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Table 1 Composition of experimental alloys
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gl N THEIRENN T iR, ¥ 54h—
53 W F >R AE SEM. AR 4 FEL 15 B AT S (EBSD) 73
M, AR R NI R Al AT AR
I, PIEBEN 10%(FAFA 5330 5 FURR (HC104)+90%
9F5(Co,HsOH), G AN 1~2 min, FH44 FrfS (1)
HHETE TSL™OIMAnalysis 8 software _F#3E17 73 #7.
B, AR TR i )0 s RO SR R i AT I &
N T ARIE S (AT S, 7R i 22/ IR Y 80
NG AT I . 72 EBSD BUG T, B 2 4
FER 2°~5° 6°~15°F1 KT 15° [ 5oy A& H
GG A, R Z M BEAC T 2000 3R T
PAR A Y26 AT S EER 2, MO TF L &

2 FER5STHE

2.1 KBRS

23 I S A BRI 0.3CrMn & 4 33 B L
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N TG b U 5% 35 S A FR Ak B S A S TR R
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#r, F SEM Z W1 2 fiizr . 1T 0.1CrMn. 0.3CrMn
LK 0.5CtMn & & HIHAS MM, MRAHRT
0.3CrtMn & &K . K2 A I 0.0CrMn &4
5 0.3CrMn & 4 IR VF 2 RSHAI/INR R U
Hrb 0.3CMn &4 B A 5 208 M REUH . 2 B AH
FeSCHRF UL, X BN HE A a-Al(MnFe)Si-
a-Al(MnCrFe)Si 257 A »

Mass ratio of Mass fraction/%
Alloy -
Cr and Mn Si Mg Cu Mn Cr Fe Al
0.0 0.0CrMn 1.1 0.9 0.6 0.9 0.0 <0.15 Bal.
0.1 0.1CrMn 1.1 0.9 0.6 0.8 0.1 <0.15 Bal.
0.3 0.3CrMn 1.1 0.9 0.6 0.7 0.2 <0.15 Bal.
0.5 0.5CrMn 1.1 0.9 0.6 0.6 0.3 <0.15 Bal.
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Fig. 1 SEM images(a) and elemental

area distribution scanning((b)—(g)) of
0.3CrMn alloys after heat treatment

2 A Cr. Mn B G S HAC S K SEM R
Fig. 2 SEM images of alloy with different mass ratio of Cr to Mn after heat treatment: (a) 0.0CrMn; (b) 0.3CrMn
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Fig. 3 Typical true stress—true strain curves of alloy with different mass ratio of Cr to Mn during hot deformation:

(a) 0.0CrMn; (b) 0.1CrMn; (c) 0.3CrMn; (d) 0.5CrMn
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5 AF Cry Mn iz
Fig. 5 Optical microstructures of hot compressed alloys with different mass ratios of Cr to Mn at strain of 1.0 and different
temperatures: (a) 0.0CrMn, 400 C; (a’) 0.0CrMn, 560 C; (b) 0.1CrMn, 400 ‘C; (b") 0.1CrMn, 560 C; (c) 0.3CrMn,
400 ‘C;(c") 0.3CrMn, 560 C; (d) 0.5CrMn, 400 C; (d") 0.5CrMn, 560 C
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B 6 AF%A4: 400 CHATELALUL IPF
Fig. 6 IPF maps presenting microstructure of hot compressed alloys at strain of 1.0 and temperature of 400 ‘C: (a) 0.0CrMn;
(b) 0.1CrMn; (¢) 0.3CrMn; (d) 0.5CrMn

B 7 AFEE4S 560 CHRATTLALN IPF
Fig. 7 IPF maps presenting microstructure of hot compressed alloys at strain of 1.0 and temperature of 560 ‘C: (a) 0.0CrMn;
(b) 0.1CrMn; (¢) 0.3CrMn; (d) 0.5CrMn
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Fig. 8 Relationship between evolution of misorientation angle distribution and mass ratio of Cr to Mn at different

deformation temperatures: (a) 400 C; (b) 560 ‘C

EAFE R RIS, B PARLE— 0 53 45 ah Aok A R
A EEAFLE, Hon] B TE AR T 45 R B3 7E /K e 1
BHETE B, XML G HIE AA6099 & 4l
Al-Zn-Mg-Cu & & AR T e rh 21,

K7 fEZERAET 3 F DRX: CDRX. DDRX
DA GDRX.o P& ] WLAR I fohir HH FR 19 /N A 40 T
ZIBFEBN RS, XK, (EATEIIEHE P AHAR
0 B A E A ZE K TEAR T I R, T A
B ) 22 30 I DA B T B e SR O, A s )
Bm 2 M KT 15°0F, #isei I LAGBs [
HAGBs M348 #%, {747 CDRX fnki. AJLA
B LN SR A AR AR AR IR AL SR L,
GRS ST A HH T o R I ) A AN ] 5
B, A A A R T s T R, XA
DDRX MR- 724, T IT 46 % 4 DDRX K]
—ANE B R AR VRS2 . DDRX 1
AT R E I TS K KX N 8, B AN R BT R
(1) e B HH AT A SR T SR I Re 2k e k. A
I, DDRX di o — M7 A7 48 2 R X d ke #5423
AN BRI AE AT o 1T AN 22 B 7F — S K R
KU A-LEA /N P45 dibn, X & GDRX F=/E
(o B T 5 AR T R Y i R ST O, 24748
TE eioRL B JE P R ]RST 1) 2~3 50, dhkiff 2
P8 droREI 5 )i f A 73 28, T B T GDRX
AERL o XX P 2 A L AR 7 O 7 FH AR e L 5 2,
WAE J5 221 — Le i ST P S 3 1 IX P B S T 45

B, Eean# T i FE TR ) AAT050 & 45 AA6099
%3[17, 22]o

seah, M 6. K& 7 MK 9 AT AE L, T4
RS R/NE Cry Mn Jl & A RAER T IR N
400 CHf, &R #EH 71N 8.185~10.975 pm),
XERWEZ SR DRV HISRFLASEH . 28
TR E T E 560 CHF, & RSB & A 3 n
(14.665~ 22.09 um), XK TAE Cre Mn &
et DRV PLK DRX [HIFHASFEE AR . Bl 10 fios
NERRRAEN ) o GRS d KRR Wi
b RS I A R I s . RSN 1
RS AR R MCQUEEN 25123M2 g & o my L 3
LA RIFI TR R

0 =656.884"' —8.37 (1)

XSG A5 A DR SCHRIRE AR & SR VR TR
DL AT I T s AR &1 e R TR
KA ABANF Cry Mn & HORZMA i 1R, g
MHRE T AE R IR N o

WEE AR LR R, Ry RO RN, T2
A I A R AR, LA R S AT
ANEER LA PR B8] 2 A0 mT LAt 3 for i o P2 1
%, oM, Aras EHEm A SR, K
Uk, DRV IR AEREEEHE— D058, W F AT E N
M, WA RS R FR, AR ik
DL AR PR3320, R i i R A



FE3HBE M BALAR, ZE: Cr. Mn X Al-Mg-Si &4 Fil A TAT N -5 4 4UE AR 1) 52 2379
% m———— 3 Z5iR
Il 560 C
£ 20| 1) fE43d 560 C. 10 h ¥WEIMb)E, &4 AArE
2 EHEVFZ I thAH, HBE%E Cr. Mn FLEHIIE K,
:g G4 H 1 a-Al(MnFe)Si. a-Al(MnCrFe)Si 2555 —#H
2l KL
” 2) BNASHALNLEI T TN DRV, [N LB
55 DRX. FEPENA L abLf A CDRX. DDRX
F1 GDRX .

0.0CrMn  0.1CrMn  0.3CrMn

Alloy

9 AFEAATEFA T RIS I 5 R

Fig. 9 Subgrain size evolution of experimental alloys

0.5CrMn

under different deformation temperatures

80
v
60 I
[+]
A
2
N
40 B (0.5CrMn
® 0.3CrMn
A 0.1CrMn
v 0.0CrMn
20 L L
0.04 0.08 0.12 0.16
d'/um™

10 SIS A SRR BN /) 5 & RT3 #0217
KA
Fig. 10 Relationship between steady-state flow stress and

reciprocal subgrain size of experimental alloys

DAJ% P45 i R kAL . 23 B, AT Crs
Mn J5i & LK DRX LA & DRV (#3847 BHAS k5
e X Cr Mn JAELHI KK, 5INTHEZ
a-Al(MnFe)Si. a-Al(MnCrFe)Si Z&#THIAH, {74
IEHEEEE AN, X M SR 28,
A FEIE B HME LABEAT o [FIRE, 28 AR 2
SN 5 S e, 0 S A A RS T RN,
MAEATE R, T 28 A4S i B 1E
A7 i P xfe LU A% LA, Rk, K&
% MW, DRV Al DRX ELLiE—5 kA4,

3) AN Cr. Mn 5 & &40 AR T i 72 P i)
DRV Fl DRX HEAFEMEASERH, HA 0.5CtMn
G & PHASE B, B35 R 5.

REFERENCES

[1T LIYJ, MUGGERUD A M F, OLSEN A, et al. Precipitation
of partially coherent a-Al(MnFe)Si dispersoids and their
strengthening effect in AA 3003 alloy[J]. Acta Mater, 2012,
60(3): 1004-1014.

[2] LIU K, CHEN X G. Development of Al-Mn-Mg 3004 alloy
for applications at elevated temperature via dispersoid
strengthening[J].Materials & Design, 2015, 84: 340—350.

3] Xizk, wkFw. L maeMeldt D). hEG &R
2E4R, 2019, 29(9): 2115-2141.

DENG Yun-lai, ZHANG Xin-ming. Progress in aluminium
and aluminium alloys materials[J]. The Chinese Journal of
Nonferrous Metals, 2019, 29(9): 2115-2141.

[4] HIRSCH J. Recent development in aluminium for
automotive applications[J]. Transactions of Nonferrous
Metals Society of China, 2014, 24(7): 1995-2002.

[5] LI Z, ZHANG Z, CHEN X G. Microstructure,
elevated-temperature mechanical properties and creep
resistance of dispersoid-strengthened Al-Mn-Mg 3xxx alloys
with varying Mg and Si contents[J]. Materials Science and
Engineering A, 2017, 708: 383-394.

[6] LIUK, MA H, CHEN X G. Enhanced elevated-temperature
properties via Mo addition in Al-Mn-Mg 3004 alloy[J].
Journal of Alloys and Compounds, 2017, 694: 354—365.

[71 LI Y J, ZHANG W Z, MARTHINSEN K. Precipitation
crystallography of plate-shaped Als(MnFe) dispersoids in
AA5182 alloy[J]. Acta Mater, 2012, 60(17): 5963—5974.



2380

hEA O RYR

2021 429 H

[9]

[10]

(1]

[12]

[13]

(14]

[15]

[16]

[17]

[18]

ZHANG R, ZHANG Y, YAN Y, et al. The effect of
reversion heat treatment on the degree of sensitisation for
aluminium alloy AA5083[J]. Corrosion Science, 2017, 126:
324-333.

BIROL Y. The effect of processing and Mn content on the
T5 and T6 properties of AA6082 profiles[J]. Journal of
Materials Processing Technology, 2006, 173(1): 84-91.
LODGAARD L, RYUM N. Precipitation of dispersoids
containing Mn and/or Cr in Al-Mg-Si alloys[J]. Materials
Science and Engineering A, 2002, 283: 144—152.
AGARWAL P, SHABAIK A H. High temperature
deformation of Hastelloy Alloy C-276[C]// KEAR B H.
Superalloys:

Metallurgy and Manufacturing Processes

International Symposium. Pennsylvania: Springs, 1976:
237-244.

LIU C, DU Q, PARSON N, et al. The interaction between
Mn and Fe on the precipitation of Mn/Fe dispersoids in
Al-Mg-Si-Mn-Fe alloys[J]. Scripta Materialia, 2018, 152:
59-63.

LIU S H, PAN Q L, LI M J, et al. Microstructure evolution
and physical-based diffusion constitutive analysis of
Al-Mg-Si alloy during hot deformation[J]. Materials &
Design, 2019, 184: 108181.

CHEN X G. Effect of vanadium on hot deformation and
microstructural evolution of 7150 aluminum alloy[J].
Materials Science and Engineering A, 2014, 613: 91-102.
QIAN X M, PARSON N, CHEN X G. Effects of Mn
addition and related Mn-containing dispersoids on the hot
deformation behavior of 6082 aluminum alloys[J]. Materials
Science and Engineering A, 2019, 764: 138—253.

DING L P, JIA Z H, ZHANG Z Q, et al. The natural aging
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.

DENG Y, YIN Z, HUANG J. Hot deformation behavior and

microstructural evolution of homogenized 7050 aluminum

alloy during compression at elevated temperature[J].
Materials Science and Engineering A, 2011, 528:
1780—-1786.

LODGAARD L, RYUM N. Precipitation of dispersoids

[19]

[20]

(21]

[22]

[23]

[24]

(25]

[26]

(27]

(28]

containing Mn and/or Cr in Al-Mg-Si alloys[J]. Materials
Science and Engineering A, 2000, 283: 144—152.

HU R, OGURA T, TEZUKA H, et al. Dispersoid formation
and recrystallization behavior in an Al-Mg-Si-Mn alloy[J].
Journal of Materials Science & Technology, 2010, 26(3):
237-243.

CEPEDA-JIMENEZ C M, HIDALGO P, CARSI M, et al.
Microstructural characterization by electron backscatter
diffraction of a hot worked Al-Cu-Mg alloy[J]. Materials
Science and Engineering A, 2011, 528: 3161-3168.

BLUM W, ZHU Q, MERKEL R, et al. Geometric dynamic
recrystallization in hot torsion of Al-5Mg-0.6Mn
(AAS083)[J]. Materials Science and Engineering A, 1996,
205: 23-30.

CHAMANFAR A, MOHAMMED T A, NICHOLAS E N, et
al. Analysis of flow stress and microstructure during hot
compression of 6099 aluminum alloy (AA6099)[J].
Materials Science and Engineering A, 2019, 743: 684—696.
MCQUEEN H J, JONAS J J. Recovery and recrystallization
in the hot-working of aluminum alloys[J]. Treatise on
Materials Science and Technology, 1975, 6: 393—403.
JONAS J J, AXELRAD D R, UVIRA J L. Elastic anisotropy
and its temperature variation of single crystals of the high
elasticity alloy[J]. Transactions of the Japan Institute of
Metals, 1968, 9: 257-267.

BROWN S B, KIM K H, ANAND L. An internal variable
constitutive model for hot working of metals[J]. International
Journal of Plasticity, 1989, 5(2): 95—130.

LEE D H, PARK J H, NAM S W. Enhancement of
mechanical properties of Al-Mg-Si alloys by means of
manganese dispersoids[J]. Materials Science and Technology,
1999, 15(4): 450—455.

QIAN X, PARSON N, CHEN X G. Effects of Mn content on
recrystallization resistance of AA6082 aluminum alloys
during post-deformation annealing[J]. Journal of Materials
Science & Technology, 2020, 52: 189—197.

LIU S, WANG X, PAN Q,

et al. Investigation of

microstructure  evolution and quench sensitivity of

Al-Mg-Si-Mn-Cr alloy during isothermal treatment[J].

Journal of Alloys and Compounds, 2020, 826: 154144.



H31EH M BALR, &E: Cr. Mn FTE AT Al-Mg-Si & & mii B TEAT A 5 A 22 1 2 2381

Effects of mass ratio of Cr to Mn on hot deformation behavior and
microstructural evolution of Al-Mg-Si alloys

ZHAO Shi-lin', TANG Jiao', ZHANG Yu-xiu', Hiromi NAGAUMI’, YANG Xu-yue'

(1. School of Materials Science and Engineering, Central South University, Changsha 410083, China;
2. School of Tron and Steel, Soochow University, Suzhou 215006, China)

Abstract: The hot deformation behaviors and microstructural evolution of Al-Mg-Si alloys containing different
mass ratio of Cr to Mn (0.1-0.5) under the uniaxial compression tests at temperature range of 400-560 C and
strain rate of 0.3 s ' were investigated by optical microscopy (OM) and electron back-scattering diffractometry
(EBSD). The results show that the peak flow stress increases with increasing the mass ratio of Cr to Mn under the
same deformation conditions. Under the high-temperature deformation, the main softening mechanisms are
dynamic recovery (DRV) and dynamic recrystallization (DRX). The extent of DRV and DRX is related to the mass
ratio of Cr to Mn and the 0.5CrMn alloy shows the strongest inhibition effect. During the hot deformation, the
relationship between steady-state flow stress and reciprocal subgrain size presents a good linear relationship.

Key words: Al-Mg-Si alloys; hot deformation; dynamic recovery; dynamic recrystallization; subgrain size
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