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Sizes effect on the tensile behaviors of H65-1F-H65 laminated metal composites

WANG Kun", AN Junbo®, FEI Ruoyu'
(1. College of Optoelectronic Manufacturing, Zhejiang Industry & Trade Vocational College, Wenzhou 325026, China;
2. Research and Development Center, Okumtec Technology Wenzhou Co., Ltd., Wenzhou 325026, China)

Abstract: The H65 brass alloy-interstitial free steel-H65 brass alloy (H65-IF-H65) laminated metal composites
(LMCs) of 0.12mm thickness and 1-9 mm gauge widths were prepared by rolling combined with annealing.
The electron back scatter diffraction (EBSD), digital image correlation (DIC) technology, conventional tensile test-
ing, in-situ tensile testing and SEM were used to analysis the effect of specimen width on the mechanical behavior of
the H65-IF-H65 LMC. The results show that the H65-IF interface is mechanical bonded without elements diffusion
during the annealing process. As the gauge width gradually reduced from 9 mm to 1 mm, the tensile strength and
yield strength remain basically unchanged, meanwhile the total, the uniform, and the non-uniform elongations
decrease from 30.3%, 23.4% and 6.9% to 20.3%, 18.8% and 1.5%, respectively. The work hardening ability also
decreases rapidly. Moreover, the strain of the H65-IF-H65 LMCs is gradually concentrated. On the tensile fracture,
the width of the dimple band and the number and size of dimples within it also decrease significantly, which
indicates a significant size effect. The main reason of sample sizes effect on the tensile behaviors of H65-IF-H65
LMCs is that the interaction of shear stress is inhibited with the decrease of the gauge width. The cracks are more
likely to spread rapidly in the single shear band and result in a decreased ductility.
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EEMRER

JZ IR 4 JE 2 & M Kl (Laminated metal compo-
sites, LMCs) & H 2 )2 £ 2 AR 4 J&8 i — &
82 H AR A ) — R R AL A MR B
Al/Mg JZ2 R E A W, 4l Mg/ZKe0 5 & 4 )2 1R
SIBE B, Al/Cu/Mg Z A M EE . Al/Cu/Ti/
Cu/ALE 5 M B Cu/Al/Cu &M BT & 20k
BHEMEENR A AT SRy 5l L, &
i O TR T S TP R AR B — 4 B MR AR
BN S 2 A ERER . Hes B4 /IF 40 /H65 i 4
3EZRE A 4EAMEL (LT K. H65-IF-H65 JZ
RE G MR AN A HN 2R R T
EIRFNT AR, 38 AT AL EER IR AR S 5 B
IRVE S BOEPERE, AT 2 W TR Re i . i .
HOTHBASEE 20, SR, A B ooas R
W R B T ) R, AT A B A R )
Ji2EEgeBEE T AR RT i sk /N i 28 30 A & W %
AN 5 A P 1 W /< < S E A 5 A 2 D G
TR Ak R ECY BE G AR R BRI R, R
~FRUNE 5 AR RS R SR R Y LA 2 DD AR e
YEL T 0 TF AN T IR B N Tl SR, S
JE 1 ARG B A7 5 1) 9% 1T B 4 g it 3 S O
SRE TR, HFREREeEREEAEMENE, Hh
2EPERE PT R BN ™ E AR T 20 o0 2 IR A DG
FERCE S, AN Li 26U SR w56 O vk 1
FF & T B2 R B AN OK B Kk RUEE 9 Cu/Au
il Cu/Cr Z)ZM KL, IR HKHK Cu/Au £ )2
AL LA A R R 3557 1 #8140 K X Cu/Au 2
SR A T e B U i ok & T AR IR AR e M,
M Z T, 9K Cu/Cr ZIZ A7 T B 55
Yy, A 4T )2 B A2 R el L
AT B AR - R e el Bk 4B B A M
Ak 7 2 M BR R R 2R B0 5 R i RS 28 DA 56 19 A1
6 RCSE R, )0 Guo %5 19 % B kR B AR A
2 000 nm 78 /D F| 750 nmft, CuZr (£2)Z/E 100 nm)/
Cu (P 2 )& 10nm) £ J2Z # Bt & 45 I 28 1 71 A
3.01 GPa I /) 3| 2.25 GPa, % T H65-IF-H65 JZ Ik
52 A M RHE LAY FL - T 2% 1 T T A LR N

G 0 2 THT I i or o R B vk F 55 T 28 BT A ok | Ab
FERGT RN, AR SC | TR 92 1 98 BE X 2 I 1k
28 2 B ) H65-TF-H65 JZ 4k & 4 6ok )12
BE M2 e S EHL, S AR Re R . iR, B
FEL A A Ak 1 o FH R IS 2

1 H65-IF-H65 EREGMHEH EE S FiE
1.1 &

H65-IF-H65 JZ21R 52 & b1 Lk K AR B 47 1 A
FRSFR 3 2R He5. IF. H65 43 & i 1
LM AR K E A, Horh He5 Fil IF EAR
mE 1R, LZMTF)ZE Hes . )2 IF Uk
Zab RmEVE . HELE A E 2.0-3.0mm EJE, Ff
Ja, MEE 850°C B (R4 B2 N A R 2
Al) k4T 620~650°C 1B k5 RS AL B AR 2 R .
SIS 0 M R GR KO8T F 0.12mm, H
Pl & AR A 1 TR .

1.2 RS

P E IR N DAY= N RS Y S )
EHHHAREETEREE A 1, 2, 3, 4, 5, 9mm., 3
PR B R 25 mm AR URE o BRI 4 v TE
JE BT R 20 mm LBl 1k $r i AR v e 2L e 45 0
ARG 20 BURE e e W 2, [RIRE UL O 1
T B P AR, R AR BB 98 % 40 518 1 mm
A 9mm, AR SN 5 mm. R A B AR fh X
M5 {3 AVE 2 ¥ Instron3369 & = HL T 7 fEFi
(G =W 1 Nl U VAR L 011555 W VAR 5 Q28
1 mm/min, R T ERAH CH AR (DIC) X i i
b B R AR AT A AT o A S| Al oy B ROR
WEBG 4> 914 0.25 pm A1 +2.5 pm, H 80 S iR
2, B 5 R

%f & [n] 77 [n] (Transverse direction, TD) # i
PEATHT B AR B 306, RS SR B 1 K
S5+ (EBSD, HKL/Channel 5 system) [ FEI Nova
Nano SEM 450 9 i FL ¥ i Bl 455 % 7 ] Hes J2 Al
) TF 2047 SR EE gt . Bom i . A B E A
EDS %% & fil 3D roughness % {f #) phenom XL 47
HL T B X H65-TF-H65 2R & AR 20404

£ 1 He5 E4f-IF $H-H65 &4 (H65-IF-H65) BIXE &+l (LMCs) H1 H65 E4FF0 IF $MALS (BAHI: wi%)
Table1 Compositions of H65 brass and IF steel in the H65 brass-IF steel-H65 brass (H65-1F-H65)
laminated metal composites (LMCs) (Unit: wt%)

Material Element

H65 Cu Zn P Impurities
64.524 Bal. <0.01 <0.2

IF Fe C Mn Ni Cr P S
Bal. 0.003 0.18 0.01 0.01 0.03 0.004

Note: Bal.—Banlance.
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Annealing

Coarse rolling

@ %

Fine rolling

H65-1F-H65 LMCs

Annealing

Leveling

1 H65-IF-H65 iR A bP Rl s it 1K
Fig.1 Preparation process diagram of the H65-IF-H65 LMCs

Wr 11 8 35 R0 el 3k A v 19 3% 1D RELRE B S AT R
FIFH 1 KN 287 19 2 A8 Bz A 5 56 S A2 B A e i R A 7
Pif, P FE N 0.2 mm/min, P EIRF, ff
FH phenom XL 4 F 58 XF A i 2 11 JE 55 A 24 80
AL YRS ST N

2 EWHERE5ITIR
2.1 H65-IF-H65 EREGME ERMALR S

Kl 2} % SEM %} H65-1F-H65 240k & 4 6 K
HATEA HICR A 500, Gl 2(a) fios, BIRE
SRR RE 20N 120 pm,  AMEB HE5 JZ AL IF 2
JRERE RSy, Ho TR 2P 48 EE 2 100 pm A2 A,
SMIUEY) H65 JE 45298 10 pm, 42 IR 5 ZRE
BRI 16.7%, RAGRA /Y, 4
PRI 725 PERE N FR R E K Y IF 9 % . H65-IF
FHEE I EARXE B, AR BB A B A B AR Al
B A, XA B TN Hes-1F s SR,
i 2(b) fros, JCREEAR ST B8, H65-IF Fi
Zot Ve RN B UGR KRR AR & A e = i AR
WAL, H65 25 IF 2456 T R HImas 4 .

ML 3 AT, 7E 28 5 K Ll 451 ¥ LRI AR ok Biab
s, EWRE S MK (Rolling direction-Normal
direction, RD-ND) T [t ¥ IF )2 4 A & W &5 A
BRI A5 4l H65 2 W Y & — 2 1B ok
A B B PG AR Al . A& 3(b) AN 3(c) BT
IF JZIE BT {111}<100>2844 , ©F 58Nk IF 40 11
{111} <uvw>ZU4 {54 Az EL A7 8 K 00 HE T B9 AR ik vl
fie 1A AT ek R P Hes 2 R T i R Y
{011}<211>H #2418y, {H He5 Fl IF JZ 4Lk 5% i 1
5., WA 4 i, He5-IF-He5 2R A48
IF Fl H65 1 P-4 ffhr RT3 0 08 20.9 pm F19.6 pm.
2.2 A EHREEEE H65-1F-H65 FARE A#Hl = iteaE

MIEL 5(a) T 7 B AS [) A B 96 2 H65-1F-H65 J2

ARG PR AR R - A2 T AR, S hRiE

(2)

() H65
IF

10 pm Iron

Copper Zine

K2 H65-IF-H65 ZIRE AR SEM KR (a) XITHR M (b)
Fig.2 SEM image (a) and elements distribution analysis (b) of the cross

section of the H65-1F-H65 LMCs
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¢, P—Euler angles
P93 H65-TF-H65 JZ R & FORHE I &5 EBSD 2047 (a) K 1F )=
1 H65 Z R (b) KB BLA 0,=45° 19 [ & (ODF) B (c)
Fig.3 EBSD analysis (a) of cross section microstructure of the H65-1F-

H65 LMCs, and the inverse pole figures (ODF) (b) and Euler angles

¢,=45° orientation distribution function sections (c) of

IF layer and H65 layer

B JE O 9mm W, R EKE 3R R R 5 R
Bt i 98 BE 43 ) A 37.5% . 218.9 MPa #il 302.0 MPa,
Bif 5 S0 T BN T T [, Rk ) A e e 1 3 B
FNREGEHE, TR N 1mm B, &S MR
F) B JE A 2 i IR R N B L 58 B 43 R 20.2%
209.8 MPa fil 287.5 MPa., H65 7F i fiff iz 2 Hh 2 B
0 2 IR AT SR U, T IR PR . RS R T
TR ARAR A U Ak Ak A AT R R AR AR [
IR S50 R s BEAERT, W IF R R 30 i
S i IR AE R, RAN, A TRl AR B 95 H65-TF-H65
JZ R A MR E R AR I R R YOG s IR &, Bk

PR 3% B2 i IRAT R BORAE . S UL R, AR R T
S5 9 mm [ 5 A BRERL g - AR ) 48 A 7 0t B
LT R S (N Sk TR ), T B A AR EE T
FIREARG, 12 B B 07 7 - o7 A il 28 198 0 201 328 T 2 o
A 5(b) M H5#E 56 % 1 mm. 3 mm A1 9 mm ik FE Y
NI [ N et 1S 51 O Y <O = g S
H65-1F-H65 J2 MR & & AR % Jin T8 £k % il 2 7T L)
KB I TR 208 T BRI T [ 3 4By
Bt o ASTRI AR 56 B A0 A i T 1k 23 il 28 1 55 —
(01" 2 N = (1151 =i v A7 1 N R et
B B A 4 5N R R B MG 0 AR A R
SRR RRANTE AT . bR R 38 5 AR T T A
AR, BRI T A8 Ak 8 7 Tk b v vk
ARG A BT, SGH p5 BD LN 7 - AR il 2R
5 TRE AL R 2R i 22 AP, AR EE SE N 9mm,
3mm H1 1 mm 3R FE 1) S48 55 BT X N ) 2R AR 43 51
N 26.8%. 22.4% Fll 16.5%., 1R 9%, H65-IF-H65
2R A R 28 2 R 1) B8 T B 2 R B R
B 1R /N T AT

WE 6(a) B, TR -0 A8 i 2645 1 b
5 58 B A 9 mm 3 AE BY AL E R | By AT ZE i RORD
Ak 34957 G {2243 51 K 37.5% . 29.3% Fil 8.2%., FrbE
FE R 3mm B, FR{E 551k 30.3% . 23.4% Fi
6.9%., MARIETE)JFEREE 1mm B, R {E 5 g%
% 20.3% ., 18.8% fil 1.5%., H65-TF-H65 JZIRE &
ARk A it 2R 1 2 50 90 A 3R i A B T A s /N T
Y Br AR, 7€ 1~9 mm 315 B P 3o B BE 1
GEIRGEDH, T AR 45T I R AR AR SR B < 3 mm
DS Ny e 4 o Sl || BB SR T TR= S P BT
RN R R I K T R 38 5 JE AR R R R . R
KM F . H65-IF-H65 J72 IR &2 G bR 34 5] 98 14 A8
TERE 1 58 5 52 B RE S8 BE 19 5% 1)

TR ST BRI (] 0 25 52 i 4 L I 5 . A
AL SN T RS 2 R 2R, ATk B T
PR AR PO Y BELRSHE FH R /DN, 24 3R T
DT A 1 SR SR N = N i AN (TN O = 3
TR IV 7 R i B ) Bl 2 AR 102 Hes-TF S 4
i K HE AL TR OB UGR ko, BRIERUR S 45 A
JEHHEE G IEREMOR LR . H65 JZ AR (9.6 pm)
5 H65 JZ & (10 um) #H2 , # H65 & ki A Al iy
IF (&R ] LA R 52 & MR 2 2 ok, HAx TR 4R
AT LA R B2 4 B PR oy R B 2 1 2 AR Y
PEATAR 2, YEREE 58 N 9 mm & % 1 mm B,
TR 2 R BT o B8 41.9% 3 0 2 43.6%
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4 H65-TF-H65 JZARE A kR ) IF 2 () F1 H65 JZ (b) BRI <40
Fig.4 Grain size distributions of IF layer (a) and H65 layer (b) in the H65-1F-H65 LMCs
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Engineering strain/%
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Gauge width 9 mm — - -

True stress vs. True strain

Work hardening rate vs. True strain
1600 [ Gauge width 3 mm - - - - True stress vs. True strain
\ — — Work hardening rate vs. True strain
\ Gauge width 1 mm = - True stress vs. True strain

1200 + : — - = Work hardening rate vs. True strain

Stress/MPa

800
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35

Strain/%

K5 (a) NIFFRIETERE H65-1F-H65 AR Ab R TARRL F7-RiAE I 5
(b) brMETEE 1 mm. 3 mm Fl 9 mm IRFERYELR /7 .
IO 7R B 2 - R R I
Fig.5 (a) Engineering stress-strain curves of H65-IF-H65 LMCs with
different gauge widths; (b) True stress and strain hardening rate vs. true

strain curves of samples with gauge widths of 1 mm, 3 mm and 9 mm
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Fig.6 Variation of different elongations (a) and strengths (b) of
H65-IF-H65 LMCs with the change of the gauge widths
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X H65-1F-H65 724k 52 & 4 B R 58 B 52 i 45 /N
2.3 H65-IF-H65 ERE SN TS5 REMEEE

K T S A S H R (DIC) X 45 B 98 B2 Ry
1 mm F1 9 mm A9 30 78 50l Ao 72 v (9 1 A2 3
AR AT o BT . IRl 7(a)~ 18 7(c) o, iR B R
7 1 mm R EE R E TR AR 2R 10% B, AR
BNMIEA ZEAE DT T IAE, HN AR
F12.5%, L AR AR A P X IR AR K R Y 50%,
T AR AT B WL AR 20 7.5% LAy s Bk R =
ARG GG O, AR A X B XK SR TR R
R B H &7 FE R B AR K 2 40%; 24 HDK
KA, ZA MR — 55 3 B R T
24 30° 1Y AR A A (18] 7(c) AT k), N AR A
JE FRAE e YR B0 B, RS P SR R, AR
WA 2k 35%. aniEl 7(d)~F& 7(f) fr s, FRiE
T& B 9 mm i FE B & TR N AR 2 0 10% R
PR R B N BT 28 43 AR i 3 5 5 Yl h
R T e e Y v Y S S DIV R A E DO B R
{SUAE N R A B0 0 B L AR B X s, X8 P g
2R 30%~35%; 4 RIVKE Az W 2LEE, AR
L 45 AH B2 R g AR R oy (1 7(0) i sk ),
Horp R Oy i AR S vl 5 TR E AR T 40 41°,
SR BTYIN 175 W) (45°) AHIE .

Axial strain ¢,/%

7 ((a)~(c)) FREETERE A 1 mm ) HE5-TF-H65 J=4R & b HaUR: b ff
TR 10% ., 18.8% (34 51) Fl 20%(MIHEWi22E) B9 RIS 341 [ 5
((A)~(0)) PREESE Y 9 mm LA 2 TRR B2 10% ., 29.3%
(i 15) 0 37.3% (ML) i RiAE S A &

Fig.7 Strain distributions of the H65-IF-H65 LMCs specimens with
gauge width of 1 mm at the strains of 10%, 18.8% (necking point) and 20%
(about to break) ((a)-(c)), and 9 mm at the strains of 10%, 29.3% (necking
point) and 37.3% (about to break) ((d)-(f)), respectively

K i 3D roughness 4K {4 %t ¥ I %5 £ % 1 mm
M 9mm ) H65-1F-H65 24k & A b ki il 2 T.82
N AF 18.8% (31 4 »ti.) F1 29.3% (31 45 #ii ) B 4 36 161 B
AT S E . A 8RR, JE AR A

(© - - - - Profile 1 in (a)
Profile 1 in (b)

5.0

251

Height/um
S
T

_7.5 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Position along profile/um
%18 HREETEE A 1 mm (a) 1 9 mm (b) Y H65-1F-H65 2R G bk
I TARRIAE 18.8% (345 45) 1 29.3% (F4H 1) it == TR 550 S A I
HLBEZHIZE (o)
Fig.8 Surface morphologies of the H65-IF-H65 LMCs specimens with
gauge widths of 1 mm (a) and 9 mm (b) at the strains of 18.8% (necking

point) and 29.3% (necking point) and their surface roughness curves (c)
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H65-1F-H65 2 4R &2 & A1 BHE R 5 22 1 H LA [A)
RS S IR R . WFSRIN T, AORHE Sz A i 2
T F A 2 TR B2 U T A I AH 408 R 22 [R]AS 1 9]
MR IE AR, IF 5 A REE SR RS L W A% e R
P UIAEOC 20 el i, BREESE R 1 mm 2
ARG MOREBL M 2 BU4E 0 3R T RS B2 R,
2.66 um 1 R, 1.45 um, i #5 B 5% & 4 9 mm 19 )2
RE G MORLBL M 2 BU4E 5 3R T ORLRS B2 R,
5.53 pm Fl R, 1.84 pm, 3 [ADRLRE B X A4 R 7 24 1
RBAT BT, ) 20 s /N AN 34 5 S A 2% 9 34
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Fig.9 Side SEM images during the crack growth of the H65-IF-H65 LMCs samples with gauge widths of 1 mm ((a)-(d)) and 9 mm ((e)-(h))

(Fig. 9(i) and Fig. 9(j) are the enlarged image and EDS analysis of the crack front in Fig. 9(f); Fig. 9(k) and Fig. 9(1) are the macroscopic photographs of

Fig. 9(f) and Fig. 9(h) under electron microscope)
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Fig. 10 SEM images of the front side of the H65-IF-H65 LMCs specimen with gauge width of 1 mm (a) and 9 mm (d): ((b), (c)) Enlarged images of the left

and right frames in Fig. 10(a); ((e), (f)) Enlarged images of the left and right frames in Fig. 10(d)
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