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Electrochemical Analysis for Corrosion Behavior of Aluminum

RE #F-

Yoichi Kojima

BIE 7R Furukawa-Sky Review No.2-7 (2006 - 2011) (2, “BfiaZ L " E LT FILIZT LD
BEDHIIEL ZO1-Z0D6" #EH L (& ZNDIENDZDI-ZDIETOARERNT " TIL
SZTYLDBEREEOETLFZNER CBELTEEH LD EELE, 61 (2011), 167.([C[EHE
FE] MR A & L OFHMERM 7 & L TBE W2 £V, Zh & & 5 ISR I & L T
HEHAINEBDOPERBETH D, kaDI—FEVWLELEVWEZAMICEHLEIERED LY, LD
WE D TRIET 50 KADSISLEDZTHMHICEINIEENDEVAD EZRMVAELZ LY, LK
BT, RREDEAICNITLELT, EHLTWBT7ILIZILDEENSIEEL ZTO7 %A
IETWEW

Abstract : “Fundamentals of Corrosion of Aluminum I -VI” were serialized as “Technical Column”
in this journal, Furukawa-Sky Review No.2-7 (2006-2011). Serial I -III were wove into one arti-

cle entitled “Electrochemical Analysis for Corrosion Behavior of Aluminum” which received
chance to be published on Journal of the Japan Institute of Light Metals, 61(2011), 167, as
[Lecture] Analysis Method and Evaluation Technology for Material 7. The article was permitted to
reprint as [Technical Papers] in this journal and again carried here. | am afraid that dear readers
are already replete. In the space after this paper, short article of The Fundamentals of Corrosion
of Aluminum VI was also inserted. | beg their tolerance and expect more opportunities to have dis-

cussions to scrape scales from my eyes.
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Fig.1 Anodic and cathodic reactions of aluminum, and
rate of these reactions in relation to electrode
potential.
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Fig.2 Schematic of elementary reactions of
aluminum corrosion in acid aqueous solution.
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Fig.3 Anodic and cathodic reactions of (a) aluminum and
hydrogen, and (b) copper and hydrogen, and rate of
these reactions in relation to electrode potential.
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Fig.4 Characteristic of water environment (E-pH
equilibrium diagram for oxygen-water-hydrogen
system at 25C 9).
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Fig.5 E-pH equmbrlum diagram for aluminum-water
system 9 (a) and corrosion diagram for aluminum
in water environment 4 (b) at 25°C.

2.3 MEMOFEH
2.3.1 MELEMH
AlOFERE EFIH %[5 (b) W IR T, A+, AlOy
ML, K2DB 0 X 9 I & H A B RV EE TE
T A —EEMTH D, AlOs- SHOZEMIE, S
AV HPRE I & FE OB BRI & TR 9 5 AN BRI T,
AlZERE, &R AIDPBREOR AN CERZEE b 7%
WA TH Do A 4 VIEE10° MO E-pH X & (ZITA
IELTWBA, ZORLHEICONTIZP OB 3SR $
%o # (Fe) ® E-pHIX & i R4 o S A aEs X % B 6
D(a) ? & (b) WIZENETIRT . Fe AR, AlD
FNXVDRVIEL, INSHEEBOLREMTH L F1E
BLEHND &, B, Fe DYETEN (Feq™) 12N
ML VIR LWbrd, ST, MERENEZ RN
BRI B AL YY), AR L7z B
WZEENL, TODH FKESECAEIELLTH
L&Z)THb, LA, kb  EERNFED
LikE 2 BRENMNDS, AENRESORMICHLET 51—
BHICEEY, SIEABRBILTE v, REMOHIK
BAL" 12 216 (b) FIZRT, COHREBEMOEENS
SE G, dillE, TV ) HoO-0BrEE TlEAERE(L T
X575, hEH0-O. BRI TIRY—IBAET 5, Zhh "%
FEEH N L) — A X — T OFTLLTH b,
COL) BREMIFL, Felc=v 7V (Ni) - 7124
CoOOZRBMLIZAT Y LA, dH5HVIEF5F v (T) &4
7% ENFHPEH0-0 B IZB W TCARBELT 5, 208
ERERIBEL TV W ERhEd, TOXI %
&g - AE&EMESEAR L JiIdh, —#%&i2, AlG&d
CHZHEIN TS, —F, & (ADRHE PO XY
OEEBITFHEBEMDE T, NEEH@, OB O H0

4 Furukawa-Sky Review No.8 2012



TV DY LDOBREEHOES(LFHIENR

REBZIITEETLIZETHVITEEZMEL TV
o W—IBETILHMIOVTIE, ZOWH—IEEEEDORE
RTELMHBWTIIHFEBTO AL S Ol
T, AR TCELWEHENTEAETERTENLEN
LN D, BRI OMfiHR & L TORE, EHREMZ
NI FE T 2 HiE (Zn) - & - BRI ER ETH D,

151 -

0., -]

1F F

B g NEPREI,
mosf =
5 ko g arEt O
i 0 \D-. B > &,
2k - R
> - 77 ateeseay el
o085 NS AR T
o f :
[
@ F :
® o sf E

“E Fe : N3
-2 =
E (a) |E (b)
_2'5'\\\\1\l\\\\\\\_1\\\\|\\\\\\1\\|\
0 2 4 6 8 1012 14 0 2 4 6 8 1012 14
pH pH

X6 $kOEM-pHFEH? (a), BLPRFMNE
BIERMHEERKY (b)

Fig.6 E-pH equilibrium diagram for iron-water
system 9 (a) and corrosion diagram for steel
in water environment 1V (b) at 25°C.
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Fig.7 Schematic of growth process of the crevice
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Fig.15 Cathodic polarization curves obtained with platinum
rotating disk electrode in [0.5 M-NaxS0O4 + HoS04]
solutions of pH values from 1.40 to 4.95 26,
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Fig.16 Cathodic polarization curves obtained with iron in
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Effect of Experimental Humidity on Fatigue Fracture of
6XXX-series Aluminum Alloys

Koji Ichitani

Katsumi Koyama

Abstract : Fatigue tests under controlled experimental humidity were conducted to reveal the effect
of hydrogen on 6XXX-series aluminum alloys. This is because under a humidified air condition
hydrogen atoms are generated through a reaction between successively exposed aluminum surface
and vapor water, and then the experimental condition of high pressure hydrogen gas environment
can be readily simulated. In order to examine intrinsic hydrogen embrittlement behavior of 6XXX-
series alloys during fatigue fracture, a ternary Al-Mg-Si alloy was subjected to the test. The fatigue
life of the alloy was substantially lower under a humidified air condition than an inert dry nitrogen-
gas condition. The effect of additive elements such as Cu, Cr and Fe on the fatigue life of the ternary
alloy was examined, and it was revealed that the fatigue life of a Cu-containing alloy was not
decreased under humidified air condition. This result suggests that Cu has an effect of decreasing
hydrogen embrittlement sensitivity of 6XXX-series alloys.

1. INTRODUCTION

A fuel-cell-powered car has been developed in the world to
reduce the emission of green house gases. Aluminum alloys
have been applied to the liner of high pressure hydrogen-gas
tanks loaded on the car because of their superior lightweight
properties and airtightness. Currently in Japan, the safety
of an AA6061 alloy under high pressure hydrogen-gas has
been confirmed and has already been applied to the liner.
In the near future, the usage of 6XXX-series alloys of higher
strength is expected. For the purpose of assuring the long-
term safety of a higher strength alloy, it is important to
understand the hydrogen embrittlement behavior of 6XXX-
series alloys intrinsically. In particular, the effect of hydrogen
on their fatigue property is important, because the liner of the
tank undergoes repetitive stress in response to charge and
discharge of hydrogen gas.

In the present study, fatigue tests under controlled
experimental humidity were conducted to reveal the effect of
hydrogen. This is because under a humidified air condition
hydrogen atoms are generated through a reaction between
successively exposed aluminum surface and vapor water, and

then the experimental condition of a high pressure hydrogen

gas environment can be readily simulated?. In order to
examine the intrinsic hydrogen embrittlement behavior of
6XXX-seriese alloys during the process of fatigue fracture,
a ternary Al-Mg-Si alloy was subjected to the test with a
comparison AA6061 alloy of the same Mg and Si compositions.
Additionally, the effects of addition of elements such as Cu, Cr
and Fe to the AI-Mg-Si alloy on the hydrogen embrittlement

behavior were examined.

2. EXPERIMENTAL PROCEDURE

2.1 Materials

Chemical compositions of aluminum alloys used in the
present study are provided in Table 1 in comparison with the
composition ranges of the AA6061 alloy. A 6061-Max alloy
contains maximum amounts of Mg and Si within the ranges
of the AA6061 alloy and other additive elements of normal
amounts. Whereas, we tried to make the ternary Al-Mg-Si alloy
which contained the almost same amounts of Mg and Si as
the 6061-Max alloy, but the alloy substantially contained small
amount of inevitable impurity Fe. The Al-Mg-Si-Cu, Al-Mg-Si-Cr
and Al-Mg-Si-Fe alloys also contain the almost same amounts

of Mg and Si, and additionally they also contain normal
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amounts of Cu, Cr and Fe respectively with inevitable impurity
Fe.

Alloy ingots of these compositions produced by direct-chill
casting were homogenized, and then scalped from a thickness
of 80 mm to 70 mm. The scalped ingots were hot-rolled to
4 mm thickness and then cold-rolled to 1 mm thickness. The
cold rolled alloy sheets were solution-heat-treated at 540°C
for 48 h, and then quenched into water. After that, they were
subjected to natural aging of 48 h followed by artificial aging at
175°C for 8 h.

The heat-treated sheets were subjected to metallographic
observation by an optical microscope, after polished and
electrolytically etched in Barker’s regent under a voltage of
30 V for 2 min. In addition, tensile specimens were machined
from the alloy sheets with the tensile axis across the sheet
rolling direction, and subjected to tensile tests with a cross
head speed of 5 mm/min to measure their mechanical
properties, tensile strength (TS), yield strength (YS) and
elongation (EL).

Table 1 Chemical compositions (mass %) of the alloys.

Si Fe Cu Mn | Mg Cr Al

6061-Max | 0.83 | 0.27 | 0.28 | 0.06 | 1.22 | 017 | bal

A-Mg-Si | 082 | 006 | - | - | 119 | - | bal

A-Mg-Si-Cu | 0.78 | 0.07 | 030 | - | 148 | - | bal

A-Mg-SiCr | 079 | 007 | - | - |1.17 | 018 | bal

A-Mg-SiFe | 081 | 031 | - | - |121| - | bal
meost | %0 <07 | %1% 1<o1s| 95 |00

2.2 Fatigue Tests under Controlled Humidity

For the fatigue tests, a servohyraulic Shimadzu machine
was used. Axial load fatigue test specimens shown in Fig.1
were machined from the heat-treated alloy sheets with a
tensile axis across a sheet rolling direction. The tests were
performed for a constant stress ratio, R = 0.1, and a frequency
used was 70 Hz. The fatigue tests were conducted under three
experimental environments, 90% relative humidity air (RH90%),
RH40% and dry nitrogen gas (DNG). In the former two cases,

the specimen mounted on the fatigue test machine was

covered up by a constant temperature and humidity chamber,
and a constant temperature in the chamber was 20°C. On
the other hand, the DNG environment was achieved by
continual flow of dry nitrogen gas through an acrylic chamber
covering the specimen with a flow rate of 1 liter/min. An actual
measurement value of relative humidity in the acrylic chamber
was 5 - 8% at experimental temperatures of 20 - 25°C.

The fracture surfaces of the fatigue specimens were
observed under a scanning electron microscope (SEM) to

examine their fracture patterns.

A
25 50
JAVAVAN
70R A 4
P - 80 > »
- 200 v
Unit: mm

Fig.1 Axial load fatigue test specimen.

3. RESULTS AND DISCUSSION

3.1 Microstructure and Mechanical Properties

Fig.2 shows microstructure of the heat-treated alloys. It
should be noted that the alloys greatly differ in grain size. The
6061-Max alloy exhibits the finest grain structure of the alloys,
because this alloy contains both Cr and Fe which contribute
to refinement of the grain structure. The grain size of the
Al-Mg-Si-Cr alloy is smaller than that of the Al-Mg-Si-Fe alloy,
suggesting that the grain refinement effect of Cr is larger than
that of Fe in the present fabrication process. The grain sizes
of the Al-Mg-Si and the Al-Mg-Si-Cu alloys which are free from
these refinement elements are about the same level and larger
than those of the other alloys.

The mechanical properties of the alloys are listed in Table 2.
The strengths of the 6061-Max and the Al-Mg-Si-Cu alloys both
of which contain Cu are higher than those of the other Cu-free
alloys. This was because age-hardenabilities of the Al-Mg-Si

alloys were increased by the addition of Cu.
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() A-Mg-Si-Fe.

16  Furukawa-Sky Review No.8 2012



Effect of Experimental Humidity on Fatigue Fracture of 6XXX-series Aluminum Alloys

Table 2 Mechanical properties of the alloys.

TS, MPa YS, MPa EL, %
6061-Max 343 298 12
Al-Mg-Si 293 259 11
Al-Mg-Si-Cu 337 302 13
Al-Mg-Si-Cr 302 261 16
Al-Mg-Si-Fe 289 242 16

3.2 Fatigue Test Results 1: Comparison between 6061 -
Max and Al-Mg-Si

Fig.3 shows S-N curves for the 6061-Max and the Al-Mg-Si
alloys. These two alloys exhibit obvious difference in the effect
of experimental humidity on their S-N curves. In the case of
the 6061-Max alloy, although the cyclic lives under RH90% are
somewhat lower than those under other less humidified air
conditions, the cyclic lives not always decrease with humidity
and the effect of humidity on its cyclic lives are not so
significant. On the other hand, the cyclic lives of the Al-Mg-Si
alloy drastically decrease with humidity. The cyclic lives for a
stress amplitude of 130 MPa under RH40% and RH90% are only
from one fifth to one third of those under DNG.

In order to reveal the cause of decrease in the fatigue life
of the Al-Mg-Si alloy under the humidified air conditions
severer than DNG, the fracture surfaces near their fatigue
crack initiation sites formed under the test condition of a stress
amplitude of 130 MPa were observed by SEM. Observation
results are shown in Fig.4. Fatigue crack initiation sites
estimated from macroscopic fracture patterns are indicated
by arrows in this figure. The fracture surface is divided into
three regions on the basis of their fractographic characters:
(i) an intergranular cracking (IGC) region surrounded by the
solid line, (ii) a fatigue crack growth region surrounded by
the dotted line and (iii) a final fracture region indicated by the

outside of the dotted line. The magnification images of the

150

140 @ u

120

Stressamplitude (MPa)

110

100 L
1.E+04 1.E+05 1.E+06

Number of cycles to failure (cycles)

IGC regions are also shown in the same figure. Many grain
boundary surfaces in the IGC regions are free from ductile
dimples, suggesting that this IGC is brittle fracture caused
by hydrogen embrittlement (HE). The occurrence of IGC
in a brittle manner was reported for an excess-Si type 6XXX-
series alloy of coarse grain structure studied by a slow strain
tensile test 2). As can be noted from Fig.4, the area of the
IGC region tends to increase with experimental humidity. In
Fig.5, numbers of cycles to failure for AI-Mg-Si under stress
amplitude conditions of 120 MPa and 130 MPa are plotted as
a function of the IGC areas. This figure shows that cyclic lives
decrease with increasing IGC areas near the crack initiation
sites for both stress amplitude conditions examined.

From the above results, the decrease in cyclic lives of the
Al-Mg-Si alloy with experimental humidity (Fig.3-(b)) was
probably attributed to increase in fatigue crack growth rate
in a very earlier stage of crack growth by the occurrence of
the brittle IGC near the crack initiation site. Another potential
explanation was that the decrease in fatigue lives resulted
mainly from increase in crack growth rate in an intermediate
stage of fatigue crack growth by HE. To examine this
influence, the striation patterns of the Al-Mg-Si alloy were
observed. Fig.6 shows the striation patterns at regions 0.5 mm
away from the estimated crack initiation sites. It was difficult
to compare the fatigue crack growth rate between under DNG
and RH90% conditions from the patterns because the striation
interval varied considerably with observation locations. In
the present study, we could not distinguish a difference in the
striation interval between the two experimental conditions,
suggesting that possibility for difference in fatigue crack
growth rate in an intermediate crack growth stage was
not significant. Whatever the case, in order to reveal the
mechanism, further studies on the time-dependent growth of

the fatigue crack for the alloy will be necessary.
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Fig.3 S-N curves under controlled experimental humidity environments. (a) 6061-Max and (b) Al-Mg-Si.
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@ ®)

Fig.4 Fracture surfaces near the fatigue crack initiation sites of the Al-Mg-Si alloy tested at a stress amplitude of 130 MPa: (a) tested
under DNG, (c) under RH40%, (e) under RH90%. Magnification image of IGC regions of the fracture surfaces: (b) tested under
DNG, (d) under RH40%, (f) under RH90%.
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Fig.5  The numbers of cycles to failure are plotted as a function of
areas of IGC regions near the fatigue crack initiation sites.
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Fig.6

3.3 Fatigue Test Results 2: Effect of the Additive
Elements
The Al-Mg-Si-Cu, Al-Mg-Si-Cr and Al-Mg-Si-Fe alloys were
subjected to the fatigue test under DNG and RH90% conditions
to reveal the effect additive elements on the HE sensitivity
of the Al-Mg-Si alloy in the fatigue fracture. Fig.7 shows S-N
curves for these alloys. Among the additive elements, only Cu

exhibits a clear effect of decreasing the HE sensitivity of the
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b oLt

Striation patterns in the fracture surfaces of the Al-Mg-Si alloy tested at a stress amplitude of 130 MPa under (2) DNG and (b)
RH90%. Macroscopic fatigue crack growth directions are indicated by arrows.

Al-Mg-Si alloy, and cyclic lives under RH90% are as long as
those under DNG (Fig.7-(a)). On the other hand, in the case
of the Al-Mg-Si-Fe alloy, the HE trend of the Al-Mg-Si alloy
remains unchanged (Fig.7-(c)). As for the Al-Mg-Si-Cr alloy,
although the HE trend is not so strong, the cyclic lives under
RH90% are shorter than those under DNG as a whole (Fig.7-
).
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S-N curves under controlled experimental humidity. (a) Al-Mg-Si-Cu, (b) Al-Mg-Si-Cr and (c) Al-Mg-Si-Fe.
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The fracture surfaces of these alloys tested at a stress
amplitude of 130 MPa are shown in Fig.8. Fatigue crack
initiation sites are indicated by the arrows in this figure.
Although the Al-Mg-Si-Cu alloy exhibits IGC regions near its
crack initiation site both under DNG and RH90% conditions,
the IGC area of this alloy under RH90% (Fig.8-(b)) is much
smaller than that observed in the Al-Mg-Si alloy under the
same RH90% condition (Fig.4-(e)). This result suggests that
the decrease in HE sensitivity by Cu addition (Fig.7-(a))
is attributed to the inhibition of IGC near the fatigue crack
initiation site. Although the mechanism of the inhibition of IGC

by Cu addition was not revealed in the present study, change in

hydrogen accumulation sites, such as precipitates in a matrix
and grain boundaries, might be deserve considering.

On the other hand, the fracture surfaces of the Al-Mg-Si-
Cr alloy suggest the occurrence of a typical HE phenomenon.
In the case of DNG, there is no IGC near the fatigue crack
initiation site (Fig.8-(c)). However, under RH90%, an IGC
region of a considerably large area extends around the crack
initiation site (Fig.8-(d)). The fact that the Al-Mg-Si-Cr alloy
exhibits no IGC under DNG despite the presence of just a
little IGC under DNG in the Al-Mg-Si-Cu alloy having lower
HE sensitivity may be attributed to difference in grain sizes

between the two alloys as shown in Fig.2. Resistance to the

o O

Fig.8 Fracture surfaces of the alloys under controlled experimental humidity: (a) Al-Mg-Si-Cu, under DNG, (b) Al-Mg-Si-Cu, under
RH90%, (c) Al-Mg-Si-Cr, under DNG, (d) Al-Mg-Si-Cr, under RH90%, (e) Al-Mg-Si-Fe, under DNG, (f) Al-Mg-Si-Fe under RH90%.
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occurrence of IGC increases with grain size independently of
HE sensitivity, and thus the Al-Mg-Si-Cr alloy which has a finer
grain structure is interrupted to have exhibited no IGC under
the milder DNG condition. Whereas, the fracture surfaces of
the Al-Mg-Si-Fe alloy present IGC regions near their crack
initiation sites under both DNG and RH90% conditions, and
an IGC area under RH90% is lager than that under DNG. The
same trends were recognized for the ternary Al-Mg-Si alloy
(Fig.4). This result can be attributed to the following common
features between the Al-Mg-Si and the Al-Mg-Si-Fe alloys:
high HE sensitivity due to their Cu-free compositions and low

resistance to IGC due to their coarse grain structures.

4. SUMMARY

In order to examine intrinsic hydrogen embrittlement
behavior of 6XXX-series aluminum alloys during fatigue
fracture, the ternary Al-Mg-Si alloy was subjected to the
fatigue test under controlled experimental humidity with the
comparison AA6061 alloy of the same Mg and Si compositions.
Additionally, the effect of additive elements such as Cu, Cr
and Fe to the ternary alloy on a hydrogen embrittlement (HE)
behavior was examined. The following results were obtained.

1. Although the effect of experimental humidity on the 6061
alloy was not so significant, the cyclic lives of the Al-Mg-
Si alloy clearly decreased with experimental humidity. This
suggested that the Al-Mg-Si alloy exhibited HE by hydrogen
atoms intruded from experimental environment.

2. The fracture surface of the Al-Mg-Si alloy showed brittle
intergranular cracking (IGC) near its fatigue crack initiation
site, and the area of the IGC region increased with the
experimental humidity. From these results, the decrease
in cyclic lives of the Al-Mg-Si alloy with the experimental
humidity was probably attributed to accelerated fatigue
crack growth at its early growth stage by the occurrence of
IGC near the crack initiation site.

3. Only Cu exhibited the effect of decreasing the HE sensitivity
of the Al-Mg-Si alloy in the fatigue fracture among the
additive elements examined, Cu, Cr and Fe. The addition of
Cu inhibited the occurrence of IGC near the crack initiation
site and showed as long cyclic lives under RH90% as under
DNG.

This article was published in Proceedings of the 12th
International Conference on Aluminum Alloys, September
5-9, Yokohama, Japan, (2010), 363.
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Development of Aluminum Alloy Welding Member with Superior Fracture Toughness at Cryogenic Temperature
(Study of Aluminum Material for Liquid Hydrogen Transportation and Storage Vessels)

% &

Minoru Hayashi

BIE AAS0837 I =T LELEFBIIERTIVIZILEEDPTEEE -SMEEEEL, &
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ICRBZCDERBENFH S, LAL, SSICREDBEVREKIZOEX - ITEASZ > 7MADER %%
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BESBEBOBEEWIRNE2NET 5 BRI T, AASOS3EME L VBEME L TRERMIGES &
UFSWIEICE > TR L 2BEEBENICOWVWTER, 77K, 4K T, 5IRAR, Vvl E-HBRB &L
UBIRBMEREBR Z ML 7,
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IR T B ENRETHED I EP DD olce CDDBREBELT TOEESNFIREL FSW 23EH
T52ET, HARMOERS L VRERRKOMMAIEIPE S h, BERHENEEZREMELETESZ
EEBASHICL 7,

Abstract: AA5083 aluminum alloy has high strength and high corrosion resistance among non-
heat treatable aluminum alloys. Therefore it is widely used for LNG tank with its good low temper-
ature properties. But when considering the candidate material for liquid hydrogen vessels, there is
a problem that is fracture toughness decrease at cryogenic temperature especially in welded
metal part.

To improve the fracture toughness of weld metal at cryogenic temperature, mechanical properties,
Charpy impact properties and fracture toughness of base metal and weld metals prepared by
using conventional MIG and FSW were investigated at RT, 77 K and 4 K.

Al-Mg intermetallic compounds at grain boundaries cause decrease of fracture toughness of MIG
welded part at cryogenic temperature. It is capable to reduce grain boundary segregation and get
very fine grains by applying the FSW method which can join under melting point. In the case of
aluminum alloy, FSW is very effective way to improve fracture toughness at cryogenic tempera-
ture.
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L > 7 235 mmOf G 2B ) 15T, 5ok B
2 mm/min (FIHITE AR 794 X 10-4/s) THEHE L 720 38R
WIREH, WRER B X ORI 7 AR CER L 72,
HAERTB X HARANY 7 b ToRBRIE, 2944
25w b, REBEHEEBLIORBR 25 TE L2005,
FNENREREE D B ILHEAN) 7 22 G L, 20
AR I RER T 2200 L 7 IREE TR L 72,

(b) ¥ ¥ IV E —BEHER

vV —EHERERA L, BAIIREOMEELL M
ERB XTI, MIGH X U FSWId B ERES
B AL B L ) ISR 720 RERBRII N~ —FER
6.740 kg, W05 OHEE0408 m, FEEM1449DOFEE
49 J OB & VTR L 720 77 K TORERILHER

1 Bit b LB LB OILFEMER (mass%)
Table 1 Chemical composition of base metal and weld metals.
Si Fe Mn Mg Cr Ti Al
AA5083 Bt 0.07 0.19 0.67 4.75 0.06 0.01 Bal.
FSWidE£EE 0.09 0.21 0.61 4.65 0.05 0.02 Bal.
AERMIGBHELED 0.04 0.18 0.59 4.72 0.07 0.05 Bal.

X1

AA5083 81, MIG $ LU FSW BELBED I 7 O#EH
Fig.1 Microstructure of AA5083 base metal, MIG and FSW weld metals.
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Fig.5 Result of Charpy impact test.
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Fig.6 Result of fracture toughness test.
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Characterization for Alkaline Dissolution of Anodic Oxide Films Formed on Aluminum by EIS

XNl =5 RE F-

Yukio Honkawa Yoichi Kojima

BF IE#f

Masazumi Okido

BE 7LHUMERPTHRELATILI ZY LAOBERIEEEIE, 7ILhUMEREICH LEVWTH
REMERETZIEPHONTVWD, ARARTIE, ERIEFIE-4 XL (EIS) #FIHALT, 7
WAVMRERICH TS, BEEBICEEOERBEENIRN (Ao DREFET(LEFM L 72 £/, SEM,
FIB-SIMBLUTEMZFA LT, AHRBREOZSEBICHIZE Y MNEREERE L, ZTORBE,
PH=115(CHB L AREF MU Y LKERFICHENT, 7IAVMEBREICH LEVWHAKEET 3N
) 7RGEBILERIP R I WD P ph o7ce COFRER, BRET > EZ 7 LKBERS LU
BErh TR U 2GR R BE L V) B, 7LD UMICENR TV, F 72, R ld /N 7ERSHERE LR R
DEZIZEHHVIERL 7,

Abstract: Anodic oxide films formed on aluminum by anodizing in alkaline solution is generally
recognized to show higher protective performance against dissolution under alkaline environment.
In this study, electrochemical impedance spectroscopy (EIS) was applied to evaluate the time
variations of charge transfer resistance, Act for the anodically oxidized aluminum during the
immersion in alkaline environment. Also SEM, FIB-SIM, and TEM observations were employed to
investigate pit morphology at each stage of the dissolution process. It was found that the films
formed by anodizing in sodium carbonate(Na>COgs, pH=11.5) solution showed higher resistance
against alkaline dissolution than the films formed in ammonium tartrate((NH4)2C4H406, pH=6.7)
solution or sulfuric acid (HoSO4, pH=0.0), because of the high corrosion performance of the barri-
er layer. The Act increased as the thickness of the barrier layer increased.

Vo ZETTARITIE, T WRENC B L IR0 EFL
B & ERLGE & OBRICOWTHRET L7z, KO -

TV = A (ADIE, BB L7Vl ) R T 5 S CRmRERALILEE L7 AV %2, 7V o ) RS IR R
TP DRI PGS 120 S NS HEOHFMREIZBITS L, —ERMEICERLEA v E—F 2 2L (EIS) 9 912X

1. [BUSIC

it £ SN B RS R I (H ARMRAL R BE) 0 T M PREEYE 1 X 578,
PR LALER & fi 9™ 2 & 12 & D AF5- S5 Bz oo T M PREEE:
WZHRBLE RO EN 2 32 N EET 5. Z OmEgRILE
2 & o T, REMHEOERNT VA1) HRETOFH L —%E
B LEL) L)k Aadbrsh, REF MY YA
(NayCOs3) KRIEHE 72 LD 7 VA1 ) PP E th TR L 72
WREALRE EIE, 7 )V 7 ) PEBRBE IS L Tl el ] o i 14 %
T ZEDNRE SN TWED 2, =T, 29 L7 uh
DHEOFEHEHFEMICOWTIRIN T TICHE IR TV

0 B D BT BRI (Ree) ZME L72e &9 LTHBL N
Re DFEWAALE, B OEMMEAZIZ BT 2 KB L O Wi
DILIRZEAL L & HIZEFE L 72,

2. KBRFE

2.1 #E s KU BIEE L0
BEE AT ALK & L CHEEE99.99%, T e ASHEW 3
11 ppm Fe, 15 ppm SiB & 1860 ppm Cu @D EHEE Al % F v
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720 2203 mm DM A S Y H L7250 X100 mm2 D
. BARERALORITALEL & LTz 2 ) — #2000 TS, i

WeBLUOx s 7 = VOREERT 18 VO—EELE T4 minfk
B LEBIE 21T - 720 £0%, 60CD10% NaOHHiRiE
30s, ZEim 30% HNO; F1i2{# 1 min 2 IHRAT > 720

P ERALALE S 121, 0.3 M @ Na,CO3 K@, 017 M DI
kT ¥ =7 A ((NHy)CaHyOp) KIEH, 3 £ TUT16 MO
Mk (HoSO4) & iV, MLBRIRIE 2 CT25C & L7z, EfiL 722
TOBBBILLE LB X OZNSICE D E SN %
RUIIRT INSHOFBEREIZ23E 12k 35 & 9 12K 5k
HOTEMBIZE L D RD7ze F1Ha, b TIENaCOsinH, B
L e Tld (NH)oCyH4 O I T2 A/dm2 IZE BT L, F)

EBETEEZ214 VERLIFZIBE VETHIETNY) TRIESZZ
271300 nm F 721320 nm TR E 872, d TIEHS0,
HHTLS VICEER30 sEBEREL TR -7 AR EBE
B4, N T2 nm& R — T ARE280 nm & TEPEE %
300 nm & L7zs E51Ze T, dIZiiEI A 4+ > 7KH 30 min
ZEROHFLLEE IR 72,

f~sTI, NaCOsifE% 001, 003, 01, 03, 05, 1.0 M
ELpHEZ@W B LTwanKif(f~k), BLIFINLIZ

R BRGMAN, BERCERE S L UEE S

NaOHZ# L CpH % 115 (1~n) 7212120 (o ~s) [T
L7z e H Wi, I~sOFLERTEZTLV, REFREH %
240s & L, EZ1EINY 7IEH100 nm, K—F AfEA3200 nm
Thhbo

t~aaTlx03 M Na,CO3itr ' CHAEDTENL - BILEMEXAT
HITET, WITEBBIVR—IABESORLLERE L
72o TOLEDOEBEERIIRT . WINDL 2 A/dm2IE
BILOREE L, BIEAY7, 35, 71, 143, 214 VIZFZE L7214, —
ERMERE L2 SNHON) 7RBER—-—FABOE S, t
TiZ10 nm & 200 nm, uTiE50 nm & 200 nm, v TIZ100 nm
£ 0nm, wTiZ100 nm & 200 nm, x Ti%200 nm & 200 nm,
yTIx300 nm & 0 nm, zTIE300 nm & 200 nm, aa Tl
100 nm & 610 nm T - 72,

22 BRILZA > E—-42 ZHE

Pt ERACALEE U 7230 %, M52 10 X 10 mm2 25 L C, K
JIAFNT =T EZREFVBIETY AT L7 Ar A
A% DTS L7201 M NaOH KB IZIZE L, HRE
B L OEGMNFA V=5 AR T L, BEEMIC
Ag/AgCl/8afIKCL %, XRRIZIZPeME 2 vy, 8
10 kHz~1 Hz, % H%5 point/decade & L7z, ZiH—

Table 1 Electrolytic bath composition, anodizing process conditions, and obtained film thickness.

Bath Anodizing process Film thickness (nm)
No. |Electrolyte| Concentration Temp Currgnt Fma! Potentpstahc Seg ling Barrier Porous
M) pH “c) density | potential period Time laver laver Total
(A/dm?) (V) (s) (min) y y
a 214 300 300
b Na>CO3 0.3 11.5 25 2 15 0 0 20 0 20
Cc (NH4)2C4H405 0.17 6.7 25 2 214 0 0 300 0 300
72 HoSO4 1.6 0.0 25 2 15 30 300 20 280 300
f 0.01 11.0
g 0.03 11.2
h 0.1 1.4
i Na>CO3 03 15 25 2 71 240 0 100 200 300
i 0.5 11.7
k 1 12.0
| 0.01
m 0.03 11.5
n 0.1
[¢] Na>COs3 0.01
T) (+NaOH) 0.03 25 2 71 240 0 100 200 300
q 0.1 12.0
r 0.3
s 0.5
t 7 240 10 200 210
u 35 240 50 200 250
\% 71 0 100 0 100
w 71 240 100 200 300
x | NazCOs | 03 1.5 25 2 143 240 0 200 200 400
y 214 0 300 0 300
z 214 240 300 200 500
aa 71 600 100 610 710
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L 7= Wi % o7 8 R 1B (TEM) CEIgE L, fiik & =
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EINEF B EE (SEM) THIZE L7z ELAEY v A4
WAy E—Aa (FIB) CTEAL, E&A 4+ EmERE (SIM
%) 2Bl L7
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Fig.1 Potential control procedures for anodizing in 0.3 M
Na>CO3 solution.
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K3 IR T TiENY TREOE NI 5EV, NaCOsiH DN
UT7E300BLU2l nmDaB I TbDTIEENEN3950 s
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DREV,
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Fig.2 Time variations of the Act(a) and open circuit potential(b) during the immersion in 0.1 M NaOH solution for the anodic

oxide films formed with the procedure of a~e.
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Fig.3 Relationship between barrier layer thickness and
corrosion resistant period, T for the anodic oxide
films formed with the procedure of a~e.
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Fig.6 TEM images for cross section of the films formed
with the procedures of w and y shown in Table 1
and Fig.1.
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Fig.7 Relationships between barrier layer thickness and corrosion resistance period, t(a) and porous layer thickness and corrosion
resistant period, T (b) for the anodic oxide films formed with the procedures of t ~z shown in Table 1 and Fig.1.
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Fig.8 Nyquist impedance plots after 300 s immersion(a)
and 1200 s immersion(b) in 0.1 M NaOH solution
for the anodic oxide film formed with the procedure
aa shown in Table 1 and Fig.1.
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Fig.9 Time variations of Act during the immersion in 0.1 M
NaOH solution for the anodic oxide film formed with
the procedure aa shown in Table 1 and Fig.1.
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Fig.10 SEM images for the surface of the anodic oxide
films formed with the procedure aa shown in Table
1 and Fig.1 after each period of immersion in 0.1 M
NaOH solution.
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Fig.11 Time variations of pit diameter(a) and pit density(b)
during the immersion in in 0.1 M NaOH solution
for the film formed with the procedure aa shown in
Table 1 and Fig.1.
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Fig.12 FIB-SIM 45° tilt images for the cross section of
the pits on the anodic oxide films formed with the
procedure aa shown in Table 1 and Fig.1 after
each period of immersion in 0.1 M NaOH solution.
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Fig.13 TEM images for the cross section of the anodic
oxide films formed with the procedure aa shown in
Table 1 and Fig.1 after each period of immersion in
0.1 M NaOH solution.
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films in 0.1 M NaOH solution.

4. BHUIC

BEALFEA v =5 v 2B R L TR D 7 v

71 0) BB O, ) R AR, LT ORI Z 7,

1) HpSO4, (NHg)2CsHsOp, NagCOs KA H T B iR AL AL H
L7zt o9 B, NaCOzKER T L 72501301 M
NaOH # COEMBEBHIT (Re) OMIIEA542.3 kQ - cm?
Lib REDo7z,

2) M SRS R T, Bt ER AL ALERS T B % NapCOs K i
WO & pHIZARAF L, 2001 M, pH 115 D8E 120K
Kt xR L 720

3) NagCO3iRIC L B R —F AF &N TIg & % 4T 2 Bt
{LEELL, 0.1 M NaOH IR T 5 &, £9 48— 7 X’
WML, 20BN TBOY R L REER L
FIRSESTS 20 /) TRROEERE, THAIOY—ELLK
MBI R DO B & AT 5o

4) T O N ) TROESIKFEL, K—J AE
DIE SV TH 72, THUS, BFERNY TIEP Al L
TN ) B b — R L, €O AlDRIES LB
TeHEEZLNL,

HB, Raistid (—th) BERAAITO®R4E, 61 (2011)
IS EIN- oL TwEd,

Furukawa-Sky Review No.8 2012 35



BRLFA D E—4 > REICL BBERRICERDM 7V 5 U EEHE

D
2)

3)
4)
5)
6)

7)
8)

ZEM

HFT R - Ee FINEAT, 23 (1972), 440.

TR, BFOEREE, I = &R R R, 35 (1984),
428.

KAER, BFIERL, RIS, RBE— B 1130
REFRHEME (2007), 221.

RIS, K@k, REE—, B BaEs s 1130
REFHEMEE (2007), 223.

AEEW, ARBEE— AR 53 (2004), 95.

AW, ARRHE — AR 53 (2004), 1234,

G, S, AlB— &8 FRIHl, 33 (1982), 242.
AKIB—, s, A - G KAt 30 (1979), 438,

-

I % (Yukio Honkawa)
TR 22 R
EE B R

BB F— (Yoichi Kojima)
EsTntsiE
A H AR

BEF IFfi (Masazumi Okido)
FZHEBRFAFERITFHER

36

Furukawa-Sky Review No.8 2012



Evolution of Recrystallization Texture in Aluminum Alloy Sheets by

Asymmetric-Warm-Rolling

Yoshikazu Suzuki  Osamu Noguchi Yoshiki Miki Yoichi Ueno

Katsumi Koyama Toshio Komatsubara

Abstract : Asymmetric-warm-rolling (AWR) is a promising process to improve the Lankford value
(r-value) or the deep drawability of aluminum alloy sheets by controlling the crystallographic texture
of the alloy. A fundamental study has been conducted on the formation of a distinctive recrystalliza-
tion texture in the Al-1 mass% Si-0.6 mass% Mg (AA6022) alloy sheets prepared by AWR at 523K.
The change in texture during the recrystallization process was observed by using a SEM-EBSD sys-
tem with a heating stage. The as-AWRed sheets have a considerably recovered subgrain-structure
with a major orientation of {001}<110> and texture fibers of <011>//RD and near <111>//ND. Some
of the recovered grains act as the nuclei for the recrystallization process and grow consuming adja-
cent grains. The area fraction of the <001>//ND grains decreases with grain growth during the multi-
step-annealing at 573-723K. The {112}, {332} and {221} grains increase or remain high in area frac-
tion during the annealing, whereas the fraction of the ideal {111} grains decreases. For the T4 sheets
made by AWR, not only the ideal {111}, but the slightly rotated components probably contribute to a
high average r-value. Limited area fraction of {001} grains is another reason for the high r-value.

1. INTRODUCTION

Light-weight aluminum alloy sheets are inherently useful
as auto-body sheets for reducing the weight of automobiles.
However, the press formability of aluminum alloy sheets is
not as high as that of steel auto-body sheets. Therefore, an
improvement in the press formability of aluminum alloy sheets
is required for a more widespread use of these sheets.

It is well known that crystallographic texture has significant
effects on the press formability of metal sheets. In case of
the steel auto-body sheets, the major recrystallization texture
components of <111>//ND or y-fiber in BCC metals lead to the
good deep-drawability and high Lankford value (r-value). In
contrast, a major orientation of {001}<100> or Cube in the FCC
aluminum alloy sheets tends to lower the average r-value.

Some previous papers D-3) have proposed a technique
employing asymmetric-warm-rolling (AWR) in order to
improve the formability or r-value of aluminum alloy sheets.
AWR has been considered to be a measure to attain a
recrystallization texture of <111>//ND for aluminum alloy
sheets. The {111} texture is believed to improve formability of

aluminum alloy sheets. In fact, an improved r-value of 1.2 has

been reported for Al-Mg-Cu alloy sheets by AWR 2), while
in general, the average r-values of the sheets by conventional
rolling (CR) are 0.6-0.8.

It can be said that the effects of AWR on the improvement of
r-value is evident. However, little is known about the evolution
of the recrystallization texture of the AWRed aluminum alloy
sheets. This study focuses on the formation of the distinctive
recrystallization texture of the AWRed sheets, for an Al-Mg—
Si alloy AA6022. The changes in texture have been determined
for an identical observation area during a multi-step annealing

process.

2. EXPERIMENTAL PROCEDURE

The alloy used in this study is AA6022, which contains
approximately 1 mass% Si and 0.6 mass% Mg (Table 1).
The slabs of the alloy were prepared by using a laboratory-
scale direct chill (DC) caster. Then, they were homogenized
and scalped to a thickness of 100 mm. In the AWR process,
we employed a specially designed rolling mill that had
independent driving motors and inside heaters for both rolls.

The slabs were rolled at 523 K into 1 mm-thick sheets; the
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asymmetric roll speed ratio was 150%-250%. Silicone-type
lubricating oil was applied to the roll surfaces during the
rolling in order to prevent adhesion. For comparison, the 6022
alloy sheets were also prepared by CR: the scalped slabs were

hot rolled to 6 mm and cold rolled to 1 mm in thickness.

Table 1 Chemical composition of AA6022 alloy (mass%).
Si Fe Cu Mn Mg Cr Al
1.00 0.10 0.01 0.05 0.55 0.01 Bal.

Comparative texture measurements by an electron
backscatter diffraction system (EBSD) attached to a scanning
electron microscope (SEM) were carried out for the T4 sheets
made by AWR and CR. In the T4 treatment, the sheets were
solution-treated at 823 K for 300 s, water-spray quenched and
natural-aged. The EBSD data were summarized in inverse
pole figure (IPF) maps and Bunge-type orientation distribution
functions (ODF).

The changes in texture of the sheets prepared by AWR and
CR throughout the recrystallization process during multi-step
annealing were determined by using the SEM-EBSD apparatus
with a heating stage. The as-rolled samples were polished
mechanically and electrochemically on the L-LT surface. Then,
they were heated to 548-723 K and cooled in the chamber of
the SEM in a multi-step manner (Fig.1). The heating rate in
each annealing step was approximately 0.2 K/s. The texture
was determined by EBSD for an almost identical observation
area at room temperature after each cycle of heating and

cooling in the multi-step annealing process.

723K, 180 s
673K, 180 s
623 K, 180 s b 4

593 K, 180 s e
573K, 180 s .

Temp.

4
repeating
steps

[

EBSD orientation measurment

time

Fig.1 Procedure for multi-step annealing and EBSD
orientation measurement.

3. RESULTS AND DISCUSSION

3.1 Recrystallization Texture of Solution-treated T4
Sheets.
First, the characteristics on the recrystallization texture of

the AA6022 alloy T4 sheets by AWR were confirmed as the

basis for further discussion. Fig.2 shows IPF-type EBSD maps
for the recrystallization structures on the L-ST cross-sections
of the T4 sheets prepared by AWR and CR. ODFs calculated
from the EBSD data are illustrated in Fig.3.

AWR

IPF Maps obtained by SEM-EBSD for the solution-
treated T4 sheets prepared by AWR and CR.

The T4 sheet made by CR consists mainly of <001>//ND
grains; these grains are represented as red ones in the IPF
map. The ODF shows that Cube orientation of {001}<100> is
the major recrystallization texture component in the CRed
sheet. The AA6022 alloy sheet by CR has a low average r-value
of 0.6 because of the pronounced {001} orientations, including
the Cube orientation.

On the other hand, the AWRed sheet includes near <111>//
ND grains throughout the entire sheet thickness; these
grains are represented as bluish grains in the IPF map.
More precisely, the center of the orientation intensity is not
exactly on <111>//ND but on <332> or <221>//ND. The
misorientations of {332}<113> and {221}<114> from the ideal
{111}<112> are approximately 10° and 15°, respectively. The
orientation intensity of {112}<241> is also high in Fig.3.

CR / ‘AN w
{001}<100> ©1(0-90°)
{011}<100> ®(0-90°)
0° 45°
{115)<110> {001}<110> {112)<241>
AWR
111)<112>
A[332|<113>
[2211<114>
0° Yi11j<211> 45° “ooqicioo>

Fig.3 Recrystallization texture of the T4 sheets by AWR
and CR. (ODF : ¢2=0°, 45° sections)
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The r-values calculated for each texture component using
a software developed by Inoue are summarized in Fig.4. The
predicted r-values for the {332}, {221} and {112} orientations
are considerably high, even though they are not as high as
that of the ideal {111} orientation. Therefore, it is provable that
the {332}, {221} and {112} orientations also have considerable

effects on the improvement of the average r-value.

r-value

Angle to rolling direction (deg.

—— (111)[-1-12] —e— (332)[-1-13] —e— (221)[-1-14]
—e— (112)(2-41) —=— (001)[100]  —*— (001)[110]
—=— (221)[1-22] —&— (115)[1-10]

Fig.4  The r-values for various orientations predicted
by using a software developed by Inoue.

as AWRed as AWRed

Annealed : 573 K, 180 s

Another important feature for the AWRed sheets is a limited
area fraction of the {001} grains. The {001}<100> orientation is
rarely seen, though small amount of {001}<110> exists. Since
the {001} orientations tend to decrease average r-value, it is
effective to limit the amount of {001} grains for improving
average r-values. The predicted r-value for the {115}<110>
orientation which exists in the AWRed is rather low, but it is
higher than that for the {001}<110> orientation.

As a result of the modified recrystallization texture, the
AA6022 alloy T4 sheet prepared by AWR actually has a high
average r-value of 1.2; the r-values for RD0°, 45° and 90° are 1.0,
1.4 and 1.1, respectively. This average r-value is considerably
higher than that of the CRed sheet.

3.2 Texture Change During Multi-step Annealing

EBSD-IPF maps for the sheets by AWR are shown in Fig.5;
these maps indicate the changes in the grain structure and
texture in an identical area on the sheet surface during the
multi-step annealing at ODFs at ¢2=45° calculated on the basis
of the EBSD data are illustrated in Fig.6. The microstructure
of the as-AWRed sheet consists of subgrains or considerably
recovered grains, some of which act as nuclei for the
recrystallization during annealing. The texture of this sheet
consists of the {001}<110> orientation and the texture fibers of
<110>//RD and near <111>//ND.

593 K, 180 s

EBSD step-0.3 ym

111

/IND

001 101
L-LT section

Fig.5 Microstructure change of the AWRed AA6022 sheet during multi-step annealing at 573 K-723 K.
IPF maps obtained by SEM-EBSD for an identical observation area.
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A completely recrystallized structure is attained after the
final step of annealing at 723 K, and its texture is similar to that
of the T4 sheets after SHT, although the heating conditions are
different. This implies that texture evolution behavior during
the multi-step annealing process is basically the same as the
behavior during SHT.

The first step of annealing at 573 K leads to local
recrystallization or grain growth, and the subsequent
annealing steps at the higher temperatures result in the
grain growth consuming the adjacent unrecrystallized area.
The changes in texture are basically brought about by the
preferential growth and disappearance of grains during
annealing. Fig.7 shows the change in the area fraction for the
{001}, {115}, {111}, {112}, {332}, and {221} grains during the
multi-step annealing process. The area fractions for the {115},
{112}, {332} and {221} grains are maintained or increased
through the progress of recrystallization during annealing,
whereas that for the {001} grains is reduced.

The decrease in area fraction of the {001} grains in the
AWRed sheets during recrystallization is accompanied with
the growth of adjacent grains of some other orientations, e.g.
{112} and {221}. The changes in the area fraction suggest
that the {221} grains possibly grow by effectively consuming
the adjacent {001} orientation. The boundaries between the
{221} and the {001} grains may have a high migration rate
for the grain growth because {221}<114> and {221}<122>
have a relationship of 60° rotation around the <111> axis with
{001}<110> and {001}<100>, respectively.

The existence of the remained {115}<110> grains seems to
be unfavorable for improving the r-value in a general sense.
However, if the {115} grains grow by consuming the adjacent
{001} grains, they have a slight effect on improvement of the
r-value.

Annealed :
{001}<110>—~ as AWRed 573 K,180s 593K, 180 s
- 4

N
{112}<110>J - |

v {115}<110>
623K,180s 673K, 180s\ 723K, 180 s
¢1(0-90°) ] i o
N <111>//ND
I | {332}<113>
®1(0-90°) —{221}<114>

{112}<241> {221}<122>

Fig.6 Changes in the texture of the AWRed AA6022
sheet during multi-step annealing at 573 K-723 K.
(ODF from SEM-EBSD data : ¢2=45° section.)
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Fig.7  Changes in area fraction of the grains having
the {001}, {115}, {112}, {111}, {332} and {221}
orientations during multi-step annealing.

The {111} orientation that is considered to be the texture
component having a strong effect on the improvement of the
average r-value is also decreased in area fraction during the
annealing process. It is clear that the {111} orientation is not
a preferred orientation for grain growth, at least in the case
of the AA6022 sheets by AWR. Since the fraction of the ideal
{111} orientation is rather small, the high r-value of the AWRed
sheets cannot be explained only by the existence of the {111}
orientation.

Consequently, the improved r-values of the sheets by AWR
are caused by a combination of recrystallization texture
components ; a large fraction of the orientations including
{111}, {112}, {332} and {221} which increase r-values, and a

limited fraction of {001} orientations which lower r-values.

4. CONCLUSION

The AA6022 alloy sheets have a subgrain structure or a
recovered structure consists of grains with the {001}<110>
orientation and the texture fibers of <011>//RD and near
<111>//RD before the recrystallization treatment. Some of
the recovered grains act as nuclei for the recrystallization, and
grow by consuming the adjacent grains. The area fractions
of the {001} and {111} grains are decreased, while those of
the {112}, {332} and {221} grains are maintained or increased
through recrystallization during the multi-step annealing
process. The {221} grains possibly grow in a preferential
manner consuming {001} grains during recrystallization. Not
only the ideal {111} orientation but also the {112}, {332} and
{221} orientations probably have an effect on the improvement
of the r-value of the recrystallized sheets. The limited fraction
of the {001} grains is another reason for the high r-value of the
AWRed sheets.
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Effects of Cu Addition on Aging Behavior of
Al-0.3%Mg-0.5%Si Alloy

Makoto Ando Yoshikazu Suzuki

Abstract : The aging behavior of Al-0.3mass%Mg-0.5mass%Si alloys with or without Cu was inves-
tigated at the working temperature of radiators (i.e., 90°C). It was observed that Cu addition was not
necessarily effective in strengthening the alloys in the cases where these alloys were aged for a long
time at the working temperature of radiators. The Cu-free alloy stored at 90°C for 4300 h possessed
approximately the same yield strength as the alloy containing 0.5%Cu or 0.8%Cu. In contrast, when
the alloys were stored at room temperature or at 180°C, the yield strength of the alloy containing Cu
was larger than that of the alloy not containing Cu. Results of DSC analyses and TEM observations
showed that the dominant phases in age hardening were as follows: (i) formation of Mg-Si (-Cu)
clusters at room temperature, (ii) formation of clusters and pB”-phase precipitates at 90°C, and (i) for-
mation of needle-shaped B”-phase precipitates at 180°C.

1. INTRODUCTION

Aluminum brazing sheets, which usually consist of
Al-Mn series core alloys and an Al-Si filler alloy, are used for
automotive heat exchangers. Automotive heat exchangers are
generally manufactured by a brazing process, i.e., by heating
to approximately 600°C in a nitrogen atmosphere.

Recently, there has been increasing demand for a reduction
in the thickness of heat exchanger materials; in order to
satisfy this requirement, the material is required to have high
strength. Materials for radiators should foremost possess high
strength in order to avoid fatigue breakdown. The addition of
Mg to Al-Mn core alloys is a potential method for improving
the strength of heat exchanger materials; this is because the
brazing process serves as the solution heat treatment and
results in Mg2Si precipitation, which leads to age hardening.
However, Mg addition has a limitation of the maximum
amount to avoid inferior brazability; hence, age hardening
should be promoted by some other method. One such method
is to simply add Cu, which is known to be a facilitator of
age hardening, to the heat exchanger material 1. Actually,
brazing sheets containing Mg and Cu have already been put to

practical use in heat exchangers such as radiators 2. However,

the effect of Cu addition on the aging behavior of the materials
at the working temperature of radiators, which ranges from
room temperature to approximately 90°C, is not entirely clear.
In this study, the aging behavior of Al-0.3mass%Mg-
0.5mass%Si alloys with or without Cu was studied. For the
sake of simplicity, we used alloys containing only those
elements that form aging precipitates. Furthermore, in order
to eliminate the influence of diffused Si from the cladding alloy
during the brazing process, the specimens did not contain Al-Si
filler alloys. The brazing process was replaced with solution
heat treatment, i.e., heating the material at 560°C and then
quenching it in water. We conducted the aging treatment
procedure not only at the working temperature of radiators
but also at higher temperatures, in order to account for other
types of heat exchangers. On the basis of the results of this
experiment, we discussed the aging phenomena and the

effects of alloy composition.

2. EXPERIMENTAL PROCEDURE

The chemical compositions of the laboratory-made alloys
containing different amounts of Cu are listed in Table 1. An
Al-0.3%Mg-0.5%Si alloy in which Cu has not been added is
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termed the 0%Cu alloy. When 0.5%Cu and 0.8%Cu are added
to the 0%Cu alloy, then the resultant alloys are termed 0.5%Cu
and 0.8%Cu alloys, respectively. Each of these alloys was
homogenized for 8 h at 560°C after casting. The alloys were
hot- and cold-rolled into 1-mm-thick plates. Tensile specimens
with a width of 25 mm and a gauge length of 50 mm were
machined from these plates. The direction of the tensile
stress was parallel to the rolling direction. The specimens
were heated in a salt bath at 560°C for 10 min and quenched
in water for the purpose of solution heat treatment. After this,
they were stored at room temperature (RT), 90°C, and 180°C.
The aged specimens were tensile tested at an initial strain
rate of 3.3 x 10-3/s. Differential scanning calorimetry (DSC)
analyses were carried out on the materials at a heating rate of
40°C/min. Foil specimens were electrolytically polished using
a twin-jet method and then observed by transmission electron

microscopy (TEM) at an accelerating voltage of 200 kV.

Table 1 Chemical composition of laboratory-made alloys

(mass%).

Si Fe Mg Cu Al
0%Cu 0.50 0.13 0.30 Tr. Bal.
0.5%Cu 0.51 0.12 0.28 0.50 Bal.
0.8%Cu 0.50 0.13 0.29 0.82 Bal.

3. RESULTS

3.1 Aging Behavior at RT

Fig.1 shows the yield strength of the alloys containing
different amounts of Cu and aged at RT. It is observed that for
a high amount of added Cu, the rate of increase in the yield
strength is high; further, after 4300 h (i.e., half a year), the
strength of the material increases with the amount of added

Cu.
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Fig.1 Yield strength vs. aging time curves of the alloys
aged at RT.

TEM images of the 0%Cu and 0.8%Cu alloys aged at RT for
4300 h, as shown in Fig.2, reveal that both these alloys have
no aging precipitates. This indicates that the age hardening
is due to the formation of clusters without a rule structure;
these clusters probably consist of Si and Mg and may be with
or without Cu. DSC analyses were carried out to estimate the
amount of clusters (Fig.3). The resultant curves for all three
alloys have endothermic peaks in the temperature range
of approximately 180-280°C. The endothermic heat was
produced by the decomposition of the aging clusters into the
matrix. Fig.4 shows the amount of endothermic heat produced
for the corresponding DSC curve shown in Fig.3. This
heat increases with the amount of added Cu. This behavior
indicates that the dispersion density of the clusters formed at

RT increases with the amount of added Cu.

Fig.2  TEM images of the 0%Cu alloy-(a) and
0.8%Cu-alloy-(b) aged at RT for 4300 h.
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Fig.3 DSC curves of the alloys aged at RT for 4300 h.
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0.4

Endothermic heat (w/g)

0.2

0%Cu 0.5%Cu 0.8%Cu

Fig.4  The amount of endothermic heat of the alloys aged
at RT for 4300 h. (Refer to Fig.3)
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3.2 Aging Behavior at 90°C

Fig.5 shows the yield strength of the alloys aged at 90°C.
Although the rate of increase in the strength of the alloys
grows with the amount of added Cu, this strength is almost the
same for the three alloys aged for 4300 h.
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Fig.5  Yield strength vs. aging time curves of the alloys
aged at 90°C.

Fig.6 shows the TEM images of the 0%Cu and 0.8%Cu alloys
aged at 90°C for 720 h. The 0%Cu alloy has minute spherical
precipitates, which are probably an early B” phase, whereas the
0.8%Cu alloy does not have definite precipitates. The 0.8%Cu
alloy that is in the process of aging for 720 h possesses high
strength in spite of the absence of spherical precipitates;
therefore, the clusters are probably dominant in age hardening
when the alloys begin aging at 90°C. TEM images of the alloys
aged for 4300 h are shown in Fig.7; these images indicate
that the 0%Cu alloy has needle-shaped B"-phase precipitates.
The 0.8%Cu alloy does not have needle-shaped precipitates,
although it has spherical precipitates.
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Fig.6  TEM images of the 0%Cu alloy-(a) and
0.8%Cu-alloy-(b) aged at 90°C for 720 h.

Fig.7  TEM images of the 0%Cu alloy-(a) and
0.8%Cu-alloy-(b) aged at 90°C for 4300 h.

Fig.8 shows the DSC curves of the alloys aged at 90°C for
720 h and 4300 h. All the curves have endothermic peaks that
correspond to the decomposition of precipitates or clusters;
the amount of endothermic heat for the respective DSC curves
is shown in Fig.9. Although the amount of endothermic heat
increases with the Cu addition for 720 h of aging, the amount
of heat is highest for the 0%Cu alloy for 4300 h of aging.

(b)

0%Cu

0.5%Cu

Heating Flow —

0.8%Cu

{0.02 wig ‘ ‘
0 100 200 300 400

Temperature (°C)

Fig.8 DSC curves of the alloys aged for 720 h-(a) and 4300 h-(b) at 90°C.

44  Furukawa-Sky Review No.8 2012



Effects of Cu Addition on Aging Behavior of Al-0.3%Mg-0.5%Si Alloy

3
W720h

> 25 04300 h
~
2
& 2 ]
()
<
L 15
£
£ 1 -
S
o
2 |

0

0%Cu 0.5%Cu 0.8%Cu

Fig.9  The amount of endothermic heat of the alloys aged
at 90°C. (Refer to Fig.8)

These results indicate that the dispersion density of
clusters increases with the amount of added Cu when the
alloy is aged for 720 h; further, these results indicate that the
B"-phase precipitates of the 0%Cu alloy transit to a more stable
state when the alloy is aged for 4300 h. In other words, the
transformation of the clusters to p”-phase precipitates at 90°C
is inhibited by Cu addition.

3.3 Aging Behavior at 180°C

Fig.10 shows the yield strength of the alloys aged at 180°C.
With increase in the amount of added Cu, the rate of increase

in the yield strength grows and the peak strength increases.
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Fig.10 Yield strength vs. aging time curves of the alloys
aged at 180°C.

Fig.11 shows the TEM images of the 0%Cu and 0.8%Cu
alloys aged at 180°C for 170 h. Needle-shaped B"-phase
precipitates are observed in both alloys, and the dispersion
density is observed to be larger in the 0.8%Cu alloy than in the
0%Cu alloy. In other words, formation of B"-phase precipitates
is promoted by Cu addition. These results are in agreement
with those of a previous study that investigated the effects of
Cu addition on aging at 175°C D,

(b)

Fig.11  Transmission electron micrographs of the 0%Cu
alloy-(a) and 0.8%Cu-alloy-(b) aged at 180°C for
170 h.

4. DISCUSSION

As mentioned above, it was revealed that the effects of Cu
addition on the aging behavior were different at different
temperatures. For the alloys aged at RT, Cu addition plays an
important role in age hardening as it facilitates an increase in
the dispersion density of clusters. The transformation from
clusters to the B” phase does not occur.

In contrast, the strengths of the three alloys aged at 90°C
for a long time were almost the same irrespective of the
amount of added Cu, although the rate of increase in strength
grew with the amount of added Cu. The phase transformation
of the alloy at 90°C is considered to be as follows. At the
beginning of aging, the alloy containing Cu exhibits greater
age hardening; this is because the formation of clusters,
which is promoted by Cu addition, is dominant at this stage.
However, after aging for a long time, the yield strength is
almost the same for all three alloys irrespective of the amount
of added Cu; this is because the effect of B”-phase precipitates,
which are inhibited by Cu addition, becomes greater.

Moreover, the peak strength of the alloys aged at 180°C
increased with the amount of added Cu. It has been reported
that clusters are also formed at 180°C at a very early stage
of aging and are transformed to the p”-phase precipitates 3).
Thus, the difference between the aging behavior at 90°C
and that at 180°C is attributed to the difference between the
effects of the Cu addition on the transformation from the
clusters to the B”-phase precipitates in each case. Although
this transformation is inhibited by Cu addition at 90°C, it is not
inhibited at 180°C.

As we usually evaluate the strength of a brazed material
aged at RT, it has been considered that Cu addition is highly
effective in the strengthening of materials. Considering the
age hardening that occurs when these materials are used in
cars, it can be assumed that Cu addition remains effective even

at a working temperature of approximately 180°C. However,
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it was found that Cu addition was not necessarily effective in References
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temperature of radiators.

5. SUMMARY

The aging behavior of Al-0.3mass%Mg-0.5mass%Si alloys

with or without Cu was investigated, and the following

conclusions were drawn:

1. The Cu-free alloy that was stored at 90°C for 4300 h Makoto Ando

possessed approximately the same yield strength as the Technical Research Division
alloys containing 0.5% Cu or 0.8% Cu.
2. The alloys containing 0.5% Cu or 0.8% Cu that were stored at

RT or 180°C possessed larger yield strength than the alloy Yoshikazu Suzuki

without Cu. Technical Research Division
3.1t was indicated that Cu addition was not necessarily

effective in strengthening the alloy in the cases where these

alloys were aged for a long time at the working temperature

of radiators.

This article was published in Proceedings of the 12th
International Conference on Aluminum Alloys, September 5-9,
Yokohama, Japan, (2010), 1045.
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Developing Technology for Automotive Parts
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Table 2 Vehicle performance of EVA-ONE.
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Aluminum Rolling Sheet Factory Construction in Thailand
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Letter of Intent was Signed to a Joint Venture with Chinese Aluminum Business
Company

Lk & 100% 7241 Td 2 HARAERIE, HEO TV I
=7 KRESATH L IR RR B e By A IR AT 5
a2 T TE AR, HEREE  BECF) &,
BHWHT VI =YL, v FryBEBHAT VI =T A
a7 EOWERIZS, AR X OWIEHEL T etk
NAERMET A EOEMEI, 20114 4HRAMLEL
72

MR, HEEBMSL =y r VKEERS»S TV
SSULAEMEHEND ) F T LA F v ZREBAND Y
7N HEATEY, FoABEHAERIIANA T v FE
(HEV), BXHEH (EV), 79744710y FHE)
B (PHV) 2 EOBIFIZSERHAIN T 26, 1l
BOBIRPTFHENTET,

HAZSEME, OARICBIBEEN, ETHOT VI =
TAEIIE L DEHEEFES T ET, ZORBEAENL
T, EE L WHETGA D RBIICEL L, (02 HE
DIERSB L ORI EANOEE LRI F K> T {E
2 T¥,

Lk, Bt ORI IE, B X O R #iOfEE %
G e B AR 2 B L O e (T 7 B R 2 M
rLTVWEET,

[[EERRGHERER D ERATIE]
i ft:

BEARE
ERAESS

% ER
e
il
& it

FELREBETLER

(R

BE2T7EAART #103EM)

11996 10 A

TNV LASMERSE, TV D LEE

‘376 T A AR (#94701MA)
%1 %95,600 %5
¥ EAMREGENYEOL - MIELTVET,

&, BEILTFH, T7ACET 1 LMD
BHERRSE

[ERRBEERERNBIRAT]
Guangdong Dongyangguang Aluminum Co., Ltd.

Furukawa-Sky Review No.8 2012 53



hEICTIVI Z) LINIT St & 5%5L

Aluminum Processing Company Establishment in China
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Participating in the ALUMINIUM CHINA 2011
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