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Thermal Management: An Overview
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Abstract: The thermal performances and characteristics, products from main companies at home and abroad, and
examples of typical thermal management applications of different metal matrix composites (MMCs) were reviewed. The possi-
ble future developments of MMCs used for thermal managements of high power density were predicted. Based on the common
features of high thermal conductivity and low thermal expansion coefficient, silicon/aluminum, silicon carbide/aluminum
and carbon fiber/aluminum composites, which are characterized with light weight, low cost and machinability, have been
widely used in the areas of aerospace, aviation and transportation. Carbon fiber, silicon carbide, diamond particles
reinforced copper composites were also gradually emerging in the field of military application due to their high environmental
tolerance and stability. As responses to electronic packaging with ever increasing power density, the National Key Research
& Development Plan has been dedicated to carry out projects focusing on MMCs with ultrahigh thermal conductivity over 800
W/(m + K). It’ s supposed that, nanoscale interface design, novel architecture and new reinforcements with ultrahigh ther-
mal conductivity, may lead to new popular studies in MMCs for thermal management applications.

Key words : metal matrix composites (MMCs) ; thermal managements; coefficient of thermal expansion; thermal conduc-
tivity
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Fig. 1 Typical products of Si /Al composites" 10]
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Table 1 Physical properties of typical Si,/Al products

G Model Si/  TC/(W - CTE/ Density/
ompany € (vol%) m™" - K—I) (><10'6 K—l) (g- cm'3)
CEl1 50 149 11.0 2.5
Sandvik Materials
CE9 60 129 9.0 2.45
Technology
CE7 70 120 7.4 2.
AlSi50 50 140 1.5 2.50
R.S. Technology AlSi60 60 125 10 2.46
AISi70 70 120 7.5 2.43
Aavid Thermacore  AlSi 40 126 15 2.53
Hunan Aerospace 50 Si-Al 50 145 1.3 2.50
Chengyuan Precise 60 Si-Al 60 126 9.1 2.47
Machniery 2 5 a1 70 113 7.4 243
Tianjin Baienwei  AlSi50 50 140 1.5 2.50
New Material
Technology ~ AISI70 70 120 7.5 2.43
Xi’ an Trusung
PAnTUSIE s —  110~150  7.5~13.5 —

Advanced Material

Si, /Al 5 5 4 R L RS 39 BRITE/EURAM
W& W H #ESh, 7EIEE Osprey Metal, Alcatel Space 1
GEC-Marconi AR E I AET , RABSFUIREA LG
Zen THEAR, R S AR, TR T R
120~150 W/(m + K) . CTE H(7~11)x10"°/K £ CE %
51445 (CE, controlled expansion) , HATHEE Sandvik Ma-
terials Technology 23 Al # ) Osprey CE alloys &5 Si, /Al
SCERPRHE O TS bR R LA IS BT R B S
FORE, FEZEAG WA . UK HL 7 it 2 U R o 1 T
IFI R SR Al . H AR A2 W)k FB R 4R 4 ik ko
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i Si ARSI R 30% ~60% 11 Si /AL ZEMEH, FEHA
K WA IR B K A B BT IR A A
AAGHE

ENTg L, REE B R R A IR A E L B
BT R A A B LA PR | P B E BT R
TLIRGEIRW B & & A R R S5 8 4272 Si /AL 58
B BRI, TR R 50% ~70% Si /AL A b
BHAHAT RN 120~140 W/ (m - K), ZF#i G T HAE
o0 Uity L) R 28 L A A 4 1
2.1.2 SiC /Al £ &H#

SiC,/Al EE BRI IR ZE | W) Z AR
AHET, HE AN BT R R S A B AL
WEFREZLART SIC /Al B ARl R EU
£ 55% ~70%1) SiC FkL S5 Ee iR G &2 Gmimk, Ik
FHECRH(6~9)x107°/K, 5 FRICELR b, HGFHH
160~200 W/ (m + K) (/DEE PR F 240 W/ (m - K)),
HE Si /AL S A RERHE 30% DL 1, % E(2.9~3.1 g/em’)
e Si /AL A ENR 20%, HLBOIN T RE %8 Si /Al A&
MR R AR BRI & RIA I BT T, B Sic
WORLRBUY N, SiC /Al 54 bRHR I K 22 80T [,
LR S DT

FEAE Alcoa [ 1980 AFAEHUS) THRILE A MR
WH5E, IR EL 70% ~ 73% 11 SiC,/ Al & F1
TSR B, 488 T TS A eE Ty, 3
[E] DWA Aluminum Composite | v [H Aerospace Metal Com-
posites ( AMC) 32 52K F M R 16 4 il 4% SiC,/Al H2EH
B}, 2% [E Thermal Transfer Composites ( TTC) . II-IV M
Cubed Technologies R F JG J& 4 15 15 i £ SiC,/Al 26
ML, YIRS A =R AR e EE B RS, H
A DENKA HLABREIG 4 A2 E CPS A Fl 2 B At A
MR K I SiC /AL & A BB R ™ i A2 7= 4l
i T ATl 4 ER A3 T 0

RAE 20 e, i TTC WY SiC /Al &G MR 3
Jepl e EARHr A E L VE R 2 F R A7 HLEC JR AR %
MR IS GaAs 2K 5 0 4 il % WL/ & (T/R) AL R4
Hebb e oh e, ROV S T T/R 44k fg, H ol &
70%, SEELT LR S B R Gi i b, LAY R 4 1)
{46 . EEVG AT - BT AR 0 F-224 5 & 7 5
PLIESE A s 3 . RHEIT, AT B E 7 R
. IR RS SR OCHE L T R, REBE 2R
FIRIF A 0 A0 48 0 S F HL EA-6B AR | B w) A
WL TR 2 55 AN/ALE-50 . 5 [ 42 18 4\ 6] kg 42
ARSI 18 O 28 B AU B 3 22 FH A RSB F-18 < R B e ™
T R R BILZA w0 38 O AR RO 15 UK <1 AL

T R SiC /Al A AR H T BB 4L
LAk, SiC /Al AP EE I T i% e At BT 28wt
) RAD6000 RATTHEALALM:, 76K BIREEE FIR VG e
T ORI 2 R s R oh R P BT
FERTREIR DI RRARE T, SiC /AL S A MRV K
T TSR IGBT HH25 34k . IGBT 8 % %3575 A
fRERRTE b, FEARARL 5 FALSS CTE PTRC, AR Ik
AR B R, SRR, T LA P SR ]
BRI STE R DPRIG IR T R AL, UL TC Ik A2 & T
S IGBT Al FEMET R, 1M SiC /Al & A MR EEAR I 52 07
WIIEFR AN RAL, 1991 4R R 0T & 7 i
WA EVL, BIEH SiC /Al & A MR AU
T IGBT #4%, W2 THRIIRIVEIIZIR . 1997 4F, HA
FHARITF RIS — SR G S 154 Prius LI, H
HLJ RS0 IGBT Ut doR T SiC /Al 5 A 4k
BT, DMAUES) S RGEM AT SE Tk, 1999 4, H Ak
700 BUHF TSN FAED) R AP P T T Sic /Al Z4
MR IR, LAGR I 3h ) ZR Ge it P AP B e sl
2009 4ELLJE, FREFREE R E R ERE, I,
L BRI . R R BLAE A F X IGBT T 3R e
SiC,/Al A MRHE R AR T R i TRy, Pk iy vh
TR B NI IGBT S Hedsh s F R 7ok
APk, PEdiE, 2017 AFIEARIN P AR R T
“3600 A/4500 V JE3ER IGBT KB AR, BikEN
S E R G e TR Y IGBT, B % $0AE SR i
T RUEHCAEAR , SeEl T R A R IGBT $K
“MTCEIH " 1E5 i,
FEICEEIRT T, SiC /Al & A bHRHE TR 5 L7l
H AR Z R, SRR g R TR, S 08
E R /NI E T O PR VS N S T LR B R (kY619
BRSNS, 66 TR 4 A ] 4% H
HRER T SIC /AL A BORME Sy B R 28 2% B A es,
AR AT RO S 15 LAY/ 5 isf 7= A ) T 7% 5
R RV BRI O T LR R TR T, e K B A B R
S AT R A TR 2 S e AR T AE AT S
TR E X R ARL B SiC /AL B A MR BF R 46 T 20
T2 90 4R, RS LA A B AT S . b
Wiz MRHIFIEBE . WA REE Tl K% Bigsgim K24,
Bk KA | AU RHE RS | PEAE TR 2% | HRE R,
SRR RS SRR e BEFEE | R RE
TERS . LT R TG B A5 15 55 2 P 45
TZTFRBE, o F5T B Ol o ik KA = e 4k
R AL JEILEARR, g TR T ROR R R R
BIHESh, 4JEIERE A MRS 5 77 At 15 LU &
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Fig. 2 Typical products of SiC /Al composites: (a) baseplate with pin-

fins, (b) light-weight baseplate used in VR products for heat dissi-

pation (7]

2.1.3  Carbon/Al & A-##+

DARRET 2 5% 1 B8 ARk, 5408 A 455 Carbon/
ALEGMEE, 5 1k S /AL SiC /AL & RRHH L B AT
B R AL TR, R T R A5 28 A A R
BERGUE, ANE 3a BiRt™ ) SR, — I, &SRR
Hel @ A AR EA B S S, B A AR P RE
Bz R A s [ B (s, R T N 2,
IRNEHES . ROIRHESNAE, DU D45 1) Sk I AR, B A
XFRARE 00, ) LM B 45 ) S M 2 SRR I B 34 5)
£, H—JrTE, Carbon/Al AR 124 BE 5 <%
PEEE Si, /AL, SiC /Al 2132, JUHJR A & il 4 T 245
KM, S8 580 KA A SN AR S ) i
W ALC,, RGBSR, IR AMES T 5ErE2
B, NI, 3% Carbon/Al & & 4 BT I H 75 3F
AT T B dr b B, S T R R AR A bR, LA M
[0790/90/0] 24K C/Al B A& M B T8 WIFRIE LR
Mgk, SR IR BeO SRR, WER F L
B ER, Moot K nE 5l &, Fed T
5 BeO #A K AH [7] 10 A 25 S SO AR B T R s

g 3b FrRt™ . B 1 CERN Technology, 2% [ PCC-
AFT., f#[E Schunk Carbon Technology (SCT) . N ML
UIRHTA R IR W) JE st MU R A R A B | IR
TR R BR2A ) 45 T SR (A SC PV Bl ™ i, 3R 3
G TRy B AR i B PEREFE B
®2 EMSIC /Al EETRIF=RIERE
Table 2 Physical properties of SiC,/Al products

SiC/  TC/(W - CTE/ Density/
Company Model 4 4 P 3
(vol%) m™ - K™') (x10°K™") (g-em™)
MMCS55 55 160 11.8 2.96
ASC-701 70 170 6.2 3.01
AlSiC- — 17 .01
LIV M Cubed SiC-63 5 8 3.0
Technologies AISIC-SD — 175 7.3(x) 30
8. 1(y)
AlSiC-68 — 175 7.4 3.03
AISiC-70  — 175 7 3.4
MCX-703 185 7 3
MCX-724 165 7.2 2.94
TTC MCT-587 225 5.8 3.01
MCT-487 225 4.8 3.10
MCX-1195 183 11.9 2.87
AMETEK SiC/Al 55 190~200 9.77~10.56 2.96
AISiC 63 190~200 8~8.75 3.01
CcPs 9 %
AISiC1I0 68 210 8.75 3.03
Sumitomo Electric ~ Al-SiC 150~200 8~15 2.6~2.8
R.S. Technology Al-SiC 63~65 =240 7.42 3.01
AISiC-SD 175 7.3(x) 3.02
8. 1(y)
PCC-AFT AISiC-68 68 175 7.4 3.03
AISiC-70 70 175 7 .04
Alpha Materials ~ SiC/Al  — 170~200 6.5~9.5 2.95~3.0
) SiC/Al 70 140 8 2.6
SEI
SiC/Al 65 130 9 2.6
Xi’an Migan 55 9.8 2.96
Microelectronics  AlSiC 63 180 8 3
Materials 70 7 3.02
Hunan Harvest AlSiC-11 175 11.2 2.89
Technology AISiC-9 180 9.3 2.93
Development yj5;: 7 180 7.2 3.01
Fadi Technology  AISiC  55~70 200~252 7.42 2.98~3.01
Hunan Aerospace
Chengyuan Precise AlSiC 65 180 7.2~7.5  2.9~3.1
Machniery
Beijing Baohang .
Al ~ 1 ~12 —
Advanced Materials VSt 30~70 70 8
Xi’an T
ban TS g — — 6~9  2.9~3.05

Advanced Materials
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Fig. 3 Typical products of C;/Al composites
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Table 3 Physical properties of typical Carbon/Al products

TC/(W - CTE/ Density/
Company Model
m! K1) (x10°K™) (g-em™)
CERN Technology  Gr/Al 385 ~9 —
123 (%)
AlG 291 (y) 9.1 2.53
132 (2)
PCC-AFT 228 (x)
AlGr? 281 (y) 7.6 2.1
209 (z)
ALG1808 180 (x/y/z) 8 2.2
Schunk Carbon
220 (x/y) 8 (x/y)
Technology (SCT) ALG2208 2.3
140 (z) 12 (z)

[18]

% 4 E5b Diamond/Al E&## = mMERE
Table 4 Physical properties of typical Diamond/Al products

TC/(W - CTE/ Density/
Company Model
m! K (x10°K™!) (g-em™)
460+25 9
PLANSEE AICD 3
43021 10.3
PCC-AFT ALDI? 400 5.5 3.26
Al-Dia 300  350~400 8~9 3
RHP-Technology
Al-Dia 400  400~450 9~10 3
SEI Dia/Al 440~530 7~9
NMIC AS-D60 450~ 500 7.2~8 3.1~3.26
ADS — 600 7~8 ~3

2.1.4 Diamond/Al & &#4+

Diamond/ Al 5 & FEHME SRFFIR IS K R A, (K% B
R A HERTHE T, 5 Si /AL, SiC /AL & & bR L,
TR 1~2 5 (=400 W/ (m - K)), ZEHIE
FRBE R IR R AR B R 5 4 3 HE F LI T A
22, BALR /K JTS80OE oI m T, AE 0 AR R
7R — I IR IE ™ . Diamond/ Al B4 RHE 455 1
FEATANZ B A ARG G PIRD, F# i A i A v < W1
A GBI G) K A A RN A B AL C SN =), 38
AT AU AL B S AL A ok,
1] 5 A i 5

Eﬁﬁ, [E # Diamond/ Al & & # B S 3 7= 5 A2 Fe A
WP FEZEEPFER A LEME A, G5, B
RHP Technology, PLANSEE, 3 [E NANO Materials Inter-
national Corporation (NMIC) . Advanced Diamond Solutions
(ADS) K H A< DENKA HLAL#k IR 2 4E4% . [ L Dia-
mond/ Al 5 G BPEHRAE H1L i A B AR 2, 3R 4 51
T EERE ML S PERETR AR
2.2 EEEEWH

Al S L, VAR (385~400 W/ (m - K)),

ZIRAERE 1.7 4%, CTE 9 17x10°°/K, AR T4li%H (23
10°/K) . AT, SHMIE AR, S5 56k R
TSI DR R AR Sk R BRI AT 5 2 SR AR A,
o TR E ST, HoOhREENE, MR SR
AT S R A AR 2R B AT AV BT R R
A RAFRTS T 5 A e M, AT AE S AR
A R T PR A A v R AR AR A SR,
TR RIS T AR I KA, R, 6%
JEARSE — B IR EER NS, M A S AR AR S i P
MEHBAR 5 U 4 NI/ ( Diamond/Cu) & &
MR, TR E KRN &R A AR BF R R 2
—o SR, W EE S, H SRRz A 7E S G
TR, v REAY T R AR T S RE RN ], B
AR TS )z e

4P Diamond/ Cu &G 41 R £ B ARBEFEF Ak
KBRS, BAE 1995 4, FE Lawrence Livemore [
KLY % Sun Microsystems /A Al & /EFF & T Diamond/
Cu AWK, B4 4 Dymalloy' | HHGRKF] 420 W/
(m - K), 25~200 C I #IEZIK RECH (5.48~6.50) x
10°/K, 5 GaAs, Si IR RBAHICHES, 1F R 2058
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ik KA. PG RILE

B APRH LT BR R K S e 3 999

Pe(MCM) FEAR A2, EHR & T2 e, AR &,
2000 4FLUR, Tolk Ak FE RS2 H AR Diamond/Cu 42
BAPEMECT BT, A A T.(SEL) | HARE
A TAAARBE(NIAIST) | KBRS, FLA7E 2002 4F 6 A,
HAE A2 LT (SED) BIEJF %2 #4500 ~ 550 W/
(m-K), CTE }(6~6.5)x10°/K f# Diamond/Cu & &
B, B 4 A Diamond-Metal-Composite for Heat Sink
(DMCH) ', #5438, 3¢H ADS JF& T Bt Diamond/Cu
SAARRL, AU AR IR R A Rk 1200 W/
(m - K), 35 THIAIAER, 70 B 60 mm, J&
FEH 1.5~3.0 mm, 2003 4F RIJFA6 1) 56 60208 | 1 0%
LR R W@ =N BN B I e N S I S
FY) . EmIEFHIRERA AL Diamond/Cu B G HFEL™ i
VERTHOE R B SR 5T, 8 — )2 Diamond/Cu 245
R B RRG Aol; H T ADS 18 EIRAS 1 A A,
Al 32 T E TR I

YA R K224 Diamond/ Cu & AR AL £ B 5%
T R TR, dbatR BRI A i ASE
R WEREE TR . TR RS L R R S5 e A A
FHIFBE Tt T 88 T AHSCAIT ST, (AR LA S 46 = ml/ At &
A BT, M BCA T UARE T AR, A R
Diamond/Cu Z 5 A8 MERES W 5,

%5 [E% Diamond/Cu E A 7= M 1ERE

Table 5 Physical properties of typical Diamond/Cu products

TC/ (W - CTE/ Density/
Company Model y . PR i
m - K7) (XI0°K™) (g+em™)
470£20 6.7
PLANSEE CuCD * 5.5+0. 1
450+£20 7.15
DC40 600 4 4.6
SEI
DC60 550 6 5.1
Cu-Dia 300  350~400 6~7 ~6
RHP-Technology Cu-Dia 400 400~450 8~10 ~6
Cu-Dia 600 >550 <8 ~6
Di .
SEI ia/Cu 550 6 5.5
Dia/Cu 500 6.5 5

BESRFEFE Diamond/Cu & & MBI 5T 8 4 W& i
JEHF= ALK JRAIXT TS IS, (BAHDCERT ] E 4 FH A SE R 5T
EROEARWE A R, A CE R KR R &
LRI (2006-2020 4F) Y, 2017 4F FE 5 & SRR
SET RIS R SRR L MR A B I, X T R
LA R SRR, & T R A S A T IR A
BHGH & SRR, s il — I Rk
T4 Diamond/ Cu EG MR S WHER], HERASEAET
800 W/ (m - K) ( lb&lifilm 1 £%), #UZIKREA ST 5. 5%

10°/K( 55 =L FK GaN 52 2VCRE) , i 5 Hfl
PAT PRI BRSSO S 300 o 01 5 I 12 AR
BE . 24 A RORRE | SR (=1000 W/ em® ) #4
SRR RRAIS 40~ 80 °C, by AU ARB R} TR 0L FH B
S AR PARER 1 i 1 BE IS R BT S 2 R A AN
AHrge, PESCHRRGE, i A BT, R ik
PR E N HE R A2 R R 2R SR AR R
B &R /PRSE (D5 mmx24 mm, @10 mmx3 mm)
Diamond/Cu & &M B SR T B it 900 W/ (m - K), &
SR E R4 B A3 W 58 )/ N RRE R AN T 750 W/
(m - K), #GFFAMTF 800 W/ (m - K) Y Diamond/Cu
SRR S B A FE T T HAR PR
2.3 BEHSESSHE

5 AL, Cu #filt, Mg HAFEMNMEE(~1.74 g/em’)
(G RWATIAF] 150 W/ (m - K), JUH 25 S5
4E | SNIAERE AL, RIS R [
R HHA I Tl 2R 8 (25 107°/K) , DA A 308 31 ] 46 )
HE AR — LR T Rk b 403 1
FE, HAM LR TR SiC, /Mg 54 b kHAGE 3
PR, BUFEE(230 W/ (m - K)) L SiC /AL A RER= f
$m 15% LA b, [F B % B T REAR 6% DL B (/b F
2.8 g/em’), M H AT 4 85 18% LA b, X fiit K 45 45
TR R AL TN S A E R R L,

TR, BV B T R i A2 5 R IE B 5 | Bk 2
FATHIDLER , 5, 2015 4F PV 3 FH 42 ) 3 52 5 1R
L8 PGPRIF BRI R A HE T oR AR 1k
B 45 IR 43 50 61% ~ 76% 149 45 W A1 /% ( Diamond/
Mg) & Ak, AT REIE 700 W/ (m - K), BEEN
3.03 g/em’, FEAHTE L BEAY Diamond/ Al & & 4 Kl
K ~8%, FIIF T A8 i R B 5L G AR BT
PR, 2018 4E X ARIE T LA Diamond/Mg & & #18 R & 2R 1)
FEFLILIR A R, B REAY 119 g/em’, T 5 82 W/
(m - K), A THRABIVAR GRS REfbehs ™

3 AEENAEEEEAMBHNLXRESR

W, MR SR IERE R EE R A
SRR A MITE (RR2E . SRR ) | SR SR
(PR R RE) | 3 i A/ B A B0 52 & ST A S S 49 i A
FESEPR A il 40 A T E A RHA R A,
SAWERER AL AN IE] 4 BT
3.1 MARRES/FELERIT

G PR LR IE SRR SO T IR RE R S i
R, W TR >60% ) 4 W47 1Y 58 43 8 5L 52 5 b
BHITE , A B AR IR 3% 52 5 A e B 2w iR
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Fig. 4 Summary of materials used for thermal managements

M B, EAR LR RS R — B Mg (150 W/
(m - K)<AI(230 W/(m - K))<Cu(400 W/(m - K)), {H
5B ER A PR E G5 R E A ~700 W/
(m - K)P 22 b RE 22 5 0T 5 5 R 22 5 0F R I RE
$57 3% F Diamond/Cu FLHIAMSYERMRUA R, HEE5 R
mek kB AR E K, BT, Diamond/Cu & & #1
Ak AL PR BE T Y B B B RCR, VTR AT R
1 200~300 $2 T3] 600~700 W/ (m - K), {H5HiEH
WUE AR F AT A B K 22 18 (fik 100 ~250 W/(m - K) ), J&
PRIA] REALE T AL 2 ANMER T | JREJE (GBS 200 nm D) |) |
T v AU i s A A R R Ak R B T et 1
AT R R AR ORI — 2 5 & B B 5 A MRV T R A — A~
EE WL, HHET Diamond/Al £ &4 K v B FF IR T A1 0F
FEPO BRI AR B S A PSR ASUR
3.2 HESSMESWEILIT

Ak, BARE SRR — R R H R 48 5
HAEMESIPERR A RBOERE, (A A BRI
XFEFLE | FIREE A ) S R A T R Y T
Xof 4% ) [Pk v T ABOR 3 58 4 SR IR B A AT R ARG R
Wb, 5, RTBREZHY, SMma850
Ji SIS AR B W BT nTAE R X RS M
FRBRARTRE R TR — A, FURL2TE B TC )
B AER, EEMF S RN, 5
HE ARG R A, 2018 4, 1138 K2
TSR IR R A BRI A AR B4 5 40% . 50% 1)
Diamond/AUE &M KL, B 4 WA UKL 43 A7 PR 25 054 3
Ak, G RIE BRI IR 219% A1 429, g Bk R
GEIE AR BRI S AT T A SRR, WA
3D FTEPEE B AL s H e AR K S, A RN ] BRI T 4w A
AR I S A R A
3.3 FEUBSSRIEEFER

AR IR K R EOR R R AR B, T BE S

BRI S 42 T 5 B b R S Bk BR R S 1 Oy — A
ARERIEAE, a1, CRIAMBRAIKR LT 4E (CNF) | Bkghk
E(CNT) | ATaM 9K i (GNS) SRR BRIG sk, AH
HARSH 2= . AR R ((-1~2.5)x
107°/K), T H B A & i 45 2 (3000 ~ 6600 W/
(m-K)), BWRRENALEE 1~2 75, AERES TR
SIEILE AR SR IR, SR, B IR A R E
RGBTSR APERT, e AR5 B K B 7R 52 5 B R b Y
P8 G B B I 5 4 T R U G 4 1 — R T % ) O A
SR AN, BHAT, A TR S SECS R s &
ROR, 8 10 4 Ji 5255 b ek v 98 DK 394 5 A 1 1A B 3 B
WHEALANT 15%, Kt 5 G F il Fm AR e, il
R AV TR T S BEEAT, 201845, HA
FRHRFIC A H A AR 2 Tl bk &4k (SPP) i T
RS S (~2000 W/ (m « K) ) Ok BT 4E (VGCF) 5
CNT 3 [) 36 588 52 4 1 %5 19 60% VGCF-0. 2% CNT/Al-1. 2Si
BAMEHE « 7 TR EIE 719 W/ (m - K), BT
CNT 7E VGCF [ @ e, v 7SR WA 217 W/
(m - K)™ VGCF-CNT/ALE & RHEA B & f AL
T, EE AR SR 98 K A s S AR
B SMRIORTIERGE . TR, AR AR S Sk
MM REGE IR A B, 3 iF— 20 B B 4
BEGMRIR R,

4 % iF

=A

URTERE FHOR SR R M, R
ORI R, mF i w8, kKR5% =
RS R AT 2 VCEOF B A s AR R &8
B AARL, SEHE R RAE S I R AR R B T
Bkt 1) 2 LA TR AR B, T o i rL T R A AV B K
K, I, XA MRMA R IT AR RUEE 19 55 ST
WO N A AR BE TR AL = S A A A L AL
9%, PR T 4 AR AT A MPR T 3 0 S Y SR A
I, B S PR IR R IR, TR
PS4 8 FL BRI SRR Y K

FEEM TR AR I R B R 5T A R
(R ERF A ITATER LR T BB s iR Sk, Wbz f]
I FE A S P B 5 R ik, SEAE R
A RS DIPEIRE . LA R AR, RERE R
FEUIZRBEAR (> 1000 W/em® ) IGBT ., fd¥ . MWL, JGHL %
FR ARy RS FH 1 = BB R SR LA P B TR AR L
B T A O e S5 Sy SHL TR 3 Dy D 7 5 AR 43358 174 36 ) 37
ok, AT AR kTR R A B 4 DR 3R A G b R Y B
KIE,
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