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A Review of Carbon Nanomaterials Reinforced Titanium
Metal Matrix Composites

YAN Qi, CHEN Biao, LI Jinshan
(State Key Laboratory of Solidification Processing, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: Carbon nanomaterials with excellent mechanical and conductive performances, whose strength, modulus and
thermal conductivity are much greater than metal materials, are one type of the best reinforcements for metal matrix compos-
ites. Compounding carbon nanomaterials with titanium and its alloys, by adjusting the content and distribution of carbon
nano-reinforcements, is expected to noticeably improve the mechanical strength, electrical and thermal conductivity of the
titanium matrix. Thus, nano-carbon/Ti composites may become structural and functional integrated material. However, the
chemical compatibility between carbon and titanium is poor, so that they are prone to chemically react with each other during
preparation process. It may cause the structural destruction of the carbon nano-reinforcement. Therefore, how to control the
interface reaction between carbon nano-reinforcement and titanium matrix becomes a key to improving the performance of the
composites. Based on this, the research progress of carbon/Ti composites by powder metallurgy methods was reviewed. The
forming processes of carbon nanomaterials reinforced titanium composites ( nano-carbon/Ti composites) were introduced
while its interface structure and properties were discussed. Finally, the critical problems and possible solutions of nano-car-
bon/Ti composites were summarized for guiding its future development.
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PR S PORH UL T 204 S (AR A i 4
) L WSTE (B SEmEIRASE) . R A (R
FIUURES . BBEESE) L MY ARA 41 (powder metallurgy
PM) 2 DAL (A3 R 18T 20K S 0K 5 34 50 0 52 5 T8 OB A1
BHY T AT, 1XFP 2 38500 1 T B g KR -0 5
FORE, BRIEST SRR IS 5 A B B 2o 2 7T 4324 507 B
BRI AR AR IR 2R BRI A bR L TR A
] A T — i g i SRR A5 8 I 0 R Bl 4 22 B AR
SN I R A B SR AR DT 3 58 <6 e R AR R 1
2o WniEss T 5 C Z a4k SN A AR B TiC, B s 6t
REgaRAR " B AL T S B Ak BN A A
S TiBw AT A A 3 4 A B T 444 06 A 5
AR BRI T RE, B S BR L R A S A AK
BRI U, FEAEE SRR A O R T R
FAER A B A= sl £ TMCs 1, 39 AR — i BAT 4 s ik
A B RSP BT, B0 3 s AR FE JE Se PE R | 2m i
Fa @R, T ST Y T
PERCV AR L, BERRIEEA AR T AR, ANUE R
AEIEPERE ISR, 1T ELAE BGRL o i v BERE A h i A
TEm e N R AR A PERER RS, it B &
1) TMCs A BEIX B4 5 B S HAA B SRR LE R RE R H N

B 20 22 K LA 44K 45 ( carbon nanotubes, CNTs) iy
A B ik BEBRAOR BRI HEFS R CNTs 15846 R
BEEAME—HE B &SR EL SRR R
R ONTs iy A /S T8 e L7 25 by 1 o D5 T
BHEAARREF YA, AR ATIEZ 107, $fRIET
A T ) 20T A3 Ry BB K A (single-walled carbon
nanotubes, SWCNTs) F1 22 BE Bk 4 >k 4% ( multi-walled carbon
nanotubes, MWCNTs) , CNTs HE R EmsR i S, &E
W& Tk, IR R R AT A2 1 TPa, Ji RSB Al ik 24
110 GPa, I REULT HE ™ 1 8 (graphene,
Gr) 5 CNTs HAA MR TR, FIMR CNTs 1y« [ %
SRR, K B EA AR L AR, B Gr 2
MG R ZRIEA . ARFFEEY, K CNTs irE H

FEJTIIfF S, ATARAG R Gr™ o Gr HLAT A A HL R 1HT B

(2492600 m'/g) , [AREHAR TR R (LY 1.2 ~2 g/em’,
JE 38 2 24 130 GPa) | i 5 9 25 3L 5 44 28 %k (3000 ~
5000 W/ (m+ K)) ek gg™ ™ At Rk 44 ok b1k
HAT 4 W AT 37 97 45 44 19 98 K 42 W 47 ( nano-diamonds,
NDs) " o g A ot s T LA 4208
FEAEWITERM, BBk bR 9 52 A SR 7E—
SEIRE T A TRk A", (B4 B AR Sk
PR AL AR BRI PEAR 22 %) IR B 1E R4 K

BRI B b B AR TiC, T
HAEAS L (AG) sk (1) proR ™

AG =-184571. 8+41.3827-5. 042TInT+2. 425 %

107°7°-9.79x10°/T (T <1939 K) (1)

1) AR BRAS B AE AN RIS RE R S I B RV #3541
WrEmre(ng 1 fron) . R 1 aTLIAEH, S TERE
TRLBESE N (373 ~1223 K) SR B AG 2928 ~ 180 kJ/mol
A B B 85 1 2 EAT FLRORE A6 5 KT L R A
B, BRANARME RS R R A5 46 22 TA] Y I i 28 022 5 8
K, Bo5IEE G FEMAS#RI, EmRNER,
B R BB A IR DT A 4K B R - Bk
BAPEHPERE M R R PR, e S E RO . B
B A, B R B AR BB SRR
RERY RN R Z—.

ARSCEEA AT UL AR AR DB AR 4 12 1l 7 Bk 40 K
- BRIEE S AP RHOBT SR, HT 1 CNTs Hil Gr 45 5
SRPBEBRAKAT RS BRI R B B2 5 S AR T 20 5
FORMIERERYZ I, JE— DB T AORIK B R & Ak
H) K S

xRl AREBETT-CHEREMEMHTEMHETNK

Table 1 Gibbs free energy charges of reaction in Ti-C system at

LR 5 A BT

different temperatures

Temperature/K AG/ (k]J/mol) Ref.
373 -180 [55]
873 -177 [52]
-171.3 [56]

1073

-172 [50, 53]

1173 -175 [51]
1223 -175 [52]
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KIGSEARAEIER R o A5 A 5] L SIS & ) 2 A AE =S
BRALIR S5 (R, RE RN A AR A R RE . HOAT,
PR TR A S B P LSS 5 PR ) A L T2 A o 7
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oy . BRESTLSE, (HiXse T2 H AR & st BN (i
HOMECN 2% LR, R SORUEIA 18 T i 53550 g oK
ABHE BRI A b (8 73 HOME (9] R8T 24 CNTs A Gr 1 5T & 5
KO 2% 0, TRASKAEI-BRIZ G A RHA LU 25 )
AR R EBR

(B 12 58 245 B 2 o — A M R v TR R B Y o AR i
A AR AT, RS 0RAE &R T HA — & 1 N
#, TC, WM EZRH T C 5 Ti ZH TRy 4, 1
Bl C/Ti S Ti Bk, KA R G 8k
TiC, fEA A%, i I FE S MM C J5i5F Ti 5
TFRAT AR B IR, AT R i I R
B I W) = R I T b 2 Aol i ) € 0 Ti 19 9™
B, PR R4, L2 FE 2 A% K BE 5 K e 2
(hot pressing sintering, HP) | E2s a4t | i 2550 1 hegs
(spark plasma sintering, SPS) . #A 4 & JE (hot isostatic
pressing, HIP) 45, {H&, BRAIRBE 4SS IR B FIos /b i i 91 B2
I IE] 25 SO A MR B R 1 22 | B0 A A )
B JE PR AR TE R B, A B LR A sk
Bt I, b TIREAE SR A A BUE T, — )
SoAE R G XTI BEAT RS AL
AR I T AR, SRR A PR AL S B
JERTI AR
2.1 #MERHEK

BREH G & S KM RS EMERKR, H
CNTs . Gr SEBRANA BB Z [ A7 AL B 1 Fa A8 A T 7R T o
T P B ) RO R B D B T i A K 1 SR A XY 5 4 T
KSR B TR D, BOA VR FE . P I 4k 55
LR RO R 5 B S AR A R R
ARME S BR3¢ 5 0 43 50 (0. 5% LA B B4l Kk w4 R 5]
SMHCT A R b, HAE R TR R, BT
JOTEAE TR, B A KB ) AT BE 2 7 Jm) 8 X a3 2R
o X TFHERAAL B4 CNTs 4 B KR KAR LR 98 )R i
YKL, MORLA B A TR S, T UL B LB A
BB BOCIE B A RO 5, R SRR
B LA RESE 6 b A Tl 1] 5 [ L

FIRT, BiARE T2 0 = BEBRE (high energy
ball milling, HEBM ) ¥ fif R filk 48 K A4 RL 73 501 22 1) 1] 2
F TR 2 R, . AR 5 B BRZ ) i it oy . B oK
Z DXL R it A5 A % B B 20 oK 4 L 2 TR) e L A, BR
JEIFEE 7 A 1 fE R E, (kinetic energy) A] H10(2) #1(3)
FoRBI TR

1 2
E, =—-mpu,

: )

2
2= (Rwy)> +AF + o - (1+;§1> (3)
0

Hodrs m,—— SRR i
TR P RE 1305 ) B

R—A7 A BREE LR BHEE #0942 5

wo—A T BRI LA PHAE 5 A 3

w,— SRS W FA L

Ar——BRESHE N AR RIS BR AR 22
a3 (2) F1(3) AT %, BEREERRA G . BREEHE M 12
SR ER 2GRS RePE = EREE AR i, AT R 25 Hy Yo e
TG BIBRDCK A R R, o R R, (HaR
KA L2 1 1o T E 7 R 5 Bk ) Rl A b AR T B
SIAREMELRG, WE 1R, ISR & s,
CNTs Fil Gr KSR, WKl 1a 1 1b iR, Wi
i e Py A S NG 7 R U1 (/NI | VA b A AL SN
Ffo IXLEHRPGILF TR TERR, Sy il T 5 R S
KA RN B RV AR o VAR s 3K Gr S5 9 K b1
RHBEIE 78 T B4R b, —F ek 3] R 1 K45 &
(Inf&l 1) o BLAh, EREBRES i B AR AE /Y I3 — 1 [a] 2 #i
AR, BIERES B PR E, Al R,
BRESWENIREE T, Bk 58T RE S RAENUMG 41k, 5
PR TiC,

% S &

#® Amorphous carbon
Matrix

vy

1 Bk AR TE Bk B s B (a) 8B AV 19 CNTS,
(b) BRI A 80, (o) B4R
Fig. 1 Schematic diagrams of the defects during ball milling:
(a) deformed and broken CNTs, (b) fractured graphene,
(¢) cold welding

Munir 50k Ho T A7 JC TSGR 43 HOL B CNTs/Ti
A A AE A [B] 1< B 78 15 ( process control agent, PCA) FllEE
RERRIBESECT BRI | h 551k, RN WL A o
Y CNTs/Ti ¥y K EREEAL B S CNTs 19 5REE I AR TR &
A THC, H CNTs FE 80k R i 70 B v A B e 4
Bho RATBNE ST T EREERE R A PCAT™ X B A 4 B
PER S, I 25 R AR, Y EkE e N 18 ETHH|
55 W if, CNTs 7EERR R (9 40 ik 25 48 7, S A
AKBFE BRSOk 21T, [ CNTs (A8 &t .35 ).
MEPREERE R H] 73 W I, CNTs 19734 B2 A /) #
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#, H Ti AR R MAFTE— & 1Y TiC, 90K PORL, X2 il
TrREERE B kA TR . PCA B F2AFEHIAE T F%

IR 2ok 7 v 43 J A AR URL Y R T8 3 H BE, T R AR

KL, SHNSREFIBUIA S SF AR, W i 28 KRR

ZERBREG . MR IA & Y PCA B RE IR R |
V. 2,3 BURE R T e ARG 45 . % B s F S T RE g
PR X i REBR IR BB RS S MR, WE5E R W], AR
FRAE— & BRI RE U Bl AR TR S, REAS A R0 il v& 42
PG SR, R AR AP (H Y BREfE
sl E I, CNTs (9 5 [ F1 TiC & & &8 A B 2 E T+
B
Chen 45 I I S N WEAE g PCA JF 2 1L RS T
2. (solution ball milling, SBM) , % T. 2l 4c# CNTs 145
Sy BTSN W, IR (29 1% ) (9 318 15 1
N, SRJGH CNTs B FER R R IR A I ABREE SEH , BRORL

L2k 5:2(Zr0, 53K, R(10 mm):R(5 mm) =4:1), LI
200 r/min [FEHGZTT 1 h, WK 2 FiR, @EEERES IS 1
CNTs/AL ¥y R H& A AIC, =%, H CNTs ¥J51 571 7E Al
KiK. Wang 217t 5% FIAH R T2 ¥k T CNTs 76 Ti
Ry A HP A 43 1P 0 ER R B AR B, 22 SBM T2 (L
300 r/min BY5FE 21T 50 min) Y& 45 1Y CNTs/Ti ¥y
WA &I TiC 7=,
SR FFXH R A KA o) 3 1T R A7 088 14 325 T LA AR 40
Kfg g e, AT B T R R K bR R T R,
TERRAN KA R R TR — 2“9k g)2 7 | Rk
TR KA R Z R A Ty i T4, NREREH S &R
SR Z IR AR FSE S F7, T RE I A 4 K AR AE
TR &R WORB S, {H H A5 T FFH 2 08 1 i35 ik
kAR E A ROR P IR B D, A R — R

AW

illi CNT solution
| "z Milling ball
/ \I o e —
[ . Limited CNT-Al contact
N —
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e
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® /
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miing @ TR /
ball @ [ . b3
|
/
Milling pot ‘ /
: | Remove
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K2 MEERE T 2R
Fig.2  Schematic diagram of SBM !

2.2 EIREEERE
[T e s FR T 2 A A B S 8 e f S e A
SR G E SR A TIERE. i TR RG AT
RS, IR A B R 4 BB b 6 2 20—
ANIIESERE, ABREERTINIE R (W I + Bess) . nism
JEBSSE (SPS, HP, HIP &) % {H {4 K b kL5 Bk I 4
ZI B E R, LA SR 25, SRR SIS B
TITEHMBHI AT,
Yang 2 4E(0 ~0.4% ) Gr/Ti EAMAFMA T 2
3% RERG R (EIRAE D) , SRJGH A T RS R 1 52 45 0
RN 409 58 4T A L o gl i i P [ (7 180 MPa R
RIE 15 min) , S 5 0 A R ) P iR B 4% T 2 IR
(2 kWA DA, I 1623 K A3 15 min) , HZR
T A RE (85 BE R SO, AR B 285 1 24 4%k (1993 % ~
95% , Munir 25 BF5E T ¥ JE Chli 1] 4% & 40 MPa {4 )E

10 min) 254G B A5 Be4s (1Efem i 1100 C R BEZE2 h) Fi
SPS 45 T2 (76 800 C AR 5 min, [R]H i 150 MPa )
JE71) % (0. 5% ~1% ) CNTs/Ti 55 MRHZH LU RE R 5210
SEAEIRERN], R A SPS FR45 Y CNTs/Ti &2 & ML AH
X LSO B R (Rl SR B 2 B A 99. 8% ), H 2%
PEREAR TV IS 5 B B2 AR, X2 i T SPS ik
R R AR T IR, S ECNTs SRS, ik
TRREARE 1 2B O A A S T
UESET SPS B 4f i B v CNTs 23 th B Ik B RE i B 4
(E3) . thh, BEEm RS T Z)E, 0.5% CNTs/Ti
A MR R 4 PR 3 K IR $2 &, CNTs By oK i — ik
PR R WA Tk, TEEIIANRKERZ,
CNTs £ SPS Baghi sl B v 5y & AL 9 WiOR0 = g, FE TRk A
R, i LIS (& 3b); R SBM T.Z2H
K BE R AR CNTs 76 By A 34 5 46 i #2 o Bk B 19 T2 Bl
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(B 3c), (R I8A7 16 — 5 B B2 A0 FF R 4B R Xue
ORI SPS T AR SRR E 1073 ~1273 K R AL
MWCNTs/Ti & & ¥i7K 5 min(§Enzk >k 50 MPa) , W5
KB, BEEBEAR AT, WA A SUE . 4

TiC

particles \

BELEIAIE N 1273 K I, UREROAIR T i 99. 1% , [
N, BEZEREETE R, Ti b5 CNTs 2 [l i 52 A2 i i
AR TIC AT BERIN, (E R REAE IR 1273 K,
AT A — Y ONTs,

X7 N

13 SPS Beskfmslifk(a) , ZR5AERRIS L LALIE(b) FIZ: SBM T2 4bHE(c) Y 0. 5% CNTs/Ti & AkPHH SEM i %2
Fig. 3 SEM images of pure Ti (a), 0.5wt% CNTs/Ti composites treated by dry HEBM process (b) and SBM process (c) sintered by SPS!2]

Song 45 I F] SPS T2 (jfi k4 g 40 MPa, he%h
TRBES 1100 °C, PRI IS [E] S 5 min) 4 1 22 )2 41 806
(multi-layer graphene, MLG) 3 5 4k 5 &5 & # 8l (MLG/
Ti) o YRR B EER R 2 1% 1), MLG/Ti 19 )& iz
SREEA T TR, Xl TASGE RN Z S KAERE,
1 MLG/Ti i AR 2480 53, WL 4 FF . Mu %6
WRM T SPS T2kl 1 Gr/Ti 524 bk G fin 2y
300 MPa, BeZ5i S 603 °C, fRIRETIEY S min), Jf
Xof R 5 AR EA T AL (B | 50% ), L 203
e s s, AL MAHSA E V] B ryRigeR, HXW R
) A B P 2 AERL S B T8 AT LI
Jilile BN RS TR S T2, R s fE
BRIBEE G PELR T3, HE— P8 T A SRR R R L
PR A b ] 9 — S0Pk LRI Ay S 08 1) £ 2
AR 30°) o [FIF, BAFTE TR AT IEE . BT
AT NPT TR O ) B 4 e tERE, RILE S
MEREE 3 A J5 10 B Hedi 1 2 PEREAFAE — 2 19 4% ) Sk

=

11

GN
Bl GNPs

Ethanol = Ti
solvent ~ o powders
O

die

Ti powders
Powder mixing

SPS system

Kondoh 2" FI| I [ T %2 SPS T2 (it hn 2% i
30 MPa, BeZbiREE 1073 K, {596 30 min) 5245 s 1Y
(1.0%~3.0% ) CNTs/Ti &5 M FEAT RS n T AL 3,
JEAE 200 °C AR 6 min, XFHFEA CNTs/Ti 244k
TR, AMURE TEA M HARBOREE, [R5
R, 04k T R

B4 1.5% MLG/Ti ffy SEM B 151 . (a) Z4LCHE 6 iR 51 1 53
B, (b) WA TR A

Fig.4 SEM images of 1. 5wt% MLG/Ti'®"); (a) interfacial delamina-

tion caused by a crack propagation, (b) split caused by van der

waals broken

Rollers

Rolling direction

—— z
5
Ti powders §'

Rolling at 1223K with 50% reduction

BIS SR SPS M ATEL T 2% Go/Ti &4 bhkHI R B )

Fig. 5 Schematic diagram of SPS combining with hot rolling process preparing Gr/Ti composites

Wi SPS &b, AN i 4 R T2 A T o A
Gu/Ti 524 Hh. Cao %57 R HIP T2 (B 2
150 MPa, HEZ53ELEE S 973 K, {3 2 h) %4 Go/Ti
AR, X RS I Gr/Ti & A AHRE A7 45 1 B o
(isothermal forging, IF) , % kbl 3, Bi)57E 1053 K
PEATIR AR o HB 1R  L f it JRE 4R e T M R LT

[82]

B, AN B R 3K 99. 1% , Li %™ % HP T4
CHEMAHT Jy 20 MPa, K45 Wy 1273 K, (R 1]
1 b) U A A Y G/ TiTaeNb & A bE L,
SEACHR RN T R ALK AT, BRI SRS, M sk
RS 0. 5% RT3 1. 5% i, 2 AFHRHYE S fE
FIGTUI E SEA S R a3, Montealegre Melendez %5
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FIF HP T AAERES IR Ry 1173 ~ 1573 K B Ba2s &4 M
[ ARF B8 AT NDs/Ti F1 CNTs/Ti 5 &8 8L, FiE
PROSREM AR , AL R R, AFRRET
BPRLE LU SEM HE A& 6 iR . M3 ERSZ IR T, =
1173 K &), v B B W22 5 NDs ¥ 5] 70 A 48 Ti S {k
CNTs WA A 345, ARBOUAFAE— & & 1Y 1% (1&] 6a)
M7, =1373 K if, NDs/Ti #1 CNTs/Ti & & #1843 31
Br b — € BRI A4k TiC AH (& 6b), BRI, TiC AR
SR M T, =1573 K if, NDs/Ti fil CNTs/Ti &4 4F
R TIC ok A & KK, FFIEAL TIC BAHIX, Ti 5 C A
REXPR(E 6¢) 6

CPTi + CNTs (1.8%vol.) [a]

CPTi + NDs (1.8%vol.)

HP900°C
CPTi + CNTs (1.8%vol.) Lo

HP900°C
CPTi + NDs (1.8%vol.)

HP1100°C
CPTi + CNTs (1.8%vol.) B

Hp100°C
CPTi + NDs (1.8%vol.)

rpro0ec|

40pm HP1300°C

16 AN (R #4 He PR 445 1 BE T 5 A5 A ) PR AR 43 0 (18% ) 14 5 AH 11
NDs/Ti #1 CNTs/Ti % & # KLty SEM & 0557, (a) 1173 K,
(b)1373 K, (¢)1573 K

Fig.6 SEM images of NDs/Ti and CNTs/Ti composites with the same

volume-fraction(18vol% ) reinforcing phase at different HP sinte-

ring temperatures!®*! ; (a) 1173 K, (b) 1373 K, (¢) 1573 K

Hu % VR HTBOGK 8 T2 (OGR4 80 W, 4
T 2 mo/s, A RIEE Y 0. 25 mm) il 5 T 524
AL A7 8243 ( single layer graphene oxide, SLGO)—%k%&E &1
o ZARE PR BB Y I T2, TEZRIA F A
T2 SLGO/T: B4 ERY, I BT BRI Li
S 1360 52 P X 6 45 4k ( selective laser melting, SLM ) i
# RGO (UL S8 A A1 854 ) /Ti-AL-Nb &2 5 A1k (OG22
9250 W, 4 EE S 600 mm/s, A HIEE S 100 pm,
JRALZIE 50 wm) o T SLM Y 2N R, MBS 1Y
MR ARSI T, AR AR R R R8O A
L, @i 7 Frs, AR 8806 S 2 A MBI I 3
SUEI R TG 4, XSl T A SRR 1

A=

A R T2 G0 45 8 T 5 U i Y ( plasma spray form-
ing) . 1 HE AN Chigh velocity oxy-fule) , HUEEIL AR
IRALTT AR KT RL - G2 8 B 5 bR U A R
TR AR TR AN KRS A R
i BRI, AT ZERAIT

Micro-cracks

) ‘\\ \
Micro-crack \

Micro-void

Melt tracks

Melt traCkS. Micro-void

100 jim 100 pm
e

7 SR SLM TZ 4 AR RERY SEM JEA T : (a) Ti-AI-Nb &
%, (b)#ANT 1% RGO f{) RGO/Ti-Al-Nb 5 & H K
Fig. 7 SEM images of samples fabricated by SLM'®. (a) Ti-Al-Nb,
(b) 1wt% RGO/Ti-Al-Nb composites

3 HBAMKRMHE-KESHMHNTE

BRANAM G 3R 5 JB HE S S AT RIS, Ay
RIS R R L B R g g
XEFAEIAL B AR A ARE, S SRR 5 BRI 2 ) ) 5T
EEATANUARS & A 2 A5 4 o Li 4™ W% CNTs
55 T HE AT 4 ST & B CNTs RGBT, 246 Flr
(K 8a), CNTs HAEMAH AR5, JLTF AR,
AL TERRAG SOSARA i P 8a H L DX 1 ik R AT LA
WLEEH] MWCNTSs 15 PRI BE 22 A ™ A, (HAL A 5
THTAL F A% HF A B 7, TR B Y R B R AR TR S
(& 8b) 5 1l 8a iy 3E X 2 i K W] LAWESE 5] MWCNTs
Hh AR k2 DX R JC AR k2 X A7, BEIAHT CNTs Z [a]4H
PR Ak E] R (18] 8¢ ), &3 A A S . # 18] 8c
Fiff gk X C ok 47 i A B b 28 . (inverse fourier filtered ,
IFFT) , WL RS WL4¢ 3 Ti BLAART CNTSs (14§ 6% J5 1
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FfEI R, (d) [ 8¢ HEX C iy IFFT B
Fig. 8 Interface between CNTs and Ti matrix'®! ; (a) HRTEM image,
(b) the selected area 1 in fig. 8a, (c) the selected area 2 in

fig. 8a, (d) IFFT image of selected area C in fig. 8c
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AU (EELS) 1, (o) SRR 2 s ST B A

151 (a) a model of

Fig. 9  Interface between Gr and Ti matrix
interface, (b) EELS spectra of interface, (¢) HRTEM image

of interface
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Fig. 10 Interface between CNTs and Ti matrix simulated by computer'®’ ;

(a) side view and bottom view, (b) ELF pattern
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TiC y 7%
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Interface of Gr/Ti composites treated by rolling at different temperatures'®/ ; (a)a model of interface, (b)823 K, (¢)1023 K, (d)1223 K

Ni layer

S TiNi

300nm Y 300nm
S H,

Matrix

B 12 NiRBLA BRI T AR R E . (a) TEM BEA, (D) CIREMME, ()NiFBRKME, () Ti TR, (e)EDS

LHMENE, () BT EXATH (SAED) T, (g) AHESIR

Fig. 12 Interface of Ni coated Gr reinforcing Ti composites”o' : (a) TEM image, (b) the distribution of C, (c¢) the distribution of Ni, (d) the

distribution of Ti, (e) EDS line scanning spectra, (f) SAED image, (g) a model of the interface
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Fig. 13 The strengthening status of the contents of carbon nanomaterials

to different composites
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