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Abstract:[Objective] The hardness and creep behavior of 6016 aluminum alloys with different
annealing and aging conditions were studied, which could provide a reference for production
and application field. [Methods]The nanoindentation technique had been used to study the hard-
ness and creep behavior of 6016 aluminum alloys. [Results]The effect of annealing was not very
obvious for the hardness, and with the increasing aging time, the hardness of the various sam-
ples slightly increased, then significantly decreased, then increased. The creep coefficients
fluctuated at different aging time, the creep coefficients n =1. 723—2. 796, the samples had the
optimal value in the 7 d aging. The peak value appeared at 27 d, with the time increasing, the
creep coefficients returned to original data, and the rate of deformation decreased to a stable
state. But at the same aging condition, the differences of creep coefficients were not obvious.
[ Conclusion] The hardness of 6016 aluminum
alloy treated by different temperature and
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different aging time varies with aging time. The
effect of annealing is weak for the creep coeffi-
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Table 1 The hardness values of 6016 alloy under different tem-

peratures and aging

T8 Kb 2 g 3 /0 ]
Temperature/ Time of
annealing treatment

7 B { Hardness value(GPa)

t=0d t=7d t=27d ¢+t=574d

o

W it

Room temperature(30°C /1 h)
120°C/1 h 81.718 81.858 67.423 73.067
130°C/1 h 81.515 82.405 67.285 73.172
150°C/1 h 81.185 82.637 66.707 72.979
170°C/1 h 81.843 82.752 66.575 72.458
190°C/1 h 82.350 83.006 66.673 72.303
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Fig.2 The relation between hardness and aging
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Table 2 The creep exponent of 6016 alloy under different tem-

peratures and aging

IR oAb 2 A A R / B T
Temperature/ Time of
annealing treatment

IE AR 280 n Creep exponent n

t=0d t=7d r=27d ¢+=574d

W -

Room temperature(30°C /1 h) 2.464 1.822 2.566 2. 057
120°C/1 h 2.478 1. 730 2.629 2.027
130°C/1 h 2. 485 1.723 2.716 2.049
150°C/1 h 2. 460 1.752 2.755 2.069
170°C/1 h 2.423 1.777 2.762 2.082
190°C/1 h 2. 360 1.785 2.796 2. 045
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Fig. 3 The relation between creep exponent and aging

57 d R P, A R E e = 1. 723 ~
2.796, B AIEH IE A RAR KL UL 6016 F1 & &M
PR RE IS R AR E 1Y FE 7 d AR AT i AR R A
/N RVGE G @A E € B AR T, B & I ] 5 28
bk A e % 2 1B AR i /27 d AR BT AU
2475 3 3B oK A B SR 110 055 A8 2R B 3k B i R I
WA e AN B A A e Ak R I T T AR R B A
[i) SE < W75 A5 2R 00 30 ] 0 B 5, b RO A T3R8
I T — M REIRE, K, 6016 G 4R
K IR AR B+ A SRBIRL” AT R TR AR I A AL S
BRSO M BE , H 5l B R B R A S .

3 it

Murayama 5" #fF 78 & Bl . Al-Mg-Si & 4 45t
WK G 22 K Mg Ji [, 2 K i ] 3 4R B 4L
J& Mg St it 14 B s 7 AT 25 3 — 20 Br i 3 o A
THIRAREH B B AH L 7 AR RC T 2 A& B
. Kim 20 % B A 8K i 208 B8 J5 - A 7% 5t 7E
170~180°C N TR &= A= AN Rl 52w, fH7E 250°C AT
AP R EPE . EXT R A &0 h 3 1 2= ik 5

Guangxi Sciences, Vol. 24 No. 4, August 2017



Hi, Gaber %17 & B Si 5 3 A i 23 7 AR Y 25 A
RE i e SR i B s 6 25 G UL R L O
E— A GP X, fiff B Rt B rp = AR K GP
X GP XFAb W g7 J5 L fili p 7 % P i 25 4 vy , 3 dm i
A .

— N R 6xxx REBG BB T R o
i AR R >~ GP K 8 R BB >
B HF B H CEAFIY Mg, Si A2 AR X — 7
SRR DAHERT . &1 T 120~190°C 19 1E K Ab ¥R B 4%
(B RENI N IR I (e e el ¥ i e N X7 S .91 ) AN i
B MR MR EAH W T & & W LAR . Cu-
niberti 2 F1 Martinsen 25 # W 3R T 15 4R B 37
FE ) B 0N 5 [ AR B A0 B 4t IR AL B &L
PLAE Tl S B 1 FH A g S st Bsf 255 R Ak DX ), i
i [ ) B L AR 1 87 FH 23 H B, RUH 32 3 1 RO
HAT AT S B A R Ak L 31— 1R B s L )
Yy ox i A R A FE R BT R A SRR IR B RO,
2 b, Al-Mg-Si & B8 G 4 Ak LB R G 2 Hy R
BB 8 ) — Fofr 8 22 ol R R0 AH A S BSR4 T A —
02 2% 1) 1 I 2H 8T R AL

TE 120~190°C iR B, 7 A i 3 B8 45 1%, s Ak
1 FH 55 F 152 R 45 5 0 AR 7 S A SR B Rs 31—
JE I 8] 5 5 B2t 90 B /A S Bl S AT 3 BE P L 5 Ak
VE R A L o B i 1 K. AR g i T
120~190°C Ay B JC &b 3R B2 3 AR I BB ] 4 L 5%
THE LR,

FE MG AR S B b, A 5 2 B R BE 2 5 | A TR AR R
A [ Bk PG A 2 7 AE BE RS R A8 I B 0 60 BV %
Jaae N IR = | KA VAPA R 3 Sl N VAP B 72 SR 1A
SE [ O 7= A i i AR AR T R OCHEVE R . iR N
S Byt X i AR AR AR IR B g A 5 Bl R
FU, TR I it L T v s 7R PR 4 A T o

4 Z5ig

2t iR AL FRIY 6016 48 G 4, 7E H SR B AT B
rh 2 7 LR I RCRE AL 25 R ) A R (R ) B T W s
A& SR 5 MR /N P 5 R #6016 SRE &R )
FUERE LR RS R 0 =1.723~2.796;7E 7 d
H AR R T I%AR R AU /N, 27 d HARIE RS L 45 IR
IR K A B R R 0 i 7 2R Rk B e R W {5 B I (]
AR5 A8 280 I 1T U B b RHIE A2 A8/ O
T — DX R E R TE Tk 2R v, %) 6016 4
B A SR AR KA B+ F ARSI
FHEFEE A H 5 .
oA 2017448 A H24K5%54H

5% 3K -

[1]

[2]

[3]

[4]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

MILLER W S,ZHUANG L.BOTTEMA J.et al. Recent
development in aluminium alloys for the automotive in-
dustry[J]. Materials Science and Engineering: A. 2000,
280(1) :37-49.
JTBER 2 T, BUE R AF L VRZE T 6016 A4 kKR R
HRFELT] UM T T 22.2016.45(8) :89-92.
LU X W.LIW Z,GONG Z F,et al. Research on typical
applications of 6016 materials for automotive[ ]J]. Hot
Working Technology,2016,45(8) :89-92.
RQYSET J.STENE T.SATER J A.et al. The effect of
intermediate storage temperature and time on the age
hardening response of Al-Mg-Si alloys[ ] ]. Materials Sci-
ence Forum,2006,519/520/521:239-244.
CUNIBERTI A.TOLLEY A,RIGLOS M V C,et al. In-
fluence of natural aging on the precipitation hardening of
an Al-Mg-Si alloy[]J]. Materials Science and Engineer-
ing: A,2010,527(20) :5307-5311.
CAO L F,ROMETSCH P A,COUPER M ]. Clustering
behaviour in an Al-Mg-Si-Cu alloy during natural ageing
and subsequent under-ageing[ ] ]. Materials Science and
Engineering: A,2013,559.:257-261.
DING L P,JIA Z H,ZHANG Z Q,et al. The natural ag-
ing and precipitation hardening behaviour of Al-Mg-Si-
Cu alloys with different Mg/Si ratios and Cu additions
[J]. Materials Science and Engineering: A, 2015, 627 :
119-126.
ARUGA Y,KOZUKA M,TAKAKI Y,et al. Formation
and reversion of clusters during natural aging and subse-
quent artificial aging in an Al-Mg-Si alloy[]]. Materials
Science and Engineering: A,2015,631:86-96.
MARTINSEN F A,EHLERS F J] H, TORSATER M,
et al. Reversal of the negative natural aging effect in Al-
Mg-Si alloys[J]. Acta Materialia, 2012, 60 (17): 6091 -
6101.
CHANG C S T,WIELER I, WANDERKA N, et al. Pos-
itive effect of natural pre-ageing on precipitation harden-
ing in Al-0. 44 at% Mg-0. 38 at% Si alloy[ ]J]. Ultrami-
croscopy»2009,109(5) :585-592.
MAYO M J,NIX W D. A micro-indentation study of
superplasticity in Pb,Sn,and Sn-38 wt% Pb[]J]. Acta
Metallurgica,1988,36(8) :2183-2192.
BOWER A F,FLECK N A,NEEDLEMAN A, et al.
Indentation of a power law creeping solid[J]. Proceed-
ings of the Royal Society A: Mathematical, Physical
and Engineering Sciences,1993,441(1911):97-124.
GOODALL R,CLYNE T W. A critical appraisal of the
extraction of creep parameters from nanoindentation
data obtained at room temperature[ J]. Acta Materia-
lia,2006,54(20) :5489-5499.
VOORHEES H R. Assessment and use of creep-rup-
ture propertiesl M]//KUHN H, MEDLIN D (eds. ).
ASM Handbook. Mechanical Testing and Evaluation,
vol. 8. Materials Park, OH: ASM International, 2000
383-397.
369



[14] PVEH B AWE.F. KESFE S 6016 HiH &0 Al-1. 07 Mg2Si-0. 33 Cu alloys[J]. Journal of Alloys

M AE WAL 8 B 5 [T ). B & & T H AR, 2014, 42 and Compounds,2007,429(1/2) :167-175.
(11):15-20. (18] M%. Al-Mg-Si-Cu-Mn ¥4 % B H 45 & 4 b 1 0F 52
SUN L M, TIAN N, CONG F G,et al. Study on the [D]. PBH : A4t K2, 2005.
strain hardening exponent of 6016 aluminum sheet for LIU H. Development of a novel Al-Mg-Si-Cu-Mn alloy
automotive body[]J]. Light Alloy Fabrication Technolo- automotive body sheet material[ D]. Shenyang: North-
gy»2014,42(11) :15-20. eastern University,2005.
[15] MURAYAMA M,HONO K,SAGA M,et al. Atom [19] IKENO S,MATSUDA K. Precipitation sequence of Al-
probe studies on the early stages of precipitation in Al- Mg-Si alloys[J]. Materials Science Forum,2003,426/
Mg-Si alloys[ ] ]. Materials Science and Engineering: A, 427/428/429/430/431/432:357-362.
1998,250(1) :127-132. [20] ANDERSEN S J.ZANDBERGEN H W,JANSEN J,et
[16] KIM J,KIM S,KOBAYASHI E, et al. Thermal stabili- al. The crystal structure of the " phase in AI-Mg-Si al-
ty and transition behavior of nanoclusters during two- loys[J]. Acta Materialia,1998,46(9) :3283-3298.
step aging at 250°C in Al-Mg-Si(-Cu) alloys[]]. Mate-
rials Transactions,2014,55(5) :768-773. CGRE%wE B

[17] GABER A,GAFFAR M A,MOSTAFA M S,et al.
Precipitation kinetics of Al-1. 12 Mg2Si-0. 35 Si and

% 15

1 RBEX
1.1 BHEX

RN E IR = IN (3 AN (e T R VAN (TR - R A TN e I TN & P ST S N I (A S 'S T AN (]
A7 HESCH B SO TR] L IE S0 B (AR b k) L2 U N 4
1.2 EH

o LA TR B LB U0 93 R W e 0 E AR P 2, — IR 20
1.3 1EE58 4

ZANANER W TS SR IF . T 1 3 Y200 W T 76 BE S FR A8 03 3R T % B 4
1.4 NEMRIFX

HEMAAERE  WHREFE, A8 FHKSE NKAA %, OUYANG Fenfa) ,
1.5 P RUBE

FHER = ANFRARE 0 58 2 e AR ARE 35 16 SOy SE B pE N 2L IR A 50 00 SO AR L E 19 Y- - D 1Y - L85 R Y e o0 [458]) AAER, K
SCHH 5 SO Y S A R (Abstract : [LObjective)-+- -+ [Methods)-+--- [Results)-:-+--[Conclusion)-+++-+ )

1.6 BETHFEWHRIZIESR
PEHTE W E AR B ST . MEE RIS A GE AR —) R IR SIS, EZWFIE 07 1), WA A5 4R L 35 B OO Rl 5 1E
HAHE A GRAEAE —) M0 RRR SR 55 2 E ST 7 ] E-mail,

1.7 W™HFEX

RTINS F MBS B SRS TR SR EBER, 55 Tl E L] | G189 BRI [ABE 5 U A
J=9 RIE | €Y 2P S 1) RN EHAR N THE Y 5450 A A4 T R . A R RS BT R AR E SR T W 051,10 1,10 1 15 2,
2.1,2. 1. 1eeeee FERN Gy — A it 3 9%,
1.8 S

JIT A 25 TR e SCSCHR AT R BRI E S, SRR AR .
(1] BREE KA, AR 5. WS 22 R A5 A SR B T A= 5% 42,2010, 30(24) : 7055-7063.
CHEN B L,SONG X Q.YU W G,et al. Re-introduction technology and its annlication in the connervation of endangered orchid[ ]J]. Acta
Ecologica Sinica,2010,30(24) :7055-7063.
1.9 Ef*x
Rtk B ER R R R = RERR . BN FREBEE R L WAR A B, BRA B R E LB R T 8T SO 330k |,
T2 R /INE v T O A e A B R R A R A,
1.10 EFHfA
AR S A S A A 1 A U R R E T S R I Bl A T AR B R B A hm? ), BE B4R A ST
B RANG GERMA R T bR, &5 R NFE: K5 5 R E .,
2 EFEFEm
2.1 ATIE JF R4 5% R R 40, R i BBl heep: //gxkk. cbpt. enki. net/ M FH B MER RS, RAFRBEAM Y 1IN0 DA B RIS
R 2 R AT S AT
2.2 Tl —Z R B R T 2% 5 TB S AT RS A (b B 22 R P OB RO ) L USRI 3 07 B8 B B 5 05 42 25 CEPS Hh SO 7 1 T IR 55 )
A5 2% AT e T 5 [ 6 R ) 2 AR
2.3 ATIAGCH E AR T OGERO ) L o YR 7 07 8008 N K 6 1 4 20 CEPS o 3CHL 7 1 B8O 2 0 © 4517 CNKI R e 805 th i & 1
B,
2.4 BT A A BR 3T FGE A TR g R G Ak R R AR 3R L A AR T R L 1) R R AR

370 Guangxi Sciences, Vol. 24 No. 4, August 2017



