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1.1 #RIS SHEREIE

WA RN QAI0-4-4 BRERTFHI &4, 1L
Sy 1 frgl .8 mm JEFEFE S 7E 880 CHRIE 1 h S,
VA E 780 °C JEidt AT AL FLH T 2R A E R AR
TRIEREL T, 16 70 t 5Ll & =i voE sl h], il
WIETESHAN3 mm, 2 mm M 1 mm, EHRMR%E
LHE 2 mm, BBBEEN 75%, KAE=EHR. H
5LJE B 2 VI B B/ NERFE S, 7 350 °C i#EAT I ckk
H, R 2h,

T BRI S QAILO-4-4 FATFHR A &AL 2F R )
Table 1 Chemical composition of experimental QAI10-4-4

aluminum bronze (mass fraction, %)

Sn Al Zn Mn Fe Pb
<0.1 9511 <05 <03 4555 <0.02
Si Ni P Others Cu
<0.1 4.5-5.5 <0.01 <1.0 Bal.

1.2 SKFE
T FL A AL E S IR A IR BRI, BTEE

PSR S, A5 B ARRE o P e o AL
BREERRWIF I FCEE A 6 g FeCly+20 mL 70% #hER (14
FUAr HO+100 mL 43 A1 460Ks o 0T BT i & (9 B 5 7E
MEF4A AO%% BMEL(OM)BET SAHHLANMEE, RH]
it A e it 4% (Inca energy-dispersive spectrometer, EDS)
1) JSM—T7600F 17 J 5f 471 i i B (Scanning electron

microscopy, SEM)HEAT (WML 2H 23 % 35 W 55 1 L R A (1)
B3 53T TEM JZ 5 S FERE St I FE7E MTP—1A U
R RUAY AT, HARIBCN 7% e W RIS, L
YRR FEH-35~-25 °C, TAFH A5 59 50 V
30 mA. K] JEOL 2100F #4357 & 5 = 4y HHE i T 2
TR (TEM)IEAT RS G20 2300, FR48 B BT B R k4%
(EDS)#AT B 70, 1S BB TAEH R A 200 kV. X
SR AT HH(XRD) 20 H7#E Shimadzu XRD—6000 X 528 AT
SHCEREAT, AR Cu BB, K, B4k, HiEE R
20°~100°, FEEE N 2 (°)/min, FAHEHITHEE N 40
V/40 mA. F|H] ZEISS-Observe.DIM 4k [X {i ¥ fif £ i1
X RE AT R BE MK, 24 500 g, PRELIT R 15 s,
W8 ST NR AN R R sEifE Zwick/
Roell-Z100 HFiARSLIGHL 3T, BLAHFE S HEHR A 1)
FL0 D7 M HORE, RAHRE S AREE A 12 mm, RiHIE R
K 5X107t s

2 SLRHER

21 EREER

FRAEFH S, QAL10-4-4 FLER 5404 4 7F 880 C
i P L U (oA - B 1 BT NSRRI A &
TEHELB TR G o5 WA 2O LE B, SLIRT R
mZ2(880 'C, 1 hyfRIRAAKIE, HHTELEW o M A
M, o FHESMR, SRRSHE 15 um A4, 2]
SYARALE BAR LB 1(a)), LRI 8 SR B A —
SELi/N & HTHARCLE 1) E73kFTR). £ 70%E 4L
J&, o A BAR AR TR A SRR B A8 Bt 4 24K,
ML W EAl, WE 1),

2 FiR iR 5L BT S FE R SEM R i 21
MEREER . B 2a)f 2b)rf LRI, IRELARTE ab

1 2 70%IE45LAT )5 ) QA110-4-4 4575 4 Y22 4 47

Fig. 1 Microstructures of experimental alloy: (a) Before rolled, (880 “C, 1 h) quenched; (b) After rolled, 70% deformation, quenched
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Fig. 2 SEM images of experimental alloy: (a), (b) Warm-rolled; (c) Magnified image of area 4 in Fig. 2(b); (d) Warm-rolling and

aging at 350 °C for 2 h

JEERT A A A A 4 B R IO R ARGE ), Al
TGN o AH P ERGBANT pAH EARL, o M2
U5 ETE 6 um LR, H4H pAH A EREE/ANT 1 um.
TELJE RE S PAEAE RIS FRAS 9 & AT A, —Fh
RSN 1~2 um BIRDIR & A1, Y5104 1E o F1 B H
FEHOLEL 2(b)), X MRS ARHBCR AT H 2 R LA
TERTFTE IIVIAE kA, IREFLAR T J5 AR R B A7 1E s
TR E GO RER kb, B85 ffEiE
i A R OB 2(c)), X AT H IR AL R R AR
FEMTARAS P2 A1 ke ARU> 20, IR ELIELA 350 “CHEZUE Y
HLE 2R, HTFRNBOI R HLURERE,
REAH BAH 2 (8] SR AS ST AT AN IE 2, (H R H A
I ZURIR R FR (a8 DU RS540 o

AW SR QALL0-4-4 45754 & 4 b EBAEAE
3 FOARFEZEAIN k Ml(ho ks AT k)P, 3 ks N NiAl
R BCC &Jmiaw), 2M4E5A B2o k fEFXS
BUEIREE N, MRS ALK, T Ay RAEFR XL
IR FE AT K R BENT AR, — &N FesAl Y
(Y1 BCC 5kt & Ik At >, 22 (e 4544 DO3 .
Bl 3 P AT 5T RE A (EDS) 241 4 i 73 43 i 45
B, ATLLAIWTE 3(a) 1 o AR E HECK I RRIRAT H

HINE Fe I8 ky Hl(Fes Al ), 41l 3(b)fim. MK 3(c)
TR A SE R T LLHE pAR R BT EEA E AL
Ni [ tiAH, SR AL AL S RIS 4 = B
FHH GRS HAH (LI 2(c) N ks FH(NIAL ).

Bl 4 B i 5L R B B S ) TEM R iR %L
FEA TEM fIX ISR BN 1) oA 2R B 1 AR
MR, FEWELE 500 nm ] 1 pm 2 80K 4(a)).
M 4(0) IR F 2 28 TEM 45 R 30, 75
2 B AEAE R SF 2 50 nm 224 FT A, ilid EDS
B3 o T AN ks AR 2), X IRELS A (K
Fri M BRI T AR E . B 4(c) T N UG R
an () TEM WSS, TSPt fl B AELLIOR, 2
Z S AR B BVREAE, HT A RS R ZAE 100 nm /2
i, UK ROE R kA K KBS . B 4dDFTR
HE 4c) T FRTIX RFTBOR K, WSR3/ &1k
P45 i AR A

2.2 XRD 7%

Kl 5 fronoy XRD HASE R, d4LAT. mELE LA
Ko LI U5 I QALL0-4-4 575 4R RE S 24U i o
BB &k MR S5ATERTAEAEL, 5L R
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Fig. 3 EDS line scanning of composition
Al analysis for warm-rolling sample: (a) SEM

image; (b), (¢) EDS spectra of composition

W analysis along line indicated in Fig. 3(a)
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4 IRELL RESFE A ) TEM 1R
Fig. 4 TEM images of warm-rolled and aged samples: (a) Lamellar structures of 4’ phase in warm-rolled sample; (b) Lamellar a+p’
structures of warm-rolled sample; (c) Microstructure of aged sample; (d) Magnified image of rectangle area in Fig. 4(c)
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Table 2 EDS analysis of experimental points in Fig. 4(b) 1200 @
Mole fraction/%
Area - 1000
Cu Al Fe Ni E
% 800
68.95 19.36 5.95 5.73 §
58.95 24.85 7.33 9.08 2 600
5 —— HWRed
23.69 38.72 17.58 20.02 2 400 HWRed+350 C. 2h
L%D —— As recieved, solution state
200
J ¢e—qa-Cu L ! ' L
i ¢+ — f-AlCu, 0 4 8 12 16 20
v — k-(Fe,Cu,Ni)Al Engineering strain/%
(b)
Ve 120+
() e v % e g ——HWRed+350 °C, 2h
©) ——HWRed
g
(a) A § 40 -
S
1 1 1 =
20 40 60 80 100 S of -
20/(°) X
B 5 AFRMREEFH K XRD i -40t
Fig. 5 XRD patterns of samples for different states: (a) 70% 0 0.02  0.04 0.06 0.08 0.10
True strain

WRed+350 “C, 3 h; (b) 70% WRed; (c) Before 70% WRed

FLIN R A RIAT SR U R R AL, X5 AL T U
FERLEE AN A LA B R R BEsh, A XRD fi7
S HTEIR RS, IRALS SN RS S AT IR
RAIIRARA, Ui B I R B LS 7 A & < 2
ZRLmA K.

23 HEFMEE

Bl 6 i N ELRT I S R0 BORE i iz ok g
TR B AR L N AR R (do / de YR, FifdEfE
BARMEH TR 3, FRrp EIS 45 =Rk 2 oA Bl
AR, QAN0-4-4 FEHEMAIT RS, WA RE
PETte AHXTIRALET, WALIS BRI S e ARG b
318 MPa #&7+ % 1020 MPa, HiHi 584 H 784 MPa 5
% 1104 MPa, FHEH 7.8%M¥EMEKE (), #HELT
AL R E A SR B . IRFLZ 350 C
B RS , SRR T A SRR | SRR BT T B,
W R (e BE A B N, (BI AR REE TR, N
P A il 28 A0 N AR R AR i 2 BT R, LR T
WA 4 2R S PN AR R, B SR T kb
J FRIRE S

Bl 6 ANIFPRAS T il RO i B AR T ok 4 i 2
Fig. 6 Tensile properties of samples for different process:

(a) Tensile curves; (b) Strain hardening rate curves

F3 AFBEURE S SRR AR
Table 3 Mechanical properties of alloy for different states

State HVys o/MPa o,/MPa /% &/%

Before

232 318 784 17.6 18.1

warm-rolling
1020

Warm rolling state 346 1104 7.8 85

Aging (350 'C,2h) 331 920 1010 21 83

3 it

2 880 C [HFEALFLJE, QAI0-4-4 BEREHEMA 4
FE AR BAH . SFHIRA o AH LKA 2 AR 2
JURCK RN k M. & KRR, 4K o
g Mg ELRmBL, R A ZUR A A B 5 R4 i
HAEWRFLIS AR AR = A KE IR IUE & A HiAH
B, BELAEESLR )G, RET —FBAN o
FH B AR SERTAAL P2 ) DA K 38 ) Bkl o3 A
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HGIN kAR 2R L. SRS EE 5 (1)
AEHLREML, IR g EHS
AR PR 3355 R A IR ke A, PR AR I 2k A R
PIHERE T EEIMEH. BAEET QAI0-4-4 4
R £ 4 1 JE AR P TR SR 550~600 MPa?, £
870 "C LA #EL K ACFR 5 S 5, e AR R A AT DU
i 700 MPa™; 7E 850 “C [N BLARIR B HEAT 95% K
LG, JRARGEEE kS 842 MPa, {H/ZWiZHK R
5% A2 AT A HE 7 S TR L T AR A I 4 11
QAI10-4-4 BAR T4 A& &M e IR £ 1A F] 7 1020 MPa
FT7.8%[135) 53K 2, 1k B R L AL B A 21 2 1) 2% 1
SRR & S — R g 2O

AHF TR D TE IR . T0% KT iR L b B
& i, — 5T, TEMXHRARR R AR, AT L
A ) SR AL AR AR T A A S A A K
K H—TJ71H, MXAEATE, FiRELH] TR
AR SR AR, 7] DA 2 BRI A & FL AR T 4177,
B TR AR B, AT % ER AR
A A EIR LS, W SEE T AR A
RS, AR AR, LB RIS o F
LA S ZAM L 1 R 2), Shkigifb & iR 5L
ERYARE A A S E LS. o, SRR
LI (DIE IR KN ) R 2 T BROK e 2 AT
B RS HRAEGREG, AY B AR R B A AT
HER At R T a0 236w 2, HOk, R R
TERA A2 pAHIISE R AE R T KK IRE R k At
HAHLE 2(c)s E 4(b)), #TH SRR LR T A
S RAERER RS —ANEERE. M4, BELEE
I FE A TEARL N Y B 5 B A, SR S
KA TR, TP R Em A SR ERE. K
I, RFLEETE A S R A A R T4 Rk
B AT SRR A SR AL — R SR R A R

ZIRFLE 0 E 4 B IV BB VAN R 4T R AR i
he 7T BERTH A RO AR ZE IR K, Ho
o AHEERE A HV200~270, AN HV290~407, k FHAN
HV420~700%, o 55 B R M R (A2 pIAR AT kAR, T
XPIBF M RC U E R T o IS & 2R
S BRI, AHX TSR AERRA L, W
S CTIE A N =B VN2 R A= N S S S =T ) [ B L -
792338 WU PS8 A R R AR SO A
USSR A SN s B, 15 R AL
(Back-stress hardening) Fl % fif (= AN [7) )X ) AH 2 8] 45
RICHb R AR B R R 2 R A R S AR L
#ile TR, WM EEER RS RES, BT
F AR VR AN, KR 2 B ) RAR AR AL,

R 2 38 I ROWL R 7 8278 43 e S A L1 SR 56 B AN
BRI, BMBE ROPHER B & i
MASTEAT Are A BRI . A7, 8RR
R shARE B &, AZREML, SR, T
A TR R IR ANK & ARAT H REREAT R0k BELAS 7 5
iz, MiisemEma SR BHERMN ARG . R
FLAS AR R 1 A 4 20 43 5 I TR ) (ot ) U
JEREEH,  ROFAR R O LHOK) BARXT R o # 7
2, BA RO AR T S A AN K RE T, T
YK ke AEBT H SR AL AR X R R R A B AR RN T L
pm), &R AFRERAMIMR I AR, 75 2R AR AR
TERkfEd, A2 B HEA P ERE S B, STt
TR T A SRR ) N AR AL R

W, AT ESEN A )E, 5 AR
SR RO FE AT H SR A 3G Nt 0, B, BT
PR ELAR T A4 7E(350 °C, 2 h)I Y )G,
TR, SREEANA AT R RE, SRR ERA N, 2y
SRR TN AR RE AL BE /7 35 TR, Rifd il 28 2 3Lk
RUERAN S/ 9K A & B BB M SR ARREAED 1727, AR
b 32 B T I SO I E AR B 5 [ R AR o, 1
I3 1 I HE IR (o) AFER 41 20 23 5 B0 41 2R Al A 2 1)
SRR T EER N b TR R LSRR
K REE kAT R AR SE BRI 4(c)), I R0 fE
BE— R AR 3(c)), R &3 BRI LIS
i Gt — DI RO H SRR SOR R 4 AR T A
SUER HOSFE R LRI, [ 5 FE il — B B, A
e o5 AH Sk 55 o

4 ZEip

1) KA 70% EEL T4 T —Fh (atp)BUH Fr
EEE T ER YRS 4, %84 W 1~6 um 1)
o A JZ NT 1 pum BN AR 2 G K 34 50 3%
BN AT AE XU F 2 F B 4H /N & AT H AR 2L

2) HiRELATHILL, WRELE I A 2 R AR AR
A& E IR B 318 MPa $27H % 1020 MPa, iz i
/1 784 MPa /5 % 1104 MPa, JEA 7.8%[fK
R AT N AR RE AL R

3) WEEL (oA I JZ AR T A & 1 R
BTN R Al ah sk DA RGR LI FE A R 1
kAT HRRAL, TR AP RBEEIN R E S AN E o
FAFD BRI R AR A B R

4) R FLTE AR AL FE R ) # m R AR A &
(1 —Fh A K77
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Microstructure and mechanical properties of high strength-ductility
aluminum bronze alloy produced by warm rolling

MA Shuo" 2, GONG An-hua’, FU Li-ming"?, SHAN Ai-dang"-?

(1. School of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China;
2. Shanghai Jiaotong University, Collaborative Innovation Center for Advanced Ship and Deep-Sea Exploration (CISSE),
Shanghai 200240, China;
3. Shanghai Seed Machinery Co., Ltd., Shanghai 201611, China)

Abstract: An ultra-fine lamellar-structured QAI10-4-4 aluminum bronze alloy was produced by 70% warm-rolling (WR)
and quenching method. The microstructure evolution and mechanical properties of the WRed alloy were investigated.
The results show that the microstructures of the produced alloy mainly comprise ultrafine a+f’ lamellar structure and
uniformly distributed ultrafine-grained & precipitations. The WRed alloy exhibits excellent comprehensive mechanical
properties. The yield strength, ultimate tensile strength of the WRed alloy are dramatically improved from 318 MPa and
784 MPa to 1020 MPa and 1104 MPa, respectively. Furthermore, the alloy still remains uniform elongation of 7.8% and
processes very good strain hardening ability. The high strength of the WRed alloy is primarily attributed to the
strengthening of dislocation, grain-refinement and nano-sized precipitation induced by warm-rolling processing, and the
excellent ductility is mainly associated with the strain coordinating and partitioning between ultrafine lamellar a and £’
phases. It is believed that the warm-rolling and subsequently heat-treating is an effective method to prepare high strength
and toughness nickel aluminum bronze alloy.

Key words: nickel aluminum bronze alloy; high strength-ductility; warm-rolling; microstructure; mechanical property;

ultrafine lamellar structure
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