54 % 558 MoB TR Vol.54  No.8
2026 4= 8 H %5 53—68 HL Journal of Materials Engineering Aug. 2026 pp.53—68

SIS AL, K W, 5F . Cu/MERE BB R R A IR GOKR 2 )2 IR AT 52 SRS R B2 - RO S T 50 3 5 W Pl s [T ] 4kt
TE,2026,54(8) : 53-68.
LI Hong, JIN Tian, PAN Rui, et al. Research status and prospects of immiscible nano-multilayer films in Cu/refractory metal
systems: from microscopic interface design to macroscopic joining manufacturing[J].Journal of Materials Engineering, 2026,
54(8):53-68.

CW/EREERERZANEBANAZEENARIARKES
FREE : NI SR s it B R & #Hl1E

& v A 2% 3 4T T, HODULOVA Erika®
(1t Tl K2F MoBR S TRESEE, bR 10012452 FEATE LR ZS MOBRFSE BE , 6 AT 100095,
3 W AR SRR B AEERLIRBIIE I , 1% o AR R % 84513)

HEE B AR i S i 2 () AL 2 D REAR B BR AR R , S IRk A% 8 O e 2 2 T I U R AR %X — Pk
YK 22 2 R AR A HL 25 B RS 800 5 v 23 8 5 T 4 ) e T MR IR A 3, S S BRI, v T S R I T — S LT Y
AR, ACRET Cw/X(X=W,V,Mo, Ta, Nb)UERE 4 B IR R AN HIRIOK 220, RGBT R HORES T F 501
FRFCE PRV AATL ] IR 0 2% 1 R g 8 TR O A P CE ML [ B 353 1 4 LA Sy v ek Rt sl vl [ 23 B FH T4 AR S5 4K
SR FE T, F6 R R R SR AR I ) A b 4 T 11k 5 26 S5 T R A DCHEVE R . SR 4 Hh AR R B
ROCE I R TH RS 23 (R R R Fa L] 22 R G T 1 S vl A AL 5 S M A 2R 1 e ok AV R P R A2 e L T
(AMIEIPS e

SR MG A8 WK R R TO R HL FUm S R B AR ) 5 B

doi: 10.11868/].issn.1001-4381.2026.000268 ~ CSTR: 32421.14.j.issn.1001-4381.2026.000268

FESES: TG454;TB31  XEERIRAE: A XEHS: 1001-4381(2026)08-0053-16

Research status and prospects of immiscible nano-multilayer films in
Cu/refractory metal systems: from microscopic interface design to
macroscopic joining manufacturing
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Abstract: As modern high-end manufacturing increasingly trends towards miniaturization and
multifunctionality, achieving high-quality joining of dissimilar materials has encountered severe technical
bottlenecks. Addressing this challenge, nano-multilayer films have emerged as a highly promising
technological pathway for realizing low-temperature, highly reliable bonding, owing to their pronounced
size effects and high-density interfacial structures. This review focuses on immiscible nano-multilayer films
of the Cu/X (X=W, V, Mo, Ta, Nb) refractory metal systems, systematically elucidating the thermal
stability evolution mechanisms governed by interfacial microstructures, as well as the intrinsic mechanisms
that modulate mechanical properties and irradiation responses. Furthermore, it summarizes the recent
research progress on their applications as high-performance brazing fillers or interlayers in brazing and
diffusion bonding, highlighting their critical roles in mitigating residual stress in joints and suppressing the
formation of brittle intermetallic compounds. Finally, it points out that future research should focus on the
multi-scale computational modeling of spatial interfacial transport mechanisms and interfacial evolution
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mechanisms under multi-field coupling. Overcoming the high-temperature thermal stability bottleneck of

this system is also identified as a key direction to advance its engineering applications.

Key words: refractory metal ; nano-multilayer film; elemental diffusion;interfacial structure ; residual stress;

thermal stability
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Fig.1 Application of nano-multilayer film technology in

advanced manufacturing
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Fig.2 Effect of layer thickness on mechanical properties of Cu/W nano-multilayer films

(a)comparison of microhardness of Cu/W nano-multilayer films with Hall-Petch effect using nanoindentation measurement'

(b)comparison of Young’s modulus for Cu/W nano-multilayer films measured by nanoindentation
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Fig.3 Tllustration showing the mechanism leading to large-scale microstructural breakdown in Cu/W nano-multilayer films on the Si substrate*"’

(a)columnar growth features of the Cu/W nano-multilayer films at 30 ‘C; (b)interfacial diffusion between the Cu and W layers at 250 “C;

(¢)Cu diffusion along the W grain boundaries at 280 °C; (d)diffusion of Cu atoms into the Si substrate at 350 °C;

(e)interfacial reaction between Cu and the Si substrate at 400 “C
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(a)HR-TEM cross-sectional image of Cu/Mo nano-multilayer films annealed at 600 °C;
(b)schematic of degradation mechanism of Cu/Mo nano-multilayer films
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Fig.5 Hardness and Young’s modulus of Cu/Ta nano-multilayer films

as a function of single-layer thickness'”" "
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Table 1  Analysis of the intrinsic advantages,defects,and joining potential of Cu/refractory metal nano-multilayer films

Multilayer film  Interfacial property Advantage Defect Application scenario  Reference
Cu/W FCC/BCC High interfacial energy promotes Fracturing and Plasma-facing [39,56]
diffusion; W thermal stability as a spheroidization of layered materials in
diffusion barrier structures at high thermonuclear fusion
temperatures reactors
Cu/V FCC/BCC Lower activation energy achieves a Nanoconfined instability ; Dissimilar materials [57,63]
balance between joint strength and transition of a structure from  for advanced nuclear
ductility disorder to order reactors
Cu/Mo FCC/BCC; Release of intrinsic compressive stress Massive in-plane Extreme thermal [65,72]
incoherent interface provides an extra thermodynamic driving  compressive residual stresses  cycling sensors
force for interfacial transport
Cu/Ta FCC/BCC; Amorphous interfaces provide wide, Phase instability and Diffusion barriers in [73,77]
competitive relationship disordered channels for fast diffusion anomalous softening integrated circuits
exists between a-Ta
and 3-Ta
Cu/Nb FCC/BCC;formation  Interfacial relaxation dissipates a massive ~ Phase transformation and Superconducting (86,106 ]

of K-S orientation

relationships

amount of thermal mismatch strain energy

accumulation of severe cables

growth stresses

Liyanage 55" “fF5E R B, Cu/W 4K Z 2 B Cu
RS AT ER H 30 S 4 W v T % A

B HEATIAS £ , 1 P45 B0 T VR 520001 6T
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THOULE, #4 AL ML, X9 30 Cu/MERE 4 J8 IR R AN B 3%
Yk £ 2 BErE a2 R I Re A A Rk R s S5 48
T ELA BB o FHAN K 2 )2 158 535 0 1 IR
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TESREMNR S G mIR TP Cu )2 ¥ i 3l
1105 R A WAL (8 SO A LA B B350 b IR VR, R
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