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Microstructural Change of 3104 Aluminum Alloy Cold Rolled Sheets
under Paint Baking Temperature and Role of Solute Atoms in
Paint Baking Softening Behavior™

Tomoyuki Kudo **, Hideo Yoshida *** and Hiroki Tanaka ****

A softening behavior of 3104-H19 aluminum can body materials during the paint baking process in
can productions is an impactful factor on can body strength. However, detailed investigations on the
mechanism are limited due to simultaneous occurrence of multiple fine precipitations and recovery, as
well as difficulty of observing fine precipitates under high-density dislocations. In this research, effects of
solid solution of the additional or impurity elements on paint baking softening behavior were investigated
by observing microstructural changes with the high resolution FE-SEM, TEM, and synchrotron radiations.
Based on this study, the solute atoms are thought to react with lattice defects (dislocations, dislocation
cells, subgrain boundaries) to suppress their movement and recovery during the baking process. Then,
precipitations and coagulations of the solute atoms occurred as the baking time passed. It could end up
with mitigation of the pinning effect and progress of the recovery. The bake softening behavior could be
explained with these multiple stages of the precipitations and coagulations of the solute atoms and the
recovery progression. On the base of observed microstructural changes during the baking, the softening
curve was analyzed using the newly proposed kinetics equation. The results of this analysis support the

mechanism mentioned above.
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Table 1 Chemical composition of the hot rolled sheet
(mass%).

Si Fe Cu Mn | Mg Cr 7n Ti Al

031 | 041 | 022 | 1.04 | 1.13 | 0.01 | 0.14 | 0.03 | Bal
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sheet
| t 3.0 mm
SHT
515(())0°9 No SHT
-1Umin samples
Cold
rolling
t 0.37 mm
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Amx%yﬂg_ Cold rolling
150°C simulation
vy
Annealing | Paint bake
210°C simulation

Fig. 1 Manufacturing process of the test samples to
simulate the commercial process of cold
rolling and paint baking. Here,“SHT” indicates
“Solution Heat Treatment”.
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Fig. 2 Changes of electrical conductivity and yield

strength during annealing at 150°C for 60 min,
120 min, and 1440 min.
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Fig. 3 Changes of electrical conductivity and yield
strength during annealing at 210°C for 1 min
to 1000 min.
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XRD spectra of the hot rolled sheets (SHT/No SHT) and the cold rolled sheet annealed at

150 °C for 1440 min (SHT), measured with the synchrotron radiations.
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Fig. 5 XRD spectra of the 210°C annealed sheets (No SHT, 150°C for 120 min annealing) measured with

the synchrotron radiations.
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Fig. 6 Effect of solution heat treatment on the dislocation
structures heated by two-step annealing at 150°C
for 1440 min and at 210°C for 1000 min.
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Fig. 7 FE-SEM-EDS maps of hot rolled sheets (SHT/No SHT) and cold rolled sheets followed by annealing at
150°C for 1440 min (SHT), and annealing at 210°C for 1000 min (SHT/No SHT).
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Fig. 8 GP (GPB) zones observed with high resolution
TEM in the cold rolled sheet (SHT) annealed at
150°C for 1440 min.
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Fig. 9 Precipitations formed at 210°C annealing for
1000 min (SHT) observed with HAADF-STEM-
EDS.

Fig. 10 Precipitations formed at 210°C annealing for
1000 min (No SHT) observed with HAADF-
STEM-EDS.
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Coagulation
on boundaries

Fig. 11 Coagulated particles in the corner of subgrain
boundaries and precipitated particles along
the subgrain boundaries in the sheet annealed
at 210°C for 1000 min (SHT) observed with
HAADF-STEM-EDS (The white lines drawn
in the HAADF image are estimated subgrain
boundaries based on the precipitated particles
shown in the EDS images).
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Table 2 Estimated constituent particles and precipitations in the hot rolled sheets and cold rolled sheets annealed at
150°C and 210°C (SHT/No SHT). Constituent particles of AlsMn phase turn into a-Al(Mn,Fe)Si phase during
soaking process in 3104 alloy. Part of Mg2Si (Mg-Si-Cu) phases are thought to be constituent particles.

Process Hot rolled sheet 150C annealing 210C annealing
a-Al(Mn,Fe)Si - -
Mg,Si / Mg-Si-Cu - -
No SHT ALCuMg (Rod-like, Granular)
ALCu (Granular)
a-Al(Mn,Fe)Si — -
Mg,Si / Mg-Si-Cu - -
SHT (Partially dissolved)
GP or GPB zone (Needle)
Mg,Si (Rod-like, Granular)
Al,CuMg (Granular)
Size > 100nm < 10nm 50-200nm

HMg, Si, Culifme ZoNMERICEESNS L
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it LG %o M T RIG T dH % dinfr 1T o5

ZWULRMAEEZZ SN b5, FEHE & IR -
THIH - BT 50 ZO7DEMOBE 2 IH§2 Z
ENTERLRY, BMEPETTLLEHEZONS,
Fig. 11IEMAENE T L7277 LA YRR ASH -
B Lo Mg, SidRENTMRTHDLEZ LI LN
TE& %, 210C IR 2515 #%# 5 % & Mg, Si,
Cu% & L 72RO % AR 1 2RI AT 3 % 4t
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B2 2o OE MR 713 Fig. 51238 T X#m
H—=rrRlonzz s, $100nm+—%—DKE
ETHAHILND, AIRM) 7 AL IbN
7o EM, DL RPHMEZEZOND, TNH DN
HOTE I~ OF 5138, & Lot %E
L CWZ2BEET 2 M S &, BEMREST 22 &1
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Hot rolled Cold rolled & 210 °C annealing 210 °C annealing
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Fig. 12 Schematic images of microstructural changes in the SHT and No SHT samples after 150C and 210C annealing.
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T Ladolzlz, LR IZSLEEER 1000 min O
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R B 3DD K — T 1, 3o, y3ICENENDILE (4,
B, C) Z8NF TR LA DLE,
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210C BHLEECIE Fig. 1212R L7z & 9 ICHENAL L obr
i, ARIRATI, RROBEITRE I > Twi EEzbh
HZEMD, yi, v »OmDOEEZNZFN05 05,
15& L, %735 A—%—% Table 3IIRTMHIZTLH L
EBROWAES — T L R—FER L7 31, 32 33D
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T&H2 L5, 210CEMLHLI BT % B R IkIL 2 T)
3OS D R LALETHMTELLEEZEZD
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(a) 150°C-120min
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210°C annealing time / min
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Fig. 13 Superimposition of the curves calculated by
Yamamoto's equation on the measured
softening curves (normalized by decrease of
yield strength at 1000 min) of the cold-rolled
sheet (SHT) in the 210°C annealing.

Table 3 Parameters of Yamamoto's equation to
fit with the measured softening curves

of 210C annealing (SHT).

Annealing v A B, C 7 n Ty 1,
o » 0.12 0.5 0.5 1 1
11 253n(1:1n Yo 045 1 05 190 3
3 0.70 300 15 1000 4

o » 0.30 15 0.5 1 0.15
OC Lo | 3 05 | 10 | 8
Y3 0.60 300 15 400 5

o 210 C BRI 2 S F 0, WEBEA TRICB
LEALICKE BT L EZ LN L, HBHEMH LR
W o 150T R ML I 5 1172 GP (GPB)
V= VIF210C BB ORE TIBIR SN h o
720 ZTIUEGP (GPB) V'— ¥ 284 ¢ W CTHEIT L TH i
L, ZOBT CICHMMHPSREMIIBR Lo L%
AbNb, Figl3DBMIRKEH 1055 LAED S 16 E %
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DO BURE 210°C 2L B TBIGE S 7R IR DT Y
(Figs 9, 10) I3t L, SN HAGP (GPB) V'— v 5
BRLE, b LEHICBAER, KELZTEMES
TEMEEZEZ BN D, BILILIRE K 100min PLRED & 16
FLRROEFE L EZ 5N Dy ORUGIE, COMEANA,
BIZHARTKRE L, 210C HLBE I DAL~ D LE DS
RKENCZEWGH D, TS OILHUHE S 7247
KIgid Mg, Si, Cul o EBERTF2MEET 2T
MEOREITHET L EE R 5. &b, HHRLEIC
S MndEEL, BEOZEMITHFS L TWDI]RE
Y3 5 A%, Bl X 912 210C BB X D ATHI$ %
MnOEIEbLTNEEZ SNz, MonDOFTHIC X 28k1E
HEDOEALANDBII/NS W EE X, KIFFE IR
DOxFLAE L7z,

4.4 150°CENIEERE A 210CDERILEENICRIFT
BHEOEE

Fig. 3137R 7 & 9 ICHEMALALEL S 1 #FCid 150C 2
AR WIZE, BUT2I0CICBIT 2 ILEATKE
holze ZHUF, Fig. 3OMBERZELIIRT L 912150
CTHUHFF S EWVIZE, BHERTEID VI &)
HMHO—D2ELTHEIFONL, —HTHILEDOEHEZ D
ZALICEH T 5 &, 150TC BSUBFF R 23 R ilbHE, J
B BRI CHRAL R OB S 25K & < 7 538 %R
LTWwa, IWAROKIZE DKL —T %y, 35 ¥ O
WBIGIZ L, ZOMALFEEOENEZLDTD LI
#4372, Table 312k % &, 1507C -1440 min ZAILELb
(£ 150C -120 min ZULIF & I L TA DA K & <,
200CH#MBE MM O bEE KE L LTWS I L2550
%o ZHIF150C -1440 min BULFLH O J5 A%, FEHEIE T
AR ECERMICHT LT, NEEEETLZZ L%
RIELTWwWb, AT, Fig 13(a), (b)Zik§ 5 &
150 -1440 min ZLFLH D 525, 3, D RKISBIEDO T 5
EASY) A3E v, S, 150C KR 2L ¢ GP (GPB)
V= VAR E N D 720, 2107 BB Hh |2 4E R T
L, LMy (B, 3 LIRZEEMD
i) 2SBMAS 2720 LM S5, Fig. 3OEMRLL
B LAMIZB VT, 150T BULILER 12 X 2 #kIb 2B
DAEPHE/N SN L b, BRI L TIEGP
(GPB) V=Y ORER D RN EZ LT ENTE
bo TOXHITHMAM - ZEMIERT LGP (GPB)
V=Y OFEICRY, BRI OB L R - B
MO MBI S L3 5 2 EAVRIE E L7z, 150T
R EBJLEM TIE, 25 O BOG A [ 8 % S
TAHEEE T2 L R CHEE L T210C 2L
MW OWALEEEA KEL Lz EZ BN 5,

5. #&

il

TV = ARCEHE O BEBER TR BT B kA5
BOAD AL WMET L0, LHENITEELL
31047V 3 = A FE OB IENR 2 FERE TR
WUER, RIERE, ¥ REREO N T E R B L 72 150C
DBMIE, B X OREERERT TR & Bidt L 72 210C o 2
AL, B0 RE DS HEEE TL IO %
BIg L CROAAZ 13720

D) AL S D A, B X OV1507C B0 BN [ A4
WEEHI AR U T 210°C BB D gk AL M EE A5 <
WALEAVNES K 2 b0

2) WAL X 5 THEICMg, Si, CudFEEL,
210C BB MBI TIZEN S 2R 77 L A
RIS - RITT 5 EEROND, B
BT, BIR RORE o ZBRETHI - Bt
T %

3) BMALILEL D O AL, R OBRAL & O R -
RHt 7212, 210C LI BT 2 ARk o 5]
HOMEATHEL b BIORER R 2512
O, WAL EOBEREE A - B L, TR
Pho THALZ KT 5 2 LA TERL o THIE
MHEATT B LEZ BND,

4) 210C LI BT 2 B AL Z B)E, Bido#
BOWBERBICHE SN LSO ERQSGHE
THWHTE, TN oA 0EIEZ K 2 EEE- O
wEAPE L CHERELZ#HET L EEZ ONL,
150C H#ILBCIE S5 GP (GPB) V' — v &% 2
SNLMOEIZE - T, 210C MBS BT D80
M OIERE LTI E L, AL H)ITKE

WY 5o

AWFFEI & 0 FOBHE I BT EE D BB BEA I D HkAL 25 B)
AR Z A0 EEEET O 2 PREIC L7z, T2
0, 3104 &4 [ HEA 0 B3 TR B\ TR EIE,
RRIAVILEE, SRIEZEIC X % ME=RSB L OGP (GPB)
V= ORMPEETH L EDIRENT,

%’I

Fi

A7 Tl TEM 1% 2 k&L UACT - k4 Rk
12, STEM B3 % PE SR A mrseir - w2z
KICTHHITHE T L7 SSICEHHL LT TS,
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