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Gradient-grained heterostructured Cu-Ni-Si-Cr alloy fabricated by
explosive welding: miicrostructure and mechanical properties
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Abstract: To overcome’ the strength-ductility trade-off in the large-size copper alloy components, it was proposed here to
construct gradient-grained layered heterostructure composite with single alloy by explosive welding. Three plates made of one
model Cu-Ni-Si-Cralloy with\coarse, medium and fine grains (corresponding to average grain sizes of 305 um, 144 pm, and 22
um, respectively) fwere“prepared by controlling the solution treatment and stacked into a three-layered composite through two
successive explosive welding processes. The microstructure, deformation behaviors, and mechanical properties of the composite
were systematically studied using optical microscopy, scanning electron microscopy, electron backscatter diffraction, and tensile
tests equipped with digital image correlation. The composite showed typical wavy interfaces accompanied by localized melted
zones and adiabatic shear bands, where the hardness all gradually reduced with the distance to each interface. Digital image

correlation revealed pronounced strain gradient and partitioning between the three layers and interfaces during tensile loading.
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The composite achieved a yield strength of 402.5 MPa, an ultimate tensile strength of 425.0 MPa and an elongation to fracture of
16.8%, the strength-ductility synergy of which was better than the traditional bilayer laminates composed of the similar copper
alloys. Further loading-unloading-reloading tests measured a hetero-deformation induced strengthening of 230 MPa for the
composite upon yielding. Utilizing the root mean square superposition rather than the simple rule of mixture, quantitative
strengthening mechanism analysis predicted a theoretical yield strength of 401 MPa, in better agreement with the experimental
value, and confirmed that dislocation strengthening contributed most due to the high-density dislocations introduced by the
intense impact and deformation during explosive welding, but hetero-deformation induced hardening was still an indispensable
strengthening contribution. Fracture analysis combined with fractography observation and digital image correlation clarified that
the significant deformation incompatibility between the different layers and interfaces drove crack initiation and propagation first
at the medium-fine grained interface. The relevant results demonstrate the better processability of the gradient-grained composites
for subsequent treatment, and can also provide guidance for design and optimization of heterostpucturéd materials fabricated by
explosive welding.
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Table 1 Material property parameters of copper alloy
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Fig.1 Weldability window for explosive welding
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Fig.2 Schematic diagram of tensile specimen, the gauge section contains both interfaces, with the middle layer centered.
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(c) Interface 2, low magnification & (d) Interface 2, high magnification
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(a) Interface 1, low magnification (b) Interface 1, high magnification
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(c) Interface 2, low magnification (d) Interface 2, cation
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Fig.6 KAM maps of interface 1 and interface 2
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Fig.7 Hardness distribution of composite plate Fig.8 Engineering stress-strain curves of composite plate
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Table 2 Tensile properties of base materials and composite plate

R Jei X5 % /MPa Pihra fE/MPa FEAR /%
HEW 402.5+2.5 425.0+5.0 16.8+1.8
FEARHL 206.9+2.7 335.2+5.2 43.243.5
FEtR#2 80.0+3.2 275.0+5.3 48.1£2.4

FEMRH#3 85.0+2.1 275.0+4.3 49.0£2.3

B9 o fif by 1 <A 1B

Fig.9 Fracture morphology of tensile specimen

(a) Interface 1 (b) Interface 2
B 10 EEii)E S KAM
Fig.10 KAM maps of interfaces after tensile test
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DGR 20 SR 155 2 FF Y KAM B 2200009 1.12°80 1.04°. SHHETHIAIL KAM {H (1.02°F0
0.88°) AHEL, Wif5 KAM EIEA LTbe MR AR T SCBRARIE i Loin AL 3 5 AR T AL o i
SFRIGHES, AR 5T AR PR AE AL B SR O RN, X EE A S KAM 22 57 /]
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Fig.11 Fracture morphology ofc

K 12(a-d) &R 1 B A APEHITRE AT S I ma T
FEATH RS MaE#3 5hiE42 0K
B]eEM (B 12(bs ¢), RARXME KL T JEERTER.
TR A0 VB N AR R BT DI R AC,  TE AT HER B e G4 BT U0 A S ] WL
I CREES, WETYATh KRR AL, HAE# B 12(d) RIS .
S XK (Bl 12(a)5(d) éléﬁﬁ%ﬂﬁ'ﬁﬁﬁ%& (BEHEK). B2, ROUEF 2 BAEY T,

(a) #2, #3 layers and interface 2 (b) #3 layer
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Fig.12 Fracture morphology of composite plate (side vie
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Fig.13 LUR test results of explosively welded grain-layered heterostructured Cu alloy
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MPa, 5t 2 14 338 MPa, FHEHFH 2 DXIdam A 1, EAH R B nE sk N 25 5 KA
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TR T3 i) 8RR ST e R FE SRR B T AT 1 R A iR S T R IR RS B T30, HK S
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R EEE AL iR,

Left limit: transition velocity

Lower limit Right limit: sound velocity
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Fig. A. 1 Schematic diagram of theoretical welding window

KR B RE 5 1 R By R A2 DY 2530 0 B S A SR i, A SR EeRTH S S B ik
BOM TSRS REIEBORRIEm, SR AS R A PSR  AS A T 54 30081, AR SO T e £
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it kRS BN B NN TR SRR B 7 A0, DAGRAIE SR IAL AP AR R R ROR

PRNEIE T IO F R T IR CCEE, B B 5 Jm ARV BEIE BT, ISR EEAVE . A
TR ARSI E R 8, #E Ik Carpentet A1 Wittman JE[R]26045 1 _FRR € &Rk

1 1
L) <Tmcb>z[f<cpch4
2) 2N V! ph
K, BNBHASHEEE fi/fad; WSHLEENEE, N 0.11; T 2HE & WM BRI 5/°C, AR SCHEL
1083 °C; Gy, N AGAPEHMAR A, 4000 m-s's V, A S AL sEE/m-st; K AHA &1 S 7
R AT ELIN86.3 Wml Ky C, N KR B & S I LU AEE , A ST 7 Bt A & 4 B
BN 346 J-kg oG s N KA R B, 8900 kgrm3s b hy AR BLHE

PRIE SRS AR A N AR 0 4, Rl SO B e L i, IR R A
GEE P ONPR, RZMZ AN FE A E . G.R.CowanUH A /2R R ITRATHELS, SRR A
B VAR AR R TR BOIR SR T T 75 EE I A R, A5 A5

(A.1)

R :(lof-l_lob)l/c2
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A, Ry AT Reynolds #, 45 SCERASCHUE N 10.6: pe il py 73 B WA RLRIBERM LB RS, A
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PLSEEL, phiife &2 /0 T B IREFEM BB JE RO, FEMRRES A S E R E, ResL PR R T
HEEALRUCR . Zakharenko 25 AU H RS L R I A RITHE A

sinf =k é%% (A.3)

C

b B ONEHAREAE /rad; & N SRR ISR A RIHE L AR 0.6; p NFEFERE, 8900
kgm; H, 4 E & CHCRIZEAROR L v 4 PR 2 R

AHFFEIETEIEAT 2 UOBSEIRINRE 3 JEA KL Cu-Ni-Si-Cr & R IE— BHRE &1, Fit
7 BT 2 ORI R B LTS 3 BUR S G R ISR, 0 [ S A R M A DG A B 5 3 0
HREAF, BB USRI (#1) JERE 5.5 mm, KHRAEL (#2) EEEN 4 mm, 55 IR LLRT
REEBONFER, HEH# E L, WHERAE (#3) BN 45 mm. B FEAGEERES R &6
WO AR IBIEAL I, AR A G AN TR AT 2 18 M, AR U TG IR 2 06 e
0, B — IR o B AR FE R i HY 40, SRAIR 1. BRI ST S0 LR PTG I A 7
R 1 PR, 46 2 MR O, G0 WReml i mod B RV AZED 2200 mes!, fill
A AR N SERRIR AT

I F74 25 P 7 AR LAR 25 30T H 5GBS PR 45 o s R AR 25 & .

J2E = Vs (A4)
3.08

v, =2V, sin(f12) (A.5)

il

AF2/R)}+1 12
V =N2E| ~2 25— — A6
P [ 6(1+1/R) R (A.0)
R =Pl (A7)

Prhy

d=02(h +h) (A.8)

K, V2E K Guméydigid); vy SR mes 03, ¥, 9 KR IR R AR o A m s

R NHZj, ToE W p WIELEE/g-em?, HL0.931 grem?; h ANEZEE/mm; pehy WA RL S FE
lgrem3; he N KBRMBHE B /mm;  d 2 RS FE AR R] P /mm .
K CRZHARN L&A TR BRI, KEZ9ESE, 32 b WA S BRI B A5
WL AL
RA BESHE
Table A.1 Welding parameters

RS i /m-s'! il 35 £ /° Bt ¥ 248 & /mm H B[R] B /mm
1 2200 8 0.702 26.8 6.2
2 2200 8 0.702 30.2 6.9
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