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Effect of re-dissolution of severely deformed precipitated phase on
mechanical properties of Al-Cu alloy
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Abstract: The microstructure and mechanical properties of solution treatment aged Al-Cu alloys, containing 8”, 6’ and 6
phases samples severely deformed by repetitive multi-axial compression (MAC) at ambient temperature were
investigated by hardness test, tensile test, scanning electron microscopy (SEM), transmission electron microscopy (TEM)
and X-ray diffractometry (XRD). The experiment results show that, during the MAC processing, both the strength and
ductility of the containing 8” and €' phases specimens increase with increasing the strain. The hardness values of four
specimens gradually increase during MAC, the hardness values of specimens containing 6" and &' phases show an
ephemeral decrease, which overall increase after MAC. These two unusual phenomena can be ascribed to the profound
re-dissolution of " and @' phases induced by severe plastic deformation. The ductility of severe plastic deformation (SPD)
materials is considerably improved due to the re-dissolution of precipitated phases with guaranted amelioration of

strength.
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Table 1 Chemical compositions of Al-Cu alloy (mass fraction,

%)

Si Fe Cu Mn Al
0.018 0.059 4.11-4.13 0.005 Bal.

2 Al-Cu & RulRER AL T2 AT AN
Table 2 Precipitated phases and heat-treatment processes of

Al-Cu alloy

Precipitated
Heat treatment
phase
g" (540 C, 1 h, water cool)+(190 ‘C, 16 h, air cool)
o' (540 C, 1 h, water cool)+(200 ‘C, 96 h, air cool)
0 (540 C, 1 h, water cool)+(420 C, 2 h, air cool)
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Fig.1 Schematic diagram of MAC mould
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Fig.2 Tensile properties of MAC processed specimens at

different states with different equivalent strains
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Fig.3 Equivalent strain—hardness curves of MAC processed

specimens at different states
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Fig.4 Tensile fracture morphologies of specimens after MAC: (a) Containing 8" precipitate phase after 4 passes MAC, e=1.6; (b)

Containing 6" precipitate phase after 12 passes MAC, ¢=4.8; (c) Containing 6 'precipitate phase after 12 passes MAC, ¢=4.8; (d)

Containing 6 precipitate phase after 12 passes MAC, ¢=4.8
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Fig.5 TEM images of specimens containing §” precipitate phase after different MAC passes: (a) Non-deformed; (b) 1 pass, ¢=0.4;

(c) 4 passes, e=1.6; (d) 8 passes, €=3.2; (e) 12 passes, ¢=4.8; (f) SAED pattern of specimen containing 8" phase after 12 passes MAC
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Fig.6 TEM images of specimens containing #” precipitate phase after different MAC passes: (a) Non-deformed specimen;

(b) 1 pass, e=0.4; (c) 4 passes, ¢=1.6; (d) 8 passes, €=3.2; (e) 12 passes, ¢=4.8; (f) 16 passes, ¢=6.4
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Fig.7 TEM images of specimens containing € precipitate phase after different passes MAC: (a) Non-deformed specimen;

(b) 2 passes, €=0.4; (c) 4 passes, e=1.6; (d) 4 passes, ¢=1.6; (¢) 8 passes, e=3.2; (f) 12 passes, e=4.8
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Fig.8 XRD patterns of specimens after different MAC passes:
(a) Containing ¢" phase; (b) Containing 6 phase;
(c) Containing € phase

LA B 2(b))-

2) BEREARAARAT 2 FhiaFh [ AAFERE 0 M
AR IR AR F AN E 9 i) 2 PiialRE IR o e A
W2 HE ORI O AR A 2 17 I 4
R, BEEHEL TR RIS R A BT R A R
(ILIEL 3),

AR, 4 FRRARIAHZE MAC 4SRN T
Ja s SRS ARSI B, TR 0K

Strength

Strength

Elongation

Equivalent strain
B9 MEHE MAC IR 5 K A g e Y
Fig.9 Sketch of tensile strength and elongation as a function

of equivalent strain during MAC®!

FERIE O A (A AR £ HR DL TR AS . i
TR 73 Brad 0, 58T AR/ s B AR 1 I R v
I A 3 AN AR BT AR, AT AT
OEER A (AN i P T R R VA = pei D[RR
FEHERINLA (K AR, SES&HAL, AR AT
AR, BACRIREE AR SR R A A 5 2B 1
AT AN REAE,  LARAT A AR S 1K R
SRACAE T s =2 DS 2 A SR AR 1ty 5 | ) et b A A
Il DS . e B Y52 B2 R P T P = W B
AL RE P PEREARAL IR TIX 3 NI RE I ER G OR

SRIVEARIE AN BL, 3 Bl 206 T 22 PR RE
WP (55, I AN A AR E H . N A
ST I PRI (R, W FEAR . B9
ZRELASTEI AL AR AE T A I R P A LA L2 i,
AHELTA] (B R, ARTEHT AR, RIS AL »
W AR P ANV E AT AR, 22 IR L R, Bl
HARTCEIIN, Aok AR m, AR5 5 Y
TR, RS PERHIROLIE 2(b)). & 0" AHTIAFE
A O RHIRAEAENT AR I RE R, — i 5 Ae
FEAF LA I B AR Ak, g — D T AT
5 AP E A AR PR A7 B S R ok 3 B0
FERAL, PRI SR B 20, A R 3 T A
EMAEE I BAER, SEAARREPEAE AN E
BRI P | M w2 G 2 S TV A AP IR D2 R 7
) ItV R A e ISR A e P VAP B S S
HERR G W E, R RN AR (BN AR), AT LA
AR

A 2 K (e=0.8)Ja, & O"HIKHAE ok A
g, SREE. BERE BTF. HRE 0 AR AL
1%, e oy BARARIE REAL A el BEMR T i i 5 [



1930 hEA SR R

2010 4 10 H

AT 2 IR (e=0.8) 7 CIFARIHIA, A7 H AL BUR T,
fERARSAL, ARSI CREAL AR, BERETFG R %
(LB 3); ALK 4 K (e=1.6))5, O"HIPVARLEEHE K,
5 | ST R A L 6 R AR T 5(c)), IR A
T A R At 28 S T iy, A % FEE s 3 1 A
DRI 0 A £ o S PR AR S Mg o [, A
HRAH ()R S (R 5 RS AT HE i A R B2 A, R
1, BRI B ARG A TR 40 K B (LB 2(b)),
B TR AR MR R BRI 3), HLRIAETE 6 1K (e=2.4)
IS E I — MR o AELDE A R B 1) 0" ARAR SR BG4 4
BB LA LA A A E T TG, a2 5 R T
(WL 2(a)). 2 8 iR (e=3.2)LLJG, O"HICEARIESE
FARN(ILIE 5(d)M 8(a)), 1EJGLERIRBIEAIE T, T
AT RS HT AR AR D, JLT A AT H L
(ks AT Rl P SO R R B A 1. R,
B AR LR ARG R, I A A s R 5 e Al P IR
THE. 34k, DA S AT AR EHE S AR T S R,
WRAAAENT AR, AR TR R S T4 AR ) [l
w5, MR AER T R, ik, & 0" HREENT
HHAF DK [P e Bl 5 5 P58 A 2 T i 2 DR A b ik —
Ak, SR A0 SR DR .

o ORI S T ORI 1 B AR A AR B A A [,
DY AR SRR R, L 0 AHEE LA R,
FI| 16 IR (e=6.4)4 55 MIFBIHEARILIE 6(e)), M 0"
AAAE 12 IR (e=4.8) e A (L 5(e))o T35k, &
O A AARE E 2] 10 38 RA I FEARAY, 1M 7 0" AHIAFE
TG 6 TEIR(e=2.4) N A L T REEEAIRAY . Pk, &
O FRARFE (1 [R5 A A A LR D A AR A P 1K) 355 A
FREZE K IR, BUES ORI 85, K
FIEm KK 2(b). MWE 4 Bl D
WAITLLE 2], [FFARTE 12 1K (e=4.8), % O'FHIRFEN
FAME LY 0" HHRFE 1 B AT

TR O AHIARE PANAELERT AR, i 2 I
AT HAH PO B2 (A, R BT R, BRASHV £ 12 8)),
A5 A i B S MEARR AT AR L, OR R iy T %
{ERTARI KR AR, 0 T REAL RN SR B Ak A A1 1)
PRI RIS, A 0 HRRRERS 0 AR B,
PR EA IR, A 4 WIR(e=1.60) E T & 04
IRFEMBREE o KA A A 0 AR O 8(c)), [
BALANEH S, DRI AS 1o i o R R Al 88 e 252 1 T
AR

4 it

1) Al-Cu &G4 Z 0 S45R G, BEas. &0

M & O 0 M 4 BIRESIRE I 5 LA S v s
9 AR AT 0 AR O KR R B, 1 07 AT
FERIE O AIRE A R AN 221 BTt

2) & OAAEATS O HIAREAE S 1) I 4 R
AFAERT AR, 8T A 28 RS AR e K
WL — B BT RE .

3) & AR oML 1) I 4 R
AFAERT AR A i B AR T T34 50, /N S B
FECRAUE SR AT RPN, P A s AR

REFERENCES

[1] VALIEV R Z, LOWE T C, MUKHERJEE A K. Understanding
the unique properties of SPD-induced microstructures[J]. JOM,
2007, 52(4): 37-40.

[2] ZHUY T, LANGDON T G. The fundamentals of nanostructured
materials processed by severe plastic deformation[J]. JOM, 2004,
56(10): 58—63.

[3] AZUSHIMA A, KOPP R, KORHONEN A, YANG D Y,
MICARI F, LAHOTI G D, GROCHE P, YANAGIMOTO 1J,
TSUJI N, ROSOCHOWSKI A, YANAGIDA A. Severe plastic
deformation  (SPD) metals[J].  CIRP
Annals-Manufacturing Technology, 2008, 57(2): 716—735.

[4] GAO N, STARINK M J, FURUKAWA M, HORITA Z, XU C,

processes  for

LANGDON T G. Evolution of microstructure and precipitation
in heat-treatable aluminium alloys during ECA pressing and
subsequent heat treatment[J]. Materials Science Forum, 2006,
503/504: 275-280.

[5] VALIEV R Z, LANGDON T G. Principles of equal-channel
angular pressing as a processing tool for grain refinement[J].
Progress in Materials Science, 2006, 51: 881-981.

[6] XU C, FURUKAWA M, HORITA Z, LONGDON T G. Influence
of ECAP on precipitate distributions in a spray-cast aluminum
alloy[J]. Acta Materialia, 2005, 53: 749—758.

[71 CIZEK J, PROCHAZKA 1, SMOLA B, STULIKOVAI,
KUZEL R, MATEJ Z, CHERKASKA 'V, ISLAMGALIEV R K,
KULYASOVA O. Microstructure and thermal stability of ultra
fine grained Mg-based alloys prepared by high-pressure
torsion[J]. Materials Science and Engineering A, 2007, 462:
121-126.

[8] ZHILYAEV A P, LANGDON T G. Using high-pressure torsion
for metal processing: Fundamentals and applications[J]. Progress
in Materials Science, 2008, 53: 893—979.

[9] KWAN C, WANG Z R, KANG S B. Mechanical behavior and
microstructural evolution upon annealing of the accumulative
roll-bonding(ARB) processed Al alloy 1100[J]. Materials
Science and Engineering A, 2008, 480: 148—159.

[10] MIN B K, KIM H W, KANG S B. Effect of Al;Sc precipitate on

the microstructural evolution during accumulative roll bonding



#2055 10

WM S

SRASTES AT AR IRNA XS Al-Cu 54 71 ML RE K50

1931

[11]

[12]

[13]

[14]

[15]

[16]

in Al-0.2wt%Sc alloy[J]. Journal of Materials Processing
Technology. 2005, 162/163: 355-361.

CHERUKURI B, NEDKOVA T S, SRINIVASAN R A.
Comparison of the properties of SPD-processed AA-6061 by
equal-channel angular pressing multi-axial compressions/
forgings and accumulative roll bonding[J]. Materials Science and
Engineering A, 2005, 410/411: 394-397.

CHERUKURI B, SRINIVASAN R. Properties of AA6061
processed by multi-axial compressions/forging(MAC/F)[J].
Materials and Manufacturing Processes, 2006, 21(5): 519-525.
36 W, VRBELE, XU X, TIOR, TEM, BARL B
SEAR BN 2 1) SR A0 48 B ot (AT LA RIT A D). ARk
QPR 2007, 28(5): 82-85.

DANG Peng, XU Xiao-chang, LIU Zhi-yi, YU Wen-bin, NING
Ai-lin, ZENG Su-min. Investigation on dissolution of
precipitates in Al alloy deformed by equal-channel angular
pressing and multi-axial Transactions of

Materials and Heat Treatment, 2007, 28(5): 82—85.

compression[J].

oo, VL, BRIRE, Tk R 2 BeE BORE ST REL).

MELSR, 2007, 21(2): 106-108.

GUO Qiang, YAN Hong-ge, CHEN Zhen-hua, ZHANG Hui.
Research progress in multiple forging process[J]. Materials
Review, 2007, 21(2): 106—108.

JIAD, WANG Y M, RAMESH K T, MAE, ZHU Y T, VALIEV
R Z. Deformation behavior and plastic instabilities of
ultrafine-grained titanium[J]. Applied Physics Letters, 2001,
79(5): 611-613.

KOCH C C. Optimization of strength and ductility in
Scripta

nanocrystalline and ultrafine

Materialia, 2003, 49(7): 657—662.

grained metals[J].

[17]

[18]

[19]

[20]

[21]

(22]

(23]

[24]

SWYGENHOVEN H V, WEERTMAN J R. Preface to the

viewpoint set on: mechanical properties of fully dense

nanocrystalline materials[J]. Scripta Materialia, 2003, 49(7):
625-627.
MA E. Instabilities and ductility of nanocrystalline and
ultrafine-grained metals[J]. Scripta Materialia, 2003, 49(7):
663—668.

CABIBBO M, EVANGELISTA E, VEDANI M. Influence of
severe plastic deformations on secondary phase precipitation in a
6082  Al-Mg-Si  alloy[J].
Transactions A, 2005, 36(5): 1353—1364.

KIM H, KANG S, TSUJI N, MINAMINO Y. Elongation

Metallurgical and Materials

increase in ultra-fine grained Al-Fe-Si alloy sheets[J]. Acta
Materialia, 2005, 53(6): 1737—1749.

VASIL'EV L S, LONMAEV I L, ELSUKOV E P. On the
analysis of the mechanisms of the strain-induced dissolution of
phases n metals[J]. Physics of Metals and Metallography, 2006,
102(2): 186—197.

ENJI H, KEIICHIRO O, KENIJI K. Microstructure control using
severe plastic deformation [J]. Science and Technology of
Advanced Materials, 2006, 7: 649—654.

XU Xiao-chang, LIU Zhi-yi, LI Yun-tao, DANG Peng, ZENG
Su-min. Evolution of precipitates of Al-Cu alloy during
equal-channel angular pressing at room temperature[J].
Transactions of Nonferrous Metals Society of China, 2008, 18:
1047-1052.

MURAYAMA M, HORITA Z, HONO K. Microstructure of
two-phase Al-1.7at% Cu Alloy deformed by equal-channel
angular pressing[J]. Acta Mater, 2001, 49(1): 21-29.

(Ym%E THRL)



