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Abstract

As a two-dimensional nanomaterial with excellent physical and mechanical properties, carbon
nanotubes (CNTs) can significantly enhance the mechanical properties, wear resistance, corrosion
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resistance, and electrical conductivity of metal matrix composites (MMCs) when incorporated into
them. Therefore, CNT-reinforced MMCs hold great potential for application in fields such as aerospace
and transportation. This paper reviews the main fabrication methods for CNT-reinforced aluminum
matrix composites, as well as their microstructural characteristics and mechanical performance after
processing. Particular emphasis is placed on the morphology of CNTs under different manufacturing
processes and their comprehensive influence on the material’s properties. The significance and ap-
plication prospects of various fabrication methods are also discussed, with a detailed review of
emerging additive manufacturing techniques. Finally, the limitations of current fabrication meth-
ods are summarized, and future research directions are proposed, highlighting the need for further
investigation in areas such as diversified fabrication approaches, broader application ranges, and
the integration of intelligent technologies.
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1. 518

WK (CNTE R —Fh A O S PR ) e RE I — SRR, JLURR I 25 7 Hol = i)
SR, BE. SFRMEMFEMEL]. R, C8A KE R R IRPURE R a5 NG Jm
S E MR (Metal matrix composites, MMCs), 1] DL E 8 & @B E AR 22 Re . T EE M. 5
P DL S R VERE[2]-[4]. BEE 2 SRS EOR IR IR, B s RE B AR B sk 5] N B Al B4
i, ZEE CNT-Al 524+ 8 Aluminum matrix composites, AMCs), — /7 T 7 25 25 4% Gt 44 K 8 i A 7 Sk iy
TN S E R, 55— AT AR LGRS . LIRSSy v Re, SEIUAP R AL HAR[5]. BEE T
TR HTRERVRZE B P A S AU e e . R R RME S S SR IRWIE N, TF R B AR A
BHSCAAT R R YI TR 3K . BRADKE R I T A M RIN AR BE . B i FELJE SR e i 5
GARFY, TEIXLLAI I B ORI R J)[6] [7].

CNT S5 ERHE AR 1) ) 25 55 — 28 i 2 A8 A 2% S AE TR 2 (Chemical Vapor Deposition, CVD)a#
f1 AE3K B (High energy ball milling, HEBM)#ili& & & AR K, SRR CNT 70 FRIAFAE VB ) 2 S5
MATEE) CNT 5, XFhEIER 2™ BRI R J 22 e, DRt 75 B oot hn B8 e n 1275 X[ 8]
[9]. (EAHERMRZ, WTERUEEAH CNT 893950 70 BOR BT A In 17 2R ZR T (1 e [ 10].  H A C 285K
RS R R 3 5B ARDR R 36 705 £ A FR il 2 SR DT i sk s G . BRIkt
FGEITESE[11], X PR R 22 ot — 0k R Y (R JEORH[12] 0 AR ST X3RS B A R R 2 5 e
W AR RTE, HRNEUIEESRII RIB S GG 5% ok A R 7 2.

B HA 1)i& (Additive manufacturing, AM)J& — i X A EUIN TI7 K, X ATy 2RI T A,
TEAR 2 RS AAE Z PR R BRGSO R B TR IR A, B T il i SsAS o] 24 —Fhoin T F- Bt
(W 1 Fr7R) [13]. H AIEAR I AWM B O A AFE — Le3i M S B, LhanmBoesfidt . a7 st sl
eI, MG M AE[11]. fE CNT B uRES I &M R USSR B ) V2 F L B 3G M4 751 32 BT DUAR 38 #4
VT3 A OGRS AE K A ]38 [14]-[16]. SR PR FRE A 7 A E & B R, than
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A

WOGIE X e S5 B AR 18 1) R T A /D Bk B & Ry AVRAL,  Bibe BER DURR I A A 0 S0 R P 22 55 1) 7t
[17].

FET BRI, ASCUL CNT ST AR A 28, 5600 TIE B ERGE A ERIER &
MBI 3R R, XHRERIOIN T 7 SRR MERE . A2 0K 152 kRe. SRt Rk an S8 g Lt AT 147 540 T T
il B a0 R A R i A iy SR AT S AT i R B

2. MARBERE TN

EMER R A R I W7 Rz — M ARG S . R A B & R oy Hn T R B e AR [
FZELLS, ART o CNT 7RISR 10 2 A RIIss ST OB, 2 B AT R = AR il ik . BRES
AR + Besh Il T2 2 310 % CNT/IAL MR R T8, HEEAE. FEA. TaH
BT, AT & U Tl A A =138 J3[18].

[ BEBR S (High energy ball milling, HEBM) + kg4l & H AT A= E &M el R & Z e~ T2, F
[ B2 Bt 1 B 55 AT FC R B 75 306 CNT SIS R I, 1o REBREE 1 72 p B8 B A 1 TR AR AH 2 5 i )
AT CNT BB, SEI RIS BN R & R A4 “BRIR - FolR - ARERIR ” 128, X
Fi. REAE - B RE CNT B 807 R [19], FF T CNT ISR/ L, BEARWELH] CNT AN
HUBRAE FH B 5070 B BT T, (ELR FL o BT ORAIE 1 AR Bk s8R (W ] 1)

THE I AW IC T R A M B B 85V E AR e vk 2 Ve RE 0 22 5 383 El e PR 1 2 34 IR A
M ZE SR, R4l T2 2% R A X 25 P AR HA LB S e ORI 4 TR 1K T 40 TR U
Mkl B R RIE S KBTI, MR IFLBA &, Rtk (453G, R A7 pk
AL PR B, ATIAET A (1 4 FORE B2 KRR = [20] . EL[RIIN B FE R 30, 30 R AR P I SRR
P S T S, E TR LR A AR A RS T B R T I RO R . o R DR A AR
g5 7 A BARRT CNT A74E— & LR, XA AR S B 7 7] CNT JU P AN RE ML e, JFHke
SEI AR R ST AR AR R B 2% s A 2 SR AL R Y e . DRI B Al 1 R R e 5 T VE SRS RE AT AR
PEREIR BT, 3 75 E 2R i n Ty sl g kb B B T A [21].
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Figure 1. Mechanical properties of CNT/7055 aluminum matrix composites pre-

pared by high-energy ball milling and hot-press sintering [21]
Bl SREEKEE + MIERREEESIZ R CNT/7055 SR E B AR A [21]
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T R BRI A S SR TR BRI T I R R 16 4 (Flake powder metallurgy, FPM) T2
[22]. SfEGMERES T2 RABRE R KR, Z T 208 FREARR RS CNT IRA G HHMTERES, @
S R PRS2 T 0 7 T O, B S R LN AR AR BRI RN, RN B A AR K CNTs, 3R 73
CNTs/Al FRRE AR AR ARG B ARG &4 4% CNTs/IAl E&MEL. % T 2058 — AR H CvD
TIEAE ROREE Ry EAEKEAL CNT . il 2838 K25 1) 1 8 S5l 78 RSk R I 22 B 78 PEG-CA-
Co(NOs), FTUKIHINR, SRS INFAKEBE AR R FIBURL AN K CNT, 3R#3 T CNT B8 9010. EHR
U, SE5K)5E B CNTSIAL FRRE AW AR, SINEI CNT 18 Al JE i b (5 245 van s A B R 5 158 (1) 2005,
P S P 50 T I IR 2 A 18.5%~31.4% 5 23.7%~74.1%, {Hid sk 7 B M, 3.0% CNTs/AI
HAEMRIT KRR KR OAE 2.0% [23]. BIIL T B ™ 2 S8R CNT &5 &.

BRItz had ny S OB S5 B 1 e 28 (SPS) ikl & E A Mk, X L2 MR, g5, SRciae
AR AL, PIBE R EREE CNT S5 S B . MR F R EIIT A T SPS iM% CNT/7075 444
Bl BFRRBURESE IR N 550°C, CNTs IIA TN 2 wit%, {RiE N EA 6 min, 15 /724 50 MPa,
THEI#E Ay 50°C/min I AT LASRAG R RE S i SRS 44 K, I 1) BAMEEE 129.5 HY, #PERLE 121.5 GPa.
WF 2 & BAZ 7 123 AR BSOS FE R, CNTs 5% [l f, Aid g B Ay, s R i & 1a)
FE[24],

ZE LTI, MARBESEAS T RFROEEMEN T E, Bl CE8FEERERRR. FHX
T g 00 46 T BEE R DA R = 00 © R AR RS 4 R IE CNT [4H 5> & BRAN5 50 20 8, R — B CNT
HH L 3R 0 3 AT, TR 1k e it 4 i 5 B R BRUAE 1~2 w9 70 A7) AN T 7 sRARAE A R AN 2 HH L CNT
Hi%. @ WRiae T2 EET LR HITI R, 5% HPRRIIE CNT 1 28, G MLl
ARG LZMAREEE, flingiok B AR 7 K5I Ao N — 22 SRS 77 1A .

3. EREEN

AT BRI e B R TR O ST, S 8 7 24 M BT R ST R
ORI PR GORR A BT, AR 10 4 5 0 AS OO 0 P £ 246 S 2 R )
Trihe WASHIHEE TR A 0 BORBEAT. TTACHE R DR S AR O T R R, A
FEUUT JUR: WA S IRENEE . JEUITRNS . BEP SIS,

Al matrix s ‘
= D i ;
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Figure 2. Preparation of CNT/7075 aluminum matrix composites by stir casting method [1]
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A R 3 R B i T TR A 83 7 R 2 FITaR) . R AT K 2 T S AT A DI 7T R B
GBS AR H I SO R, B PR iR B (PeyE I FE 5 ] 720°C~730°C), BRI EE I\ 5 Jo 451 B ot 55 1
BTESHOT LB BRGUKE BI5R LI7[25]. SaESNPURaRiE . 8 Ao B FIA IR B A8 7 s 2 7
276 MPa. 189 MPa 1 94.5 HBW, SHHIFEI &4 N il & (45 & & FAR LU, 20 l3e 1 38%. 25%711 6.42%.
SUAH R 42, WG MR TR T 47.5%. (H2 A nl @, {3 A0 1 ek i 77 U= AR B S A 4k
e S F= 4 CNT IR LirSkedit, CNT SRk ARt 2, R r=A4 TR 2 1ol T2,

Gk P ORE AT LAy DU e (1) FIESEASE FH R S5K P ROk A3 51U & (7 126 AS Re il UL i@ 14 )«
(2) HiE P IINEAERB; (3) SR AR IKAS CNT IR SRE: (4) FAEE, Bl k.
FLAI . HRE BRI 45 [26].

P B I AR L 77 2. mE B RS O AT T s R R AR B R AR IE TR, R I v
RERE AR FHIN, USRI AL f AR K R BRI B KR, RS R AEKIEA RIS . S A
PIPRZEANTNZE, A7 BT 38 RRAH I 50 (R0 B oK A B0 40 IO, Lo v A P A3 R ) 28 I T 2 5
We) S AR B BOR AR TER I A 3 S 6E 1 . Bl S S DA 3G, SRR e B i, A
T Z = AR BN 22 F BRI ARG N, Rt dbi KR SRR E & &, B EHE
WG, H IR P RIS BRGNS R A (R Je v = AR s, AN PR T AR A% T, 3 T TR
o, ANTEEMESRLIA . BE5ERKRE, w3 A Gy 2 R BORRS B30 H
B, VLS B R RO E S BOSCR 2, T2 A MR O R A 1h[27] . iRIR 25 SRR, T
FERRR, B i AR BRI, BRI AR KR A IE, S T EE 0y 2100 W B, SR A3 ok o (] R
F/N 18.6 pm, AT AR N kL A1 EE A 52.8 pume PRI 51N ER 75 A B0 10 = A P R AE ok A e A
FmEIRL A K, BRI AR [28]. LEAMEA ISR, SR AT LM CNT SR
YL, AT LA B CNT B2%EL 4 A LR 5 1) 74 [29]

AN 5INAE A SR A4 1 4 8 BB B0 2 5 R R A — P B AR e 7 6 . I ED EEBE TR Prasun
Kundu 25 A I HUBE 3 3 FIER 5 Ab B85 3% 547 KoTiFs 2 DA B E M 4 1 CNT &4 kH26]. BFFER
B, KoTiFs FIIMARUFIRZE 7 CNT fEKE i 5 384k Al 2Z [0 i 82, B T8 AI-CNT Fiii R A A % TiC,
P27 CNTs MIRAFR, MIMeE 7 CNTs WiEWEH, sLA5I NI REE M6 15 52 A ARk
N, FHECT R R IR ST T 45%~49%. AN FIFER), hRESE SEM LS EI/ B HIE CNT, #
EFEFEREBIR T CNT 450 . 55— MR T RO LR, mE KFERIAEHE CNT K&
YRR 7 A BRI IE A R T E A M. WFAURIEL CNTs RIEEMERIG, BA SRS R o
B, EEMEERIB B R B e IR . ARBR B sR s . aE i A E, h 75.27 GPa. 195.52
MPa. 283.97 MPa. 2.63%7#1 97.98 HV, 75| Lt 2024Al 1) 9.63%. 36.81%. 28.99%. 16.37%7%1 10.08%.
UEAh CNT HEVEPE 1S B R B, T R 32 R A2 R AING PRk 2 S 87 75 A 7 ERRE SEAIG, A 72
FONE R, XEGRBOEZ G, BRI/ 2024A1 ()2 5K 77 A B A 2R 10 E i Rg. R, 2B
1) AINT 2T iRl 2024A1 i R85, FRACHERTH K /), XEBAH T CNTs@Ni/2024Al 14 F i 1 14
HIEE[27].

i I e b EE T AR 1R 22 B, YT B 2 oA PR =] 550938 5 45 AR F 956 2 BE 48 in T (Friction
stir processing, FSP)[ 77 :, 7EHeiE: R4 B FLHABEFEE RHER CNTs FIFEREE T £ FLEART 1 CNTSs 1%
o, SRJE A BRI T AR 5 JEIKI FSP 4. S5 SREW, BRYCKE I BINAMUIESR T 2 AR
PURGREE, fem 7 HE, I TR S WA B [30]. A8 R a2 I S a5 N R b
IERAELARGE & H) T 28 % R 2R FERRCK S & 210 CNTS/Al E 4508 BF 70 KB CNTsIAL Z &4k
& CNTs FiE 50N 0.3%0, HArhrom Bk 2l i KA 193 MPa. 7EAAHISFEH CNTs/AI B A M REAR K
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A LRI R ) S SN, A PR AR B I B A D S I PEAR[31] . b4 BN EEBE T 2% B ¥ Sukanta Sarkar SR
FH BGRB8 N5 TR 86 18 M 45 & 10 5 16 % T AABOB1-0.5Wt%CNT E Ak, SRR AAG061 FHEL,
AR SRR SE B SN, AR ON AR R A 2 P R . A NHE, A R R B L A Y i (1 A
it 70%. [EIE B TR KA 3 50 A A R AP 45 & A MR T R F5 R0 PR A 5 43
Sl L AR IG5 (1) AAGO6L #2551 T 33%7H1 40%, H )1 b AR 35 1Y) AA 6061 $2& 1 T i 45% [32].

B T 20 o — M AR N 07 2 (R R AAAE R HURR s T 2 301 CNT e/ A I B R B CNT
TEf R SRR N . CNT SRS M8, Hal CeAER S Fik 7y sUR FRIREE
OGS 7RG R, X R K AR G 2 D T AN W I i T

4. EHARERGA
4.1 HAEMARN

WG 38 (Laser Additive Manufacturing, LAM) & {5 FSO S /R N #GR 38 A4 5 77 20, @ MR 2
— PR AR f1E e WO B A REEE I A WATRE S S AL, IGE T 2 R N R
ARG G . H TR A RRIEREO G & 77 2 WO R 14 Rill(Laser Powder Bed Fusion, LPBF)
IO SE 17) BE & A (Laser Directed Energy Deposition, LDED)##f (41 /%] 3) [33]. W5 R 44 77 s 1)
XOTE TR 3o OB RIS R FR R BEAT 364, IRy SR TE— N AR IR WP R AR, B
JE A8 O E R BT BB Y] e FE00 ) g AT B AR UK S BB AR AT A, T — 2 e BB AT )2
N BTERGA A2 A FH R A B M R T S5 A e UM 2 b, BEEIEAT N — 216 . 52 AH X
(RO E I RE DU BOR,  7EIZ AN Tk P2 v A7 70K 2R AW MK 52 6 AR R AR W5 3 2306 B S 7 X 35
JE A -BE Y U8 M 2 [34]. HET/R 2 IZ 5 KR BOCH IRIGRIE AR, CEFREZE I RIES.
T ESERMMH L T7 AT THRE . LR SE © 0T 50 R B AR PO 3 M R 75 B ORIE 5 A 2
SIS A O A e B8, TR 5 S ok R BROR L AR B B () AARAIE D A B0k (0 70 LS R PR S . 7
SR WUR R SR I 5 N T 7 BR B HIE AR R . BOEHIAM I AR T2 2800 S 239 M AR PE R AT ZH 27
IREIT . BRIy 2:10 BREEI (8] 4 /NI R] DL3RAS CNTs 23 # 5) Himsh it RiFME &k k. M4h
FokE, EEMERRESS B Z M6 R SHEAEE SR S5 Z M RIEAME, KL

HAZ A E[35]-
Energy Input
- b
(a) : .“.‘Scanner ( )
Roliing Direction R
— Power Bod

o
> ® Fed Powder

[ Substrate ~4

Figure 3. Schematic diagrams of (a) Laser Powder Bed Fusion (LPBF) and (b) Laser Directed Energy
Deposition (LDED) [33]

3. () B PRIERR(Laser Powder Bed Fusion, LPBF)FI(b) 3¢ E mREETFA (Laser Directed
Energy Deposition, LDED)/RI2E[33]
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Eh

WOt 2 s2m CNTS/Al S EMEIEUR R £ 2R, @15 MAEBOCRMEE R, CNTS/AI K
SRR S R AR PR RE EE . (EMERNE, WA ARHEEROCLRRERE » I m 2
S EURIE AR LIRS R . R TR I N AT S RLANAE F  T 2R B G5 F (- Sc.
Zr, TiBy). AL LESH(ERGEE). sl B Hig %,

TR AEAE 32 B A T AR RO AR AR AR AR G . T LS AN R O RIS BB A
45 7 0.1 wt.%. 0.5 wt.%F1 1.0 wt.9%/5 =73 2 1) 2 BEIR 4K 5 (MWCNTS) MWCNTS/Al-Mg-Sc-Zr i,
WL T MWCNTs iR L& fxt Al-Mg-Sc-Zr BB R 0 0MEH SURFE 4514 S 02 PR RE Th RS A % i
e B ISR DX R 7 o TS BB KA R 98.7%, B MWCNT 2 &34 LPBF b E &
AR E0 R T PR E] 96.5%. 2 BERRPIKE 5] NAMUAERE T — X IIAH Als(Sc, Zr) (30~40 nm)Zh K fii
RLIAT Y, SN /NER G XK ORI R AR SO T 855> ZREBACKE RS, @il Sk
() 5 L AE B A KA R T T8t 1+ S it ik S PR AR DK R B Ak i 7 s 2B % AlaCso R4 MWCNT 5 &0 LPBF
BE MWCNTS/AI-Mg-Sc-Zr ZE R RHHT A 0 A0 & 520,  EFAKEIE S 7E MWCNTS 5344 JF A7
JS2A: F T B AlCa JH FEDULSE B EA Y Sc o RIM[36]. MMHE TS, BRAVKE LSS A AR 1 B 230
FEPEJT T : B KA 8 5 B A 1 A T s S R A A E IR S IS B2, mT DB B R4 1) 288 T A A s
— 5 TR AN KA 8 5 5 AR AL 2 S S SRAR SR AlCs WL ER 3] 5 R AR IBAAAE RIF RO 45 & L,
IHAT PAZE M b AR PE o (H R BRI, RS BRI M3 s R 408, lId o T 5 T R
AlCs RN RGNS =51 RIS, X RMRMEE N B 32 BRI (K] 4).

(a) (b)

Figure 4. Agglomerated Al4Cs formed after LPBF processing [36]
[ 4. LPBF M IR Ak fE HIREI B AT AlsCs [36]

HATASIN CNT (A AR & S R EZELL Al-Mg A1 AL-Si A3, tBESH RN Al-Mg #851
AT AR DL B o @ B ST R IS A S B EAE BRI B ), I R B T ioe i g 2
R FEI R, A2 BARREOE 22 M BRI BE, R 75 S AT I A 3, o i s sk 3
AR CAAAK R, 38 AT AR SR A AT H

H AT K B T 7T BN ) LPBF A3 8, LDED /0 WAL AT 78 . LPBF 1 A—Fh s 24 1)
WM HEARF NN TR E & MORALSTEES R EMERIE S M RE R 7R & A AR T2 (8 A A
Sto R AR R N TR R ATS 75 BEAE N L5 (ARE N R 7 150 A7 LA S C Je 3R I35 50 4 B0 T AT 13—
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Ey/

48

AT, BRibzAh, HEC TR ERATRRENE L2, WO T2 R R EE, LSS G
e I XA AR AT SR 20— D R Ty it 2 T RAUBEAT AL TH 5 R Ay B R A
5 I R M S SR TN SE 0 — DT T . KA S A TR T % 54552 A RESE IS A BOR Rk
GANAE R

4.2. EHEH AR

SIBEFERT, SRR a7 EE e AT S RShae 380, #1558 TR FRrg S
71, AEREER G EN. [RINE, Sl nT el Al in S B BB A Rl AN F 25 i, LRI 42 8 AR 3 (AL
TR K)o W AHSE A T7 20— Mo fof FH e PR A 5 15 s S 7 207 A S B P B HER A 5 3047 R s 2R 1) 3 4
Jiae H BT RAFAENSA - B FE, BEARM N THEE SR 5511 50%~90% 2 [H] (5 #4 K} G
RN AAE—E RSN . b EHANIEAS EH R TS BE T, RAMBHMMERE. EAEESE
BB 4 R F5 A TR AR R & S AN T, Harth CEA R FiE 71X — 5[37].

TES A MRS ) 3 ST A W 70N AT B R A 78 TAE . K% TR Guoliang Zuo
&t N\ A1 FH (i AH 8 0 #8232 (Solid-state additive forging (SSAF) 77 4T T CNT B985 5 A b BHE A RN
B e XM T 77 7R S R S 1 B 22 BE R GOK S SR A R, B 5 e i B KB % B8 (1 [ AT T
Bed, 7R R A RE RS ARER 25 9 ity [T T 09 A0 2 5 P A R REAE B B, i 325 5 A R
AR, SRIGTE RS S AR IR AR K o BRI FRARPEIT Tt P BRI AL A X by B
1AM RHEREE AT DU JE A REgEAT 33— 5 (i T AL [38].

H 81 [ AE 1 A4 77 20 3 B B Rk BE R UTA G B1 (Additive Friction Stir Deposition, AFSD). X Fii4f 75 2\
SN O T 58 I BRGK A 5 AR & S RHER B 2 O i Pk 2, B JE TR e Rk M 48
G eI 7], SO FRRHS B Ak I RO TR B R = AR B R, FEAE FEARCR 4R Sk R AU 24 B
Z R, T ERBE IR SR RS SRR S — R E B S A (W1 5). XA 7 AR SR A
Gy P ORI R T [E I SO ZH A, Bl AR /KP4 8 22 BT 2% B (1) Mohammad Alli Ghalandari
B NKEBRAUKE R ARIBINE] AABOBL FRfh i b AT 4 HE BRI G AL o 8 A 78 R BRI 4R oK Bk K 3
B JE SRR RN, R AR R FE AR S o RT TEAE G, B FEIE 7.75 pm~13.15 pm
Z (] 6)o BSEAMMORHIRERE | B I W T o RST UREOG,  (H AR AR T JEURL KT [39]

Figure 5. Schematic diagram of friction stir deposition additive manufacturing principle
5. IR EM R IEE
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(a) (b)
25 —a— Z=20mm/min 25 —s— RPM=1000
25 v —eo— Z=40mm/min 25 v —e— RPM=1200
—4— Z=60mm/min —a— RPM=1400
€ v— Reference € —v— Reference
=20 =204
8 2
2] 3
= c
o o
o] 12.95 13.15 il 13.15
2 1243 —a g 11.75 12.95
2 / 2
z > 12,13
< 10 11 1179 < 10 9.38
10.42 1042
P,,,,’+———_’;8 8.86
8.86 :
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5 T T T T T 5 T T T T T
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Figure 6. Relationship between grain size and (a) spindle speed (b) feed rate [39]
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Figure 7. Distribution diagram of (a) matrix microstructure and (b) LAGB and HAGB in the additive body: black

represents HAGB, and green represents LAGB
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