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Fig. 1 (a) Secondary electron SEM (SE-SEM) image and (b) XRD pattern of the as-received AIN powder;
(c) SE-SEM image and (d) XRD pattern of the as-received diamond powder
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R HELE L, A T3 0, 2R F D BB 8 (W o, Res-WosReys ) b 8 i B2, HPHT be b S50 it F 1 5 He s i
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Fig. 2 (a) Sample assembly of the high-pressure cell; (b) sintering temperature and pressure profiles
FESS 2 L b, REMTE T WA B B () X A FORMERERIRZ IR o T FH 6 W4 A5 A FY)
SRR T O 20 pm(2EHE 99.9% ) o HARSCIR A 0BT a2 1 Frzn o7& HPHT 45 AT, 5 2% Lo il i Rif
YRR JEK ZBEAEIREL P ST 7R S 12 he BRSPS AR LS 5 1 41 SE 50 A [R] o U 7 E A7 412
IEAERE B I TR EE R ) 5 R Be4s o R T8 T I B2 3RAE, B bS5 M RE Sl s AR 10 mm, (5 B
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®1 AR5 ENAmEt

Table 1 Compositions of AIN/diamond mixtures

Group No. AlN/diamond ratio (by vol.) 0%
1 5:1 16.7
2 4:1 20.0
3 3:1 25.0
4 2:1 333

1.2 RIESNK

i id XRD(DX-2700, Cu K, # K 1=1.540 56 A) - Hrbs &5 /e 5 B Al . H SEM(JSM-IT
500 HR) XLZZ J5URE AIN B3 A (19 T2 25 1 B 3 (g W 24 96 1T o R FH BT S K 78 i B, R FK-120 Y B 2 1) fig
PR B I Bl R 2 B L O S T AL (LFA1000) , 76 %3 (25 °C) T HE17T #0535
TR T, ZERE 5O WA A1 2215 2 (BN T 10 um) , FRARLLAMRIBCR KT 95%., FiRMGER N

k=apc, (1)

o o OGN SHE SN A RGO o Ry BT R R R R AR R B2 ¢, O P IS, | A0 SR bR HERE
i LR SRS . BRE R Z K 10 Wk, BCE1E .
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PEAT SEM EAF, W 3 frn . Z5 R0 MR KT 1000 °C BF (] 3(a)~ & 3(c)), A b 5 IR (g 0k
FBOES, SR ARASHIIN, & FORDARE ELE AR BA S, Wi AV b 24k 32, Frfe i 2 FLB TR TH 28 1200 °C J5
(F&1 3(d)), BORL 20 30 TR0, W7 A5 =TT o) 2 i DB SR 05 M Be 25 TRLEE A 1400 “C.(I 3(e)) B, FE iy
W ThT LB S L, AR & O RN 2 Y, B RGH e rh, S B Sk iR TE & 1500~1700 °C
it (& 3(H~ & 3(h)), FEAAR VR S AR A ORISR, SRR S AR ARG K, IR D R AL E B, S B
3% 22 T B, db R RS 3 1400 °C B R DU B 8 AR 4k o X iy A2 SUURLE AT T A B 1S AY (energy
dispersive spectroscopy, EDS) 7347, Z5 R W3 2, 5 1400 C #£ Al L, 1500~1700 C # 5 HPiZ X )
O JEF 3 KA 38 i, 100 N S BRI T %, ISR T AR A B T I B S R

& Bl [ p W P~ - € ,\\} 4 "

g Y e - b g e

pay Tl 63 § ~ 2y
e 5 o & )\ 5 G

(e) 1400 °C (f) 1 500 °C () 1 600 °C (h) 1700 °C
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Fig. 3 Fracture-surface SEM images of pure AIN ceramics prepared at 5.0 GPa and different sintering temperatures

F2 1500~1700 C # &P RFER S FHKIA SEM-EDS R FHER DL R(L 1400 C HRHESE)
Table 2 SEM-EDS quantitative atomic compositions of the bright particles at grain boundaries
in samples sintered at 1500—1700 °C, with the 1400 °C sample included as a reference

Temperature/ C Atom fraction of N/% Atom fraction of O/% Atom fraction of Al/%
1400 44.07+£5.74 5.16£1.71 50.77+6.30
1500 33.63£3.93 28.43+4.96 37.93+£2.85
1600 35.30+5.05 29.1942.07 35.51+£3.26
1700 29.83+2.36 32.94+3.85 37.23+4.84

2.2 #hFH AIN N S5E M5

RS 5.0 GPa 5 AR LS 55 F T AIN B % 19 25 H 3 AZ, XF 600~ 1700 °C BE45FF fi 47 T XRD 43
Bro [ 4(a) FHH, 16 600~ 1400 °C 3G B A, AUA 7T AIN B AT SHRRAE I, 150 B BT £5RE b 349 O 4t 4
AIN, R R A 28 A0 . 243 THE 1500 °C K DL i, FE T IF 48 1B o-ALO, fiT 5, F8 s
TP B & AR T B AR N, X — 25 R 5 3% 2 rp A UKL DX SR B R BN A AR AR — B, X AIN Y
AR & Ve il TR A7 S 048 %) 21 785 42 B (full width at half maximum, FWHM) #4723 87, W&l 4(b) 7R . 7E 600~
1400 °C [X.[a], FWHM Fifi i 2 T 5 i 2R R B, T 1400 °C 58 i/ 78 1500 °C B, FWHM H 3t 5] T} B
JGAE 1500~ 1700 °C X [A] Rk 2 T EEaH, BRI Williamson-Hall 3¢ & 0] 1, XRD W& @ 78 F 2R T b okr
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AR AS . P, %R X FWHM MR 22 T B 2 200 T 808 /65 800 o B/ . THR 2
1500 °C J&, Wr O AL B A2 305 5 ATt TR BSPASE I 3 @-AL O, RIAH; 7R LA T, LA I8 25 5 5
B A BT RS AR AN X8, DT H 5 e nhy AR Xof e R i A Bk, JF 53 FWHM [ Tt AR
1500~1700 °C X [i], FWHM P T B, 7T 6E -5 i 6 b o HE A g% A 0 ik — 20 Bl ¢ .
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(o aow (102) (110)(103) | 201) 0.50r —o— (100)
1700 °C Juj\(ooz) | 2V 002) —o— (002)
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Kl 4 (a) 1£ 5.0 GPa, AIFABELIIE T XRD i, (b) AIN Fe2REfh AL
(100). (002). (101). (102) i XRD U FWHM BS54 18 2 (1728 4k,
Fig. 4 (a) XRD patterns obtained at 5.0 GPa and different sintering temperatures; (b) variations in FWHM of
the representative AIN reflections, (100), (002), (101), and (102), as a function of sintering temperature

2.3 4iiE AIN IR E ST

AIN P % 1 25 T 305 5% i b 445 VL 19 28 fE I 18] S(a) BT 7s o 7E 600~ 1400 °C X [H], #5324
33 W/(m-K) HGE FHE, 3T 1400 °C ik FIE(E, 29 101.6 W/(m-K); 244k4E THE 2 1500 °C )5, SR IE K
2y 40 W/(m-K); B 5 7E 1600~ 1700 °C X [A] /)N 8] T 2 49~51 W/(m-K), {HABIEALF 1400 C B 1) 15
MMl %A FEZ LIRS ARBREE | 5R AR 1 AR b FORAS B2 o202, 7E 600~ 1000 °C BB,
AT 2 B 96.9% 3 = 98.3%, HF AR LTt Ul AL BRI AR T 7S T s 7E 1000~ 1400 C By
B, FEAIARE AIN HUAH, XRD W) FWHM Bl R B2 S R E20800N, 2 1400 °C B 2 5 AR, S il AR B 5
BRATIV 7 8 35 B AR . SEM 20 M6 W, 1400 °C Bl 55748 Ry 58 RhIRT 24, b 3% 22 FL AR A9 58 A AR , 15
mn A A R, AR A B BRI T AR A AU . A U R VE AR RE S AE 1400 C A EIHAS:
FUE(E . HIRETHE 1500 C J5, FEah B — D 80%, (BRGRERIE N . XRD 258 WoR, tEET
AT a-ALO, 55 —AH, H AIN fT5 1689 FWHM [FI . 454 SEM EME b i A A g 2 /A 1 4 5 4L
B, 0 R R A R A R R R, B T ST gk, IS SR 7 AR rh, T S R R T O
A P EGATRIERE . FE 1600~ 1700 °C W i i B2 X [A], 45 R m% A [|] T, [l XRD 1) FWHM F4K
U/, 8 B P R B AR B A R . AR, R TR AR AR BB SE A VHBR, IV RIGA TR E &
1400 °C I fIEME . 25 ERTR, IXFF 1400 °C(5.0 GPa) B AT 375 101.6 W/(m-K) 87 # 5 %, PEfE s 25
ik [6, 23-27] " 1800 °C LA A REIL B AY /K F (& 5(b)) o X UEBA T 15 Ui v e s 405 5 AR A Ak 45 4 A 1T 2
3 PR RE RO A S
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g ZE eof
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= g g 457 ® Lin, er al.” (2023)
o) I - 3 S A Wang, et al® (2023)
& o975 = = ;
o / 145 8 E s0f v Qiao, er al.2 (2003)
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970} = 130 BB sl < Li, et al® (2007)
= > » He, et al.?"(2019)
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5 (a) AIN BREEIRIAHXT 2 BE B PV i SRR A SC R, (b) A STEERMIAH )
PG H ST A4 AIN B 13 3 A5 L
Fig. 5 (a) Relative density and thermal conductivity of AIN sintered bodies as a function of sintering temperature;
(b) comparison between the thermal conductivity measured in this work and the thermal
conductivity of pure AIN ceramics reported in previous studies

24 AINENIAEESMEMBLRERT

R AIN/G: WA A F2 e 45 3o i v 4 W (R R0 0OGT ol O 285 440 Y8 A8 R 52 1), #E 5.0 GPa., 1400 C
BB L5 2 PE T, XN [A) 4 WA PR AR5 B50RE 5 A T T E 4T T SEM R AE . &l 6 o, FE S TP AE7E K . 2B
2 FAS [T BE A X 8. 254 15 U FEL - (back-scattered electron, BSE) R4 4] B 45 40E 43 7, AT 4 W7 K €2, 3%
ZEAAA AIN A, JB €0 DX 0 4 WA A o B A 4 WA AR R 3 280D 16.7% 38 in 2 33.3%, AT ER 2%
G WA g L 0 DX i AR S 0 o, A T B e /0, LSR8 B 22 SRR R A | B R R
B, 2R B B WA AH 2 0 DK ST. 3 A7 1) Jmy 300 SR A I I i D09 286 372 38 2ok o e A, DA IERT 7 ) WS 3] 4 W
r i S J B A DX AT A0 0 A B, X R R R AIN 5 4 W 22 Ta] 0 B K 2R B R s 22 SR TR
FERE S A VA R 3k AR AL TR R ST DRSS 30T 7 A N T B v A A SR R S,

(c) 25.0% (d)33.3% (¢) 25.0% (d) 33.3%

6 1E 5.0 GPa, 1400 C il ra NI AR R0 0 P 7 7E 5.0 GPa, 1400 C T il %8S RIA AR E0R 0
16.7%. 20.0%. 25.0%. 33.3% HYHE A F & BSE El1% 16.7%. 20.0%. 25.0%. 33.3% (45 F & W7 SE-SEM 1%
Fig. 6 Polished cross-sectional BSE images of composite Fig. 7 Fracture-surface SE-SEM images of composite

ceramics prepared at 5.0 GPa and 1400 °C with diamond ceramics prepared at 5.0 GPa and 1400 °C with diamond
volume fractions of 16.7%, 20.0%, 25.0%, and 33.3% volume fractions of 16.7%, 20.0%, 25.0%, and 33.3%
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25 AINENAESBELSHSEHR D

FHREFE 5.0 GPa, 1400 °C T AIN/A: W47 5 A V' (AR AL, X6 AN Ta] 4 WA AR B B0 AINY
SRIAE AT T XRD 4087, 25 B U 8(a) frzn . AT LA H, FIrA BEdh B9 XRD 33 5 ARSI 21 S
AIN 5 4 NI WA, A & B0 2% AT G 06, 3R A BHFE Be 48 J5 oK & 26 B B ) SR TT B N o i — 25 o 45
HAIN 9 (100), (002), (101) T LA K 4 WA (111) &b T A 506 () FWHM 2847 %E &80, 45 - 8(b)
Fii7s o Bl 4 RIS RN, 210061 FWHM 35 5 308 7 R 58 a3 . 454 SEM 43 Fr 45 51 al i,
P AH ST P IR A R B2 S A AR AR N T o B A WA s B, B AR N Y T TR, SRR
N 143 AR R, B0 AR AR R g, B A AE XRD 3% H 3 80 A A B 06 1) 2R g bk B AR B0,

(@) (AN )

(111) 1 Diamond 0.24

<p=33.3%) M A o, 220) 023}
022}

©=25.0% |

©=20.0% H A \ | R

Intensity

FWHM/(°)
(=]
(3]
(=)

—o—(100), AIN
——(002), AIN

——(101), AIN
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©0=0% i ) A
[ | I I I [N I 0'16
I I
. . - . - - 0.15 . - . . - - - -
20 30 40 50 60 70 80 90 0 4 8§ 12 16 20 24 28 32
20/(°) ©/%

K8 (a) AIN SERIAIRAHIALEATHEA A XRD 15, (b) AIN BE45HE M AR LM (100). (002). (101)
DA A M AR AR T (111) A7H04 FWHM B84 NIA AT o 284k
Fig. 8 (a) XRD patterns of sintered samples prepared from AIN/diamond mixed powders; (b) variation
in the FWHM of the representative AIN reflections, (100), (002), and (101), and the representative
diamond reflection, (111), with diamond volume fraction

26 AINENIAEEHEENKRSON

WE 9(a) s, B 4 WA R R0 80 o 938 T, AIN/Z: WA 524 W e i 3R S s S I TR I H 7
By AR AR A . DLall AIN B % B R k=101.6 W/(m-K) AZ M, 24 0=16.7% i}, PR F[FEE

100 120
@) ~ -~ 1201 (b) m  This work
114w - ® He, etal?, 1400 °C (2019)
98| T 100 A He, eral”", 1500 °C (2019)
S {108 & E v Kim, et al.? (2022)
S z B @ Kobayashi, et al.”) (2016)
z %64 lie & 5 %7
3 Z .z
£ ol 2 2
< =) = v
2 lop 2 3 a0t
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-& Relative density N B ° N
-# Thermal conductivity
90 1 1 1 1 7g 0 1 1 1 1 1 1
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K9 (a) NEGRIAABUMCT AIN/GRIATE A MR R AR 5 S HGR, (b) AR rfT
R A 5 SCHRE B (R IR BRI Be 4 AIN PPV R A0 LE A
Fig. 9 (a) Relative density and thermal conductivity of AIN/diamond composite sintered bodies with different
diamond volume fractions; (b) comparison of the thermal conductivity of the best-performing sample in this
work with those of low-temperature additive-assisted sintered AIN ceramics reported in the literature
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BES)

k= %Cvl (%)

A CORMINE, v A FREEE, 107 T2 A R BB -5 AR SRl 75 1 BT, B AR 2, AT
{75 P AH 9 52 B AT AR T RRAE(EL . e, AR WP ST 51 ATEZR AT BT ko (), H5 HE SN AT JE B
B 5 A S B I T R I AT AT AABE Ry A FEIS AR I, R AR o BB, B S [ AZ 3
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Thermal Conductivity of AIN/Diamond Composites Sintered
under High-Pressure and High-Temperature

GONG Fa', LIANG Wenjia’, WANG Qiming', LI Qian', LIU Hongwen',
HE Peihong', HE Duanwei', PENG Fang'

(1. Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, Sichuan, China;
2. School of Intelligent Manufacturing, Sichuan University of Arts and Science, Dazhou 635002, Sichuan, China)

Abstract: Aluminum nitride (AIN) ceramics are important heat-dissipation materials for high-power
electronic devices. However, the high sintering temperature required by conventional processing routes limits
practical application of AIN ceramics and increases fabrication costs. Therefore, it is necessary to develop
preparation method that is capable of achieving densification at relatively low temperature. To address the
difficulty of simultaneously obtaining high densification and high thermal conductivity in polycrystalline
AIN ceramics under reduced-temperature sintering conditions, this work adopts a stepwise research strategy.
First, the densification behavior and thermal conductivity of pure AIN under high-pressure assistance were
investigated to identify the optimal sintering conditions. Under additive-free conditions, pure-phase AIN
ceramics with clean grain boundaries and high densification were prepared at 5.0 GPa and 1400 C,
achieving a thermal conductivity of 101.6 W/(m-K). Based on these optimized conditions, the AIN/diamond
composite system was further studied, and the effects of diamond volume fraction on the structure and
properties of the composites were systematically examined. The results show that the thermal conductivity
of the composites first decreases and then increases with increasing diamond volume fraction, reaching
112.4 W/(m-K) at 33.3%. Mechanistic analysis indicates that interfacial thermal resistance dominates at low
diamond contents, whereas at high diamond contents the enhancement of heat transport by thermally
conductive diamond pathways becomes more significant. By taking full advantage of the processing benefits
of high-temperature and high-pressure technology, this work achieves substantial improvement of AIN-based
materials at temperatures lower than those required in conventional sintering, thereby providing a new route
for the low-temperature fabrication of high-performance thermally conductive ceramics.

Keywords: aluminum nitride ceramics; diamond; high-temperature and high-pressure; high-pressure

sintering; thermal conductivity
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