 SR TR A4 T GNPs
EH 0.5% ) GNPs/Ti-6A1-4V B & 8HE, KiZE Gk
KTE 700 °C/150 MPa #E4T HIP [§4%5, $RJ51E 970 C T 4%
T EBE 1 780 C TRk 2 h, PARZEIREN], 5 Ti-6Al-4V
MR, %A R R BT B B RE IR B 4351 R 1050
11021 MPa, T+ 7 12.3% 1 20. 1%, HIE{H R JLF

[19]
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FRAE G T ARG 4 A B4 R . A Tang %17
KO B2 He AR i £ T IR TiC/Ti-6A1-4V ZAL5E & #1
B, BT CNTs 75 T BA RAF B ok vk se i = A&
TR AR, SRFEH 7= 26 1 AR 1L 3 31 Ti-6A1-4V #
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PLELANERIE S S A e LB

W) i - [c]
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Fig. 5 Images of graphene oxide solution (a) and graphene oxide monoliths

modified using polyetheramine (b) 70 the prepared mechanism of

graphene oxide monoliths modified using polyetheramine (c) (28]
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H HITXT 44 K ik 3% 181 4 J A0 8RR I S R R 22,
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Cu FINi JLAR R 2R B Z) 32 95 W pH {8, IR B2 55 5%
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WERMBSZ A, 3 5 45 ) GNPs 26 T8 44 2K Bl J 1) 50 o i)
BRI &R, 153 2 b Ni-GNPs(P-Ni@ GNPs, #i&H
1 87%; F-Ni@ GNPs, &m0 93%) (Fl 6), &Rk
M, T P-Ni@ GNPs/Ti E /M EHIERL T H Tic &

NIJZ . 499K Ni 20 Ti,Ni AHE R RS2 R m, BH
A RHINAR AT LAZRAS S sk i R 2R BE o, S R AT B
SHPEVCRE, Mt T F-Ni@ GNPs 3Kik, J15-PEREM TR
VSR 5% P O B B2 AR T AT e R AR

Ni-GNFs

6 Ni-GNPs il 5 T 2t BRI (), 2B (b) AN () Ni-GNPs (9 SEM R 1+
Fig. 6 Schematic diagram of the synthesis process of Ni-GNPs (a), SEM images of partially (b) and fully (¢) Ni-coated GNPs powderJ421

(b) fiie/ WAL TS A K B AL A

e/ BAC I AE SO 9 oK BB R B W AR,
TG SR ALY B TR A T | A SR S S Y A
P, BT B S e Ak 40 o A R B b R BE B, Bk AL
PekePE G OK B A L 3 5 B S B 5 MR I T 5T G dRGE
{EE HAD 4 J8 2 (4 Cu, Mg, Al %) 2 A& WRHIFSE b
FHER) 2, SRS R SR AR 15 T #E GNPs i -
il T U S RBRALY (TiC MVC) , LIk Cu/GNPs &
AR TERE . BOPEJE Y GNPs 8 33K “ GNPs-[a] -
Cu” FLH S5 B 4l GNPs-Hi Ak 4-Cu” e 14 580 7 1hi 45 &
SREE, SRR 2 AR, W TiC a2 8
Cu/GNPs E G MRHPTHIR BE S = T 40% , HAEVERS A
$2TF, Zhang 251 Ryff e CNTs 3458 Al JE40 K & 4 6K
A 43 IR A 2 A R B ) LT SO A [, K 4K SiC i
RIEMETE CNTs 1f, MIMTEE CNTs H1 AL 22 8] g
JEEAR CNTs Fl AL B4R 22 8] 7™ 85 (4 S SO . 4, Sic
WURLVE A SR 0RL, TTREE S CNTs Prllsiik Al JEPRI1E
. FRH, MiT&EE Sic 5 Al JEAR R Fm 22 ALC,, 1
HAM)Z AL C, 5 CNTs fl Al K454 RIF, Velmuru-
gan %5 VR B TIB, E N CNTs 5 AZ91D Wy )2 454, B
(i CNTs HATHE AP0 53 BLARE Ty, IF EL CNTs X k44
SRR (5 AT 08 2 Tk, o P AR Ak A %
A PR TR R R My TR T e B S R

() ALY PEG KRR AL R

KFEDHORRLF A RS iRE B R £,

Shuai 558 i JFUA AR K il 46 T R SR AT B AR AL
BE(rGO/MgO) UK A MR, Il i 7K #vidi & i AZ31-
1GO/MgO A Ria, H5Je Rl FHBOGHE B £ R 1 4 MO 2L
PE GO SESREEILAE S AR}, AL BEAE N R R, S5A
MR T 9K G B X, SRR i T 2 3R
S, AT T A B S B A 2 [R] Y SR T4 S R
AHLL T AZ61 £E LK, GO & &N 0.3% 1Y AZ61-1GO/
MgO & £ M4 ki B B R e 45 5 32 43 551l 42 = &£ 108HV
(+10%) F11 241 MPa(+8%) , Zhang %" Fl Fan %' 1)
AACES IR AT E R, L RO pH, AR N
Ay S AR RE SR AT, PR R A S A S UL 1 )
HOOMRTE A SR R, (HIZ T 45 B AL iR/ SRR AL
25 A3, VR AL S 42 sl o SR 7 A K ik B AR
SRR R ORI SR A A B0, IR R R iR & T4
fils BRI E SR, 23 T A SBIBTER T G AR
o3RI, B TCA JEAR i IR B2 3205 T 20. 3% . fHAS—
PRI, A IR ALA A R A U A O A B0 T DL
P v Wi s R 5 A Ak A AR 1 LI A G e R, (H RV
Fogbed B, B Bt m, B R T R A AR
WLL CO, RIEHE, BBeiR B i IR 2 S BU L ok
e, T EEREAE MR T2, B 7 WA
B ORI 30 i A Ak A SR 1 A o R S R B
3.2 RBRAKEE SRR EMEMIZITH L
3.2.1 KRB H R B/ AR 8 B R A R

BRAOKR BRI A 23 155 2 G A BH S 455, 1E



%512 3

HH A ORI AL RIE S S AT I 4544 5 PERE AL B T 2t

949

B S R SO0 R, HEE AR KRR F G T2
RIS A 2 (B AR TR AN K B e 5 Bk A 2
(FIL 3 2 ) 0 T L RE RS AR R BE b i i A 20/ B AL T
SEE ORI, EUR, IR A R R SN £ A X SR
AUORPIRHIANR S5 R, BRI A Rtk RO TiC Mgk
BA BB KA R S I A8 AR 3o i o 4% 1 G S 1) 3
MR RE ST, MR R 1Bk E S AR LR Gk fE. I
U, AR BR AN Kb L R A SN S TR TiC RUSH A
B iR S ) G EE Y AR IR SOy R, AT
DA e i/ gl P o ) R PP 3 o 45 45 4 it oA 410 7
BRANBRIEL T 1, DR B A SR AR 45 M AR BEREIR , 7K

AR AT A" 22 SR SPS F AR 25 AR TR T S AE b
SEITFE PR B A BRI AR R, TR A A AR A S TS
N o FfE 1 s i BEL R IR BE X GNPs/Ti & & #4%EHh Tic
AR I RRIEAT T SE . 25 SRR, ARG FAEK
1) TiC 23¥H 7 GNPs(0001) A3k )y [l R A, Tl A 28
A5 T AR B B A 1 TiC B AL A 4o S s AR K i
TiC WA PR 4G TiC B A% . TiC FokiA KAl Tic J2TB
W, B8 RLZ)EA B (MLG)/Ti B 4k RHE L IR
B 550, 750 F1950 °C T AL R R B R, R
VIEH, Horbom A0 & A v AR R B BN 9F A BGE HE TiC
2 (PELRITEE 950 ¢ ) if, B S RIEEBH AL )

* Ultrasonication

—
GONs Solution Composite Solution

*Magncﬂc Stirring * Freeze drying

= 5o
; ‘ AICI; 6H,0 A NaOH
Hwins/? G D. Heating/s’h /
-

Calcining

A (e "
400°C/2h ‘ "

rGONs@Al,O; nanoPowders

Balling ) i“faluleﬂ steel
» TC4 Powders
- rGONs@ALO, Powders

SPS
Stage 2™

Composite Powders

rGONs@ALOYTCY

Bl 7 tGONs/Aly Oy QKA A il 46 1ot 78 B A IR LB 2 e 14

Fig. 7 The schematic of the preparation of the rGONs@ Al, O, nanopowders and corresponding prepared mechanism

MLG

TiC Nucle

823K HR

1023K HR

[49]

I'i Matrix

1223K HR

8 MLG/Ti BAHEHE 550, 750 F1950 °C T $AFL AL B S5 v g Ak o A s 2 el 051

Fig. 8 Schematic diagram of interface evolution process in MLG/Ti composites under 550, 750 and 950 °C hot rolling!™'

]



950 Hh AR

LIV E

“FPERE. Shang 57 HFSY T W R AT, BEL IR X A1
BRI/ B PR T SN B A FR A SE R, 850 °C R4k
ST R AR, K02 A B (few-layer
graphene, FLG) 73 IR B, QI 9a Frax; >4 B2 35 5
900 CH, SAFPRHA T A T AR Y S5 TiC JZA
PRAMERARIY FLG, TR 705« = BIAR” sty

T1C layer-.,

(1010)
. 3 2(101
. (000)~(1011)
(0001)

TC4

[ 9b 7R s 950 CHAE AN, & Ak I R
TARDH FLG, KEBCHALN Tic, W 9e BiR,
i TEM JE 55831, 850, 900 F1 950 CJ5A A WU Tic Al
FRER I FLG 1Y L 53 518 4:6, 7:3 F19:1(fRRLLL),
PR RIE IR SS SRAE 900 C FISFI R AL, Bt
P13 35 G S T 2 97 A R B2 BB D TG ISR SR A

19 REBESEAIE T FLG/TCA SA BRI HOIAS S TEM B, FLG BRI N 0.15% ) ¢ (2)850 C-300 MPa-FLG/
TC4, (b)900 °C-250 MPa-FLG/TC4, (¢)950 °C-200 MPa-FLG/TC4, (d) &l 9c Horic IR I R

Fig. 9 TEM images of interfacial microstructure of FLG/TC4 composites sintered under different conditions!® ; (a) 850 C-300 MPa-

0. 15wt%FLG/TC4, (b) 900 °C-250 MPa-0. 15wt%FLG/TC4; (c¢) 950 °C-200 MPa-0. 15wt%FLG/TC4; (d) magnified image

of the marked area in figure 9¢

BEAh, HEERAR TiC OB RS X BREE S 5 Bk g 2
AEBEA B E R, 76 TiC WERBUM— RN T,
TiC UKL ROT A /)N, TiC BURL I st 2, 76 0L
OIRBON IS IE, LT T BN SRR RIS, A
FHERE SO A, A SR AR IR T TiC i R
FIE A, 2 TiC OB AR R r BOR AR I, 0K ) RS
ZIN, UKL BRI 10 00 0 4 2 A ey, PRk 14 B2 A 6 BE A
RO, A A A SEORBT B ORE B R R )
SR, ROk, IR SRR AL TiC R R
SFIEERRARE T, GUOKRBRIES &, B BB
IRy A A5 A 38 1 e 2 4 oKk G WA B oK
5 Ti B ARG 1AL TiC SRR SRR, B

TiC UL RUST Bl G 3K 5 ol . BRES B[R] | G WA 5 i
FRE TR, HRR ST Tic S804 b RS #
AR 2%
3.2.2  Z4MARR @ ML LA
HEEBREENEITT, ZRAMEME R, FRE
¥y %) g5 B # P, Huang %' 3£ T Hashin-Shtrikman
(H-S) BRE BT ) —F 0 s A4 R 27 59 43 A 78 & A 1) 1)
HREEH, WAL AR RIAREARTE 28, AT 2K
W, ARTEET, S R B SR A AR AR AT IR R R A
RFEREE A B 3% 58 A T SR AR U RIE T R SRR
U IR, BRI A MR R TR AR — R SRS, BR
Wz she, He i et | BER2ED meE &



%512 3

HH A ORI AL RIE S S AT I 4544 5 PERE AL B T 2t 951

APIRR R T RRER I S5 R AL T R T R AN BB R
DA ZER A e R A R IR R 2488, Liu 251 23 A
R HEEMIMN R &, Bt T —FliE o 5 /M E TiB, 3
5 =4k (3D) MIZE 2R, AnIEl 10a iR, it R4 TiB, &
B2 GNPs M TiC J2, 15 T A S8 S AL AR AL 45 A 5
SRR ZE R R A A A A 1 A TR rh R g T, B
R S8, [ 10b 1 10¢ /R T X AERRR ) GNPs-
(TiB,)/Ti i 3D FLm 4RAE, WT DL 28 i WL g2 B 14 85 10
GNPs BT JRAJE Y TiC 2., Eak, TiB, 5 TiC AfRiAH
AR A4, AnlEl 10d Fras, i GNPs il TiB, Z [R[{LIE

E 10 BHEA(a), SEHENE LN =R RZE(b), GNPs-(TiB, )/Ti A MBI TEM B A (),

BT AR B RS, AR 10e F110F iR . Ti ok N 3
A R RN 3D JAL 1T 45 0 A AR A7 BE T 385 1 TR
fb, MIMIELE T Ti FEAR R AR, 3T X Fp 57 5 S 4E
TiB, 58 3D K45 LM . Wang %5 SR R Al
PALTZ T il 25 T 2 IS5 # iY9 GNPs-TiB, TR 2% 3% 51
TC4 LG A FRL, 1 Fh 45 1 S B T4 2% 1R 2 S T RE R
P BRIE A GE R, TR R AR B 25 R, AR,
XSS HEILBRMAMEE A, Fit, W T2
JEEASIEIN T (AT . FLHIAE ) WERRFLBR, wos kg se
PRFFEARZ ] R 25 Ao, $EmE MR EUE

TiC layer
100Inm)

interorixing: pe
sréglan. =

T AR 1
|

GNPs-(TiB, ) /Ti

GARRLT 3D ALK (d), GNPsTIB, FHf HRTEM JH (o), & 10e sPoRiC BRI ORI A (1) 1)
Fig. 10  Digital photo of cocklebur (a), schematic representation of the development of 3D interface design inspired by cocklebur structure
(b), TEM image of GNPs-(TiB, )/Ti composites (¢), 3D interface structure of GNP-(TiB,, ) /Ti composites (d) , HRTEM image of

GNPs-TiB interface (e), magnified image of the marked area in figure 10e (f) Le0]

3.2.3 R @B 9 R B AR @ L M BT

AT A8 0 R Bl B AL T 45 R IR T AP A 2R A
LT TR S AR O iR AR AR R TR LU i
ANASUT LA o A A B 5 e M Ry R 22 TR] F) 245 4 5 JBE A1 3 K
Pyogbk, R R RABETE R A R R 45 R A B T 4 A
T R B A A AR ) 2T fE

XET A s/ BRI SRR, T SR AR R
[F1) )88 B 2 SR, AT Ay S A/ AR S 5 ) AL
R p Ao R AL, AR o, S Elcn sk
WS e R e A SRR E R . KIRE TR, Gl X
QKB RE R T AT S B A AL R, R 2R T 5 R T
55 G SR A IR 1) ) S L AR B AR W, T A AR

A BIETE R AR T R S, G N R A 4 )
[ P& Ty, HEA R R 4R E A MR ZR G
,I&l—ﬁg[&, 63] R

428 Cu, Ag Fl Ni VERERA 4 1Y Bk By LB AR e oT
£, 5 COMTi #BEA RArpuEe A, R S A e
JUER, WEAT LIS g oK mm bR o ok, AT DAAE JE 2L
pest i R e dE HUE L Mu %5 FE GNPs & Ni
YOKBORL, 45T Ni-GNPs/Ti JEEZ AR, ZE A MR
Y FLT 4 8 A Ni-GNPs/TiC /Ti,Ni/Ti, B 56 243514
GNP (001)//Ni(020) F1 Ti,Ni(331)//Ti(100) , & HE &
FRPTRLSR BE N 793 MPa, AHH FIEIRIEE T 40%,
X2 T Ni-GNPs 19345 43 HUOFR TiC,/Ti, Ni 518 1 28 B



952

Hh AR

LIV E

P T R LR, R IR T R LA Rk
G & T A SRR A I SR A A BRI R L R AE A Y ik
YK (Cu@ rGO Fl Ag@ rGO, MWCNTs@ Ni) , 2R 5 Fl)
FAARAREEREE | SPS MIHALL T 25 i, i 15 28 5 4 @ ik
B A KBRS AL 8 SE A 1 BE A B i vy, R HL3G

«(000)"

» (01-1)

(-100)
v (-11-1)

5nm’!

=200,

MSKF (101),
021nm 4 Az

IR

2nm

5nm’! [100],, ([

INT GURBRB RS BAEE R 2 0] (Y ST 25 5 R B, 4Kk
PR I Y BSR4 R TR A A
AT, Cu, Ti NI B T Ag ZESRALBRIEIAR, 1] 11 & Jm ik
SACPEAR e bR BRI 22 [ LY F) S T 4544

Region C
(1-11)

(000) (11-1)

= 5 nm! [011) 330,

d=0.22nm

-101
G0 [-101] 4

(1-11),

_e(000)

(020).4,

#

5 nm! [001] ;¢

B 11 Ag@ rGO/Ti B AHRHIL ) L f 45 REAE 7
Fig. 11 Typical interfacial characteristic analysis on the Ag@ rGO/Ti composite'®’ ; (a) typical bright-field TEM image, (a;) SAED pattern of

Ti matrix, (b) high-magnification images of the marked region in figure 11a, (b;) IFFT and SAED pattern of the Ti-Ti;Ag interface,
(b,) IFFT and SAED pattern of the rGO-Ag interface, (b;y) IFFT and SAED pattern of the TiC-Ti interface, respectively

UEHA, BRARE SO £ B AR g T SRR S R
TSR P 0 DA K BT AR B . el 12 fr
R, BRI B 3 i R LR 4 T Sic L ok
AR A R A, Ol T A5 B TR A 5 Sic @
FLG/Ti-6A1-4V Z &Mk, FIHBESs it #2 iy Ti-C F1 Ti-
SiC W P A B0 5 R AR Z [T #4) B TiC+TigSi, Fit IS 1
JZ, YR T B/ BRI ST A R R R B

Eo T =S R LB R S S NI B A A oy RS U
R SRR R A O, 5 MR G bR ST 245 4 R
SEVERE . B, AR OR i B UKL Y 8 i TT i AN
KB AEHE R 1 A1, (B IF AN RE 58 42 BEL A 5 181 S
B, RTIZERIEE A MORE, E B A R Y
IR, A ) 4 T SR 5k Pl 2 0K 23 55 R SR T 4 oK
)@ AL G YA Bk B A, AT 52 G AR R AR O S5
FIRRIAPEVCRL, (HJE, XF 48 k& 4 R R & i

B AR BRI A bR P RE R G
4 BARMEHERREESMBKN I EMN
RE R SR (LA

13 25 T T 4F Okl i R KR & (L EE SpsY |
HIP!' | SIM™ 0 | 458 1 fA i ol Ak 2 AR OB Al
CC-HE'™)) T2 4 BB 409 K b1 Rl it Ak Ak 3 & A 4 RHEY
= P Sy Ak g 1 1 2 20 300 9,38, 63, 66, 0y
PLE R B 55 45 T e SPS il 45 7 B 07 9K B U 2 Ak,
BRI A AR, Bt SELHIASIE in T4 A T ik — A 4R
TR AATRG 2 PERE T L BR SLM AR i £ Y
GNPs/TC4 5 M BHER L 5 i br b B, (0 e
R, ARE LR ZE TN, CC-HE T2 )5
VIS I SR Bl AR, DRI ) T A B 4 oK A ) 25
PR SE A TR AR B S R L, SR T2 45



12

HH A ORI AL RIE S S AT I 4544 5 PERE AL B T 2t 953

IC+TisSi3

1_w)( \
0 =y

10n

12 SiC,@ FLG/Ti-6A1-4V & A kPR TEM 1)
Fig. 12 TEM images of SiC,@ FLG/Ti-6A1-4V composite[(’g] : (a) BF-TEM image, (b) HAADF image, (c¢) EDS mapping image; magnified
TEM image of SiC,@ FLG (d) , bright filed image at the interface (e) , HAADF image combined with its EDS mapping image for Si at

the interface (f) (e8]

1600 |
1400
1200 *

1000F , * * L.

Stress/MPa

800 | "

600 |-

400 1 L 1 L 1 L 1 L L L L 1
0 2 4 6 8 1012 14 16 18 20 22 24

Strain/%
SPS GNSs/TCH B SPS GNP&/CT20 ® HIP GNFsTC4
SPS GNSs/TC4 B TBCVD CNTs/TC4 k SPS INSTC4
SLM GNSsTC4 ® SPSGRTC4 *x
SPS-Roll GNPe/'Ti A SPS MLG/TCY *
SPS-Roll MLG/TI W SPSGNPs/TC4 * S
C i
*

CC-HE CNTs/Ti SPS-Roll NigGNFs/T1

roOPORAS

R
SPS GN@TC4 SPS-Roll GNFs/Ti

SPS MLG@TC4

*
4
> S GONS@ALOY
13 B 94 oK BB 8 R BK IR B2 5 MR = R Sy AR M Rk

X\TH:[S 16, 19, 21, 23-26, 30-32, 49, 53, 65, 66, 69-72]

SLM GRITCA

Fig. 13 Tensile properties of titanium matrix composites reinforced by carbon

. [3,16, 19, 21, 23-26, 30-32, 49, 53, 65, 6, 69-72]
nanomaterials at room temperature

CNTs/Ti B 712 B8 2 L5 246 K 2 B0 a0 K a1 Bl 5 4k TC4
SEE AR SE AR, T AR IE R LKL
A MRHMIRSAA B A T — ik R, 322 A JRM
B AR (FLR b3 A B 9 B 38 58 4 ) ) A B kAT Fas il
W WV IR AR A B T . ALV A 4
AT GNPs A TIR A be4h, 5 Al PR i BRIES Fbe st T

LR ARINAR & £ (0. 1%) GNPs, 4 B LR f2
PERERY TIC/TC4A A MBE, il 85 BRI 52 & kLR Ml oi
BEFN L H7 98 BE 43 5 A 1028.4 F1 1121.6 MPa, I+
~9. 8% MBS FEMIZR 55— 1T, VRS KRR
AR TG 5E T e 4 K UL A SR BRI B2 A A RHG 3 AH TiC i
ORARMERL, ST TR AN K ORI AR I & R 0. 1% 1, £k
FSZ A PRI T B SR B L BT SR B RN AE R 4y G
943.03 MPa, 1075 MPa Fl 17.96% , AH%H T F4K 43 5] 4
Jin11.3%, 9.6%H165% , H ki ToE B i 40 K Joki 1 &
BN, AR R 5 5 e P B O R R, 4 C
ETERRANAK TR SR 0. 75% 0, HAsprkae ik 2lEmAL .,

PRFE A BRI R Ak S 5 A AR s AR AL A B %t
BB/ BRI A AR O A 2 5 AT A BT, ik
HE £ T2 ARG e A i s AU R B iR S 2 %,
HET, TR A B/ ILE SRR ADLE S T K
HIIFIE . A SO S ORI B Bk L 52 A M R s AL AL
WA Ay B0 S R AT R R, 456 A B i/ Bk Sk
BEMBAH BT 2, B EERIE . 40 55RTk .
Orowan AL FEmi G amAl . A sE s i 2 amAbHLH
4.1 EiR=EL

PRI AR R, B AR E 2Rk R, EIP
R T B SR AL (Ao ) DTRKEE 0. 01% %k =535 7 MPa,
5T WERE PR 4 K A L i e e R A B e (=
I FAE o-Ti N ~0.05% ) Bf &I AL Tic, #t—#



954 Hh AR

LIV E

VR AR X 8 JEE 14 B v SR AR /N T R B VR B B L
(h% ., 00, PRSLFATEE B0 ) 1ok T BAT 8
LG, AT A BRAL I B R S VAL AT, TR
JEF AR T AP HGECR LB T 4 DR, TEkE

/v1v‘r/(v/‘/‘f¢ .

A A A _A A
NN Y Y v

A
ArAA Y

*c:ﬁum;::;: /

® Ti atom o

LERI, BRI AL AR IR A B R A I A BRI AR
F5 0 P PR T T S A SO, AR R AR IE B TG
R A 14 FiR, SXEEERALN TIC 1YTE MR T I
PEpLR™

AA{A#«A#AA‘,A¢VA A¢¢¢VAA

m Ti matrix

T3 GNPs

PR 14 GBRATRE (LA S 101 ) b X dels 2 e 17

Fig. 14  Schematic diagram of carbon nanomaterials (such as graphene) defect area

b, AERAR ) A o R 2 AN Tl G i 5T A
ZBUCER (4, AMEA) , H e S eknsg Mg T
BRSBRAGEAN Ty, LI 9 A X T 52 & b1k a5 2 STk o
A E M Eid Labusch A8 ] UL - A 44
o 0 A SR AL BTRR (Ao ) T

CZ/% 1/3
Ao. = (4Gb ) (1)

) €L S, FF, 532 W BRI F B9 | Schmid B+
FVEK S [ M 2 [ A e KA EAE T T, o S TD B A
YER T, b ZRARH Burger &, G SRR IR
VT AR 0. 019 40 7 3R AL BTk 535 7. 69 MPa' ™), Jf %
AT 5 B A 480 & B N 0. 1299% 34 i) 0. 1687% ,
T ) A SRAL TR 2 43 MPa, B TS25id i
RO & BRI, BT A B [ 5 Ak DT lkoE
WA LAZWEANTT
4.2 HEsEf

Ao AR B XTI GO A R G sBR HE 5E 5  ) 5 B 1Y
PEEA EEDTIR, — AR (W45 T K 1) et i
B dioRr 2 B AT, T Al A S A J i) TiC 0 g
R B AR KA BT o R R BT BHARVE T, 4l sk iy
ik ( Ao ) PILLETTE Hall-Petch FRtE

Aoy = k(d" =dy") (2)
Hor ) k24l T R, N 0.68 MPa -m' 4, I d,
S3 R Ti ARG G AR 3 SRR T
4.3 Orowan S84k FREfrfE iRk

XFFYRAAT B o Bk I 5 A bR 7

3 A A

[76]

AR TEAAR S A0 KAtk A A6k 1) 288 i A% 388 580107 Az HY T 20 K Bl 1A
FHCUN CNTs, 7 880555 ) o i KA L AR i FE e i AR
ML AL R B AR AL, W s poR™ &
Aﬂﬂ%@ﬂﬁﬁﬁﬁ%%ﬁﬁ%ﬁ%ﬂmﬁﬁ%,ﬁﬁ
AR BTN A R B, BRI E G AR AR
i TiC QL BAT —E B RERCR (W18 15d) . BEAh, 98K
WL X8 &) A BOHE SR R N B, &2 A A B Orowan 58
S TR, ZECRMELL R, AH SR 0K A 44 K 5
BT DLV | ETHLIP IR UL A5 30, 77 AR T I R A N
1, BHL A7 8 1 4 K 0K 2 0] T B O Ak 4 TR SR AR
Orowan 58 B TTHR (Ao o) CIES57R U N
0.13Gb d,

1

| % n 2b
WL )
P|: 2 VCNPs

Hrb d J& GNPs 9 F-3RAR, Vi, & GNPs I FK Sy
H, Yan 7V Ao, BIE/NT 1 MPa, /8T A
SREEHUGE IR, i T BA KYME LY GNPs %5
AR T, EAARTRMESE GNPs JE MR, (A Orowan 38
P& A BRI B TTERAR S

ELE o, & A AR b 8 4% 3 1 SR Ak 5Tk
(Ao, ) T LA Rl 3t FH 55 VI o B A St i e ™

Ao s =Ady |:\R( Y =1 :| (4)

o, A8, M Ti S URHG IR R, S A U ) 5
Ho, fon B fu SPBG AR EL, Ay T
RV B i 5 TR S f 0

(3)

Aoy, =




512 1 VA

AR ERAL PRIE S S AL T 454G S5 PERE AL B 5T 2 955

A

’/fig;wMQts

‘\I"ructurcd GNPs

GNPs Pull out

",,r Deformed TiC

\
\ﬁnr

Pull-out (\]‘s
A

B A0/ & RIEE AR . (a, o) GBI/ AR 0 (b, d) £ 806/ kLA bR

Fig. 15 Fracture behavior of graphene/metal matrix composites: (a, ¢) graphene/copper matrix composites[w ; (b, d) graphene/titanium

i sites 23]
malrix composites

S

Ao = IVU’ym (5)
o) S R TR AR A PR L (BRAUOKRM R EAR SRR 2
), VR IR, o, R A Y IR R
Fo AR R IR T E A AR BRI, IR A
AT KER TIC, it fd, AT Orowan i
A 0 28R A £ 338 i Ak AR Ry Bl 499 K B RL RN TiC B 25 TR
(Oiso) o B, BRIEE GAPEHBHIREE (o, ) W LAFRA
HRFERTRE (0,) . SRk (o) . BRI (o) Fl
AT (Ao, ) FUEAT, TS S|

AO 1150 =0 ,~0, 0 =0 (6)
FIRAZ(6) I35 H 24 TC4 HefhrhB| A GNPs B, 5@t
Orowan 58 b 1 2% fi7 1% 35 5% £k 5Tk 09 58 524 184. 6 MPa,
S BRBR B 1) A7 SR A7 RS TR B TiC 7= 4E 1) Orowan 8 1k
A 14 356 A F B AL DT
4.4 {IiESEK

T A AL RN S AL ST 7 9 TiC J5URL X 50 5 1) 1
HABHLARVE (B 16) 1™ (545 5 1 B3 1 45 26 8L, A
BT E AR, 258 HRTEM B 5 (1A 16d)
WA T 22 6 B SR RIras &1 Besbh, gk
WRIR 225 TiC S 10 BRI (0 Ti S 440 LA BB 409 K b4 KL/ Ti
FLAARZ [0 1 AU T Ak A it B, BRI R] B D s L ART Bk B
IR L AT R AL IR 1 RIS IR 5 A MR
SERFE RO AL B (p) I S LA R A%
_ 2 .3e

db

p (7)

Hep, e il d A2 AR M b RSF e Al d v] LA it
XRD 43 #73£ 454 Williamson-Hall 77728 g i ™ ¥,

KA
Bcosf = 7 + £sinf (8)

Hrp, B2 XRD WP RS TE 8, K W 40.9%, 0 )%
MR, A S Cu-K, BSTROP K, ML (A o)) &
AT R N 0] DLAR 48 Arsenault 2515 3 A ¢ R ok
EGE

Aoy = Ao, - Aoy, =aGb (ﬁ—@) (9)
Hrpr, Ao, fl Aoy, 53 5EH AR IE 5 52 6 FOBHRIR 1Y
SRR OIS SR AL, o RILMATH AL, K 1,25, ¢ 24
JRILARBTOIRLR:, p, Fl p, 73l R SR TN S BB 2
B

AT UL, KRS G B RE R B AL ] 32 SR B 1
BRI SE Y TiC MU BR8] i 22 AR, JF H
K SRR AL H A R R R A T A, Bk
S A MR T X S S AR Y i 3B ok 1 5 DT RR R AR
R L AR RN, TRt — 25 S IRIIE,

5 & iF

il AP BHE T ZI 25 AF T R IRBCZOR, BREER A 41
RISy PERE T AT T e B R RS, 4%
SR VBR AR S G BRI R AT ST L IR SR R R
([ IR AR 2 (PRI A2 & R P ™ AL, WF5E R
0 5 i e A K PR ) A LA R B THT SR RE 5 1k



956

Hh AR

LIV E

Jocation

P J:!;ﬂ

P S e e

16 TiC {ABU 80K 7. 5% 19 TiC/CrMnFeCoNi0. 8 5 4 K1 K+ TEM B8 Fr (a) RN X 48 10 B F 17 55 181385 (b) 197, Z 2 A B4
(multilayer graphene, MLG) it 43400 0. 5% 1) MLG/Ti & & A4 TEM R () il MLG/Ti FLifi i) HRTEM f# fr L K Ti X

7 DX A AT P () L

Fig. 16 TEM image (a) and SAED pattern (b) of 7. 5vol%TiC/CrMnFeCoNi0. 8 composites, respectively®) ; TEM images of 0. 5wt% multi-
layer graphene( MLG) /Ti composites (¢), HRTEM images of MLG/Ti interface and SAED pattern of Ti, respectively (d) %]

RIS G PR SR B VR AR B AL, AR, —LERTS
LA A 5 2 K Bl 58k AL BA R 52 45 B RE (i 3D ATER
TIRBESS T 255 , JRAEZIE T LR k2 A kL &
IR, (XS AR VR SR B D A 23, il T
QUK R R A R S AR R A i 2 A, HAE S 5t
TS HARF AR 1 ) 2 PR RE 9 5 ZRACFC IR X, bk 80006 2
PLES S 2 FOFATIH R A Se T B R B R SR A2 E 1 44K
BRI SR B S RE A MR I RO OB T, R
SRACRBER AR R IE . 5280 T 20 Bli 45 R R AL
JEIX IR FE TARE [l , IR 2K b B T A 0%
AT AR AR s 6 B TR %

B A BREE S & MR BRI ST, AR AR f 2 R
KA EZT I, o, AR AT S8 M it 98 K48 14 14
5o PR IV BE B T AT 11 0 K e 1 ik A A R AR, AR IR
R HIWTTE O W] S O JR S5 1 D BRI A2 5 bR Y
SRR AR AT AL R R T, R, ML TR
Bkl s R G SR, DURISA R TiH, | Al-V &5 [E]
BN, TR AR i A BRI A SRR AT
e R AR S S AR AR (37 4 B T Bk 2R &
PR S A AE ORI IR X, 2 B0 th T R i sl ok
2 WRARF R B S PR AT B R IR T 248,
PR AE X T I A Bt — PRI

SE#k References

(1] XU, RE, ¥, & frstRlaR(1], 2020, 36. 77-94.

(2]

(3]

(4]

(5]

(6]

(7]

(8]

[10]

(1]

[12]

LIU S F, SONG X, XUE T, et al. Journal of Aeronautical Materials
[J], 2020, 36. 77-94.

WEI S L, HUANG L J, LI X T, et al. Journal of Alloys and Com-
pounds[ J], 2018, 752. 164-178.

ZHANG J L, SONG B, CAI C, et al. Advanced Powder Materials[ J ],
2022, 1(2) ; 100010,

TJONG S C, MAI Y W. Composites Science and Technology [ J],
2008, 68(3/4) ; 583-601.

s, WOR, AR TPERPRIERELT ], 2019, 38(3) : 214-250.
HUANG L J, GENG L, PENG H X. Materials China[J], 2019, 38
(3): 214-250.

Ikpk, BERAE, FRIFE, 4. SIRBEEAMEM]. duat. R
AR, 2020 121-125.

GENG L, LIANG S H, ZHENG K H, et al. Metal Matrix Composites
[M], Beijing: China Railway Publishing House, 2020, 121-125.
MUNIR K S, LI Y C, LIN J X, et al. Materialia[J], 2018, 3: 122~
138.

SUYS, LIZ, YUY, et al. Science China Materials[J], 2018, 61
(1): 112-124.

CHU K, WANG F, LI Y B, et al. Composites Part A: Applied Sci-
ence and Manufacturing[ J], 2018, 109. 267-279.

KONDOH K, THRERUJIRAPAPONG T, IMAI H, et al. Composites
Science and Technology[ J], 2009, 69(7/8) . 1077-1081.

QIUCH, SUY S, YANGJ Y, et al. Composites Part C: Open Ac-
cess[J], 2021, 4; 100120.

SONG Y, CHNE Y, LIU W W, et al. Materials & Design[J], 2016,
109; 256—263.



%12

HH A ORI AL RIE S S AT I 4544 5 PERE AL B T 2t

957

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25

[

[26]

[27]

(28]

[29]

[30]

[31]
[32]

[33]

[35]

[36]

HU Z R, TONG G Q, NIAN Q, et al. Composites Part B; Engineering
[J], 2016, 93; 352-359.

MUNIR K S, WEN C, LI Y C. Advanced Biosystems[J], 2019, 3
(3): 1800212.

LAVISH K S, ALOK B, AKASH O, et al. Diamond & Related Mate-
rials[J], 2019, 91: 144-155.

CAO Z, WANG X D, LI J L, et al. Journal of Alloys and Compounds
[J], 2017, 696 498-502.

TANG C Y, WONG C T, ZHANG L N, et al. Journal of Alloys and
Compounds[ J], 2013, 557, 67-72.

TANG M K, ZHANG L C, ZHANG N. Materials Science and Engi-
neering: A[J], 2021, 814. 141187.

LIUKY, LIJS, WAN J, et al. Carbon[]J], 2022, 197. 412-424.
TIAN N, DONG L L, WANG H L, et al. Journal of Alloys and Com-
pounds[J], 2021, 867; 159093.

DONG L L, XIAO B, LIU Y, et al. Ceramics International[J], 2018,
4. 17835-17844.

ZHOU Y, DONG L L, WANG Q H, et al. Advanced Engineering Ma-
terials[ J ], 2021, 23. 2001411.

DONG L L, LUJ W, FUY Q, et al. Carbon[J], 2020, 164. 272—
286.

YANG Y J, LIUM B, ZHOU S Q, et al. Journal of Alloys and Com-
pounds[J], 2021, 871; 159535.

MU X N, CAI H N, ZHANG H M, et al. Composites Part A: Applied
Science and Manufacturing[ J ], 2019, 123: 86-96.

LIU L., ZHANG H M, CHENG X W, et al. Ceramics International
[J], 2022, 48. 37470-37475.

ZHANG W, ZHOU S Q, REN W J, et al. Journal of Alloys and Com-
pounds[J], 2021, 888: 161527.

YIN H B, LI P. International Journal of Fatigue[J], 2023, 167:
107352.

XIONG Y F, ZHANG F M, DAL T, et al. Materials Characterization
[J], 2022, 194. 112455.

LINKJ, FANG Y M, GUD D, et al. Advanced Powder Technology
[J], 2021, 32. 1426-1437.

YAN Q, CHEN B, LI J S. Carbon[]J], 2021, 174. 451-462.
LIUY, LIS F, MISRA R D K, et al. Scripta Materialia[ J ], 2020,
183 6-11.

ATTAR H, HAGHIGHI S E, KENT D, ef al. International Journal of
Machine Tools and Manufacture[ J], 2018, 133 85-102.

BRI, WAL, MR RTOLIRSAPRIT], 2014, 33(3): 1-4.
QINX M , XIE Z C , XIE O. Electronic Components and Materials
[J], 2014, 33(3): 1-4.

YANG H, SHAN C, LI F, et al. Chemical Communications[]],
2009, 14(26) : 3880-3882.

EFEZ. A RIERT D REBM[D]. Jeat.
2%, 2012.

TANG X Z. Surface Functionalization Modification of Graphene Oxide

R TR

[D]. Beijing: Beijing University of Chemical Technology, 2012.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

FOp e, 2, W, S R AR SR e B
FERHERER T 1. CN115074566B[ P . 2023-04-08.

DONG L L, LI X, CHANG G, et al. The Method of Improving the
Properties of Titanium Matrix Composites by Modified Dispersion of
Oxygen-Containing Graphene; CN115074566B[ P ]. 2023-04-08.
A, A ST i B BB S SRR 5 S PERERITSE [ D). 7Y
2 PRERHEREE, 2022,

XUE H. Preparation and Properties of Graphene Modified Dispersion
and Titanium Matrix Composites[ D], Xi’an: Xi{’an University of Sci-
ence and Technology, 2022.

YANG L Z, HAN T L, ZHANG X, et al. Materials Research Letters
[J7, 2022, 10(9) : 567-574.

PU B W, SHAJ W, LUN E Z, et al. Materials Science and Engineer-
ing: A[J], 2019, 742. 201-210.

XUE Y L, CHEN W G, WANG ] J, et al. Materials[J], 2018, 11
(11): 2071.

GE Y X, ZHANG H M, CHENG X W, et al. Journal of Alloys and
Compounds[ J], 2022, 893, 162240.

SI X, LI M, CHEN F, e al. Materials Science and Engineering: A
[J7, 2017, 708 311-318.

ZHANG X, LI SF, PAN D, et al. Composites Part A Applied Sci-
ence and Manufacturing[ J], 2018, 105; 87-96.

VELMURUGAN V, MOHAN B. Materials Research Express [J],
2023, 10: 036504.

SHUAI C, WANG B, BIN S, et al. Materials & Design[]J ], 2020,
191 108612.

ZHANG W L, CHOI H J, LEONG Y K. Materials Chemistry and
Physics[J], 2014, 145(1/2) ; 151-155.

FAN Y, JIANG W, KAWASAKI A. Advanced Functional Materials
[J], 2012, 22(18) . 3882-3889.

XUE H, ZHU M, DONG L L, et al. Journal of Alloys and Compounds
[J], 2022, 905: 164198.

CHEN B, SHEN J H, YE W T, et al. Carbon[J], 2017, 114; 198-
208.

MU X N, CAT H N, ZHANG H M, et al. Materials & Design[J],
2018, 140, 431-441.

MU X N, CAI HN, ZHANG H M, et al. Materials Science and Engi-
neering: A[J], 2018. 725. 541-548.

SHANG C Y, ZHANG F M, WANG ], et al. Composites Part A; Ap-
plied Science and Manufacturing[ J ], 2022, 158 106981.

kAL AR TIC, BRDEAE . ROTEH BHAT Cu B SR
ZUMWERERUSZIA[ D). KA MR, 2018

ZHANG D D. Morphology Modification of in-situ TiC, Particles and the
Effects on Microstructure and Mechanical Properties of Cu Matrix Com-
posite[ D]. Changchun: Jilin University, 2018.

THCT, ZE e, AEE, % ZEMEENRT], 2005, 22(5):
31-38.

YUJY,LIYL, ZHOU H X, et al. Journal of Composite Materials
[J], 2005, 22(5) : 31-38.



958 rh AR EXVE

[56] A, GrRERIA RN AR TiIC/Ti 2 &7 R IR [71] YAN Q, CHEN B, CAO L, et al. Journal of Materials Science &
[D]. dbat: dJEaTHi Tk, 2016. Technology[J], 2022, 96: 85-93.

FU Z J. Microstructure and Mechanical Properties of in-situ TiC Rein- [72] REN W J, LIU M B, ZHANG W, et al. Journal of Alloys and Com-
forced Titanium Matrix Composites Prepared by Spark Plasma Sintering pounds[J7, 2022, 897; 163210.
of Ti-Nanodiamond System[ D]. Beijing: Beijing Institute of Technolo- [73] WANG Y M, ZHU M, DONG L L, et al. Journal of Alloys and Com-
gy, 2016. pounds[ J], 2023, 947 169557.

[57] HUANG L J, GENG L, LI A B, et al. Scripta Materialia[ J], 2009, [74] %6 W/ TCI IE A MM T RERFE [ D). U4, 74
60(11) : 996-9%. LMK, 2022,

[58] WONG J C, PARAMSONTHY M, GUPTA M, et al. Composites Sci- XU J. Microstructure and Mechanical Properties of Carbon/TC11 Ma-
ence and Technology[J], 2009, 69(3/4) ; 438-444. trix Composites D]. Xi’an: Xi’an Shiyou University, 2022.

[59] ZHANG X, WU K, NI 'Y, et al. Nature Communications[J ], 2022, [75] SHI W D, YAN Q, SHEN J H, et al. Materials Science and Engineer-
13; 7719. ing: A[J], 2022, 852; 143723,

[60] LIUL, LIY K, ZHANG HM, et al. Composites Part A; Applied Sci- [76] LUJ W, DONG L L, LIUY, et al. Composites Part A; Applied Sci-
ence and Manufacturing[ J], 2022, 156 106892. ence and Manufacturing[ J], 2020, 136. 105971.

[61] WANG H, ZHANG H M, CHENG X W, e al. Materials Science and [77] SHIW D, LUSY, SHEN J H, et al. Materials Science and Engineer-
Engineering: A[J], 2022, 854; 143536. ing: A[J], 2022, 830; 142321.

[62] BRBHSCHE, AEAIME, 25, 55 SRaERII], 2022, 39(4): [78] LABUSCH R. Physica Status Solidi(B)[J], 1970, 41 659-669.
25-29. [79] XIONG N, BAO R, YIJ H, et al. Journal of Alloys and Compounds
OUYANG W B, REN L N, HUANG X M, et al. Titanium Industry [J], 2019, 770; 204-213.

Progress[J], 2022, 39(4) ; 25-29. [80] DONG L L, XIAO B, JIN L H, et al. Ceramics International [ J],

[63] GUAN R, WANG Y, ZHENG S, et al. Materials Science and Engi- 2019, 45; 19370-19379.
neering; A[J], 2019, 754 437-446. [81] DONG L L, FUY Q, LIU Y, et al. Carbon[J], 2021, 173; 41-53.

[64] GE Y X, ZHANG H M, CHEN X W, et al. Joural of Alloys and [82] ZHANG Z, CHEN D. Scripta Materialia[ J], 2006, 54; 1321-1326.
Compounds[J], 2021, 893 162240. [83] NARDONE V C, PREWO K M. Scripta Materialia[ J], 1986, 20(1) ;

[65] MU X N, CAI H N, ZHANG H M, et al. Carbon[J], 2018, 137; 43-48.

146-155. [84] WANG M, ZHAO Y, WANG L D, et al. Carbon[J], 2018, 139;

[66] DONG L L, ZHANG W, FU Y Q, et al. Catbon[J], 2021, 184, 954-963.

583-595. [85] HUANG SR, WU H, ZHU H G, et al. Intermetallics[J], 2022, 148;

[67] DONG L L, ZHANG W, FUY Q, et al. ACS Applied Materials & In- 107639.
terfaces[ J ], 2021, 13; 43197-43208. [86] SHI W D, YAN Q, SHEN J H, et al. Composites Part A: Applied

[68] YAN Q, CHEN B, YE W T, et al. ACS Applied Materials & Inter- Science and Manufacturing[ J], 2022, 160; 107055.
faces[J], 2022, 14 27118-27129. [87] CHU K, WANG F, L1 Y B, et al. Carbon[J], 2018, 133; 127-139.

[69] MU X N, ZHANG HM, CAI H N, et al. Materials Science and Engi- [88] ARSENAULT R J, SHI N. Materlals Science and Engineering[J],
neering: A[J], 2017, 687; 164-174. 1989, 81 175-187.

[70] ZHANG F M, WANG J, LIU T F, et al. Materials & Design[J], (% FET)

2020, 186: 108330.



