$ 155511 Hewkitshs LR Vol.15,No.1
20242 A Nonferrous Metals Science and Engineering Feb. 2024

TEHRE:1674-9669(2024)01-0067-13  DOI: 10.13264/j.cnki.ysjskx.2024.01.009
S| 3T MR, FEAE ] SR DA, 55 . 2 (AR B X Cu-Be/Cu JZ2 R F A A A RBR I RIS R [T]. B s @R 5 TR, 2024,
15(1):67-79.

2 [8) 58 E Lk Xt Cu-Be/Cu B IR 74
S a7 PR ENE R 22

A, BN, RRA,  RHES, ML, KKE®
(HEARSGE R, a. MORRLY 5 TR
b. P S A R I 5 R A S %, R 330013)

i ERHAZRELS ALRALEN T X ET EAHLREEFEE L (Reypoe 2 71 4 3.0,
5.0.7.0) 8 Cu-Be/Cu Z R B A+ #. #FRT BB R poc, 5B A AR E -2 M TR R
MEFENENGH , FEET FE Ropoca THRERFEEMANESMB N EFEMAT NN H o, HF
RERKW MHE Repoc T8, BERFHEAM BN REAT HIMHKERK, (EE 44
NEEAGETRERGEETEME, EH W KEHNE THAE Cu-Be 4l T, EF Reypoc, 7 5004
EMHEAERRRE-ERHTR., RRAEHESRAOEATEERFHEAM R FZ LB RE
AN LML Reypece NI0OWEAM B F R AR EZRANAT £ WM R FEAAER KRG, T Reppeca 7 7.0
GAMEFRRERESEAA A B WL A w1k 2] 40 AR A FF R B, Repoe W SO E
EMBRFRRERFERENENHNEEA LR BB ERER, BT ERA R T E N b A8
EH IR FENEE S .

KB :ERFWEASME EREE L hFRE; L EEA R RELFFEMA

FE S ES :TG146.1 XEkFRERD: A

Effect of layer hardness ratio on strength and toughness of Cu-Be/Cu layered
composite materials with heterostructure
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Abstract: The Cu-Be/Cu layered heterogeneous composite materials with different layer hardness ratios (R, goc.=
3.0, 5.0, 7.0) were prepared by vacuum hot pressing bonding, cold rolling and subsequent heat treatments. The
effects of R, 5.0, With different interlayer hardness ratio on the balance of strength and ductility and the strain
hardening rate of the composites were investigated. Furthermore, the effect of heterogeneous deformation induced
(HDI) hardening on the strain hardening behavior of composites with different R, ., was also studied. The results
show that the ultimate tensile strength increases and the uniform elongation decreases with the increase of the
interlayer hardness ratio. However, the ultimate tensile strength of the composites is higher than the value calculated

by the rule of mixture (ROM). Moreover, the uniform elongation is also higher than that of the corresponding Cu-Be
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component, among which the composites with R ., of 5.0 possess the best balance of strength and ductility. The

extra strain hardening effect in the layered composite materials with heterostructure can be caused by HDI

hardening. The effect of HDI hardening on strain hardening is relatively weak in the composites with R, ., Of 3.0,

while the HDI hardening in the composites with R, ., of 7.0 reaches saturation at the initial stage of plastic

deformation and then decreases rapidly. The HDI hardening in the composites with R, ., Of 5.0 plays a dominant

role during the strain hardening process and provides the extra strain hardening effect for the composites within a

large strain range.

Keywords: layered composite materials with heterostructure; layer hardness ratios; mechanical properties; strain

hardening; hetero-deformation induced hardening
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Fig.1 Microstructure and microhardness distribution of Cu-Be/Cu layered composite materials with heterostructure :
(a) R, 3oca=3.0 (aging for 15 min) OM microstructure;(b) R, ;.,=3.0 (aging for 15 min) microhardness;(c) R, ;..c,=5.0 (aging
for 60 min) OM microstructure;(d) R, ;.,=5.0 (aging for 60 min) microhardness;(e) R, y.,c,.=7-0 (aging for 180 min)
OM microstructure; (f) R ;..c,=7.0 (aging for 180 min) microhardness
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Fig. 4 Uniaxial tensile curves of metal components and Cu-Be/Cu layered composite materials with heterostructure :

(a) uniaxial tensile curves of the metal components; (b) uniaxial tensile curves of Cu-Be/Cu

laminated composites with heterostructure

T 17T 2 BTG, (3785 T X5 1 A9 Cu-Be 4170 (P 4 (1]
ZEAE B AMER ), 73 5 25.7% (Reypece=3-0) «
129.0% (R, =5.0) F1193.2% (R 5., =7.0) o H1 L]
U, 2 RAE Y B R 17 3 = 4 k) 8 14 AR T e

D5 T B ARG B9AE R R e TR 2R 48 55 Akt
(49 )2 (DA 8 b A vy B I 400 T, L X SR PR AR TE e ) 42
FHAROR I B2 . TR EDIRE R 1Y Cu-Be &
S ARV ARIE S TR AR By Al R ) B 5 B
FEIS, DA 3500 A48 S Bl i) 57 A= 7 3k Ao, 9 P

900 160
(W — e
i _u-Be/Cu

800 — RS

< =]
E 700 z
& =
2600 180 %
= =
=500 =B
ES 140

300 0

Ry peoci™=3 7

Reypec=> R
5 £BATE Cu-Be/Cu ERFHESMRHIMHMEREITLL: (a) EEMPMIGEERIEERS ROMITELE R T ;
(b) EE#ISE Cu-Be A& RS MK EITLL

Fig.5 Comparison of tensile properties of metal components and Cu-Be/Cu layered composite

Cu-Be/Cu™

1120 =

B2 (MR A/NT 7%) 1 FE R Z —. HZ
JER R Z AR I i R v, 23 R A e
F1% s S W78 B4 73 TR , TS RCR AR R (Cu 178 )
(AR ZR AN RE ST ARSI A 2 P , 2T 4 ] B AH (Cu-
Be 270 ) A SRR JC AR, MTH S B AR AR Ryl AR, Xt
U 12 (B A LU R S S AR B A fiE
BOANLHY Cu-Be HITKMREETF BB IN o [R]I, B A1)
EIPEARTERE S A B TASRHE SV i A P fr St
S AR REAR , AT i A < (s

25 12
(b) Bl CuBe 54
I Cu-Be/Cu
20 AR A 110

—_
(9]

BRI /%
WM A /%

(9]

0

Rewpoe=3  Reypeoc™d

Reypece=7

materials with heterostructure: (a) comparison of ultimate tensile strength test results and ROM calculation results of

composites; (b) comparison of uniform elongation of composites and Cu-Be alloy

24 £ Cu-Bo 4176 A Cu 4G A3 1711775 41
355 LI ROM XFJ52 R S5 K0 245 bk 0 152725 A7
AT T HE (4 Cu-Be 2LE 9 15/50 bk 4 i
5 0 RECAHL) L -5 5 R A S WA A7 4 0 2R3 £
XU S5 A 6 75 . 4 A 25 B 177

# F KME (KOCKS , MECKING and ESTRIN ) 1% %
HEAT G IRCY, TE AR B ) B Aok B v, e AR s 2
T, G 28 6 Ak % (9=dor/de ) 23 26 T3 1 [ A1 B B
(BB U, b 1 or A iy e v s ) 98 1 728 T8 5 78 1Y
D3k ) DA Ko 2 1 R ARR 9 B (B B T, X6k 1z 437 e iy £



% 155 %14

MR, 5 B A R E b 3t Cu—Be/Cu B 574 B A A AR 3 M 6d 3% vh 73

ke 1 AR R AR X)L aniE 6 (d) s . Horr,
LR A B (B B T ) 4 4% 2R ] iz ke 7 A% s 1k 2R
W ARG 1) 15, MR 41 Considére 7 U, 24 i 7% g Ak 2%
FR) 5L A A1 25 55 6 R BT 7 R B 0 AR A e, AR
e M B R I B BE AR A A X EER /DN, bR
IO A5 A A fiE 7 A . F L 6 T AS [R] )2 1) A
() JZ IR B A RN, AR B Ak A7 Sk il £ rp 28 ] B
b R 1) TG T AR AR RN 8 R I I BBE , B )22 () i
FUIY T J2 AR S48 52 b Rk i 7 A5 B A BE g 3
BEARK , {ELSIZ I 174 17 28 Al A% 359 w8 T AR 4 ROM 1 3153
{EL, BIA7 e 85 91 6 07 A8 A Ak 2 (L 1&] 6 (a)— & 6 ()
YA M) o M Reppec N30 M 2R A E S
ARk A 2 A KK I BB %) 07 72 1 Ak 2R B MK B K T
ROM 55 filt £ 114 107 75 1 b = [ A1 3 3, DA b 1 7
IO A5 i A 2% [ 2 N7 A A 36 0 T R AR . X T2
WA 2 A BB (Reypee,=5.0) 1Y L A2 8 AL 4T Ay
2R, HAE 2 M [ ARG By BB R A 5 A 3% AR A1 3k 38 /N T

7 000 -
E 300 |
6000 S "
jjj 200} \,\
= 50001 = -
% Jé;( 100} \.“\o“ ‘
5 4000f z e
X g 0 "etee
i 3 0001 004 008 012 016
Yy R '
g 2000} e
1000 —=—LHZER
—+—ROM
0 004 008 012 0.16 020 024
H A
7 000
(C) ﬂ‘f 600
6 000} = .
1871 /
} g 500 / L
£ 5000f = ¥
s i 400
54000 =
i_;l EE 3001
i@ 3000F 0.045
=2000f
| e SI0ss
1000 rou
0 002 004 006  0.08

AR

ROM 15l £, i A 1o A5 i Ak 2% 3% 3K Bl %
AR BT, R R R A M OB (R o=
7.0) (4 7 722 AR AT Ay il 2 v e M AR o B ) AR} R
5 ROM 50 it 26 FE A — B, A I 5 o 17 2% i b 3
FEARRFFAAE
ROM X% & | A 4 J& Al e i etk & e
M Z20% 7 RARAE S Ay B b Cu-Be 2ot 5 Cu itz
B ARG YEH . H T Cu-Be LT HI Cu g T I/ 7E B
FH AL AR AN, Z R 40 52 G bR PR AR I
P th oA FUIE K B T U255 55 (GNDs) , I 74
SR (HDD sk, iX 2 K] 6 (a)—I&] 6(c) 4t
SRS AEAR A Y BT A [ 22 TR 2 F Y )2
AR FAGIZE BB %A 10 28 A5 8 1 A8 Al B A
SR , 1k ]2 B) A 32 L 25 %k 22 R S 4 5 6 R
HDI 58 A6 47 Ay 77 A2 55 R 5% e, AT ) FH 496 B4 im0 2%
(Loading-Unloading-Reloading, LUR ) 5% & %} HDI 5
AT AT

7 000
I(b) § 600k -t
6000 =
g 400 P
. 5000F = /
S 2200 /\0 e
i 4000F 2 FaR
. ‘L:Eﬂ, 1 1 L 1 1
;\f( 3000F © 0005 o0s g;gfr 0.06 0.07
= (R AR
2 000
>
1000 —=—LEZER
——ROM
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
H AR
(d) I
e BB Il
g I
1
A i
g( I
= I
= :
= . !
e, .
1
1
. <
1

TG a—

E6 Cu-Be/CuRRFHMEEHRILIR TR 12k 5 ROMITE MHZITLE : (a) Reypoe,=3-05 (D) Reypoc=5-0;
(¢) Reppe,=7-0; (d) EF KME SR & B M@ 1TH T
Fig.6 Comparison of experimental and calculated strain hardening curves of Cu-Be/Cu layered composite materials with het-
erostructure: (a) R, yyca=3.0; (b) R, poc=5-0; (¢) Ry poc=7.0; (d) schematic diagram of metal

strain hardening behaviors based on KME model

7 7R AN Ry e, B JZ AR A0 5245 BB
PR I3, 2 WL R S0 W1 2R 5 4 525

BHEW ML SR, Cu-Be )2 5 CuZ IR AR FF R
WEE R AV R Z R Wi R 8 kA



74 Heskkhttdhs 142

2024 42 A

&G BATTZE. WA, ZREWE SR D
AR RN 1 S B (AnE 7(a) (&1 7(c) FIE 7(e) i 2
LR BA G B R A SRR T
Cu-Be/Cu ST AL 2% 1k, U W W 24 0o 72 rp L0 1 7
ZF| T Cu-Be/Cu FHIHIBHAG AT A A2 T i e L ixX A Bl
UGN ZLLCYT R B T, DT B v AR Y B MR
Bl 7(b) (B 7(d) FEL 7 () A )2 0R A8 2450 R
5 W B, Cu-Be/Cu S 11 i35 ) Cu JZ W7 AR F-

1200 pm

HALTE Ry e N 7.0 Y ZAR A S MR Cu 2
SEDUE - STIU e 7N I RO DU &2 2 RS VT
I e BT 2L B RAIE T 53R S Cu Y AL R 4R
TYW SRR AR 25 B o Xl T2 ARAR S i e 2
PEASIE s A, SR 2 R (Cu 2 ) e 07 T 22
A8 TLART A 57 5 LA IR 81 B AR T | R ) 7 4 E R
FEAR T RS ARG R, DT O S LR SR (]
I, TR Ry o, N 7.0 IR A S 5 F1R T Cu

/, \ ) [ LAY 20 pm

7 Cu-Be/Cu BIRBMESMHRHLMETORIR: (a) Ry, 4, =3 0 ERETOFIR; (b) Re, 4o, =30 HEETOMIR; (¢) Reypye,=5-0
BT ARIR; (d) Re,pe,=5-0 SEETAFIR; (&) Re,pc,=7-0 EWET OFIR; () Re, 50, =7-0 S EET AR IR

Fig.7 Fracture surface of Cu-Be/Cu layered composite materials with heterostructure:(a) R, ;.,=3.0 macroscopic fracture

surface; (b) R, 3.c,=3.0 high magnification fracture morphology ;(c) R, ;.c,.=5.0 macroscopic fracture surface;

(d) R, 3o/c.=5.0 high magnification fracture morphology; (e) R, ;..c,=7.0 macroscopic fracture surface;

(f) R, 50c,=7.0 high magnification fracture morphology
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