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Abstract

Carbon nanotubes are ideal toughening agents for their excellent mechanical
properties. But to show the high properties, the ceramic matrix composites should
own high relative density. In the traditional methods, the high temperature and long
sintering duration to densify the ceramics would lead to serious destruction of the
nanotubes. So in this article, two fast sintering methods were chosen to fabricate the
nanotubes reinforced alumina composites.

Spark plasma sintering technique is a relatively ideal method to fabricate
nanotubes related ceramics matrix composites for its relatively lower temperature,
shorter high-temperature duration and faster heating rate compared with the common
ways. In this article, the sintering method was systematic studied to achieve relatively
high properties. When sintered at 1300°C for Omin, under pressure of 30MPa, the
fracture toughness of 0.2wt%CNTs/AlO; composites increase about 20% compared
with the pure alumina. When prolonging the holding duration, the grains grow
quickly and the nanotubes break down quickly. Raising the sintering temperature, the
grains grow obviously, and the nanotubes tend to gather in the gaps surrounded by
three or more grains in a flocculent state, which lead to the decreasing of fracture
toughness. This phenomenon may be connected with the unique densification
mechanism in the spark plasma sintering course. High heating speed in the SPS
course may prohibit the formation of flocculent state, which may be beneficial to the
improving of mechanical properties.

Self-propagating High-temperature Synthesis/Quick Pressing (SHS/QP) is
another method chosen to fabricate to composites. It makes use of the heat generated
from combustion reaction and combines it with the quick mechanical pressing to
realize the densification of CNTs/Al,O3 ceramics. With 280 gram combustion system,
under 120MPa mechanical pressure, the fracture toughness of the 1wt% CNTs/AlO3
composites prepared increases about 50%. The main toughening mechanism is
mainly CNTs pulled-out and bridging mechanism.

Compared with the SPS method, though owning instantaneous high temperature,



BB TREREEARX

the SHS/QP method possesses much faster heating rate and much shorter sintering
duration, which is beneficial to protect the nanotubes from destruction. What is more,
the high mechanical pressure under instantaneous high temperature may cause plastic
flowing of alumina grains happen and good interfacial bonding forms, which is the base of
efficient toughening function of nanotubes.

Keyword: carbon nanotubes, alumina, Spark Plasma Sintering, Self-propagating

High-temperature Synthesis/Quick Pressing, mechanical properties
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%o

2.2 RWEH

I Rk E (FARCNTs, W HEPERERRAEILERAT ,» K
FE3-50pm, BRESE>90%, P RERMKEND H{|AZBRERAKE.
AL R B4R H200nmEL 500nm, A 99.8%.

2.3 ZEE*E

IR iR X ATRR N B R R, T8 IE FRAT BORL S 7 S AT URLAEE S
BTEHAERERRS], ERPHEREFLERIINAZ.

FIF B R LIS T AR G0 A I R S AT St . Kong PR A R
FE R % 8% 80 AIOOHWL fi 76 U 7 AR B AL S TZP IR TH , 3 & Ak 15uke
J&, AIOOH#%E HALO;. ¥ EEALOTZPHAR & BB EM K AHAPT, K
K THApSTZP2 18] & R BERR =45(TCP)ia%h, EERS THEMHFEH
ft. ZrO,F1AIOOHRIZ s A7 /5 K 5.5F18.72 8], H SR By I pHIETES. 5/
8.72Z I8, ZrO,MAIOOHBKLRIF & K4 R ML R . BT EHFpHERETSES,
ZrO B S, AIOOHURE T IF L, BRI AT LAZEZrO,f0k 3% 1 £1.78 £ AIOOH.
AIOOHIE ] i F A SICPT K& SizN Y, DAsk 384 4 i A M sl R s b 45 e



B TAR¥H AR X

71,

R e R LB KR A ) 1 R oL 4 o R pHAE R SKBRE, A
THREBBRENES. BHEES, WATUSIARRKEGHRETRERRE
Hetgr, HTTRABURIE REEREIEA. WangS™h T EZnORE B 2%
FHISIOMEAEZ, URZAEWHPED 4G, REZaOFK M B # IE A,
BRI NREKSIOBRE.

231 BAAKRNIEE

KAMBRREN, BAERFEHERXNABmB LR E. XERERM
AR R MR,

BMEAR AN T EBRALER X EWRERES, FRHEABR: AW
FARRM SRR, HHEEHF EdEBRRERHENDRUES T,
BEEBR A R . B — R ERAR A “BRBEERT , BIFOTEER
H “HREEBEERR” o REFRT, BRMERNBISSEREFA “F
AR A EREER .

EENME-THEREER. A BREENRAREAFRAEEED
YBANGIFTFRA . HEFEMARBRAE CE—ERCRA) , ERTE>~4E
R, BN, BRREAL, REREKE, EN0EHFEM, Mkl
IEREF R MRS . BOALIRBR T BB R 150, EFFETEMEAESI . RTHBRRE
HEMDLVOR RN A, WRE—E &M T RIEEFEERRIL, BRTHTREN
WHRS| HMEREROFERNRS. EFAXTIIANEREE, RN
PRE.

Bk (BRABERREERD RIEPIEBRAAEER, FEMNARE
ERFRARSAMTEE . Bid 8 TR R b 7E RO @ SR — MR
FEbE, BMERE, BRPOERRBRK, FHkSHERERERE. Y
R B R 580 45 R A R B2 0 REL AR B R 2 IRV FEL RN, X B R 1 i 4
SR VAL VA (S

232 BmikROEER
1] JB A P 7 0 R S 5 | R B 9 R 4 (coagulation) . WA D BRI F T



RE T REH AR

HAEMBIBAES, TTRESIEEE (flocculation). EREMLES, RE—HAE
R RHE T NRENBAS RGN EEEE, TEERAREEETS
SFEPHIIMATIEBURIE AL S ARG . REVIIRMKAT LR S &F &
HIkaERE, EENRRELANT, XTREBZERERI. THREYXRE
ERER, NEBEENMBANTELGURBRENIBAET2EEN.
BRI R ERERAYES: BaPR. FEERRBAIT RBE=H.
MASHEHHREMOBEYSPRBERRE R EERER PHERSY
BRS04 IR FELART ) 0 SR A I T R R A LA T 4 R 2R ko

(HFEFFPHN  LIEAFHKARNEEYMAR BF B FERRRER
SRR TR, BRYETEHES AR BIRALRE, 9 RBRRE K
BA, SEEEHFERATR, BBk RRERER, BRI BEPAIE.
KA FERBBRATERRIRD FEREHPAHE,

QFFEER B TE YRR T K5I 45 M 1R 5 5 5 R /- kL
MrEEE—#E, SIEEE, BRANERM. dTHENESEARERETCIRFH
ERHT. —HEFIBZESANABRBER -SRI S THETERERRE. EX
REUHTRERA U EMRMEER: S TFREBK, TURMBIBNU LN
Ba b, MARSYERMMREESFER, FESHISERKAERDEN
— A Bk LR S —FRE, FTUXFIERERRAEREYIRERIEN A
R B—F0 28 R M B A R B R L = R 2 A AR LA R AT
WEMGIEEE, BEREWZ MALEARLAEBR, BURRBETHRE
BRI RMBHFARE; B —AEREREGYRMRK, ARMREGONER
HEEES, UETRHTHARMSMRS. EREVREER, TARHAR
BE— RN : ¥F B R AW A THARREY 23 5 RMERNM N RK
BRE KRR ED T

GBI T ER HANFENHEFEST (BT HRETEE> B
FEEMERE) BHER RO ERAREFAHT . BE A AEKE
BRI TR, BiREAEE, TR HANT 8RS R A R
Y, REKEEEGRRTNZE K, PEFTFEMER LG LEEPEDLER
IR T Rl # T BRI R BT RIE K IR, OREN THE
TR RPTRERAZ R, E&EESEAMA.

PKMIEEKN BHOIBR—AN DT HEERTENLE, REWENE
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B TR A8 3

AT LUBLAT 3 SKBL A KR K S AR R P 4 B — EAUR D FE R 3 0E,
FRClE T LN EIEM, XSMERERR. TRALYEE, HERTFHE
TN EG, ERAEBRRERM, TUSRRBTRRBOER ATSER
RGBT R BORL S BRI E R, R AA SR F F, X0
BRI RBROEREARA . LKEE=PEEYEIBSLESIBEEEXR,
FIRMEFBMERE, WAL EL, oTLUERIRIF B R.

2.4 ZREBEHZCNTS/ALO; E & HHE

241 RERMRNH &

FAERR T LB ERB R Tk, EERES E—E B, BREMK
U HZetamfr {8 WE2-1. MYPHE/NFSH, HZetarfi HBita0omv, TR
B E =K.

=

2 4 s s »
PH Vaiue

FE2-1 AlL,OsBR BE 4 BB f5 Zeta L A7 1H
Fig. 2-1 The Zeta potential of ball-milled alumina

Zeta potentia{mv)
& &8 o 8 3 u 8

FIRHBAKE BT REBERR, REESE—E, BERRREHBMBE
WASEHEAT RITUHI A HE

T B R M (SDS) R — M AR FRE SR B2-20 RGRAK
BEEBNWMBHEN B E SR ASEMEB A, BT 75 40K S B v ik B s
0.25wt%- 0.5wt%- 1Wt%HISDSRHEEFE, SEAENERBHITEERSE,
FHREBME,

ME2-20h A LLE, BRRSREFEERNAHE, ERAKENHRTER
B, RAKERELIK, EESEFR. FHHERALERERBSHRMAKS
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ERis: N N R A 'S

BASBEEERE, BRLBEITHRAKENE TS,

) ! g P ) (DETRR -, » 7 O

F12-2 2wt %CNTs/ALOsH INAS [ & B SDS R &Mk I F
(a) 0.25wt%SDS;  (b) 0.5wt%SDS; (c) 1wt%SDS
Fig.2-2 2wt%CNTs/Al;03 composite powders with different SDS content:

(a) 0.25wt%SDS;  (b) 0.5wt%SDS;  (c) 1wt%SDS.

242 BAKEHRLE

AC B H.SO/HNOIR B (Vhasos: Vinos=3: NI, i —EBHEAKEEANFE
MBS, BALEMG, BAKEERRYEHFREC., BERBABKRE
Ja, Mg, HUEHBAKEEPH=T, T4, MIEZA.

@ S o)

‘SIP,"-" ! i i ‘I‘-ﬂi TV 5 pm

E2-3 AN[FEREHLBAKESEME S Vaaa(ml)Ments(mg) = (a)d:1; (b)1:1; (c)1:4.
Fig.2-3The CNTs after acid treatment with V,qq(ml)/Mcnt(mg) = (a)4:1(b)1:1 (c)1:4.

E2-3 AR EEAR R BB RRRERFF TOREMER. R
A, DRMABREH, BEED TUWHS0. HNOF 5 BRAIK T 8 I Hcd 3
BE, i RROBZER, BAKTOKERERE, KBS DT ium. LK
BHEBA I (Vaia(m)Monty(mg) = 1:4), LT AL BAKE MK BETE 1-2pm,
PBOE A TR D IM0RAR . [7) B B SRAR KO o) S BRAK A BEAT IR Ik, AR AE
HAT B A B FROA S, Wi = 5> RIRMMAE RS R B 280D



R T RFH AR X

243 BRAREHNI

BAKELLRLER, HKBUED HLRAHAKE) , BEKT
MEER RIS BB, 23EELE—ENFEHRHE, RAKEN
REFBRTR, HREBHNEERBHBMRSEEFENHEEIHFS, &
SEPLL B (A IR E YR, AR RAE A+ R R #ISDS).

YY)
it

(EEsc:

E2-4 A [FSDSE EHFICNTs& I HIUV-vis itk

(a) OWt%SDS; (b) 1.5wt%SDS; (c) OWt% and 1.5wt%SDS
Fig. 2-4 UV-vis spectrums of CNTs in aqueous solution
(a) OWt%SDS; (b) 1.5wt%SDS; (c) OWt% and 1.5wt%SDS

R 07T TR MO TR LA B K B AE B R P I 2 R
BAKE KRBT, 2 BAIBRIKE RFE253nmHE#AT AR, HR
KSR 55 4 B R EF IRV K B IR B IEHAI R R

R IR G R BRAKE R BRI P, FEEAENANER, Rk
IR A HTIRE, 5 120mink, WHREEATRE . RINREHEERE,
BeAK B ZE253nmAb iR BE 3R, L35 BE B R A I (A B SE K AR AR, BB
#7511 5minfE F DA BIBAES BAR. SRR, ERIBIKERE BN
MR, AR R DA

2.4.4 Zeta BAIRYRIE

X715 R E A AR TES N AL 35 B 1R T U M B 3R ik . BB
ABEHFENR RSN, BRAENREESRAHY: RSB TRERBE
B A B K AStem B KA A ST HUE. JERFIERT, ERZRKRE
MBI R, B3hII50E Bt B L F PR A FBAL(Zeta potential).

TEF 2B R I & S BN E SRR, HERHI &R SIREE
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SR T KB A 8 3T

f 8, HZew I EMMA, RYINMBARTMOAAEES, IRFSMENS
REE I, RAEMMOMAER GRS S EHF) R, i
RORMAE -

Zota{mw)
8 & & - ¥ & 8 B

] . 0 0 »
PH

E2-5 BRALFICNTs 5EREE AL Os I Zeta LA,
Fig.2-5 Zeta potential of acid treated CNTs and ball-milled Al,O3

F2-5 R 20l AL TR TR A KT, RN 15wt %M R E#5E R (SDS) JGfZeta
iz, PAREREEEE SR Zenam . BT, KAKEMZetatiIHIPH
EAEE /N, #IE-40myvA AT RES, LS K Zetar AL BEPHIE L LEIK,
WPH{E <6Ft, Zetaff{fiZE40mvil k. BFEk, 7TLUEFE/EPHALEBRYE 01 Tk
AT R T 2 9

245 BAEBRAKRENNBRETE

2-6 1wt% CNTs/ALOs ¥ ASEME H
Fig. 2-6 SEM image of 1wt% CNTs/Al>O3 composite powders.

B B2 TR T 2h IR PVKE 2 BT 1.5wt%SDSH# ', #/2h; FEK
B R AR BB R 2h: M AR BB A7 ke, #H0.5h. diFEERER



U LKAt # i X

FITHREOHE AR, JLSEME W FBR, BRGUKE TN S ) 5 e
AR P

2.5 HlHBkE*

IREE LM R RE P R TR —. HArBRAKEMREEE S
FER A R O LR B M SEBL A I R IF I A 2 %0, A s R
RATHBESE. IMIRERSHEES LEXRG&CNTYALO:E S ik, wI{HHK
RS TE R P BB T HAA SRS RRU TR,

WCONTs L ik, BARA 2N, IMAFERE, K458 40.5h;
BT M J LBk BE24h (EREE A J 9 EDHEEK, BREIL h4:1) o Jede 78k il
BTEmnE, BHELA.

Wl2-7 878 T BREE A [R) B ) (6h, 24h, 48h)B BRAKE 70 BOMCR . HEIRT 4N,
LIRBEOhAT, BEAKTT 2L — e BEMAR, HEKF24h, RAKETEEHAE
ARk B AF: A4RLLTREE FIA8hAY, BRANKE TR LB B RIRCY.

E2-7 BREE 34 % 1wt%CNTs/ALO ¥ A (FJSEMPE /i (a)6h;(b)24h;(c)48h
Fig. 2-7 SEM image of 1wt%CNTs/Al,Os powders after ball-milling for
(a)6h (b)24h  (c)48h.

Ht, bl ESERgE R, M3 E ERAERE 24h, BpEL4: 10, TTELE
B AL R EOR .

2.6 BRRIARBBE

b LH AR TR, MBI LU RAREEREE T LR EGHAKE



SUOCER LK B 1R 3T

B4 BRI A0 . 2L A R BRI ) Zeta AL, 8 IR BURLAE BLHE SR
FHBRARILR G, FEA TR KE R E— DA, EEXLRESD
T ERBAKE TR, DUARMEMBEER, —HFRNRAKEN R
ERNERBR, B ERmEERFTINT B/ R,

X FERBE il M B Ak A, FHERHBAKTERBLBEP iR
TR U, XFRHUBEER B 0 75 E AR AR BR N K S BUR B BT R AR
BEASKRS, BUERRETE, oARERKE ERETRPRDOUOR,
T BB 4K E BG FER20-50nm /MR, ZE 4 R 2 Bk, T B ikl
KEAHTE, TEuUEHRE.

AT TR FERRE T ENNS, R HFE S (Wt %CNTS/ALO;)
#3g, VIERKR, RIGA%SHE(CIP 200MPa), B FSPSEHS, ERFME
AT IR S T pe s, ST SR RYERE. Begi &M A
1300°C F{##i2min, FHEERE H200°C/min. ERESE:7 200845113 (1 BE 2 1 i
WP H28MPam'?, MM ARREHEOEE, KERIEEARE
3.0MPa-m'2,

BACH S e TR SRE M BCE AR KRR GERELEFD « 5
i, EEMERERSBRAKEMREBRRAT . WR2-8aFx,
BN 53 A4 F LR ki), AT K B BRAKAT AL T b 4L i 2-8(b)
M R OBEBKERZ, ATREFRNDER EARSRFRNDE, M
AHAKEOF RS, HKERE, a6 TRED, hTFKESE, BR
FIMIOER, XSRS RIEBRBEB IVMER.

E2-8 1wt%CNTs/ALO;FH &KW TSEM (a)BK B i (b) 2« B %
Fig.2-8 SEM image of the fracture surface of 1wt%CNTSs/Al;O; composites
from powders prepared by (a) ball-milling; (b) Colloidal Processing
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HCBUR TR -6 3

RFFITHIKIE, HHAKE O LRI RET T ABITR, KRERN
XE MRS, HTRARTPFE—EBOTRBBKE, LR
%, RS, ERAEMERES, SRBAKE ERBERIRNN
100nmfE R B /NBE, AGERRBRAGOKER AR, TikFEkik (mEz9) .

@ N 0% : ) o

BI2-9 BRANKE (a) K MiALFE2hJE (b-c)TEME A
Fig. 2-9 TEM image of CNTs () and acid treated CNTs (b-c)

LA RN, ERAKENRLEIRE T, FHHBRKRU MR,
X F HCVDIEA = 1R M BRAKE, ZBHARRE N, BiXLM gy Ttk
Bz, TEIEMBOERLRER —EEW. FRENTIRERERSHD,
BREEH&EOEERARTURELRTE, S EER, KCPEMRREE
Keifil 2 ARk

27 XENG

K el B MBRBE i 6] & T BRAGRE RS 0 TR S0k, &
TR LD T R TR, MRRFIER L(mv):4(mg)if, RERALHEE 2h, K
AOKEK A 1-2um, EEIERNERA, BLERAEERE, BAKERE TS
BRMK T B BEYBAB, K — 82 EEENEF, 5o REMRH,
WG B AE PAREBRAK T R, AT RS S X B AR T BE R e . SRR,
EREIEE DG 4:1, 4BRES 24h WERGUKE BN BERE SR, ERIKE
A i), WA R A AR
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BB LA

H3F CNTs/ALO:RY B E IR/ RIE I E 55 &

31 315

ERPKE R BREEMBHRE TS, HRABREHREXEEENRBS
BEFARY. RERETEERE, BEFENAKK, HRERPNEIK
EMBABRA™E, WENRINEATIES . EFEFERNBRAKE NI,
R b 45 V0. L B 4 0 e dL e ) 39 R T AT 32 42

B & @RS IE M 77 2 R & R B — R i, % BT EE
BERRAR (Z941600°C/min) , BABFEITIEL H5min, BiEFRLER [5G,
AT DA K PR P b 388 0 B A K B AR

32 MEEE SR HEMEE

321 BEREIE

B R RME N E RN —TREE T, EEWEE—MHESHHEY
B, SHREOTRRE. B, PINSEERNXR. MR B 2
SEHERENERI, TERATHABLEBENABABRE. EHRRETSHA
AN RUEE R, RERKEEFE. ¢RE. EFMAHNEFRERET
WERNERE, HitRREMBEERMEERE.

WERT UM ERN—FEER T EREEREE, EROMEREK
R /ANFIKIGRE, 8BS EF YA RIS R E, ERE 8 AR
. ENBIWEMHEENLARE FANRTIGEERER. SYLE
BEAEREER, EATREETHELEARERE TN AEEE.

1) SEmE g™

% RERAER TREM R, MEMEI RS . EREXE R A 136°
HI&RIE DA AEIE Sk, 7E1-100kgiEMIER T, BAZSIEHHE L,
BRFE—E R ERE ), MR R E M F—A I 77 B H0E 92 (indentation) . 31
BERA AENKEHF T EERNEER, RO SAER L8R, Y
% RS HHy o
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RNE T RFB AR

=£= 2Psm£0/2) =].8544—£2 (3-1)
S d d

RF, PARMAN): SHERERmm?): 040&RNA ELMEA136%); dX
HE IR 1 26K BE ) P {E (mm) . B P 19 B B o B2 5 GPaB{MPa.

ST AR L AR TR R UL, EFIESERERN, S2FEARRNA
IENARERE TR ERY, ERERNISESBRHE, F5EB3%
RN ER, AXAKONERRAE. FUAEHE RN, EETE@
HIAT IS AT, B it K.

EEANEKEREAINE, &8 —HEERHTIEEMARHRRMHER
AR B EMX MERBEEDE, FEKEREREE. HRESE AN KEE
E—H, RESMED, U h1-200gf(0.01-2N), HIERE LMK, BERT
W E Rt
() BREWE (355 8ok KR )

B RERER—F MR M ER A, ERAE N SNIA E L D4k
FiBEIMERAEY. S4KREETENEERRE LAZNNOARR, K
WA MR IR ER NS, HitERS

HK =-§ = cl; = 14.229:1”7 (3-2)

AP, PHEFAN): AXNEREEER(mm?); d5ERNHLKEmm); C
HEKREY (EEN) » SEREREKEMS5%KEEMR, HGPasiMPa.

SREFEEATHNERFEME, WEEXANEERREE. #2%
R X SRR, (B 7EM Bk T ) O F R o0 4 BT V2388
Q) WERBE (FRB/REE RS RERE)

¥ B VA BT R W &N Sk o B4, (R4 01200, HEMRSous thkak
12 490.2mm. 55 87 AR A2 IR 77 i P T I R R A R K R R R R
[, WKEERELM EEERS, FMLREMN, RFE2NEAAERE, WS
BREM TEKMENGEEZE, BHRIEE XK EEE.

BRU\EABE T kS, BEAKERS. B ENETH, SREEEY
ABREE—PEEL, SHARSRENLRIPAMBEENSE, BTE
EMRERMNEFEZNER, FBERELTHRA, HhZEREBEN
BERE.

BEHHEBITFNMERERE, BT EEBSENMAFTESET KD, H™

HV

23



KRBT REREFARY

BILREARRT ERRHEFTREFERUATILA:
REEENRARTERSK: WL TRIPTEEF, UIRERBRA
MG ER: ARREFELR, RFVHE, UETERY AL MR,
W AEHINATRERT L, EREER. ERSEELEZEST, B
HEMAEMESIEAER: ESE®HE (—RECSUL) , BERT |
- BEERREE.

322 MR K RHENE

HRMTEBEMEINR TR NEERR, HNRT IR &%
Y FFTERMBGRIG F RN &M TSR R RT3 —
NERSHRMHEIE. Wi RITIHE R IR b RHIE ) b7 5 B 1 59 509355 e 57 7
SR, BB EMRNAY RMES, & 1 BYUAREERZHI NS FEE
RIBFRME, ZE¥E EFT [ RRGHTEFE M B EL $T &R HER
LRI TR S HRENFE, B ERAEDE.

FMEMEI R FEEER LAY ORE, LWRIOE., ERE.
SR XBE REMEREE RS, KPR, X8k R %—Fk
AEA, BAENTHE—IMEERENEA, SRETEMINE. BHE
EIREM R T AORER LA T BB RERT D, RN T Rk
BREMLR, TEFROKAEMBEEMEEEEH. THRHENE LR
Fiko
(1) SENBE:

SENB!>7I(single edge notched beam)i%iAFE I AE NI . 78 R — I FF % 6t
A, FHSORHHREN, A=ST MR ST HEEmN S, Ko TRt
H:

K= Y%«E (3-3)
K, = Y%ﬁ\/; (34)

W e, LRLAAASERAEBERE: YA-LBRRH, SaWk
MBERH R, EOSyW<O.6WEEA, ATHTIaWHERZHAER

2 3 4
Y=A0+A,%+A2(§/—) +A3(%) +A4(%) (3-5)



U TR F AR ST

He, AhERERBRTHXMES. SENBY R MEDI MR A &L &
FiE, AEMTIHEERE, RAfEERERBRIATIR. BHRHRERY
WS, AR RN e RS BERERES, XREGTEN
ARRZA. BRi%EHR A& FASENBERRK R, R —8A2mm X 4mm
X 36~40mm(W=4mm, b=2mm, L=20mm). R MO KE RHAENIAE T AT
FL0.2mmiER D, R i FEE2E0.1~0.2mmZ [/,

(2) IME (BeRiE)

ERE (M%) MMEERREREENRN, BEREIAEEHRYL
K. EREREEEHRBK AT, Bil, EREMECEFEHLARERE
RPN —FE R B EEMNEAR. BRI B A TRENZL4 R
BB fuk A B B B TR MR R AR E T — AN A

FEE AP, B Vickers/E L3 RAE AT L3 AR BAPRAKRI R
%: —HEPMHRLERL, dABALARRYAR: H—RPamgvistREFR
g, HUANEMERHLAR. SIREEFROEROEENBEETS, BT
Vickers ERIER BEHMUBLRLETUBIHENRE. W FARREAMRL,
HEKK AR, BT RAREHRNL, CEHEHARATETERR.
KR R B KA S R AN REBI AT AR, B AR B Vickers T BE B[R] I 3R 75 Kic
H. BRATRUBHKCEBEMEHEFARSTE—ERRE, FRTXEYN
BHNAE e REE, THENKERTNSFERAER, BRIFmERHE
R, RUESHEEMBER SRR E WK AR E R R,

3.2.3 AMBEPMMEMER

BEMB R RIS —REZAMHEMER. BERNELAGHEEREN
. BEEMEREMENRE,

REMEAEMREEEN, RERPRN, RUBRRTHRR, £
BREE. BESILEE, FEATRERENERIHE, 5&BHELL
A, BRSA/D, BENTEERR, BEEFTENAREILIAR. FlE
WEME, SRHEDN, RALGABKX, BALREIE SR KR K HEAE
@6I/mA)E T & R REHE(18)/mY), BB TREERT RERE TR T, mZ
HYRALERUFERESERATENERTZRER, BEAFBREMNHR
PR ENE.
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RE T RFM AR

AR R 3T DI R T B 4 h RK AL (KRR BEm. —&i
&, RAKEHEA, BROEEM. PSR, SARBRAR S Fx
WRMARAEW. BEELT, SAFEE, BEEEMETRREEEE,
W T REEEE.

MM RAEERENNAERT, REEMEREHEET RSEK. WR
EHRAGER - BRRENDZ, WEMRREERES, RiEZIHNHH
ZHl, BARERRRE LRRKEN S, ATTRIEETHLECR.

3.3 SHS/QPZ G est £ roixHl

3.3.1 BREGFRNIERE (REREEH)D

e
pie-| -;--.:;;.2237 |
. ,)/Hgmtor
Thermocouple = =
J / Reactants

FE3-1 BRI R N/ARGE IR E E

Fig. 3-1 Schematic representation of sintering process

R %e R N ARE N IE T EA ] B # B R A E R RS TR 8
RE. RS, BEERRBRNEERETHREMEN —BREERZEXR
EEH, Pt RAREE S &K — B SR AR . AXBHTRA

BB AT = B [ ARk R R
3Cr,0, + 6Al+4C — 2Cr,C, +3AL0,

ZERORBEEE1700CER, EBEEINENEREREEAMEIES
FAA R . #3Cr,05+6A1+4CH /R LE3:6:4 I LU B FRE — 2 BRI B R, BEIn&R3-1
R, MEHRMREWEEGR, RESGERENRSSHSYR (n280g) ,
B LABREL L4 1 B LR R AN, REHABECHEIEER, BEAEE%0.5~10mm
Z 8] VIR FNEF SRR R I AR B AR AR, SHS RN & UL BREA LR = 5 O
HIFSHSIH A E (LE3-D T, AKBERFEBLEHE. RKELT
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RRBTA¥WE R

WA AR R K, BRABBRNELRERFEL, NEBNIRNBE
R H D KRBT ]

+3-1 BRREAER

Tab.3-1 The purity of raw materials

Bk 7=l PLE g
ch OB R R AR >180 H 99%
Cr,0; EEEGEEA 98%
A% BRI AR 4pm 98%

E—RERAETE (MAERES) P, BEMNETREEIREFREHN,
BT B EERER SR, HERREEHAR, ETBLEEEER
% (MCr0x+A+CE) FHRMARTEMNFHRF (WALO) HHATEREKIEY,
MMER TR E3-2ARRABBEFIALO)RME SHFEE ML X R
B, NEB2h T LLEE, BMEELERMENES, AREZEERTFK. &R
MEAOWMBH, FRESRFEEEZEHN1760C, “RMEE3SWRN, BEFT
HENTHE, E1500CEL. LRMEBELR40-45wt%HT, 1 ERFKH1400CE
A BREFRMBEBERE, REEERFHEITT . REEEAREHERE
RIS INTTFEAE, SRIBIBFERIREE.

0%A1,0,

%410,

Temperature/T
N EEEEEEEE

N PR " . " N
° 00 200 200 40 S0 600 700
Timels

B 3-2 CryO+AI+C (h Z MR B & 5SHBF FR X RE
Fig.3-2 Temperature-time curve during the combustion process of Cr;Os+Al+C

system with different content of diluting agent
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3.3.2 KRR B RIEH

EERRRETET, REBRHESEH (EE, BRRSE) TLE
HE—ERREEE THEERTRENRREHE . MERITRAN A8 Eids/
tRE N ESHS/QP) T2, #Mpemtia) R e & makiyk/> B & & R MNARMAH
BXRIAT . s b SHSE R ERE RS, BT RiEkE 84 ak UL R
RT@EZ L, BB ROREREEUARFBEEELG BTN, HRRHEE
B. Eik, BATE LLEE AR 2 AICr0s+Al+CH R HEAT 245 i 8] 454

2000

1500}t

¥

‘gwoo-f

-

I
°

100 200 200 400
Time /s

BI3-3 F5 40 45 b Be I Lo i FEE B B ) AR A B 2

Fig.3-3 the temperature-time curve in the center of the ceramics prepared

EH AP+, —ERETHRBERETRRASRENEHY, TEEE
RS, ATRESERE, ERUES, FRERMESER THNEAR
EHEH, HERMKR TELUKTE, BIEESEEPLT1550C U LR
T X ) R A e I 1A] . B R MTHERY BT 4R, S BEFH 21550 C TFsa T,
RERERAET BERKEFITIERER, BERERMER1550CER AL, KB
i [R] 3L R FA B B 1550 CHR4h R T RIERE R 18]

£3-2 B EART

Table 3-2 Adjustment of sintering time of combustion reaction

SHS i & (Kg) (6 5 B (8] (min) BERE
0.1 1.1 1823K~1823K Z [8]
0.2 1.5 1823K~1823K 2 [i)
0.25 2 1823K~1823K Z [H]
0.28 25 1823K~1823K Z.[&]

0.6 4.1 1823K~1823K . [d]
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HIE N ARG E M EIR S, BATHE T 280g H & 4K R (Cr0s+AI+C) IR
sk, ERMTENEEREIHIATHEL, FHAESAEABIER
K¥ARTEEEHAMER, BEEAEATHEEFENE. WE3-3RA
280g B & FEMBEY R 24 T EAE T LI B E R EEBA L. HPE&E
FEHR1660°C, FHEEZE #1600°C/min, 7E1550°CIX [8]HIpe4s it ]2 42.5min.
EEREEEITHER, HPRBEEEA180C/min. ARIEMNEHELERNAER
TALOKHHIRAMBL RRYE, BEMREEERMRAN, 7£1660120CH
WA, FRNAEEZRREFE1600C/min.

3.3.3 RenE HEES

ALK KA SHS AR BEMEHRIITHSE, ERGIBETRMESRL
HEDRPMEBEHVME S RIAT, BT AR GMEN K DTHES
ARFEREEEIKAD, EEIRDPEEXRRBTFLE, FHEHLERTH
B, BTEBRR, Wtk S BAEA FARL, HEHER RN 2 A AT
BERA & R, HEE N/ TREES.

FRGAT RN RTINS N BN RRECRA T SHS FEHIES
BOHTTE, LHE 34,

288
870
777
f “ MUDE /0
Pressure . _ ’_ L ALO:
Sensor [/ ] = ‘ .
A ';%LSands |
. ol

":'.W:'°...' 10 20 %

/) M SHS reactants ’ Time (8) ©
B34 @ENNENHRER OAFRCERFRESDFET R ES N E L
Fig. 3-4 (a) Schematic representation of experiment pressure-measurement process

(b) Pressure curves of sands and alumina at different points under different pressure

ST ERK, EHMIE SR 40MPa 4T, 1, 2 f14 AREHRRAK,
FEAHE K 40MPa. 3 S5 NN 35MPa. 7EHLMIE ) 80MPa, 1, 2 f14 5k
J1#E 80-77TMPa {EH K . M 3 MEEHHELT 40MPa NI E /1 4t R RIK
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T, &% 65MPa. ZEHUMIE SR 120MPa, 1, 2 M1 4 A5 7 120-110MPa i
M. T3 sAHLL 40 1 80MPa AR{LTE KT, &% 80MPa. it 40 & 80 Fl
120MPa &, BFHHEIN | REHNEK, 3 RE/D.

X RER T FEMER R ERRENEEENRER, HH
REFHENBAT A FFER — N EMSHERN I RN R, Shigu®™ SN EL
RERMNUEBNDFHHERFAAUNER. B 3-5 AL LG R, EEMND
FHEH DA 104 R A7 70mm HFEHTEERE SRHIEHHRK. F
R TR FRBIMER A SRR EEM.

3-5 #ENEHR T KK 2 (EEE S 301)

Fig.3-5 Pressure distribution of alumina at different points under 30T pressure

T FRBEARPREFEMEHES TR T4, HEMEETREBEH
SHS FERIHUE, Cr,0: 1 Al f1 C Z[HHE RN HEF B&HTRIEEKXK, E
BeAEIEE IR RA PREY, (BEAREER N =Y @ia 41 T (1700°C) K JE A S
HRAD, FNEREEREZILAMREMFAFTERRE. BRE—EES
T, HREFYES TEERNEEENMEOER, TLLUARERES
HTFHIE S R & T RIRFORS T B9 80MPa, R XAKTF 120MPa. 2 FiXF%E
B, REUEMA A RS, BRAMERFI{E 100MPa, AEIEMESR T
Hid SHS #MprlE g S mE. HMERSR: 120MPa—100MPa,
100MPa—90MPa, 80MPa—60MPa, 40MPa—40MPa, 20MPa—20MPa.
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34 BEEMB/REMETZ AT

TRBURERFOBRAKRTRRGESE, BT ERIRAKE S BHS
HIB kS, BT REERRSG TR P BRAIKE i1, HAHER RBWIR.

e T

Bl3-6 B8 IEMRG/REME T Z FCNTsHISEMAE J
Fig. 3-6 SEM image of CNTs after heating and pressing treatment

BERAMEREAPRATENHEE. ENORSETETESRKNME
1 LAZRAS B BE B ROBR BE VK . TUTEIX I A PRGN K AR ) Z BIBOR .

FIH B &My REME TE, BT FTESmin AR AT A SERL, I3
AR 3min A AT LLSCEL, XA R B 45 L AR R T e BR 4 KA (e
Ziid PP W .

F3-6 HiR AR E LT H & SERRpe/ R R G B FESRSEMI Fr, di
A, LT EMEEBEAMLEET, KaKE M RETRIRFF LT,
BAEI BB LER A,

B3-73 A K ETEME J (a) JREHCNTs(b) B 8 ZE#R e/ Pid i FE AL BICNTs
Fig.3-7 TEM image of CNTs (a) raw CNTs; (b)CNTs treated by combustion reaction
/quick pressing method
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B3.7) A R HH AR ENTEME v, NEIHE HRKE L20nmAH FOR
FAZR, FLRPHERBRAKESBASWRD, HPRERMKENSER
0Owt%. BEERKKE B TFERMRD, 1-20m, REARERRKR. 2m#mE
WHEJE, BRAKENHEEATRN, HERLSHWHETEE (E3.70)) .

a—Raw CNTs *
b---Treated CNTs

A i i k3 HI. |
1300 1400 1500 1600 1700
Raman Shift(cm™)

Bl 3-8 BRAKE MY R N/ARE NI AL 2R HT /5 Raman SiE Bl
Fig. 3-8 Raman spectrums of raw and treated CNT's

AT HE—PHEBRPRE NG WE LR, JH Raman i (B4I83180 4t 1728 1
(E3-8) o BRYFIES B i 50 EAFE 180 B R T L7 41 5 i D
(BT 1350em™ HE ) F1 5 7 B 523 R 4 HARBE R FIGHE (RLF1580cm™ BT «
S5REHAKEMLL, i inEMHEEAHRAKE R 861+ WDIEMGIE
FILLEKNRTERA—B, HHSEAEE, RAKENLEHERRRKETL.
FE1570cm™ I I8 18 2 BB R YUK S MASfE Mg, BT RERPIARAKE S
ASwtR LA M BEHRHAKE, LiZBRHEREWNERRE, Bk RERR,

BEDIIMELEEYHI, FBTRBERIKENFE. HEELTEL,
G B ML EIRR AR E A W BURE, Mi%R had B BB KE R HIAE
HAERMEG &R .

WETHIRF R MT R, KA B & RMRG/RE N E L 2R S BRAMKE R
M &R ATATI. HTERAREENRERRFLNE, RAKEEZIESD
REFElF, AHAMER AP RIEEPIERRMERIRE.
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3.5 CNTs/ALO:E &+ BISHS/QP#H 4

3.5.1 [FRFngs

FiERE anARAREERE, HARBImR3-3. HH/ESRERER
B, BIREA EEERE LRI RNYE (—ERE) BEER. KK
CrO+A+CH B R NAARTE LN, ZXREERE-1. RELRTRE
XF.

#3-3 CNTs/ALO;Z A F R Y
Table 3-3 Component of CNTs/Al,O3 composites

Sample Cos C; G Cs
CNTs (wt%) 0.5 1 2 3
ALO; (wt%) 99.5 99 98 97

¥ P8 E G ) B 020mmx3mmiE /R, 5CNTs/ALOM %Rk I
BRER R G RERERTAERR, AREHBEREEEH. ¥
WER B TEHA DS, DUS2 SR BEERERNE, FIR%BEER
N, AEPREEABAFFRERERE, frdiE%REHKS1600°C/minf) FHE
HE; FHERERNGREIEGREFEER, NS EREREMES,
ERE—ERE; AR R EAREE R R RS S 30s-120s; BEARHE
B BR AR & G 58P B

3.5.2 X EE AR

PAERER AT, FFHFTEK B (Archimedes) 77 UM R FE, I
B AR AR T AN
Py =mp [(my —m,) (3-6)
Hpa R AR E S (gem®): pr W LRESE FRERFENEE, —HK
FIZETEK: m A THRIAENRE (), mARETHEMRRENRENFRE Q. MR
AR R BEETE. BT
MEE X FEE R AR A
P = Py ! Pg X100% 3-7
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3.5.3 NIFMRERAIR

AR MRS 3umERI AT B G, FIFAERERIFEFLR
EARMEFAS5-64NEHR, HoEklnk hskg, REME 1S, MER
LRI LA, FIF Antis equation & E &M EHIKRTIEGT):

E 1/2
K,. =0.0154 ’[F) opP, oc™3? (3-8)

Hrh, EXMER MRS B (GPa), BlEARos=390GPa, HAH B4k I
(GPa), PVA%ERKEKHMKE S KPN), chRBEHAFEK(m).
HEKBEEHVAT A ARTE:
H, =1854.4-%-10’6 (3-9)

Hreh, PyAERESLHEMMIES KN, dhERMHLKEm).
3.54 MREREGHSH

X FFEI-Sirion2003% & %1 33 4% 5 %%(Scanning Electron Microscopy, SEM)¥L
HRESOMEES, NEERNBEEERIKRENEERS, HRERLER
TR BB, ZEMHEM EAPRAKE M TINIE.

K F JEM-2010F3% 5 #2.45 (Transmission Electron Microscope, TEM)X £ 5 44
KESEAEEKRWFRLEH. EHESOHEHEDT: BEBVIRNT
Imm#IE R, HER100pm, AMGTHLEES 10um, AR5 HAEE FRIETH
Aok, Ffl. BRAEFRIEN200kV.

3.6 HELERRREMELZPSHSBRZREHE

B EY B EEMEARBBRGRAE, TULRBRP G RIREEER,
AMEREREARFEE. N TURMBEIRGHENESHENERS, B
RBHEFR, —BEAELELEREEIO00CLL L. BRFMAREFN, BE
SEARYE I AR BT REAR AL R AL L RE 1 1660°C, B A BTEMBER GBI
bedh. HIZRET, BRIPRKEBMRRELSHIARML, BEXFEHRF MR
FUFICr,Os+ ACHR R R BEEE B A K B I R H DI M L
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3.7 HEEREPEENE T ZRENBHAR

3.7.1 BBk RGRIR ) X H B R R

BEAERBEEROAE, ATREWERENTHFRENE. 2L iE
FAMALEIA R 100g. 150g. 200g. 280g. 400gKAZEH & EEBITIELR. &
39N MEHHERER A R B,

B E3-97 4, LM RARN 100K, BRNEEENEIRER, 4
FAEREF200gLl LA BESIWTTRBBRENBEE. LHEN280gE, Mk
BEEBEE, H98.07%.

Relative Density(%)
L

2 8 8 R

L
W m m w = e
The Mass of combustion systayg)

Bl 3-9 1wtBCNTs/ALOs Bt FhB % FERE ARG 14 R I B2 AL i £
Fig.3-9 Density of the 1wt%CNTs/Al,O3 versus the mass of combustion system

3.7.2 BERGRFENEMNERNFLENE W

@3 o= M U =g
‘; fd 1 - ‘; sl 1"
{ 14 N
E s 1% é % as} 1 "2
2 28 ] ";% g “F 4s 3
i e f
[ A [T]

i u.':“'; énq:w; -y e ,‘.m:d = e - -
Bl3-10 Jfy 24 RERE ORI B ) 324k it 2
(a) 0.2wt%CNTs/Al,03 (b) 1.0Wt%CNTs/Al,O3
Fig.3-10 Mechanical properties versus sintering duration for samples
(a) 0.2wt% CNTs/Al;04 (b) 1.0wt%CNTs/Al; O3
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RimRE, BT EEEREERIAE, TURTEEREGNREN
o FFVickers/EREE, FATIE T 0.2wt%CNTs/ALO3. 1wt%CNTs/ALOZEAR
IR B ) R S B B R SR A

E13-10 5 CNTs/ALO M & FE & W7 B )k B 4 B A FE AR e A R B AR ALY
xR B@FIREEMESBAKRE2W%, JRRERTER DN,
W150g, 200ghf, KELEFTEHEMPNRIENRE, BRT-RAELBHEE
H R (3.2MPam'?), BRAKERFEIMIIIER, LRPEAERRERX
FI280gh, B R RN TIME R AR KM R(3.6MPam'?), MK EER BB ER
&, BAKETUEKRIEINEH. FFERSREIW%BCNT/ALO;H
WHLT . SRR R MR R R BIA 21280, & MW Rt K08 B Ik Bl &
K, HEHPMILR4.9MPam'?, XBHEMBPIRE, HLAH, BREY
50%. 244k KAREE R DA R A B, SR REEETRRETRE.
X5 R E R NE R FETIHEXE .

3.7.3 BEEARRIRNEXERE RS RNE

B3-11 5778 A AR5 R N KL T Iwt%CNTs/ALO# M BIBTE B Fo BT
R MR R 200gi, FE S K SRR NF50.5-0.7um, FEREAWRALES,
BAKEMNRFLKY, FRZNERNRE, EKERK, EREMIEST
BRAKEREAZEMRMN S, BECIRGHMIER. FEERETXAN
BEEMREARFRR/D, Pt pEr e, FRERT, BEFME
HRERE, WE39, MAKREEEMPILEES, RHKRESEMBBNIASES
S8, EREREMRNER TLERZNT .

RN R280ght, HERBUEERE, BRKERBINRFLRE,
S§@EAR, EREEERE, 100-200nm2 8], RAKEERBKIEPZE
TIRKMER D, B2 T REFHEIER, LRI LA BEREA50%.

AkaErn R N YR R B 21400g, SR SRREKK, HX/ALH3-4um,
W ERNBEERTAE D, HO¥ERYBRTEES. NEFTLE
W, LHEE R R, M AH280gME kR & BEIRM, REFEKRET
B, MiZBETHERRBKHFELHET, BHNHFEKATEN, HEEZRXWE
SHEERMEMAYS, BEETR, HERE.
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Fig.3-11 SEM image of the fracture surface of CNTs/Al,O; samples with different
mass of combustion system (a) 200g, (b) 280g, (c) 400g

3.8 BEERG/IREREHRIE S OFN

38.1 BEERE/REMETIZEH X NHNBBREER

WA 3-3 BR8N SR FR A G 28 46 75 b R Sl A SR B A () 78
thek, BT RHA/ Q8 MBS R TR 280g. 4 A ik BB KA T4 N IE,
[ BTG 2 20MPa £ 100MPa, HophnEes (8] 3min. &R MIT L E
iR FHRR 1200 1min, 8 8 5E & Nk 3 2 AR A EHE 1660°C, TIER:
ZHIRIE 1550°C I ek 1 T AR AT IRIZ9 A 2.5min. BNiZscBREIPREE &1 N:
@it 1550°C A1) 29 2.5min, R E]% 3min.

Relative Density(%)

A r z % 3 8 2 2 8 &
T 7 e T

ok

L s i Y L —
= - L] L] "w
Machanical Pressure(MPa)

B 3-12 1wt%CNTs/ALOs AR X %5 BE Bl ) 28 4k th 2%
Fig. 3-12 Relative density of 1wt%CNTs/Al>O; versus mechanical pressure

B 3-12 e il P EARRBHURE ) T RBARBCE R ML, &L
JHERIE S R B ROBIEE. NEPATLLE L, ERNEES % OMPa
i, RGERERLAR 85%. MAEHKMM, HREMESEHEMMTRE,
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RETKFEHLEEMILT

B E 7 M 20MPa 1 K2 100MPa B, £ 5AHX B0% E H 91%% i E] 98.07%. M
BUUEHEHEREESTIEPES THESAER, MTFHRFELTRRET K
ISRz S EIYER

382 AEEMY/REMETZEHKXNMAFIEENEM

BREM B 2R SR RMBEREVMR, BEREBRIKOER, HE
BEERGRIEENSRE. §EEREAREMETZFE KPR
BEENPWRA (NE3-12) , MEOEEELRIERBKHZN. RN
EET, BRAKESEMERREE SRS, ZEMPAERE, BRAKE
BB PR Y, BATECIFEALRATYE, TEFERN AR
4, FEILERE, EEWRREGHR, FENFERDER, i
SRERBERN NI, R3-4ERTARED THRHEDFERE.

R3-4 RFEHURE S THEG 1R

Table 3-4 Mechanical properties of samples sintered under different pressure

. BB EMEE R WA
(MPa) (%) HV(GPa) Kic(MPa-m™)
CNTs-ALOs 20 912  ee=e- emmes
CNTs-ALO; 40 93.2 104+02  ee—--
CNTs-ALOs 60 96.4 12.6+0.3 34103
CNTs-ALO; 80 97.5 13.8+0.2 42402
CNTs-ALOs 100 98.1 144403 49%+03

R3-ARWET R FIHENE BT HEE R R . M0 E S A
20MPafI40MPakt, # & IBERERIC, SHERERIBRIBAN, REHE
HEUBEKE, Bt ENRtE REREE. Lk h4oMPalt, 4k
EERMAPAX AL KBERAT R, BEEMEMEK, H104GPa, HEHR
B FI60MPalt, F R HERBE, ERNRINELTAHANER R, SR
PUBE /7 3180-100MPa, #ESMBFEEHR—FRE, RERVNBIEERS,
BRAKERE RFOMPER. XE5¥ARFEIEND TR SRR .

3.8.3 BEZARREMETLZE DK/ RREEHRRME
LRFIYRE SR, BRESEERE, BEAERBNRE HET,
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HORE T FHEFAR X

anBLJ LB E , BRAKAT BRI T dakiz i8] (B 3-13): L inpLIgIE
(100MPa)Jci, HFEMERE, BAKEZHMGET LR Y, BRERKE, #
B RAF IR R

& 3 13 KHJIjJ‘F#.% SEM H F(a)OMPa, (b)SOMPa (c)lOOMPa
Fig.3-13 SEM image of the fracture surface for the samples sintered at
(a) OMPa, (b)80MPa, (c)100MPa

MBI R e DA B 10E £, HHUMKIE ) }80MPalit, 5100MPaf#filL, &
REEBEMERK LE3-1280% 8 M2k) , BHRAKE WA P RHK B K ER
B, BIRNERRNME L S, EREOIEESD T, RaAKEH
W KR, RERFOMEIIER. XF R T LR A 7Emi NN &
PR 1, SRR BRI 515859, Bk 5 EAL 45 1) 4 T B L AU
MRELEE, FHIMYISRE SRR .

3.9 BAKEEMEBXREREHRM

391 BRAAERMBRN ESHRBBENENE

BAKERANRMNE, B, REFHAOMELE, Bie L, EEK%
WA T BB, BRAKTRELRMELEN, ERFANLETIEE, MG
B AR TCEAR BB K T RS AR, 1 0295 T e ek 2 B A RO -
ik, BATHES&EAARKEREAKEOOR M &R T A+

HTRAKEERBNNAE, CHENE@REK RIS EE, TRE
Mg E i —E R MR ENBT, BERIKE S ROER, XF
BNz E3-14 R FCNTs5 & FHE BB R fhk. st e Rkpeis
FAHCr0+C+AIR Y, H A it H280g.
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Relative Demaity(%]
EEEEENENNNE

—_
o

“w (2] w te ] e

[ 3-14 SHS/QP #¥ M3 % BEBE CNTs & B 4
Fig.3-14 Relative density of SHS/QP samples versus the CNTs contents

tHE3-147T 50, BHEBEAKE S EMNOSWRIRHTI3wt%, & MBS %
TR, fSENEaEREd2wen, BEEEE TR, SRS H 1
SRR T BB R . L, BRAKEMFE R LW T Sk
anBLIAE UL R, IR RRY, ARAKET SRR, TUEEMRHHE
ARLAZERCY: 0K, AEEBAN, RIKEOERELE™E, R
ERAEGBR, U—Fhfiis fRERRE I, FAETRRIR, Xy
FRHEEMEBEEN N,

[ 3-15 2wt%CNTs/AlLOs i) TEM B}
Fig.3-15 TEM image of 2wt%CNTs/Al,O3 samples
B3-15 B A BRAKE & & J2wi R ITEMBE Fr, BREUKE 2 4 UL
s BLA R, UL EAK K MIBRR B RA, SKEZ I FER BB, XA
REBEEXWBERNEEE.

392 BAXRERENESHR N EHENEE
I F B OR T 0 N 2R, SRS i A B R N B AT R FIR
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FHEEIER. ERERHKENSE, B EIHFHMARTREIENTMH
R, EEZIREP, ATRAKREREURS, ERHIEPHLSKERE,
EmE N EREMAE.

—»— Fracture Toughness.
—e—Vicker Hardnees
o~
LA
;
z 1% 2
4
g
3
I3 “s
i :
- 12
2 L N "
° 1 2 3
CNTs Content{wt%)

[B13-16 CNTs/ALOsF i J1 % BERECNTs & B A2 M i 2%
Fig.3-16 Mechanical properties of CNTs/Al,O3 samples versus the CNTs content

E3-16 R T ARBRAKREB ME TR FEREL. BEERAKE S
B, KRPIMERENK, Y8 NEET2wnl, FBEEMKREPIHER
PAAF]5.7MPa-m'?, {BILEEERE T IE3)11.8GPak s, HEERHBAKE
ERBRSENMEARERN (LE3-15) , YBAXKESEN WD, &M
FL T 04 54.9MPa-m'?, MILLAIE LB MRIRBAIS0%, IR 4 R A
14.4GPa, ZEAWRN I HERRMBES, EIARLAH, HERETRRE, X
ERMBAKESENENNFAEESHLEMERRZ BHNEERFIIE
i,

3.10 5 BT HRIR/RIE I FE A an BR 0 K B ROIE HIHL 2

3.10.1 4R M E B SRR Y IR T IE

FEFEHUR B ARERAUSTEFRRBABEN—FITE, FUEER
R EEItE, MAXZHIBER FEERMRERMERRE, KRR REL
ShEARERAL TR A K. EFRERRE. MR MRS 4SRRI
MREE SR, AN, RIURBEMALER B EHE, REBE D E
PIMRGRER—F A E, ZENEEMERR AT R R ERER SME(CMO).
X REFCMCH B RAT AMBF A RS, MEPHRIRE 8N BT
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BRNBETRFEBEMI X

WAL, FREESEEREFIBEE OFFRE “BE” ) . FHEHRTIKRE,
EEIOIEIETENR. RO (HAE) AFGERBE=#TX. &
Y BB BCR AU R T A ER AR A 5 R, T S ENIZ M
RIXF X R R R AR S REEIMAR. Bk, EHRERIFHEILBE,
ELRBEZEAESEAZ ARYERAFERLENEE. EMNEREER
AT ESRERGMAS, BROTERLH, TTEEN ANk
TR BT AT R AT IE 24 R B B SR E A A
(1) Bt

PR PR IS DEAM RS, FHE R —#, FRHERLME,
WIS F1, BAERGGE— B, NTUREMEYERRE. HAMREGE 2
mim i A R E R Z—.
(2) Ry mEEHi

ARGURITE R B L A KM AT 4R, NEUREFERMATH T M (3
BE) , WARSESNGEEE GIREAESEGATRERR) BEEEA
TR, EHBETYRAAKIEFERIAF L FERLERKRERAMEZT
fE, DA URMCE £ TR, MR ZDEFIREM . ROUREIPLEHH
R =R —RE 7%,
(3) iR

RN RIEFEESHERAT AR DR, 57 mAERRKER D)
. HHBNARBRENAETRL, BHibxaR—HERHsREI
file WRAESEERNGEEREE, MIAOTERNEF PR, EETEER
ShFBTARRG T HE, AUETRBAASZEMAN MG, HUEesRE, &
ZA RS AW, TEAFERCTILR, RUSEREENDNE; k2
RARSEANFESEEBELE, WARKESESEANFOEE (RL
IREFII—HRSY) FETLERIR, FORRRE LA M I Bt T 2T R A 2 BL I
AAEE, BRTUREBEESGRERTE. Bk, ZREIRRBRRN
HBZ—RFERE, LREBENES, TEETHEONBEE. FEH
FROET R AN, HEFTBRFERHELUTXRR: E/E, <1/4; XF,
E—RHEWRAE: E—ToERREE.

AEEREMRELEEHERM, —HEYELEES, —HEL¥LEE. HF
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Fig.3-17 SEM image of fracture surface in 1wt%CNTs/Al,O3 (a) distribution of
CNTs in matrix; (b) pulled-out of CNTs from grains (c) CNTs in the grain boundary
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Fig.3-18 HRTEM image of Interfacial structure in CNTs/Al;O; ceramics (a-b)
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Fig.3-19 SEM images of crack on the surface of composite by indentation (a) CNTs
in the crack, (b) the crack-bridging structure, (c¢) the fracture of CNTs (d) the neck
structure of CNTs
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2 " M 1 n
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Fig.4-1 Mechanical properties of 0.2wt%CNTs/Al,O3 versus sintering temperature
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(a) 1250°C, (b) 1350°C,(c)1450°C (d)1500°C
Fig.4-2 Scanning Electron Microscope of fracture surface of CNTs/Al,O3 ceramics

(a)1250°C, (b)1350°C,(c)1450°C,(d)1500°C
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Fig.4-3 TEM image of CNTs morphology in the sample (a)1350°C;(b) 1500°C
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Kl 4-4 0.2wt%CNTs/AlLO; ¥ fh R E L SEM B J1(a)1300°C,(b)1600°C
Fig.4-4 SEM images of crack on the surface of 0.2wt%CNTs/Al>O; by indentation
(a) 1300°C, (b)1600°C
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Fig.4-5 Fracture toughness of 0.2wt%CNTs/Al,O; versus sintering temperature
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Fig.4-6 SEM image of the fracture surface in 0.2wt%CNTs/Al,03
(a)1350°C/2min,(b)1350°C/0Omin,(c) 1450°C/2min(d) 1450°C/Omin
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Fig. 4-7 Raman spectrum of CNTs/Al,O; ceramics sintered at 1350°C
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Fig. 4-8 Relative density (a) and mechanical properties (b) as a function of heating
rates in 1wi%CNTs/Al,O, samples
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Fig.4-9 SEM image of fracture surface in 1wt%CNTs/Al,O3 samples sintered at

1600°C with a heating rate of(a)100°C/min(b) 200°C/min(c)500°C/min
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Fig.5-1 Temperature-Time curve in combustion reaction/quick pressing process and

Spark Plasma Sintering technology
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5.5.1 H¥mpyhFiae

£5-1 AELET 1wt%BCNTs/ALOH¥ & J1 244 Rk
Table5-1 Mechanical properties of 1wt%CNTs/Al,O3 with different technologies
B8 TS B (%) AL RT SRR W E T

(um) (GPa) (MPa-m"?)
SPS 1150°C/2min 92.12 0.5
SPS 1300°C/2min 97.9 0.7 156402  28+02
SPS 1450°C/2min 98.34 1-2 153403  3.8%03
SPS 1600°C/2min 97.21 34
SHS/QP  280g #A%efA F 98.07 1-2 1444+03  4.9+03

WRS-1FT7R, HAANFE SRR R 4 RAERE(H . FISPSKE4iRT, =ikt
SRR, WM1150°C, HEMAEHEXNEERK, EREYN, TEUEEEK
BRI LRERER, W1600C, MATHATITRN, BRABERAE, £
RARTRAKERLEEZER, FIRBRERNENW, HEEEEUNE.
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ZHIEMER, HERBRIN: TEI1600CTHAMBEEFHLEHR &
BRERER, TERWAN, Z4ENEFRRARERE, ERIZEHAE.
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Fig.5-2 Crack profile of Vicker Indentation for SHS/QP(a)and SPS1600°C(b) samples
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Fig.5-3 SEM image of the fracture surface in SHS/QP(a)and SPS1600°C (b)samples
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& 5-4 SHS/QP #¥ .l (a)H1 SPS1600°CH f(b)if) TEM B}
Fig.5-4 TEM image of the CNTs in SHS/QP samples (a) and SPS1600°C samples(b)
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(a)SHS/QP F¥- i FlI(b)SPS # i (1450°C)
Fig.5-5 SEM image of the fracture surface in 1wt%CNTs/Al,O3; samples from
(a) SHS/QP and (b) SPS(1450°C)
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