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Abstract: Nano-alumina particles have excellent mechanical properties. When they are incorporated into metals, they can
greatly improve the tensile strength, yield strength, hardness at room temperature and high-temperature properties of the ma-
trix metals. At present, the most widely-used preparation method of nano-alumina in laboratory and industry are liquid phase
methods, including precipitation method, sol-gel method, hydrolysis method, micro-emulsion method. Metal matrix compos-
ites (MMCs) reinforced by nano-alumina can be produced by ex-situ methods or in-situ methods. Ex-situ method is to add
as-existing nano-alumina particles into the metal matrix by powder metallurgy or casting. Ex-situ method is prone to generate
agglomeration of the nano-particles and the interface adhesion between the reinforcement and the matrix may not be very
strong. Appropriate processing techniques, such as mechanical alloying and friction stir processing, can mitigate these short-
comings. In-situ method is to synthesize the nano alumina particles during the process through the chemical reaction between
oxygen-containing contents with the aluminum matrix, followed by subsequent densification steps such as hot pressing and
hot extrusion. MMCs prepared by in-situ methods tend to have better adhesion between the reinforcement phase and the ma-
trix, and the nano-alumina is more uniformly distributed in the matrix. There are two main enhancement mechanisms of nano-

alumina in MMCs, one is the Orowan mechanism, the other

is some nano-alumina particles are distributed near grain
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boundaries, which can prevent grain boundary to move. At
last, we provide some outlook on the future development of

nano-alumina reinforced MMCs and suggest that careful archi-
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Fig. 1 Structure transformation of alumina and aluminum hydroxides'>’
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Fig. 2 Crystal structure of a-Al,0; (23]
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Table 1 Physical properties of «-Al,O,nanoparticles?

Property Condition Unit Value
Density 20 C o/cm’ 3.96
Tensile strength 20 C MPa 220
Elastic modulus 20 C GPa 375
Hardness 20 C kg/mm? 14
Thermal conductivity 20 C W/(m - K) 28

Dielectric constant 1 MHz — 9.7
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Fig.3 TEM images of 1vol% (a) and 4vol% (b) Al, 05/Al

nano-composites (62]
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Table 2 Properties of nano-Al,0,/7075Al composites with

different reinforcement content (6]

Content of nano-Al,0;/vol% 0 1 3 5
Density/ (g/cm?) 2795 2816 2.828  2.836
Grain size of MMCs/nm — 4230 36.25  32.22
Handness/HB 60 128 164 204

Ultimate tensile strength/MPa 276 317 365 443

Total elongation/% 9 3.2 3.1 2.1




SRS, 4K ALO, B4R I A bR BRI 531

20%AL0,
30%AL0

50%AL,0,
4 220 h FREEREEIYNK AL O,/Al &AM X SHEmEH

i g - Lo
Fig. 4 X-ray tomography maps of nano-Al,0;/Al composite powders by

high energy milled for 20 hl68)

Micro-rolling
@re)

Native Al:Os
Ball milling

‘
@ (a)

Near-spherical powder

Stearic acid

Heating

(b)

40~70pm
Nanoflake powder

Nanoflake composite powder

SAMINEAR L, JEALE S A 9K AL O,/Al B &4
RHE SR R 5 B A > (A Y R 45 A 4T IR0k AL O, ]
DL AL SRR A AR O, sk AL &8 5 oA T
KA KA Y I, Kl i v U | ke
B, HIEEAE AR A 9K ALO,/Al B G AR
TAECZPARIE", RO A AL O, ik R <R KA
JE Y TR BEE L ANIE S E LA T E S,
Jiang % (A A3 B EM AR AL, BRI A RER
ALBHRIRL T 05 DL 25 i B 2 900K AL O,/ AL A MK,
il T LA s s, Al ek, Epni, 5%
T RSB ZE MR ALO, /Al B &Mk, 220
S, X AN R AR R PR SE A F] T 262 MPa, H.
SR ER TARGF A S0, Y51 IR 53k 16. 5%, RN
K ALOFER A FEHRBR T RERE LA 45 iZ 2, BER T
i AL SRR ROE R, BeAh, BEREEEE N T ( T4
K6 i) . WA S 0% O THORM R, i 54
ALK AL O, RETE 1A M/ BorE Sk ep, ORI
MR B A 255 TR RE T L Kai 217 R AR
KB LR T B,C/AL(ALO,) /MRS &6k, 78
WMAR Gt b, PSS e 5 I AR AL Bk
T ARG B A0 K AL O, TR B A T AL Stk N 3,
T3 5 1 20K it B A 437 485 1) i £ R g R T4 4k 1y

P
Hh o

Applied force

Native Alz03 ’,?%% T —
et -"‘"'I — \
TR

R R s |

X
Compacting
Sintering
Extrusion

(c)

300-500nm

Self-assembly nanolaminated composite

Fs i)z ALO,/ AL A BN & T L. (a) BRIEHIE AL, (b) AR ALO,, (o) Bk

Fig. 5 Fabrication of Al, O;/Al biomimetic laminated composites

(¢) consolidation

FSP region

Shoulder

Pin

6 et RN TR w7
Fig. 6 Schematic of the FSPL7!)

(a) flake powder preparation, (b) in-sitw introduced Al, O,

M TR A SR A S B, 90Kk AL O/ Al 54
BH{ 22 PERE R RS2 PIIT RO, — 5K SR R
TORNRARRAS . 0 TR SRR T, 9K R Y
BIAT R SRR e B BAN, X—HdBaB88 7)™
ZINH, 90K ME R NEA KA, A SR )
SFYERER BRI R 2 ek )R T — il SE RS,
ArORE LA REJE B B R AR, g~ 5 B2 B A ok RS
A AL B AN P 2N Hall-Petch ¢, X T 3458 A0, A
PRAR B iR AR R IORE X <52 JaR 5 52 5 0 A ) 8 S 20O R G 1



582 Hh A ki

TR TR A, i Kang 2572V 3RIE , B0 1%90%
AL O, CRiAE 25 nm) BY Al FEE & A R 58 BB IR 2] 5 TR
T 10% (¥ SiC, (Kife 13 wm) Al 34 AR HER K,
I IR N0 TR & (K 7). B 7 hid g
i, BEEYIK AL O, RSN, &AM R AR
Fching B . WPE TR, HA9K AL O MURLIA T 73 4L
R 4% )5, HTYK AL O, WURLAG TR (NI 3b), A
WA B AR AR T E A MR 1R T AT
wHeH, TEAK ALO/Al B A IRRN, FEM LN
J& Orowan 584k, SR 444K AL O KRR B0 mm, H
A W55 T Orowan 534k (G0 3 Fr7n) . Orowan 58 AL #L

HAr AR (D) IR,
0. 84MGb
T = 7(L—d) (1)

Horbr, w RSTUIRMRNL Sy, G ZBIUIRR, M 2N T
(3.06), bR RE, d BPIhite, LIP3
RimIEE, LA A (2)

- () .

m
Horp, v ERSRREBUN B, K 8 ITRLE Y, TR AT
B E0 Je I o 52 it 2 A e i A kA 49 A e 3
PETt, Himes TECsiaa(E, om0k AL O, UkifE
ALSEMR R BT SR R R AR B R

300 T 1 r T r— 100
e, % 80
L ]
200 . ey
n«_' . " gog = o 60 g
= = ©
o
© = " o 10§
100 i
- . 420
A A
A A A
" § : 3 i M
0 2 4 6 8 10

Volume fraction, %
0~7% Al,0,(25nm)/Al 10% SiC (10pm)/Al

® Tensile strength O Tensile strength
M Yield strength O  Yield strength
A Elongation A Elongation

K7 ORISR RS B 49K AL 05/ AL A FHRHE 2k g
Fig. 7  Mechanical properties of Al,0;/Al composites vs filler

volume fraction!?!)

3.2 43k AlLO, MBS AR RIS

SERMILL, 90K ALO,/Cu 5 A bR (IR FR K
TR BAT RIS . BRI RS . TSRS | S SR
BR A, BT 2R B T AL R AR IE 2, I FLAEROE
B IC L RIS | SR R S AT BRI T R

%5 38 &
500
L
400 | -
7
s .
o 300F 4
& ¢
© S0k - a
/ A A a4 4
a “oa i
/ LA
100 |
0

0 2 4 6 8 10
Volume fraction, %
A Experimental yield strength

A Omatrix * Oor, eff

— = = Omatrix * O0r, a

B8 4k AL 05/ Al A MRHE MR Y 8 55 el b g 2
Fig. 8 Comparison of the calculated yield strength of Al,O;/Al nano-

composites with experimental values!?!)

BRI . 2400, WFoE &A1 8 2] LG it 2 Fpoy X i 4
HALO,/Cu EAMEE, WFFE M E SR BEYIK ALO, S
Cu FfA 2 o) 1 A 45 & BSR4 7

FeR A5 AT =, HEAK ALO,/Cu B A 1K
(4 05 A T KRB R AN MR A i . A INE A 46 B ok
e, G etk EERIIRE | IREHBEES.
T AL O, vk S5 LR AR AR 22, S BUHSMIn i
K ALO,/Cu EEMEH R, BAR ML GRES
R AR LA EREXE LA — 42 T, e, BRAEH
YK ALO,/Cu B A RRE 3l R R A

JEAETE AT 3 S LU I VIR | kA
FULBUE . WRMAE S, i k™ 2L Cuso,,
NH,AL(S0,), M5k B, I AUTHE R NH, HCO, ¥
W, SFVIFER Cu,(OH),CO, FI NH, Al( OH), CO, Fi 3K
T, FIORIARZBRS . BERRMEIR RS 15 5] ALO,/Cu B &8
T, PUELEERIIS9K ALO,/Cu EEFR, Ji 257 R H
VRIS AR T 4K AL O,/Cu A FRE, A1 5E
Cu(NO,), - 3H,0, AI(NO,), - 9H, 0 FIFT 1 B2 I W IR
&, RAEKIBZBIAEE] AL(OH) ;. Cu(OH),HIE, HEAH
TR A A B, B PR AR AR B 40K AL O,/
CuO B AWK, FIZFATE 200 C MRS HAFE 2 h,
1535 ALO,/Cu EHRMKR, BEEMARER, bedits B Hek
HAEMEL, 4 SEM W4, ZAa MBIk AL O, kLYY
S ARERRFEAR T WA A RIS, it SRR RE
AR, KB AL O, 5 2 480 iRk i 1 38
o, AR RN S R A (L 9 iR ) o % 4 T
RIALEE, ZE DA AP, — 7 R3S Orowan HL



%6

SRS, 4K ALO, B4R I A bR BRI 583

i, B iR Ak AL O, KRB i 7E 3 A, 4384k
KA IMEARTERE , SREK AL O, BEWS BHLAS- 0 4542 31
Fi—r1E, K AL O, TE i B0 43 A AT LABHLAS & A A
B, PEAFARRZE K AN Aok, DT i A MR
R, SR, E R O A AL O, % S H P BLAT £ T3
Wi, N 9 i, B ALO, SR, EA eI E
RN, ZRALNR, HiE IR AL O, F =,
Sy HUBURL S 3R 2 (B R £, AT RERCR BN T LT
B, R, 59—, SRS B
SR IEN, BFH R, - AR T LLARAS
IYEUEARMF IR A AR, (A% e st Al AL O, 5
SEORARZE A P2, KT BE A AL O, 7 it bk s YRR
r A BRI S, LS IR R T AR MR AR, A
T R, Lee 477 LA Cu(NO;), - 3H,0,
AL(NO, ), - 9H, O i J5 B, JK fi# 15 2] Al (OH ),
Cu(OH), ¥ e, & J5 B ¥ e Wt 25 1 1 U0 LA 31 40 0k
ALO,/Cu0 BEK A, REEFEAEE] ALO,/Cu B A
K, BEMAES, beaimalRE S, RIEH b
LG R AT IAET IR, B — AR T A B I, &
BT HN TR AL O, 7 5 AR i B alt— A4 i T
s A A B (L AT P S S A ] 10 B, IR S B 4w
v Ak PSR AR A PR I 40K AL O,/ Cu B A MRHIETT HE
B, MK 10 T RIOIER S, 7E RS AL O, S yu i,
I 5 I A 7 B RE A RE SRR T P AR Ak ik A
FERRESS T E ANk AL O, B AR T LR R Ak
BHIRE R, B3 I 20 5 T MR A 7 (5 L R 1 il
AT LA e 3 L A A 7= 1 S R 2 AL O,/ Cu B A 4R
Wi, A—JrH, Lee 2577 LL#fk 27 08 55 T 18 3k il £ 9
FrA RS, EE T AELRRE,, o SR A A

8.0
g 7.5¢
cD 3
S 7.0
Z 6.5t
(7]

A 6.0}

140t

130t
120
110¢ " . . .

X 10 MPa

0.90r

%IACS
e oo
3

e
N9 ®
S o S

Electric Conductivity/ Hardness (HB)/

=
o

1.0 2.0 3.0
Volume Fraction of the Alumina/%

B9 AR ALO; & AL O,/ Cu &AM ERET)

Fig.9 Properties of Al,05/Cu composites with various Al,O; content 7

90
85
80 1
751
701
65 1
60
551 —O0— as extruded

50 —0O—as extruded + 20% C/W
454 as extruded (Commercial)

Hardness (HgB)

40 . . , ; . ;
000 045 090 135 180 225 270 3.15
Alumina Content (vol%)

105

o
& b
<
§ 1004
2
S 90 T
'§ \D\D
S 854
@) —O0—as extruded
E 804 —0O—as extruded +20% C/W
8 as extruded (Commercial)
m

75 ; ; . . . .
0.00 045 090 135 1.80 225 270 3.15
Alumina Content (vol%)

10 AR ALO, &k AL O,/Cu & A EHGBEEE (a) Al 32 (b) 77
Fig. 10  Comparison of hardness (a) and electric conductivity (b) of

Al,0,/Cu composites with various Al,O; content'””’

(4 ALO,/Cu A MRHER T . 3302 i T A2 s 5 1 4
AR R A MR Cu SR 4B T, 4l A
99.94% , fii— Mt & HL 77 1k & 9 Cu B gl H R 2
99.5%, BAHMNAR —NEERFEZ, R A &NE
B PR AL O, BURL 43 0% A 5 4 HUBURZZH /N (20 nm) |
AL TR R

JEAEVE R N A TR B R AR AR TR 4K AL O,/
Cu B AR IRk, SRR Bl n 2 G4
BEERAK AL O, 38 58 (R0 40 /N R, 5 SR RE s
WA, RS SRR LS B 2 15 1A RE
FHRRED KR e RE . F3EE SCM A EIE T
BRARMER], ALY R T 2005, WRMAEIFIG KM
BRI, AR PRk AL O,/ Cu B A MR
A T2, WRAEWN TZRER . Kk CwAl &4
—IKEAL BRIEHTE Cw Al B AR5 Cu,0(HEA
A IR G-l NIV R R RN AR R E 4
A AE ALY [ P v A AR A7t X P AR AR T
HYK AL O,/ Ca BAMBHY T 28047 TS, JbaiRlH
ReEpZE LT AT UNEI L& T4k ALO/Cu S
#BE, IF5 T3 4lif . SCM 2 A F= SR C15715 Fi
C15760 48K AL, 0,/ Cu & A B RHH R 19 1 RESEAT T X%t
W, 53R 3 pron, MWERPATLIE 1, WAL &
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MIZAK AL O,/ Cu B G RHITHISR BE K o T 7 1 R 4l
R B P T, BRI FR AN E A M AR AT
SCM 2 A 7™y, HCHr s B AR Ak T B 3 T L s
AL, V9458 KA Song 25 LA N AL IE B 45 T
Ak ALO,/Cu EEME, IFAEARTEELEE T It T - & i
PERE, Z5RNE 4 Fion, T RLE B R A
ALO,/Cu Z &M E MR F L5, 7E 400 °C 1 & i
TRPURLR BE A TR TR A2
®3 EERMBHERET

Table 3 Properties of copper-based materials!”!

. Tensile Softening Conductivity
Material
strength/MPa temperature/ C /%IACS
Ref. [78] 450 850 87.0
T3 Cu 230~290 150 100.6
C15715 393 800 92.0
C15760 — 910 78.0

Note ; The softening temperature is the heating temperature when the alloy

is kept for 1 h and the hardness is decreased by 20%.

£4 ALOy/Cu EAMBKERNFEREDT
Table 4 Elevated temperature tensile properties of the fabricated
Al,0,/Cul™!

Temperature/ C 300 400 500 600 700 800

Ultimate tensile

319 253 207 157 142 107
strength/MPa

Yield strength/MPa 316 248 211 153 128 95

3.3 44k ALO, iR H & BEMAFER

bR TAEGK AL O, N T H5 22 FAES FE AR 3652 A b1 LA
B, Ak ALOMERREE | mEA S BEA A e E A
HIRFSEA IR 5| T # R B I T

B, AR RABEFEEE N T A (FSP), 7¢
AZV SRS RT L& TS R HAK AL O,/
AZ31 B HAE AZ31 BEA A B b 430 AR IR
S 15 nm (9 ALO,(IMASE R 5% ) FRURL R ST R 250 nm
1 AL O, (AN 15% ) 1E 358 AH . 284k TGAE B
AIMAIK AL O, RS AH ) &2 A 2 7R B L A KR 3 1
£, MEARRY 55 OV #1537 82~85 HV, Fifiillik
W1, PIRPGK ALO,/AZ31 A2 BIBTH Rt e k42
Th, JeHR ALOKIAR A 15 nm, &N S%IFES, &
BIZPPIREE A 220 MPa, BIEAARTF T 60 MPa; i
AL OKIAE 250 nm, Bt 15% L B A Z P B g
JHT30 MPa, ¥ THIAKAZ 15 nm ALO,HIESZ, AU
SR A R R T, A i AR R AR A KR B R
TR T EAZ RN 13%, M 8%, EIFHRK

s

TRGTUERA T35 5310 | 256 RIFHIAK AL O, 7T LAfF i 2
PEFHI G RPRL R EE (4 [R] FfAD R R B R A s, (H
PEPEPEREIN T Fh A2 G O i AL REAE AT BER T HIE i L2
KIE AR, RAEMA LRk, Hassan 55 F 4
A AU S A FEARSS &5 1 T 91K AL O, UKL s e
HEAIEL, SRR RIEL R, ME SR
KALO, WORL & 38N, 2 EABHGRERE | SR vER
0. 2% IRGRBE | PURLTR L | SE i P AT 2L D) 0 o BE A 25
FETb, Horb s AR A Ak AL O, BIARFR Y E i 56 2
WE b s, fEFEHFFE 7, Zhang %% @ T —
AT SR T 44 R SR 3 5 B 3 AT B b R 1Y JeE IR 5t
B, TEABATTARIARL L, 2 R B SR AL HI AL FE . Orowan AL
Tl L ER AR SR AR RIS ik 2R A [ 5 | 1 7 8 % R 4
L RERON  ARE T AS B (Y A MR IR RN
2k AL O, Uk & B2 MRS R E 11a s, F£H

600 ---- dp=20 nm a
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Fig. 11 Theoretical yield strength vs nanoparticle volume fraction for
Al, 05/Mg nanocomposite having different particle sizes at
20 °C(a); A comparison of Zhang and Chen’s model ( solid
curve) with the experimental data of Gupta for Al, 0;/Mg

nanocomposite tested at 20 °C (b))
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YRR RS ] e A it B B AR A ), 49 K Uk A4 R
B, A AR JE AR R R R AT IS A
FH, 100 nm (RPREAR i 2 G0 K 0K 2 A M R} A it i
BYCHEE . BURDRARAE T 100 nm, &AM R 58 B
Wi 7 SRR el /I T BH S 8 0, iR 5 Hassan &
HIRF R 1AW )& (8 11b) o Zhang 55NNy, 7E
HATRYK AL O,/ Mg & & B e =2 /E H M /& Orowan
B, AN AR A

ZALT G A i T A & LR A, Hm i g2
YERE . BrEALtEZ B, AT DU S s | A
FERIAAK AL, O, 385 AH i3 1 5 R ) 2= Mg Fnd A Ak
Travitzky 5 * IHLRIE A #9 Al/Fe,0,/Fe/Cr /Ni #3
Dok, FH DR S 7 R B o ok AR A T A A RS 4
B AL O, 3455 42 J8 FL 52 A bR, IZBFFEAAE 900 C (14 i
J 20 MPa FUE(EE )T, AREFFHINELEES min, ffi AL 5
Fe,0, &R, XA #AL BRG] % T J50R B Rl fL ) Al
N Fe, O, ZMRIZUAI R I N, HE 1T F 8RS Fe-Cr-Ni
B4 AL O, B PUETE AL, XRD, SEM il TEM 23k 52,
AW LA 2 W AE 900 °C A HA A T 5 it Hp bl ok 5
B AAG I 25 B (R R B Al 5 Fe,0,) . Fe&X 455
YKL Fe/Cr/Ni( <5 pum) FEEFS 3K H 221 o-AL O,
BER AR CRLAR L E G0k ) 4l 30 2 A M kL, AL O,
AR PRI A A T R AR T AL AL O, 2
MRS L, XREAEMBEE IR G, #1T =
S G 75 3 DT A e 8 T M 1 ST 24 1 4 o 3k B
1100 MPa #il 18 MPa - m"?,

R Y FRRAIER A Sk AR T A Ma R i R Y
[, SRLA L — MR T ), BT & BRAE
B A A Y AR R Skl s i B b, AEfE S AR |
PR KRG, dE— RS R B, B B — el
T 3 4 TR B 240K AL O, BURL, 5 7T LA ARG RS 5 &
S — TR R TR B G . I R R, DT K R
JEREE MRS A 2R RE . BN, W JE % 7 WC-8Co
FRERIN T ORIAR R 60 ~ 80 nm AYLNK AL O, kL, ZIREL.
JEf, REE T R HI 9K Al 0,/ WC-8Co BG4},
it = AR e BRI A W
MR ZBL, 7E WC-8Co HiKH 1B A 3% MK AlL0,, i
1352 G PRI IAR M B 2R 6 T1 24 R KR T, P o
1932 3271 % 2983 MPa, whili# i 0.25 4255 5]
0.54 MJ/m’>, BEBILTEH 126. 9 W/ & 24.7 kg, WPBe4E
KRR A MO #E 1T SEM WA (aniE 12), &
WC-8Co M8 WC KK, ok b A K, B
PR ZERE, MRINT ALOME AR WC Sk
ZIRIGAK AL O, kL 43 A AL 3 57, dobn ROSF BRI

AL O, [ WC-8Co A Tk /IN, AL O, Ml T WC &bkl K
K, RIS IR b f 24 80 Y W A R R e 3 T BH kAR
A REE G T2 HERE R KA T

Bl 12 WC-8Co (a) FIZK ALO,/WC-8Co (b) K SEM A }i-[55)

Fig. 12 SEM images of WC-8Co (a) and Al,0,/WC-8Co (b)[*!
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FIPH IR 4 Jm AR R RIVER] . BETA4K AL O, 345 ALHI 1
5T, UTAERAIK AL O, 1G58 4 8 B R HT | WF5E I
283 REIRTT . H—RNJUNM A a1, BT
DTN T HARMEA K AL O, Bk EIEA R, FEETE
AR SR PN SRR O 51 o A y DL EE 44 & % Orowan 39 9R
R, HO BRI ARG &% T AN, LT 90K
B RS ] 3 A WA RO, RIS B SRR
AALARRLR T, ARAT LU 40K Fh Sy B A Y 94 K 5
AR A B A SRR H =R S MR TR )
HAEMRRET, MEaH R AR AT B PE
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