¥ 59 % 49 B % X @ K ¥ ¥ K Vol.59 No. 9
2025 4E 9 f JOURNAL OF XI’ AN JIAOTONG UNIVERSITY Sep. 2025

T (=) 5 ¥, < B 57 T S AR A I R
FREFEFRRALEZTHIE

EEF{LZa M@%l.'z’ E“%‘gill.s.l’ ?i—l\-ﬁlz
. V%38 RFEIABRI K F MR RE LG E AL, 710049, T9%; 2. VG438 H K
MU LA 4BE, 710049, V9% 3. H@BUEHEAR SR £ ETELSLKE, 710018, PH%;
4. P E E BV WU ST BE ROY A /], 710018, PE )

WE. YMEERFBEMAEREREL I RGTAME T/EEERRGR R, G . METAT
S M) RS E ) T AR 69 S B R v A ik AOME AR RAE 4 AT B A S LR, MK T AR B R ) A iR R T OUF B Ak
HABRIER ARG ERE KRG AR O HIE AR E R L BT AR D F RS
MEF AT BB S T RER @5 A sk Rk ik, SREAV AN ERRS
PR A > AR DY SRR R SRR, 5 £ L Rk, matig £ 4
15.52% ; B @ F R AW F R T B SR FH R @B M A 4 W R KB A,
ALK B A AR FH 23129, BAARAKRBEFEAHE MACATBESFRBBRL LM
AR S 0 B R ACME AR B B RO AR R B T AT R BOR AE

KW . A AR ob ;s B @ ;4 Ak P 5 AR R AL AL Rt

mESES. THI22 XHEEREG: A

DOI: 10.7652/xjtuxb202509007 XEHS: 0253-987X(2025)09-0065-12

Heterogeneous Design Method of Thermal Conductivity for Enhancing the
Thermal Contact Performance of Assembly Interfaces

WANG Chen'?, LIN Qiyin"?, QIU Mingjun"***, HONG Jun'*?
(1. Key Laboratory of Education Ministry for Modern Design and Rotor-Bearing System, Xi’an Jiaotong University,
Xi’an 710049, China; 2. School of Mechanical Engineering, Xi’an Jiaotong University, Xi’an 710049, China;
3. National Key Laboratory of Metal Forming Technology and Heavy Equipment, Xi’an 710018, China;
4. China National Heavy Machinery Research Institute Co., Ltd., Xi’an 710018, China)

Abstract; To address the inadequate heat dissipation and operational performance caused by insufficient
contact thermal performance at assembly interfaces, this study first establishes a numerical
analysis model for contact thermal performance based on measured rough surface topography of
assembly interfaces. Subsequently, contact thermal resistance under corresponding pressure and
temperature conditions is tested to verify the accuracy of the numerical model. Finally, starting
from the microscopic heat transfer mechanism at the assembly interface, a heterogeneous design
approach for thermal conductivity is proposed, establishing a progressive iterative optimization

design method for the thermal conductivity of assembly interfaces. The results demonstrate that
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the constructed numerical analysis model for contact thermal performance can achieve high-

precision predictions, with a relative error of 15. 52%. The heterogencous design of thermal

conductivity effectively reduces contact thermal resistance by improving the uniformity of

temperature gradient distribution at the interface, resulting in a 23. 12% improvement in contact

thermal performance after optimization. This study provides new technical support for ensuring

the contact thermal performance and overall heat dissipation in thermally sensitive complex

mechanical products, such as electronic chip packaging and aerospace vehicles.
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Fig. 1 Thermal contact performance test system "]
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Table 1  Material properties of Inconel 718 at

different temperatures-**]

R/ R/ — JE R SRR
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Fig. 2 Measured roughness of contact surfaces on

assembled components
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Fig. 3 Numerical model for the thermal contact performance at assembly interface
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3.3 fikmitisigE

JO7 T b 3 5 ) 2 T B T R R P U 2 Ak XA
BT BE A BT R R L T R 8 A0 IR ) 8 AT
PAFREAR Revex 5% 122 Al A1 BE S H A 119 24 I5C 55 1
TR YR e W D R TR SR X N A
FIbr Az Bk AR A 18] 8 s o Bl ik AR U K i 4
T 258 T AR 235 4 3l JBE ot 2 A s 1 22 (o) AN BB AR
SIME (VT AN W36 0 o 28 30 B 66 88 4 A 24 50 BE RS
Wt . H I R B 5 O 286 B 23 A 24 2] PR 42
N N T A = NP S s 2 L U6 A B R IS
T FRWLIE S50 A AL o 74 23 I 788 47F 114 3k B2 A6 J3E 70 A BE AR

zkxb. xjtu. edu. cn

— 3 M o MVT BB ARE & E A . A HT I
O'\VTu&RTLR/E4‘b%EaFﬁEZ:%ﬁ%?EF%7E§U
55 8 YR AU il 2 AR SR A R AL

—— Ry - —% -0, FIEME —-am- VT, FAEACHAE
- e o TR — v VT TREEEAE

030 114 92
=028 1"
oo
: {10 1%
= 026 1s ® g
L 6 8 =)
S 024 < =
T 14 ° >
g | 16
& 022 )

0.20 414

01 23 45678
ESANYE i
s AR

Fig. 8 Iteration process of target variable

HEMC A P IR RO AL B B i R T S AR
Boor A AT RN 9 s, T R BOP AL
ZE BRI M B AR RO X B2 HE (. W06 = 34
REO Y — Ao AR 2 BE S S 13 B OW 3R B
S0 R A AN 249 20 3k FEE B B AT 00 i L S fh X
F14 3 R 2R AN T R A 22 i DX I 5 R AR R AT
T T e 28 ff 5 1 F 2 TC 5 T 2 — At B2 o B A 1)
s Al T IR B AIRES . AN T BV E
fih 2 TR XGF JOE 1 i B B2 A AR — 2, B LS AR
i G AR B A B A AR ]

TR

/(Wem™ «K")
600.000 0

105.300 0

X/mm X/mm

W O

18.190 0
3.2450

0.569 7

0.100 0

X/mm X/mm

B9 bk b T T 2R B A AU AR

Fig. 9 Iteration process of thermal conductivity distributions

on upper contact surface




509 3

R A T 1) 5l 2 0 AL T A B R A R T e A BT D7 1 73

5 4 fih 2 10T 5 A AR 00 A AU R X R
T B2 A A D e L 4 i 3 LR A R A
AT REINIE 10 o, W] RE 48 A BRI 46 il 2 A6 1
ORI A) Sl X B R B T
A ok DI 5 ELAZAS 249 5T 38 5 B R 0 A B G AE
RURE R 0 & A . Bl R AR A 18
i JSE A 52 73 A1 14950 JBE AN W 4 7 i i AR o 4 — B
AR TR AR R S R (HRE B UL Y
e 5 T PR P BT RE T A0 R S UL ik 2
RS AT PO B AR BRI L IS RE e 8 2 2 kbR
Ao P L AR B O3 A 2 A0k AR A R v L L
T T 28 T 5 I /N ey ST 42 v BROR ek 2 L i ARG
RSB B — A IR A AR AS . W ARAEZ
M TR REL AR JBE ) 4 6 RS T b sl i 3l it
SRR A3 A BB S L X 4 S A IR BB BE A
X T R AN A1 A8 A 149 2 Tk BE B R 30 SR 2% s R ) Sy 7
i JRE B R A v RPN ) AR TP R

W ERE /(K « mm™)

I 125.5

246 8101214 246 8101214
X/mm X/mm

e I B 793
L3 56.2

%8 <}:4|

33.1

Y/mm

2 10.0

246 8101214 0 2 4 6 8101214
X/mm X/mm

PRI 10 T 32 i 3 T I 88 A6 B 3 A1 326 4 g
Fig. 10 Iteration process of temperature gradient distributions on

upper contact surface

e e ST T B fik 3% 160 ) G T B T A R I ¢
SHAEBGME 11 iR, RASMEARS A S
WG R R AT RS LT — — X R X i — 2 i
BT 3 2R 8500 A RS A U 45 3R B B A AR AR
T 42 fink 2R THT) UL RE R B A3 A R A R IR B
59 FlEl 10 b 4 fih 2 18 43 A BE AR 5 4 — B AL
AU RE AN A RO e T AR R, R
fih 4 T T BE BR BT A i oM 126.5 K » mm ', MR
TR RS e 125.5 K« mm ', ML TE
55 T S 2 T OO RE T A O R 2 R

zkxb. xjtu. edu. cn

T fih 2 T KL R %R T b ik 3 T T i R A
JEE W% g T 4 o o T e ¢ A R MO0 A A B TR
B JEE A — 0 TR RE IS o T b e R

14 TERSE/(K « mm™)

1 K 126.5
10 o 103.2
= 8¢ 799
£ ‘
=~ 56.6
i 333
L]
o - 10.0
N '
0 2 4 6 8 10 12 14
X/mm
Ca) T & B 5 o AT

0 2 4 6
X/mm

(b) T34 R B oy A
B 11 T J ol 2% TR U T R R R RN B A I R B A

Fig. 11 Initial temperature gradient and final thermal

8 10 12 14

conductivity distributions on lower contact surface

3.4 MMUFHER

Shy 2 2 T A AR T ROR L A 1 i 20
TEEE X SR B R PR AR R A R A
HAESHR 10 W e m !« KT, B A oA 2 ic B 1 2
il AR RE A 43 A7 5 v A5 B AR B TR LT 4 ik
FER A A AN & 12 iR B e B b R B2 Al
(- H IR 23 A 454. 31 K Al 409. 15 K, 2 g FL T
Tk R T )P PG B R 155, 86 mW e mm 7,
e AT ¥ — A 5 R 053 A X N 1 2 T
BT Ryer 7 0.2898X10 P K+« Wl e m?, TS
PR B BAR T F 3R 300 °C #5250 3K T
0 o BT Repe 42 FHPH 52

N7 FH b A 2B e R T i kAR A R T i A5 3
PRAVE TG b L 2 fioh 2 1 I 3 43 A, WL 13 BT .
FEMR B AR RN A B 5 el A R ik
T IR EE A AR A S AR TR . i T R AR ik
TF I oA AR A7 1 AR L 512 2 fid bR 285 2 T A7 8K R T
G HAFAE R AR LS o DX It AT 3% 252, A 42 fo




7 [N .

PN

%559 %

DR 2, B A3 A RS 5O B AT A 2R L, 3¢
PSC S E b T A I P A RE 43 Ry 451, 43 KOFR
412.03 K, E¥Hum & K 176. 86 mW « mm °, %
2 AT S B AT IR B0 A 6T I ) 2 G B
T Rrer M 0.2228X10 °* K+« W' e m?”,

HE/K
457.6
4532
448.9
4445
440.2
4358
4315
427.1
4227
4184
414.0

T
409.15K

409.7
405.3

Bl 12 Pefb i vhay b 2 k2 R R 4 A
Fig. 12 Temperature distributions of upper and lower

contact surfaces before optimized design

T

45143 K /K

ElRER

4445
4402

4227
418.4

ElRERA

M [ [ [TTEETTT LT T

K13 DRAR IS b T 3 T I R 43 A
Fig. 13 Temperature distributions of upper and lower

contact surfaces after optimized design

Sk 78431 B B e S 1 S O A B T O ik A R R
SebtE AR SOSPEAGET 5 1 G A B 48 AR T 1k
XHEE L 2, B WoR o Bl FEIR 2 929605 VT A5k
BB T KL 2450, PRI hE TR A e R e A
P PEAS B R R 4 T, 50 BB i B il TCR g B A1
AEF A TCR A IAME 0. 289 8X10 ° K« W ! o
AL E 0,222 8 X102 K« W'« m?, [ IR ik

zkxb. xjtu. edu. cn

23.12%.
A2 BT B AR kA Al AT
Table 2 Comparison of contact thermal performance before

and after design

. - %
- itk etk HAXE

BOFRET  BOHE BR/ %
Rece /(10 *K « W' e m?) 0.2898 0.2228  23.12

AT o/ (K » mm ') 10.9300 0.8674  92.06
TR 6/(K» mm ') 10.9900 0.8732  92.05

A EAEVT /(K « mm ') 15.58 19.33 —24.07
TR/ EAEVT/(K » mm ') 15.57 19.34  —24.21

AR 30 8 53 U A 4 — AR S AR BT I 22 S
P PR UE BT X T 3 3R BB A o R AT B
SO L A T BR T R OB o B AR 7 G 24 SRV
T I S A A B AL BT 3% i 1 R A5 31 K 4
Tho APEAL B T7 85 A (UBE S 52 B I 5 1 42 fik A4
P RE A4 w5, 78 A ik 2 AR SURY SRR L RERS 52
T T o8 i JSE B T2 7 A B0 OR o 9 4, 9E T S B i Ak A%
AR R A fi FA R BE O 4R TR E LI

O

(1) A6 3 7 25 1 S R RS 3% 18 T 450 1 25 e 24 1
T2 b AR R A A A, A3 B 1 5] I ) A R
3.0 MPa, T i #A U5 R B2 A 300 °C LA IS T #RUT I
20 °C #amg T00 T 3B B i TCR, I JF J& 17 % i
T SRR A X 1R 255 15, 52 %, A AU UE T
BE 53 B J5 VR ARk . 120058 1 Sy 2 T % T 4 flk A
PERE S BT PR it T ok BE 1A T A

(2) BT 42 7 2 g S i S AR 1 S o Ak i
THREEE g T T PR BORE B A A SR B R
(5 B LR DG R, TF R T 2 T S T A RORE M A 3
RO FE AL 8 YGE A RE AR U L 3 T R AL
flma . R ITE, o KA, FBEL 92%.
AW TCR M 0.289 8X107° K » Wl « m? [&1%
% 0.2228X10 P K+ W ' «m?, JFIR ik 23. 12%,
ST il AR RE A ST

(3) 48 735 F T 3 B4 R 002 1) 43 A o T B B 2
AR PR AL S T AR 345 3 RRE PR 4 A — B
JE S 51— A TCR AR AY & 2 OCBRB AL, %
RINGERE TG 503 — A bR BT i L 4 2 5, S 3R
RO A A S 0 1] 5 T A B F, 088 3 2 Bl
JE B B CAn i R AT g A O SR AL T AT Ak i 1T
YD), X 4 )y PR AU S A MU o 1) A R OR 1Y




509

SR A THT 1) SR P T S IR ik PR B Y S BVRR R S B A BT O ik E

K e B A B E

S LK.

(1]

[2]

[3]

[4]

[5]

L6]

7]

[8]

[9]

SHEKHAR S, BOGAERTS W, CHROSTOWSKI L,
et al. Roadmapping the next generation of silicon pho-
tonics [J]. Nature Communications, 2024, 15 (1);:
751.

FIEA, W%, £iR. %, 338N S 5K 3 iy 5 i
SRR E et or ik [T]. PR TR 4. 2023,
59(5): 212-222.

ZHOU Yicong, LIN Qiyin, WANG Chen, et al. Ac-
tive design of assembly interface shape using self-adap-
tive parameters [J]. Journal of Mechanical Engineer-
ing, 2023, 59(5). 212-222.

WANG Chen, QIU Mingjun, PAN Zongkun, et al.
Optimized design of contact interfaces for enhanced
heat dissipation in flip-chip package [J]. Applied
Thermal Engineering, 2025, 259 124936.

Wior . R AR, 4. ODS MA754 & 4
LRy L R o A M NI S N o
2024, 58(2): 100-108.

YANG Wankui, GUO Xiaoyu, ZENG Herong, et al.
Experimental study on thermal contact resistance of
heat transfer interface of ODS MA754 alloy [J]. Jour-
nal of Xi’ an Jiaotong University, 2024, 58 (2):
100-108.

SUN Lin, JIA Huiyin, LEI Xiaoyu, et al. Research
on thermal contact resistance between C/C and resin
thermal protection materials for solid rocket motor
nozzles considering real surface roughness [J]. Tribol-
ogy International, 2023, 186: 108626.

WANG Chen, LIN Qiyin, PAN Zongkun. et al.
Thermal contact analysis of flip-chip package consid-
ering microscopic contacts of double-layer thermal in-
terface materials [J]. Applied Energy, 2024, 356
122453.

SUN Ducheng, YOU Ersheng, ZHANG Ting, et al.
A review of thermal contact conductance research of
conforming contact surfaces [J]. International Com-
munications in Heat and Mass Transfer, 2024, 159
(Part B): 108065.

PAN Xiaoshan. CUI Xiaoyu, LIU Shaoshuai, et al.
Research progress of thermal contact resistance []].
Journal of Low Temperature Physics, 2020, 201(3):
213-253.

T RTF . XU, BRIROK, GE. BT 4T BIR  H
RGAE AR RS (] LR TR 4. 2021, 57
(13): 63-69.

[10]

[11]

[12]

(13]

[14]

[15]

[16]

[17]

[18]

[19]

zkxb. xjtu. edu. cn

MENG Qingyu, LIU Yang, YAN Xinxin, et al. Re-
search on thermal distribution characteristics of motor-
ized spindle system based on fractal theory [J]. Jour-
nal of Mechanical Engineering, 2021, 57(13): 63-69.
XIAN Yaoqi.» ZHANG Ping. ZHAI Siping. ct al. Re-
estimation of thermal contact resistance considering
near-field thermal radiation effect [J]. Applied Ther-
mal Engineering, 2019, 157. 113601.

XIAN Yaogi. ZHENG Zhiheng. ZHAI Siping. et al.
The effects of roughness, temperature, and near-field
thermal radiation on the thermal contact resistance be-
tween dissimilar materials Si, SiO, and SiC [J]. ES
Energy & Environment, 2023, 19: 823.

REN Xingjie. DAI Yanjun, GOU Jianjun, et al. Nu-
merical study on thermal contact resistance of 8-har-
ness satin woven pierced composite [J]. International
Journal of Thermal Sciences, 2021, 159: 106584.
GOU Jianjun., REN Xingjie, DAI Yanjun, et al. Study
of thermal contact resistance of rough surfaces based
on the practical topography [J]. Computers & Fluids,
2018, 164 2-11.

DAI Yanjun. GOU Jianjun. REN Xingjic. et al. A
test-validated prediction model of thermal contact re-
sistance for Ti-6Al-4V alloy [J]. Applied Energy,
2018, 228. 1601-1617.

REN Xingjie, DAI Yanjun, GOU Jianjun, et al. Nu-
merical prediction of thermal contact resistance of 3D
C/C-SiC needled composites based on measured practi-
cal topography [J]. International Journal of Heat and
Mass Transfer, 2019, 131. 176-188.

REN Xingjie, DING Hao, DAI Yanjun, et al. Experi-
mental study on thermal contact resistance of carbon
fiber reinforced silicon carbide composite with 3D
needled preform (3DN C/SiC) [J]. International Com-
munications in Heat and Mass Transfer, 2021, 124.
105271.

KOULALI A, ABDERRAHMANE A, JAMSHED
W, et al. Comparative study on effects of thermal gra-
dient direction on heat exchange between a pure fluid and a
nanofluid: employing finite volume method [J]. Coat-
ings, 2021, 11(12). 1481.
VALLEPUGA-ESPINOSA], UBERO-MARTINEZ 1,
RODRIGUEZ-TEMBLEQUE L, et al. A boundary
element procedure to analyze the thermomechanical
contact problem in 3D microelectronic packaging [J].
Engineering Analysis with Boundary Elements, 2020,
115: 28-39.

Hof B, AR, PP IR AR AR 0 - SR T ik 2




76

i

ﬁ"i

PN

2

1 559 &

%

(20]

[21]

[22]

BN T7 vk S &Rge [T hERE GRS, 2019,
49(5): 491-500.

XUAN Yimin, LI Qiang, ZHANG Ping. Measure-
ment method and instrument of thermal contact resist-
ance at high temperature [J]. Scientia Sinica(Techno-
logica), 2019, 49(5): 491-500.

CHEN Mengjun. LI Qiang, ZHANG Ping. Experi-
mental investigation of high temperature thermal con-
tact resistance of thin disk samples using infrared cam-
era in vacuum condition [ J]. International Journal of
Heat and Mass Transfer, 2020, 157: 119749.

Phate, $EOGIE . MREEME, 5. WA & Sh L =2 4 fil 3
B P s g w5 ()], s 3h 1224, 2022, 37(4) .
734-742.

CHEN Yan, FAN Guangya, LIN Zhihui, et al. Ex-
perimental investigation on contact thermal resistance
characteristics of aero-engine flange [J]. Journal of
Aerospace Power, 2022, 37(4): 734-742.
TREGENZA O, SAHA M, HUTASOIT N, et al.
An experimental evaluation of the thermal interface re-

sistance between cold sprayed copper/ laser-textured

(23]

[24]

[25]

[26]

zkxb. xjtu. edu. cn

alumina bi-layered composites [J]. International Jour-
nal of Heat and Mass Transfer, 2022, 188: 122606.
DAI Wen, WANG Yandong, LI Maohua, et al. 2D
materials-based thermal interface materials: structure,
properties, and applications [J]. Advanced Materials,
2024, 36(37): 2311335,

WEI Baojie, LUO Wenmei, DU Jianying, et al. Ther-
mal interface materials: from fundamental research to
applications [J]. SusMat, 2024, 4(6): e239.

WANG Chen, LIN Qiyin, PAN Zongkun, et al. Opti-
mization design method of material stiffness of contact
interface considering surface roughness for improving
thermal contact performance [J]. International Com-
munications in Heat and Mass Transfer, 2023, 149:
107131.

WANG Chen., GU Feiyu, HONG Jun, et al. Analysis of
internal and external factors affecting thermal contact
resistance from the perspective of entransy dissipation [J].
International Journal of Heat and Mass Transfer,
2025, 238: 126469.

(i A HFD






