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Table 1-1 Summaries of major analysis for clustering behavior in Al-Mg-Si alloys

using 3DAP.
e AEHERK 95 R 3DAPHIE
(at.%) NA PA HRE (hm)
Mutayama et al. 343K
Acta Mat. 47 Al-0.65Mg-0.70Si  |Mg/Sitb#91.0 DS AAY AL XK 14 %14 %100
(1999) Mg/Sitt#91.0
Serizawa et al. 373K
Met. Mat. Trans. |Al-1.05Mg-0.78Si |V A XHEEL D9SRB ALXFE (10X 10 %50
39A (2000) Mg/Sikk1.7(ZUXER
Torsaeter et al. . N
Al-0.86Mg-0.43Si |&SHARLIZIELY 373K
E’z'(ﬁ%'[;" Phys. 108) )0 40Mg-0.84Si |95z 4 Mg/Sikt1.0 9%x9x76
Rometsh et al. \ . o —
Al-1.18Mg-0.48Si  |BEIMgDAFHI SR
ng;;;;f ICAA13 A-046Mg-121Si |48, H 142K 12x12x70
Starink et al. B B . |100hrETYZR%18
Acta Mat. 60 9'1 gngg 1.038i= 1y 10X 10 X 44
(2012) ' Mg/Sitk1.0
SH5 363K
BAEESR S |AI-0.78Mg-0.67Si BEEEDODLT YA [7x71x170
76 (2012) A
Cao et al. .
. (a)Al-0.97Mg-0.83Si |Mg/Sitt(a)1.3~1.6,
g"ff'(gg'1'3E)”g' A |(b)AI-0.54Mg-1.03Si |(b)0.5~ 1.4 473K 6.5%6.5x65
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Fig. 1-4 The proposed model showing the existence of two types of clusters

describes the two-step aging behavior.
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Fig. 1-5 The map of Mg and Si shows the chemical compositions of the alloy using in
this study. The chemical composition limits of the alloys actually applied for auto

motive panels are also shown as each color windows. Four points indicated with A,

B, C and D show the chemical compositions of Alloy A, Alloy B, Alloy C and Alloy D

respectively.
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Fig. 1-6 Heat treatment flow chart of three-step aging.
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Fig. 1-7 Chapters and main contents of the present thesis
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Table 2-1 Characteristic values describing the 3DAP datasets and the overall population of

clusters defined by the maximum separation method with dmax=0.75nm, Nnin=10.

*: Total number of atoms or clusters in two measurements.

Specimen NA300 NA7800 PA5 PA24
Aging condition RT, 1.08x10°ks RT, 2.81x10%ks 363K, 18ks 363K,86.4ks
Number of atom analyzed” 6.0M 7.6M 4.8M 3.8M
Number of clusters detected” 306 632 563 419
Nulzrzlbe;r density of clusters 13.7 19.6 97 8 96.4
(10**/m”)

Average number of Mg and Si 135 16.0 90 4 94.3

atoms per cluster




Lg

Table 2-2 Percentage of Mg and Si solute atoms inside clusters calculated from the

results of the 3DAP analysis.

Percentage of solute atoms Percentage of solute atoms
inside clusters (%) remaining as solid solution (%)
Si Mg Si Mg
NA300 4.7 6.1 95.3 93.9




— £ T :

Fig. 2-1 3D atom maps obtained using 3DAP, (a) detected Cluster(1) in the
specimen naturally aged for 604.8ks and (2) detected Cluster(2) in the specimen

pre-aged at 373K for 0.6ks. Cluster analysis was performed using dmax=0.6nm and

Nmnin=20 6).
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Fig. 2-2 Distribution of Al atoms is shown as two dimensional (x-y) cumulative map
in the reconstructed data of specimen after pre-aging at 363K for 18ks in the 3DAP
experiment. The main crystallographic poles have been identified on the image. A
larger oval represents the region selected for the cluster analysis in the present
work. A smaller circle represents the typical field of view in the conventional

instruments.
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Fig. 2-3 3D atom maps showing the distribution of all Mg and Si atoms detected by the

3DAP analysis in the alloy after natural aging for 1080ks.
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Fig. 2-4 Relationship between the parameter dmwax and the count number identified
to be clustered in the obtained dataset by 3DAP and the randomized
dataset. The parameters dnax=0.75nm and Muwin=10 were chosen in this

work.
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Fig. 2-5 3D atom map showing distribution of Mg and Si atoms identified to be

clusters in the alloy after natural aging for 1080ks.
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Fig. 2-6 Size distributions of the clusters after (a) natural aging for 1.08x103ks, (b)
natural aging for 2.81x10%ks, (c) aging at 363K for 18ks and (d) aging at 363K for

86.4ks, respectively.
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Fig. 2-7 Relationship between the Mg/Si ratio and number fraction of the clusters

after (a) natural aging for 1.08x10%ks, (b) natural aging for 2.81x10%ks, (c) aging at

363K for 18ks and (d) aging at 363K for 86.4ks, respectively.
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Fig. 2-8 Relationship between the size and Mg/Si ratio of the clusters after (a)
natural aging for 1.08x103ks, (b) natural aging for 2.81x104ks, (c) aging at 363K for

18ks and (d) aging at 363K for 86.4ks.
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aging for 1.08x103ks, NA7800: natural aging for 2.81x104ks, PA5: pre-aging at

363K for 18ks, PA24: pre-aging at 363K for 86.4ks and DA: direct aging.
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Fig. 2-10 TEM bright field images and (001) selected area diffraction patterns in
the specimens finally aged at 443K for 3.6ks after NA300: natural aging for
1.08x103ks, NA7800: natural aging for 2.81x104ks, PA5: pre-aging at 363K for 18ks,

PA24: pre-aging at 363K for 86.4ks and DA: direct aging.
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Table 3-1 Chemical compositions of the alloy specimens.

Alloys Mg Si Fe Al Mg/Si Mg,Si ex. Si
A mass%o 0.62 0.62 0.08 Bal.
mol% 0.69 0.60 0.04 Bal. 1.15 1.03 0.25
B mass%o 0.62 0.93 0.09 Bal.
mol % 0.70 0.90 0.04 Bal. 0.78 1.05 0.55
C mass% 1.06 0.59 0.09 Bal.
mol% 1.19 0.57 0.04 Bal. 2.09 1.79 -0.03
mass% 1.07 0.96 0.09 Bal.
mol % 1.20 0.93 0.04 Bal. 1.30 1.81 0.33




1%

Table 3-2 Percentage of Mg and Si solute atoms inside clusters calculated from the

results of 3DAP analysis in Alloy B pre-aged at 363K for 18ks.

Percentage of solute atoms Percentage of solute atoms
inside clusters (%) remaining as solid solution (%)
Si Mg Si Mg
PA5 14 21 86 79




Micro Vickers hardness, HV
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Fig. 3-1 Hardness changes with different heat treatment conditions ©.

A.Q.: after quenching, Cluster(1): after natural aging for 604.8ks, Cluster(2): after

pre-aging at 373K for 3.6ks, BH: after final aging at 443K for 1.2ks.

Specimen code, A.Q.: final aging after quenching was directly performed, N.A.: the

natural aging followed by final aging, P.A.-N.A.: the pre-aging followed by the

natural aging and final aging.
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Temper ature

Solution heat treatment
843K, 1.8ks
Pre-aging
383K Bake hardening
363K 18Kks (Artificial aging)
343K 443K, 0.6~3.6ks
(None)
Natural aging
\ 293K, 1x10%4.5x10%s
IIIIIIIIII T\
@4
Process

Fig. 3-2 Heat treatment flow charts of three-step aging.
The hardness test, tensile test, DSC analysis and TEM observation were performed

after the natural aging and bake hardening treatments (at the marked positions

with O).
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Fig. 3-3 Hardness changes during natural aging in Alloy A pre-aged at 343, 363,
383K and no pre-aging. The hardness values at shortest aging time were defined as
each HVy. The red arrow indicates the natural aging time when bake hardening
response was investigated using tensile test. The blue arrows indicate the natural

aging time when DSC measurements were performed.
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Alloy A _E

Change of hardness
ZHVna
)
\
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o

Alloy B

Change of hardness,
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)

Change of hardness,
ZHVna

Alloy D

: | Pre-aging
E —A— 343K s
T 10 " o 363K
N | ‘ _

10 10? 10° 10* 10°
Natural aging time, tya /ks

Change of hardness,

Fig. 3-4 Hardness changes from HVo during natural aging in Alloy A, Ally B, Alloy

C and Alloy D pre-aged at 343, 363 and 383K.
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1| @) Alloy A V2
o Pre—aged at 343K /\ 20mW/g
X
W | Natural aging time
4.48x10%s y 1 V2
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+
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Temperature, 7 /K

Fig. 3-5 DSC results at various natural aging times for Alloy A pre-aged at (a) 343K,
(b) 383K. Peak 1, Peak 2, Peak?2’ and Peak 3 are indicated by 1, 2, 2’ and 3 in the
DSC curves.
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Fig. 3-6 0.2% proof stress at each stage of the multi-step aging for Alloy A, Alloy B,
Alloy C and Alloy D pre-aged at 343K, 363K and 383K. The results without
pre-aging are also shown for comparison. The alloys are finally aged for 3.6ks at

443K after natural aging for 1.04x10%4ks.
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Pre-aging temperature

343K

383K

Alloy A

Alloy B

Fig. 3-7 TEM bright field images of Alloy A and Alloy B pre-aged at 343 and 383K,

subsequently natural aging for 5.6x103ks and final aging for 3.6ks at 443K.
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Fig. 4-1 0.2% proof stress changes during final artificial aging at 443K in Alloy A
pre-aged at 343K. Final artificial aging (BH) was performed after natural aging for

86.4, 2.68x10% and 1.04x10%ks.
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Fig.4-2 Changes of 0.2% proof stress during fingifiwial aging at 443K for 0 to
0.6ks and for 0.6 to 3.6ks in Alloy A, Alloy B, Ay C and Alloy D pre-aged at
(a)-(d):343K, (e)-(h):363K. Final artificial agingBH) was performed after natural
aging for 86.4, 2.68x10and 1.04x16ks.
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Fig.4-3 DSC results at various natural aging tif@sAlloy A pre-aged at 343K. Peak
1, Peak 2 and Peak 2’ are indicated by 1, 2 and e DSC curves.
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Fig.4-4 DSC results at various natural aging tinies Alloy B pre-aged at (a) 343K
and (b) 363K. Peak 1, Peak 2 and Peak 2’ are indicdy 1, 2 and 2’ in the DSC

curves.
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Fig.4-5 Changes of peak temperatures of Peak 2Raak 2’ during the natural aging time in all DSC
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Fig.4-7 TEM bright field images of Alloy A pre-aget 343K after heating up to 523K
and 543K, then quenched into water. Heating ratel7R/s (10K/min) The heat

treatment was conducted for the specimens natueajbd for 86.4, 673 and 1.26xk8

after pre-aging at 343K.
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Fig.4-8 Enlarged TEM bright field image of the AY oA pre-aged at 343K, then
naturally aged for 1.26xFRs and heated up to 543K. The arrows indicate sriall

which are newly nucleated during heating from 5@3%#43K.
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Fig. 4-10 Schematic illustrations showing the meiracture transition during heating in the sameditian for the DSC
measurement. Cluster(2) formed by pre-aging trams$ointo f”. The combined Cluster(2) and Cluster(1) formey b

pre-aging and long time natural aging affect tharfation of coarsenefl” and secondary nucleation @f'.
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Table 5-1 Chemical composition of the specimens (mass%).

Alloy No. Mg Si Mn Fe Al
B 0.62 0.93 - 0.09 Bal.
M 0.61 0.96 0.10 0.08 Bal.
0.6Mg 0.63 0.03 - 0.04 Bal.
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Fig. 5-1 Load-displacement curves of 6061 (Al-0.85Mg-0.808i-0.42Cu (mass%))

alloy specimens naturally aged for 1.08-3.6x10%ks .
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Fig. 5-2 Enlarged stress-displacement curve and explanatory note of /Jo and ¢ ..
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Fig. 5-3 Stress Strain curves for Alloy B and Alloy M. Both of the alloys are

naturally aged for 0.3ks.
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Fig. 5-4 Microstructures on the L-ST section for Alloy B and Alloy M.
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Fig. 5-5 Stress-Strain curves for Alloy M after (a) natural aging for 0.3-3.6ks and
(b) pre-aging at 363K for 0.3-3.6ks.
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Fig. 5-6 Relationship between /¢ and strain in Alloy M naturally aged for

0.3-3.6ks.
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Fig. 5-7 Relationship between morphology of serration and proof stress in Alloy M

naturally aged and pre-aged. (a) critical strain, ¢ .and (b) stress drop, /] 0 max.
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Fig. 5-8 Stress-Strain curves in Alloy M tested with various strain rates after (a)

natural aging for 0.3ks and (b) pre-aging at 363K for 0.3ks.
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Fig. 5-9 Relationship between critical strain and initial strain rate.
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Fig. 5-10 Stress-Strain curves for Alloy B and 0.6Mg alloy after naturally aged for
0.3ks. (a) The whole stress-strain curves, (b) (c) enlarged stress-displacement curve

for each Alloy B and 0.6Mg alloy.
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Fig. 5-11 Relationship between o and strain in the specimens tested with

various strain rates. (a) Alloy B, (b) 0.6Mg.
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Fig. 5-12 Stress-strain curves in Alloy B after pre-aging at 363K for 0.01-0.06ks.
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Fig. 5-13 Changes of critical strain ¢  during natural aging and pre-aging at 363K

for 0.01-1ks.
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Fig. 5-14 Relationship between proof stress and n-value at 5% strain in Alloy M

naturally aged at 313K for 3.6-360ks and pre-aged at 373K for 0.6-36ks.
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Fig. 5-15 Formability comparison between Alloy M naturally aged and pre-aged.
The formability was evaluated by LDHo (Limiting Dome Height). L and LT show

the direction of the test piece, L Longitudinal, LT: longitudinal transvers.
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Fig. 5-16 Changes of n-value with tensile strain in Alloy M naturally aged at 313K

for 864ks (10days) and pre-aged at 373K for 18ks (5hr).
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Fig. 6-1 The figures show two possible design of hemming?.

Type 1: Flat hem, Type 2: Rope hem.
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D=2Xt+2XR

Bendability evaluation

|
(==

dmax’ maximum depth of the crack

Close contact
Fig. 6-2 Schematic illustrations show the bending test flow and conditions.

The bendability was evaluated by the maximum depth of cracks measured in

the sections of the specimens after bending.
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Fig. 6-3 Changes of bendability during aging at 313K and 373K.
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(a) (b)

Fig. 6-4 Optical photos for the sections of the bending test specimens after (a) aging

at 373K for 36ks and (b) aging at 313K for 3.6x103ks.
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Fig. 6-5 Changes of mechanical properties during aging at 313K and 373K,

(a) ultimate tensile strength, (b) proof stress, (c) elongation.
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Fig. 6-6 Relationship between the bendability and the mechanical properties,

(a) ultimate tensile strength, (b) proof stress, (c) elongation.
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Fig. 6-7 Distribution of hardness changes in bending. Specimens with higher yield
strength and lower strength are plotted by blue and purple respectively.

Bottom figure shows the measured points in the section of the specimen.
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Fig. 6-8 Image quality maps using SEM-EBSD on the transverse section of the
specimens after bending with inserted inner panels. The thicknesses of inner

panels were (a) 0.8mm and (b) 1.0mm.
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Fig. 7-1 0.2% proof stress at each stage of the multi-step aging for Alloy A, Alloy B,
Alloy C and Alloy D pre-aged at 343K, 363K and 383K. The results without
pre-aging are also shown for comparison. The alloys are finally aged for 3.6ks at

443K after the natural aging for 1.04x104ks.
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Fig. 7-2 Relationship between the bendability and the proof stress. The red
hatched area shows the bendability required as automotive body panels. The green
hatched area shows the limit of the proof stress corresponding to the good

bendability.
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Fig. 7-3  0.2% proof stress at each stage of the multi-step aging for Alloy A, Alloy B,

Alloy C and Alloy D pre-aged at 343K, 363K and 383K. The results without

pre-aging are also shown for comparison. The alloys are finally aged for 3.6ks at

443K after the natural aging for 1.04x104ks. The green hatched areas show the

limits of proof stress corresponding to the good bendability.
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Fig. 7-4 Comparison of the four alloys used in this study for the view point of (a)
bake-hardenability, (b) bendability, ©:Excellent, O: Good, A: Poor and X: Not
acceptable. Each color window indicates the chemical composition limits of the

alloys actually applied to automotive body panels.
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