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Foreword

Towards Publication of the 10th Anniversary
UAC]J Technical Reports

Operating Officer

Chief Executive, Research & Development Center
Marketing & Technology Division

Dr. Eng.

Hidetoshi Uchida

Upon publication of “UAC]J Technical Reports Vol.10 No.1”, I would like to draw your attention to the
following. The UAC] was established on October 1, 2013, which merged Furukawa-sky and Sumitomo Light
Metal. The first Technical Reports was published in 2014. Since then, the Technical Reports have been
published yearly by UAC]J people and many supporters of University, Public Research Institute and customers. I
am very glad to publish the tenth anniversary Technical Reports this year.

The research and development sites have been located at Nagoya mainly and Fukaya and Fukui since the
merger in 2013. The main business policy have progressed the following research and development items.

1. Business enhancement for the mobility and energy field.

2. Re-establishment for the optimal production system in each business.

3. Development of new products and enhancement for cutting edge technologies.

The importance of these items has yet changed, but the environmental issues have also been significantly
important, which is reducing and less CO2 emission by SDGs.

Especially the most important issue is reducing primary metal by recycling aluminum products. The UAC]J
group philosophy has been re-established by ESG management. The importance of research and development
activities is increasing in the company’s sustainability and corporate social responsibility of company has been
focused on.

Recently, the social environment has been changing significantly due to the spread of AI (artificial
intelligence) and the COVID-19 pandemic. The basic concept and approach of the research and development are
the same. Still, in the developing new products, more emphasis is required on sustainable materials, such as
recyclability, not only during manufacturing but also through the life cycle. In April 2018, the Japanese name of
the R&D Division was changed to the same as English “Research and Development Division”. The R&D bases in
North America and Thailand have been established, and we are working to create a system that allows us to
respond globally. As UAC] business expands from bases in Japan to TAA in North America and UATH in
Thailand, the R&D department’s mission is to respond to a wide range of needs. We are committed to fulfilling
these needs with sincerity. In 2019, a brand new “U-Al laboratory” within Nagoya R&D was established to
understand aluminum better, which makes creative location and facilitates co-creation, and increases

expectations for new creations. The expectation is further achieved by actively participating in innovation

activities and startups.

In order to continue research and development that contributes to globalization and sustainable management,
computer-based analysis is essential. Still, human resource development and traditional, steady R&D and
experiments are also essential. While maintaining close communication with our customers and creating a
rewarding workplace environment, we will conduct research and development activities for 2030 and 2050, and

continue publishing the reports. We sincerely ask for your continued guidance and support.
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Climate Change Edition

Preface for the Climate Change Edition

Director, Managing Executive Officer
Chief Executive of the Corporate Sustainability Division

Shinji Tanaka

Currently, global warming and climate change are progressing, natural disasters are occurring frequently
worldwide and countries are working to reduce emissions of CO; and other greenhouse gases. Japan has also
announced a target of reducing greenhouse gases by 46% in fiscal 2030 compared to fiscal 2013.

At the beginning of the Special edition on Response to Climate Change, I would like to once again discuss the
environmental impact of aluminum as metal. It is known that while aluminum generates much CO; when
refining new metal from bauxite, it produces only 3% of CO, when making recycled metal. In other words, the
more recycling of aluminum proceeds, the closer we get to achieving carbon neutrality. Primary aluminum can
be reduced using more recycled material, and the use of green aluminum manufactured by power derived from
renewable energy, can further reduce CO. These characteristics of aluminum are precisely linked to the
expansion of demand and opportunities for active participation in society.

As a manufacturer that provides aluminum materials, we intend to provide the materials that are sought
while listening to the requests of our customers and end users. Based on this idea, we are working to increase
customer value and reduce the environmental load by "forming a circular economy through aluminum." It aims
to realize a sustainable society and provide environmental value through aluminum by developing materials that
are easy to recycle and a recycling-oriented supply chain that connects the "artery” and the "vein" of aluminum
products. Naturally, this circular economy cannot be formed only by our group. Still, it is starting to move
toward encouraging the domestic use and circulation of aluminum in cooperation with other companies in the
same industry. In the feature, we recognize our responsibility to play a role as the heart of the Aluminum Cycle,
which organically connects partners aiming to protect the global environment and providing the driving force
toward forming a large Aluminum Cycle. In the midst of major changes, we intend to establish aluminum
recycling technologies and recycling systems and contribute to the industry as a leading company. We believe
that the arts we possess to exploit aluminum and to draw out the material’s power will survive.

With the environment surrounding aluminum as a tailwind, we are determined further to raise the level of the
Group's sustainability activities and work with our employees, customers, suppliers, and many other

stakeholders in the aluminum supply chain to realize a "Passing down a better world over the next century'.
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Climate Change Task Force Department, Corporate Sustainability Division, UACJ Corporation
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Research & Development Center, Marketing & Technology Division, UAC] Corporation, Ph. D.
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Promotion of further
energy saving

Improve energy consumption
efficiency and reduce loss

),

Scope 1
and 2

Transition to low-
carbon/green fuel

Transition to low-carbon/
green electricity

Introduction of carbon
recovery technologies

Carbon offsetting

Promotion/maximization
of recycling

Development and practical
application of recycled
alloys and associated
technologies

Transition to low-carbon/
green virgin aluminum

Switch from heavy oil and
LPG to LNG and city gas

Hydrogen, ammonia,
methanation, etc.

),

Become

Introduce and expand use of

renewable energy-derived electricity

Switch to renewable energy

carbon

Investigate and
review technology

CO, capture, usage, and
storage technology, etc.

neutral

Timberland investment,
emissions trading, etc.

Tree planting, emissions

| for all electricity consumption
| trading, CCU, etc.

)

Maximize use of all scrap

(in-house scrap, customers’ /

general consumers’ scrap)

Development and
practical application
(NEDO*-subsidized project)

Practical application,
promotion of widespread
adoption

Increase use of virgin
aluminum produced with
hydroelectricity

Transition to green virgin
aluminum (carbon free)

Scope 3 Development/supply of
products using UACJ’s Complete Promote
unique, certified CO, formation of usage,
emissions reduction framework, make part
method, “Mass Balance,” | commence of regular
and including them supply lineup

in regular lineup

Promotion of aluminum
alternatives

Participation and collaboration
with external organizations

Expand sales and establish UACJ-
Develop new domains and expand

Utilize aluminum’s environmentally
set rules for reducing environ mental

SMART, ALMitas +.
sales in them

friendly properties,
impacts

Participate in initiatives and collaborate with industry groups

% NEDO: New Energy and Industrial Technology Development Organization

Fig. 3 Response to Climate Change — Road Map for Promoting Measures.
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Procurement of primary aluminum (new aluminum) Procurement of recycled aluminum
Manufacturing
P and sales
@B ([ Demand for new low - o |
& Y &l —carbon ingot increased, | @ | Disposal and
To increase raw . . recycling
material prices For environmental impact _ :
| Be connected j reduction and decarbonization | For products for which a SV RGP
\ Aiming to increase recycling | | “scrap recovery scheme i (R (i)
e technology development and || “ac been established aredto | WAZ) N2
Al nas been establisned | compare
. i} capital investment Increase in demand steel in Upstream
O === L LS <] p—— |G Of \_C%u customers
ities an
PO~ | A I A I A o ess
With the introduction of a
carbon tax and energy sources "
such as solar power Renewable energy is spreadin — . r==x]
Transition to non-fossil fuels such’ s and electricity prices are rising . W r
as renewable energy, hydrogen, - Along with the decline in crude ofl prices,) - — y couv;?:nggfs
N and ammonia J— Decrease in processing and Expansion of scrap
' manufacturing costs usage rate Increased dgma_nd for alqminum
% Inundation and damage to domestic and /| aluminum due to an increase dfue_ toa Zl.'tght mcreagebln sales
& overseas manufacturing plants due to |~ in sales of automobiles | ©. &l conditioners and beverage
extreme weather conditions, resulting in | |ncrease in demand and EV rate | Products due to higher average
a slight iNCrease in respoNSe COSES My temperatures
a Promotion of renewable Regulations on internal
i | energy and electrification, combustion locomotives
“Illll=  and enhancement of Tighter fuel regulations
subsidies - \ ‘-
i ! | s o
The - SN " T 54 MConsumer
government < - ew entry Investor | -
7 . ncrease in consumer
Carbon tax/border carbon | ¥ 3 Entry of recycling tech- Enhanced engagement from ethical consumption
adjustment is introduced. \/ nologies, ventures of new investors for decarbonisation Increased demand for environmentally
\ materials, etc. A conscious product brands
Fig. 4 TCFD scenario analysis Future social image of 1.5 C scenario.
Table 1 List of measures for TCFD scenario analysis.
Item Risk Response Capture Opportunities
. .. . v Implementation of long-term CO, emissions targets
v long- - . .
tS;t;:gg ong-term CO, emissions/energy-reduction v To absorb CO, such as forests and utilize credit
Carbon price systems
= Decl he chall he 2 N h . . .
Country Carbon eclared t € chatienge .to.t €. 050 CN and set the v Establishment of evaluation method for reduction
. target for reducing CO, emissions in fiscal 2030 (upward L
Emission Targets/ revision) contribution
Policies v Transfer of energy-saving technologies through
.. . .. lic-pri hi i i 1
v Examination of internal carbon pricing public prlvate partne.rs 1S and internationa
cooperation for decarbonization
v Energy conservation improvements such as|v Promoting the use of photovoltaic and other in-house
Changes in the fuel conversion and switching to electric power| power generation and selling electricity
energy mix companies = Solar power generation system installed in UATH
Energy (started operation in September 2022)
conservation v Promoting the introduction of renewable energy =
measures 0.1 million tons/year of CO, reduction. Promoting the | v Utilization of decarbonisation arts such as CCS -
introduction of renewable energy from fiscal 2023 CCUS
Recveling in each v Promote improvement of recycling rate for products |« Collaboration and establishment of scrap collection
counifr R eg ulation/ = Manufactured the world's first 100% recycled can schemes with retailers and local governments
SII’olif v Establishment of upstream (upstream/downstream) | = Deployment of Can to Can Journey in ASEAN
y scrap recovery scheme region
Changes in .. .
. . . . .. v
important v (Setting product prices commensurate with rising (Strengtheq prf’du“ competitiveness by controlling
. . product price increases through measures such as
products/product raw material prices) improving recycling recovery efficiency)
prices and demand b g recyclng ¥y 4
Changes in v Promoting the use of aluminum in products
customer .
. v Development of carbon-free aluminum products C . .
behaviours . e e v Promote acquisition of environmentally conscious
and services (certification) . . . .
. . ) . certifications and establish unique brands
. = Considering the use of UACJ's proprietary CO, . . .
Increase in e . . e . = Acquire ASI certification and expand sales of UAC]J
emission reduction certification method (mass SMART
the average balance method)
temperature . . . . .
v Collaboration with competitor materials companies
v Promote use of aluminum products: Expand
disaster prevention technologies and products
= Commencement of sales of waterproofing plates
Severe extreme . . . . . . . .
v Introduction of disaster prevention equipment for disaster prevention and stockpiled water in
weather (cyclones, T A . . .
floods) v Sophistication of risk models through data utilization aluminum bottle cans
v Formulation of consortium for public-private
partnership, etc. for disaster prevention
UACJ Technical Reports, Vol.10 (1) (2023) 5
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S BYR RICS B BAE T8 X VLD LA

THIENEZ LN, T2, BRERBIOMIL, BE
ILBLOCEVIE=—=XIC2X Y, HHESHIZBTE7T
VIZTAFEMOFBEDILRL T & FRIN,
) A 7 3G OHEH % Table 1128§ . 0T [BiE
T3 = A - =Y ABSE - GREEE] T, 4t
A D COFEMHNKDFRE T (R ANT ¥ AKX &
BZE L, 20234EFED 5 OB 2P L TWw b,

A8 —=FNVH—KRr7T54 7 (ICP) &3, 1
SEDE I CO P = ARG 2 431 T, BB HIIr 52
MOBHHMATH S, TOICPIZDWTIE, Yitod
EWRBLI TNV IS AEERICHE LB TOEA
TEERETTH 5,

SO ARG E LTI, TREOTVI=ZY A
TP A < B AR - B oI FE ] T, B SR IR -
TV =7 AR VR EKOWGE % FIG L 720 [/hE
¥H - HIGRE DA 27 T v TR ¥ — 2 Ol & fif
371 TlZ, Can to Can Journey (FEHIZ 2R ) @ ASEAN
BB RBZED TV S, Bihidsky, ¥ F
VA o 22K EICEBL TwE, Y AT
DRV L, EWROMFELZIY AHz DT
WS FETH 5o

32 PIVIZULEDUH LTIV

LIV HA 27V T OV I = 28100 % 6 15 % B 5,
BELFEMOVIA 7NV EH AL TV S, KRBT, Y
M) =tk ARk B L OHE R — L 71 v 7 AR S
FbR &AL TRIZE L 22 91 100% ) A 7 Vb Tl
L7227 VI=IAETH 5 (Fig. 5)o 202249 HICFETEA
BIG S M7z PERBGE T 5 &, COHERE AR
60%HIIKL T2, FriEx My, HH, 748
Ty THM DT XTHx MK AEUBC: Used
Beverage Can) B X OBLE TR THE U2 2 H L
TV, KM BRI 2 s 2, 2, 55
BXUOTNV I = AR TR &I 2 % 47
T LITEDERL,

WAMC B BiEE L LTk, ASEANEWNIZHEIT S
TIVIZTAED) A4 7 VARG E 2 BB L Tw
%o BUff, BEE, EREMRTEHBB LT, T3
ZLAEDZ =X RV—F - )AL 2 VR IRHET S
1&E) [Can to Can Journey] ZH#EfE L, 2021 4E1x % 112
BWT, 2022FEEXR M FAIZBWT, 77— N —
7 ) A 7 VREDORE i L7 (Fig. 6). TV
I =Y LGOI EALK E il A5 ASEANINICE
WT, BHIZVHA 7V AF— L DELR BREE - LK
I C, BB FEDN LT LFfFTH %,

Fig. 727 VI = AU A4 27 VO R%E HigL

uAacJ

FIITHOBRAD,
B itR

TOYO SEIKAN
GROUP

SUNTORY

The Premium Malt's Yale Can reducing CO,

Fig. 5 Can made of 100% recycled aluminum.

-

\°/AS \S\=\S |
Signing ceremony of memorandum in Thailand

(Second from the right: Keizo Hashimoto, Executive officer Vice President,
Deputy General Manager of Itaba Business Group, UACJ)

Signing ceremony of memorandum of understanding in Vietnam

(Second from the right: UATH Representative director and President,
Koki Inagaki)

Fig. 6 Signing of memorandum regarding promotion of
closed-loop recycling.
7o %" ¥ o Tri-Arrows Aluminum Inc. (TAA) @
0= THIZBWT, 20174 L ) B0 7 4 T
bHbo UATHOD T T ¥ BIEFTI 31> Tld 2024 4 BERR f8)
TE, EIWNOMEHBEI T — &)@ bk & 15 2 e
LTwd,
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Image and photograph of equipments in operation at TAA (Logan)

@ Crushing pressed UBC

a5 1 ﬁ
O

-

Fig. 7 Aluminum can recycling equipment.

Product lifetime
CO;, emissions

Effects of reducing CO,
emissions by improving fuel
efficiency through weight
reduction at the driving stage

asealnaq

Vehicles utiliang
aluminum

Effects of reducing CO, emissions
resulting from utilization of
recycled aluminum

Vehicles that make
further use of

Distance traveled

recycled aluminum

Fig. 8 Expected CO, reduction effect by using aluminum for automobile materials.

3.3 BHBERAOT7ILI =T LMH

HE IR X 2B RICX ), ETEREIC
BT 2 COHEMDHIR SN T A4 7% 4 7 VEEKITBIT
% COHIRICEDS S (Fig. 8)o SHIT, THVIZTA
DIVHA T NMOERENEMTHE T4 754 7
ERIZBTHCOHEHREIZ L) —BRPT 5, T72,
HEETOY YA 7 VM OBRSEHEB & LT, Ytho
#ZThHHHBHE X — A — k& LETHIEL 724KCO, 7
VI = A, 20224 IS AR A0 [ 557 B/ L
Hil & #ZE Lz 7V = A58 %% 50%
T2 2L THMEMEHEZENRL, EkM LD
BT HFMBAEIRE O CO PR = A K50 % HI K L T %,
COMCO, TNV I =y AN, 7—F4 v F—
R E R TWw5 (Fig. 9).

34 UHA 7 IVEHRTORE
ESTAFZEBAFSEE N B RV ¥ — - EERR AR
i (NEDO : New Energy and Industrial Technology

Development Organization) OBIEEET, HEHHY
P4 7 VHHANEHERTH B Y (Fig. 1000 A7 T v

TSR i BT ATy 7L —F - )% g

4
O

Fig. 9 Application of recycled aluminum materials
for automobiles.

NV, AT TGy ThOEMET VI = A kY
LINATYFTL—=F UL 7] ZHEEL, Y
A 7 VHEORIELZM LE HIEL TS,

35 KBARESXATLOEA

UATHI, 73 #EFORRISKE LR SRV
RAaTTR (18 kW) % ki, ¥ AT A93202249
B X0 BEBGL T3 (Fig. 11), BERIEBKE
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Sorting process Melting process

» =
O

Recovery Céf wastt(ej alurr;)inum ’ Ensures performance even
using advancea sorting . . e
technology with trace impurities
S i

Removal of impurity
elements through
advanced melting process

Expanded material made of High-speed twin-roll
casting

Industrial products

Processing
heat treatment

DFITI0FT /BT 5, UATHIIRE S N-ER
204 M e L, COMIMRIREN14T by /4%
RIAATW5S,

4. BHYIC

WALV =73, R EOMEEZHIEL T, 32

DEFEME 2R L TWD, —DOHIZ, FETET A
WELE BTV =7 ARIORTE, —oHE, % Fig. 11 Solar power generation system at UATH
TOTNVI=y 28GR - )4 7 Ve HiES 2 (Rayong Works).
Lo ZOHIIE, 7A=Y 2B OMHEERE IR
H, TV =T ADNERE L CEREAMN 2 KT 5 R
ZFEETLILETHL, TNHIDOOBEEMMHEIE, X4
HOBTERBKLLOTERL, HTI4Fx—>
BION)2—Fz—0DHHWEH—FF—DEE
T L OB RTH Do COHEH R DHIIIZILY
ML, [Hpe ] e TR A Ak R OB 1)1 Tl
THRL, N=F—0FEZFOTHNEBRY72<B
WL EIF2RETH %,

%% B # (Ikuo Goto)
(#)UACJ HZFFE T HEEARL
SURE B SR HEAESD

RE #¥— (Yoichi Kojima)
(BRUAC v—H 7127 - HiliASR
R&D > &—, f#E (IT%)

SEW ¢

1) BURA [TCFD 26 L 724 EH G LR D A 2 % | (2021 4%

i) Al =4 (Yukio Honkawa)
http://www.env.go.jp/earth/datsutansokeiei_mat01_20220418. (BR)UACJ HXFFE YT HEHEASE
pdf SR LB b

2) NEDO Leading Research Programme (2019 ~ 2020) p43:
Construction of an Advanced Resource Recycling System
for Aluminium Materials)
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Technology Development for Functional Aluminum and
Realizing a Recycling-Oriented Society ™

Kaoru Ueda **

1. FUBHIC

20154F-12 A 127%1) CHIfiE S 7z A 2 B M 4
#9555 21 Il K9 ¥l £ 3% (COP21) 1I2BWT, 202543 L
132030 4E DR R HL A AP BEIR OB A - HEE L
BAENVMENAEEINZ, IhzZl), HARTY
20504E DA =Ky =2 —b+FVEHIFL, 2030412
20134146 % OHIIE, T HE T & 111E50 % O Hll k12 Pk
THERERINTV D, (2021.4.22)

CODXDBIRMON, TIIZTAEEIIBNTY,
CO M 72D fAEIT> T, TIVI =Y
LIPS A BT A A LKL T, 203% D%
VWEF—THAMEGZHET LI LATETHL I L2
5, COHIICINF 2y MAL LT, YA 7%
HELTWD, 51T, REEG L L TOR%EERIC
WHENEZET, BRAMRIHLON, PO
COMIRDBMHFETE S, ZDEHITKRL, VA7
BECERZ 7 VI =y a0, EIECAHTAZ &1
LV, ERAMHZICKREZERERT I EpHFS
ND, FORDIE, VA7V LR T WO
R, VAL 7N TEEDDAF—LOME, S 52
VA7 VBN OB EL %5,

2. WEEMTILI =T LMH

VHA 7NV LR T HEOHEREHO— DI
MONOBRAZE™ %% %, MONOBRAZE L, #£%®
AANTIE2HEOT VI =y G582 M) AbET:
7Ty FMEHwTWzolzxw L, 1fEOT7T VI =
AEED DD HEEOMELTAS S RER 5 9 %

WTHB, WRPOSHMHENT VDY Ty FMIL, #%
B ERE SIORRZ MR 508 &, BaM
Borb R L CHRRAM IR E) LIS BB (59 #)
X o THR SN TV D, O & Bt o & SR R 1
W2 BUNIRREN T 5 2 LX), EMICHE O
TIIWEEZ SREZ I TEIIMBTH L, — 0
MONOBRAZEIZHW B M EHE, 1HEOT VI =7 4
FETHRIN TV D, BEMEARITHE2EZ 5
RCRIBICORHF L, S MICss A Lo 2RI L%
GEREBY L. FHEMIREIZBT A EMERTICY T
R DO OFERE 2 i 728, WAHERTIC 2 F v FH @
M ORI 2 7728 5 FHETH 5o

MONOBRAZETIL, 77 v FMf&EHW2LLEN %
W7z, EMBREIAPZEBMTELHZTTRL, Y
P AT NV ET B HEROY Ty PHEMEHLT
B EINTBEEEZ ) A 7 VT BB, LM ESD

Raw material
Conventional Brazing

Clad
material
filler

Mixed composition of

filler and core

=Recycle to non
-cladding applications

Mono

-layer »

material
Same alloy composition
as the original

=Recycle to
MONOBRAZE again

Scrap from brazed material

MONOBRAZE

Fig. 1 Recycling process of conventional brazing
materials (upper part) and MONOBRAZE
(lower part)

KREOTEIZZ ) — v 57 ad— 321 (2022) 24-27 \235#

The main part of this paper has been published in Clean Technology 32-1 (2022), 24-27.

(k) UAC] WBAHRE IR &

Investor Relations Department, Finance and Accounting Division, UAC] Corporation
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MoOEERS % 5T 50 EFICHETH 2, D
72, AHIMNEGEPSENSINIZAZ Ty THEZHY
77y MRS, 2HEEO A& R E > 724
BT R RE R HEICiEH &b (Fig. 1 BB, —
Ji, MONOBRAZE CTIZH M 2 H N TAHHH5 %
72 %, MONOBRAZE®# H # i 20 & M YL & 1L 72
225y THEHFEMONOBRAZE ok & L TH
T2 EeENnESTHDH (Fig. 1 TE). T0-o
MONOBRAZE T & ) B\ L NV CTHEMGER 2 FEH
BN, BFEOA R L RBEE T 2 PEH RO A
HETH %o

F72, HHEOMEHEEZHIKL2FME LT, HE)
HART A NANVHOKCO VA Z VTV I =7 A%
Brd s, i, M3y HBHEA S IETHIE L,
BIERF O CO MR ZRI50%HIR L 72 B TH b, =
DOMEHZIE, VA 7 VEMEE LT, OHBHEX —
B —THAET LTV AWM, @7V I=7 5B oR
HEIRTRET AWM EZRA L TW5b, 7L AWM,
[ — R D 7 v 3 bk & 5 I - B w772k
T, VAR SHERRICMEAE L, B d ol E RS
525D ThHb, —J), WETHETEET WML, 3
EAEPHATEIL - VA 70 E3NTHWE T END,
ZITIE, MWW, BWREICHRA T =RV ENS,
BB 27 Sy K2 H Lz 29y FHE2IYSA7 VD
JEM RS2 2 L12XD, JERORTA SRV E I
LT YA 7 VIR 238 m L, SR EILE
Pdims 2. #HAZERELEMHL BT S L,
WD T 5720, K74 8% )0 & LTOEMIZ

Smelting

Aluminum ingot
Virgin ingot
11.1 kgCO.eq/kg

High GHG emission Vr-""' Cans
1,484 158
Recycled ingot

0.45 kgCO.-eq/kg

Wrought products

Wit ch s, 22T, BETRZRELLL, &EML
EW RSB EES 2L THIBNEGEZ K- 72,
72720, PERMERSEEITICRESY, Iy HBE
BB R ORI E SHREV 272 &, i MIRALICS
BHWEEWTWwa Y,

3. PIVIZLDOYH A7 IVEIE

TUVIZTAZ)IA 7 VOBESELSbhTBY,
FERICEE SN TV I = 2RO KRERIEZY H A
ZVENR, ACHEHENTWS, Fig. 21220204E0
ARICBTFLZTVIZTAOR T TV )70 —2
ZRYAS, M@ Ltk (BICHBHE) 2 d
%\, HBHEIMEDN AT VIZvAd, HEH KT
VMNEORMMOMEZ OO LN, Ty Tuv s
DWW, TAHAANRL W EDRHHMTHL, HN
TOTINVIZTARAY Ty TOFRAERIE, TILVIZY
LG R L AR TA R, CHIZAEBFSDT
VIZo A L-BErmlshsZ e s, itH
EBOBRTHE L BRIEICKE ZIEMERD B 720T
Hbo

TIVIZTLAAZ Ty 7RIV A 7 VER, HLw
BRSNS, ENREER Y F v TRETTIEAR
BT, PRYOEDPHASNTVYD, FAESISNTHEH
ENHLHFELTIE, TVIZTAEEDONLOPD
BiAL 2 B < & RIS, ¥4 A A MTHD, EM
M~DOREHIV 2 CODPBIRTH L, ZORKRDO—D
ZEMA &S, 54 H A MBI A RMBOFR R

Market of aluminum alloy products

Transportation : 1,422
Wrought alloy : 309

1,722 Casting alloy : 1,138 ”""‘.ffa
Casting products gﬁ
¥ J_ . ;‘i)"

Building and construction : 445

r Y Consumer Durables : 491
; . - \ - Packaging : 408
Comparison with
P virgin ingot Vr_,/-w’ 1,382 Machinery & Equipment : 189
Energy Others : 691 Others : 529, Exporting : 171
consumption : 3% 1,866 . K 2020
GHG emission : 7% Cascade recycling tons,
; i _ Waste products
[ == . Sorting
Re-melting

Fig. 2 Material flow of Aluminum in Japan
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BITIE, ZHhOEDOTLHRIFEERZKT LD, Th
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31 FIVIZJLEDQDUYA I

By, T I =7 AEIZEMM & L TiEs
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FTAHZ LI A% TLUIZLARMMOYY A 2
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WD) WA 7 VRO ZRTH, 121Z90%IL Lo
VA 7 VETHERLTEBY, Can to Can DKFY H
A7 VELT0%HREEL, FFICHVKEZRLTW
o TOEHITEV) A 7 VREHHFLTHWDLT IV
IZTLAEDY YA 7 VD 70— %Fig. 49 12R 7,
TV IZY AHITHEBEERRSFK G ETORRSS <,
ZOBBRBIEES, —KREEA - — 2 HFTHES
NTwb, 2O70—3REFEIMIED ZoTBY,
FZCOMIMAER SN DU SHFEELTW5H, &
NETNVIZTLHAZ Ty TOMEDEW 2 &Ik

WLTHEY, o &iERNEES O Ui % HTh
TN I = AEIE 100 /kg B8 & M /kgFEETH 5
AF—IVERRYy PR MVERKELTHELLLE V. 7
VIZTAHAZ Ty TOMBEDECERIZW D
EZOoNBED, HZOEDA=—D—DETH->TLH
XM L T310M4ARDET 4 LB5IR2AD LT Y R TH5HD
T eV G D) 2T L, G, BUPES TS
LROEEINTHHIHE, BEINDL T TOHMIE
, BERBICRESTAZ Sy TENHRTEL L
ARE V. FIZT VI =T AU O RMH I, [F—
METH > THERMT LML AERTPNTED,
SHBTIE G, EHEEL {, BEINTrOBEEST
TOUMPECAERERA Y Ty TEBHI ALV
7202, VYA 7V EEE o TWnb, B AT —F
VA 7> THhEHEY, 545 A NTIEAHY
DHABREDP LN EIMATHEEOMHEEI P NI &
LAEFIEHNTBY, ¥ A A A FTIZADCIZHRD
HEVPERDIOBLLEEZ HEDTED, AE0K—Lrs
ATV,

32 HEER7ZINIZYLMOUHA IV

Bk oEY, $HW, S4B A POV A 7 ViE+H5
WCRE3NTBY, SBEMZZ2ILEBFHINTVET
WIZTLART A NKRNVEDRMM O A 7V %
WBHIEPRETHL, ZHEDHBERTAIIT N
IV AR ZEOHMIE, FICBBRENEIE
EATHIZHEAT 2 CO2WMOTIETH L, 1o TH
HEMEDL EOZLCADBE»S5IEZT VI =Y A

C—Consumed cans EZ—=1Recycled cans —®=—Recycling ratio = <= Can-to-cans ratio

350 100

90 f

5300 s
8 _ g
5= ¢ x 217218 2 e
2 194 202 ?22200 Toos o =213 204 _%10 21347 60 §
§ 200 ] 175 1 ] — — = 50 %'
g 162 | | a0 &
c 150 7 7 R 7 AN
G100 H A A1V 1717 17 tA] 20 3
10 8

50 0

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Fiscal year

Fig. 3 Recycling ratio of Aluminum cans in Japan
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Recycling flow of aluminum beverage cans of fiscal year 2021 in Japan
Consumed cans weight: 331 kt, Recycled cans weight: 319 kt (Domestic 245 kt, Export 74 kt). Unit kt: k tons
Recycling ratio including export: 96.6%, Can-to-cans recycling ratio: 67.0%

f o *3
ConSI:QngC}iir:ﬁo\xe:)?:é-eg)S Ll Recycled cans weight: 319 kt.

General home 130 kt. Local  *3 [ 112 kt. ]_’( ™ %3 g —
collection system govt. collection Separate collection 319 kt. D%ﬁelgt'ic 164 kt. 67.0%)
18 Kt ; *2]—> Resource |, recycled b:\llé?;m: r::Ians
302 kt. 1 Group collection collectin g
t 150 kt. Voluntary g Second
Household group collection company alloy maker, | | 57 i
e Castings,
21 kt. Deoxidizer,
Store collection ) > x3) | \etc. )
74 kt.
Business —_ Expotrt
collection system _,[ 29 kt_. Bottlers , 28 kt.
29 kt. 1 ktCleanlng company Waste disposers "' T
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Fig. 4 Recycling flow of Aluminum cans in Japan
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Recycling opportunities

Jaguar Land Rover Closed Loop recycling plan & future growth

Alloying elements
RE L_C M 2£
Sec. Al (5754) Primary Al (6754)
Recycling \ — w—
market scrap 25% 25%

% (Current assumption)

(S | L —

Recycling Q?,ﬁ" . 3
stamping scrap G G— Recycling end-
of-life vehicle
(Closed loop)
"
End of Life L MaDE -
il
JIAGUAR @
Fig. 5 Aluminum Recycling initiatives to Jaguar Land Rover
Systematized technigues to enable use of 4. BBbhYIC

recycled aluminum in wrought products

Scrap Sorting Melting
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» o 9s
3 % O

2. Segregation process
on liquid status

1. High quality sorting
technologies for scrap

3. Casting technologies “'
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Industrial goods gl
5O
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Thermo-mechanical
e G | vctment

)
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4. Refining distribution of
impurity coursed constituent
particle by processing

“

Recycled aluminum
wrought materials

Fig. 6 Overview of Development of Advanced Recycling
System for Aluminum Materials (2019-20 NEDO
Feasibility Study).
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Future Vision for Aluminum Recycling

Yoichiro Bekki *
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Ref. International Aluminium Institute, Regional Aluminium Flow Model 2017 (1)

Fig. 1 Production forecast of aluminium alloy (world)

EAZ Ty TIERPHIAr— NV A 7V a25H L
TV - ¥4 WA YOAERLY LY, 7Lz
TEAZ Ty THREREE Y, BEFEWLT S eSS
Hbo o T, GHTIVI = AEERHHEL THRE
DD, TIVI =T LEMMOKFE) A2
W, ESICEHEWA LTy TEEBRNWEAZ Ty T
FRMMICGEHT A7y 77 L —=F )AL 7 vzikd
B ENVAURTH B,

2. PIVIZDLBBMOY YA 7 OEEM

TIVIZT ABEMHB O 7 VDT 2 WELH &
LCid, B EsEw, 545 2 bR L TARMY
DHFBERVPP VI &, SHITEMMIIHEIS LT
BEME DS SN TNDE I LB RE V. T
V= AEEORENLAMB TH % Fe & Si & HIC
EhE, INOOICHITERE IR 2 5 Y % K
L, BEMGREE, JRICEMEZIKT S5, RMMIEHR
A B RS B TR K 0N T T o i LA S A
EHICHRBBNICT 52701237V AR &0tk
MT %47 2 EDB v, fEo THMEIZBMMIZE 5T
HEEREETH Y, ThEEBILSE 2 Fe, SiEORHM

(%) UAC] ~—=F 74 v7 - FMMiRET R&D ¥ ¥ — HE—WZELE
Research Department I, Research & Development Center, Marketing & Technology Division, UACJ Corporation

14 UACJ Technical Reports, Vol.10 (1) (2023)



TVIZTAYHAL 7 VICHT 2 15

Wiz LS BB s hTwbd, —J, 8, ¥4 5 A+
WCBWTIE, SFEBICURIIN TS 2479 4%, BEmT
AT T EDEL, I bR NI EHR L, &
SICHEHm ORI, &ML OB EPikozo
IZFe, SHZHEMTH Y, BEBYISHEMI LTV 5,
Fig. 22 12U 2B L5, ¥4 DA PBLUR
75 v 7DSi, Fe, CuDEHEERT . TNH DAY
HORMM S - YA WA TRRELBLSTH
0, WMERELIZAZ Sy 7, - ¥4 A+
WA ICEBETE 0L, BHM~ORKIZH
WThb, $72, FWEETE B VILENAMD A %
WAZ 7y TREMNT A5G TS, M3 iz
MOBEERKIEDLELLOICE, A7 5y TOEE
RBINPLETHY, FAHTRERAZ 7y TEHES
Nb, TNHOFNE LY B OKTEY ¥4 7 Vi3
ATWHRWV, ZOHT, TIVI=wAEHE, 7K
WCAEDH— (K71 3104, =¥ F5182705F) ShT
BY, PORKRRENEELZMEDLT L LIBITESIC
WNTE D, EHIITVI oy ARMOPTIRAER
FRLE L, KREHELTWS, ZORkIZ, T3
=7 AL, MMORBRMHIEZZ ) A4 7 VIS
L)V TTHIENTETBY, A2 597D
flifEASES N S & 2 S REALDIGE - 7 H OBRE T
A TN AT AR INT, TORER, V17
WENH L, BETIZCan to Can DKEY -4 7L
FAHIZ60% ZWZTVWDEY TOT NI =T AEHD
B, BMMTHo THRMPESL CHET LM
—HeErxEL, RECHESEL I ENTENIE,
VA 7 VRERELSMESELZENMREL E X
bhb,

3. ML TINVIZYVLT YT ITL—RUHA7)L
AT LDIGE

HARTIET VI =7 28 - 4 A A b2 KR

Wrought alloy
12%

- 10% = 5052 12%
S 6061 10%
g 8% 3003 8%
8 " 4%
2% 2%
0% == st S 0% M
Si Fe Cu Si
2
Difficult

Aluminium scrap

M 2HBEEEIEELTVL 0, RV LD
TIVIZTAERICEDLHYW - ¥4 H A POLFER
B, HRTRETDLAZ 5y T2 TRARL, i
ArSEALTWLOBBIRTH S, LI LSHREV
BERTDHERBICTIVIZT AT A A A NEMHHT
LILYTYUYMPWAHIENTFHEIN, WA TFr—F) ¥ A
IVEFTRTNVIZI AR Ty TOMBEDBA+
LR BURENED D B S HICTIV I = 2B oAl
LT, EkofE, itz CTLCA & LToHGHG
DL RENRROOLNDE LI ko TE, Hh&o
GHGREICEI»SRAELTHY, Kh, EHThxy
THRELLWE, KNBEELYGHGCAA R v, DX
) BMGHGZ RIS L7z EE ) — v T I =y A
ELCTAKRNFERLFEOE NH A A — — 55 #F %
Bermibsh, 2RSS hTwd, —flE LT
J v = —®Hydrott TIZREDUXA D4 T Ak
XhTBY, BEEOREDUXA40TY GHGHEH & IZ
40kg-COzreq/kg & HADHGAMAD GHG D 1/2LLF T
Y, FFHEDOREDUXA20 Tld GHG2.0kg-COreq/kg F
TR TELLLTWRY, FMEDEEEXIT->TB
59, SRS DA > TWDEHARDT IV 3
= A EGOBES % LT 57200120, EEN 2K
GHGHEH R A FEBIEER Y 4 7 )V OfEHEA LI T
»5o
ZOTNI=ZT L)AL 7 VRED = — 215
R, 20194 EER & 2020 42 BE IS A2 F T NEDO O 56384
FEDSFERES I, IRWT2021EERBIRBERE LT
VI = AFEMEERIRIGE Y A T AEERE |0
TNEDO OB HEENED SN TW5E, s
GOV —FOT VI AR Ty Ths, U
Bk 2 EET 5Ty 77 L= U A 2 v EHIRL
TBY, TVIZTLAEMA—HITIMRATZKRES R
— 7, I—FEFEILIEFEFELEE LTEHEOKRY: -
EWFb b o 7e KB Ta Y 27 M TH b,
BTy T 7L =R A 7 VEEHRT L0121,

Casting alloy

® From heat exchanger 12% I 1 JIS ACAC (ASTM 356)
From automotive 10% JIS ADC12 (ASTM 383)
8%
6%
4%
2% ) j
—_ 0% - -
Fe Cu Si Fe Cu
| 1

Easy

Fig. 2 Compositions of typical wrought alloy, aluminium scrap and cast and die-cast alloys
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Fig. 3 R&D tasks and their interrelationships in the project “Development of Upgrade Recycling Technology of Aluminium

for Resource Circular Society”
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Fig. 4 Experimental setup for electromagnetic
stirring and the following squeezing process.
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Fig. 6 Scaled-up molten metal electromagnetic stirring and squeezing equipment

Initial roll gap

Molten metal

\ shell

Solidifying

Roll separating
force
-
[ =

Fig. 7 Schematic of vertical-type high-speed twin-roll
casting machine and casting process
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Fig. 9 Stress strain curves of recycled alloy sheets
obtained using a small laboratory machine
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Fig. 11 Schematic diagram of IF-HPS and appearance of
the manufactured sheet
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Initiatives for Recycling Aluminum Alloy Vehicles™
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(b) 300 series Shinkansen.
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(c) COemissions per railway vehicle manufacturing.

Fig. 1 Comparison of COz emissions per manufacturing 0,
100 and 300 series Shinkansen.
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Table 1 Comparison of energy consumption and CO2
emissions of new and recycled aluminum
alloy ingots.

New ingot Recycled ingot
Energy per 1000kg (M]) 140.9 1.32
COz emissions (kg) 9.218 0.31
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Comfortableness

+ Sound insulation
+ Vibration damping
- Flatness

Thermal properties

* Heat insulation
+ Heat resistance
+ Incombustibility

Durability features

- Homogeneity
- Corrosion resistance

Basic properties

- Mass (Light weight)
- Strength (High strength)
- Stiffness (High rigidity)

Structural material
for railway vehicle
(Aluminum alloy)

Workability
+ Extrudability

(Light gage, hollowness)

- Plasticity

(Rolling, casting, forging)
+ Weldability(MIG, FSW)

/ Safety \
+ Shock absorption
- Electromagnetic
shielding )
/ Maintenance \
* Repairing
+ Recyclability
\ + Separativeness )
Initial cost \
- Low cost
+ Environmental load cost
(Disposal cost etc.)

Fig. 2 Requirements of material properties for aluminum railway vehicles”.

Table 2 Chemical composition of re-melted alloy on Sapporo subway and 7204 JIS standard”.

(unit: mass%)

Si Fe Cu Mn Mg Cr Zn Ti Zr \Y%
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JIS standard =030 =035 =020 0.20-0.7 1.0-2.0 =030 4.0-5.0 =020 =025 =<0.10
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Fig. 3 Tokyo Metro Tozai Line 05 series vehicle and the sticker on the vehicle sides.
(source : Tokyo Metro Co., Ltd. and Japan Aluminium Association)

Before melting.

Ll T

After melting, pour aluminum into mold.

Charge materials into melting pot (about 40 kg/one time). Stir and remove ashes.

After cooling, collect samples.

i

Collected aluminum samples.

Fig. 4 Re-melting process of scraped of 5000 and 7000 series aluminum alloys”.
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Table 1 Basic unit of CO2 emission by region of
aluminum production®.

Primary production | Secondary production
[t-CO2/t] [t-CO2/1]
Europe 8.6 0.48
USA 10.0 043
Japan * 9.2 0.31
China 18.2 0.62

* Average of basic unit of import countries
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Table 2 Comparison with welding and joining technologies for vehicles.

Joint type . Cost . Degree of
Thickness Joint Welding Degree of HAZ Cor}trolhng Work difficulty on
Technology (mm) . .. speed |difficulty on . . inner . ¢ dissimil
mm, Butt | Fillet| Lap |precision (m/min) | automation Initial |Running| area imperfection environmen ISJSOIIIIE ar
Arc MIG 1.0 ~ OK | OK | OK OK ~ 1.0 OK Mid Mid |Large Care Care Care
welding|TIG ~ 30 OK | OK | OK OK ~05 Care Small Mid |Large OK Care Care
aee?ifitrfgnce POt | Total 10| NG | NG | OK | OK | ~18 | OK | Mid | Large |Small| OK Care Care
Adhesion Total 10 | NG | NG | OK OK Care Small Mid | Small OK Care OK
Friction stir ~50 | OK |Care|Care| NG | ~60 | OK | Mid | Small | Mid | OK OK 0K
welding
ggﬁﬁgﬁﬂsmﬁﬁbmjao NG | NG | OK| OK | ~18| OK | Mid | Small |Small| OK 0K Care
SCPIercing - poa1 60| NG | NG | OK | OK | ~18 | OK | Mid | Large Small| OK 0K 0K
Laser welding ~ 10 OK | OK | OK NG ~ 10 OK Large | Large |Small Care Care Care
Hybr.id laser ~ 10 OK | OK | OK Care ~ 5.0 OK Large | Large |Small OK Care Care
welding
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Fig. 1 Compression stress — strain curves of Al-Fe series
KXo THRE LTS, inter metallic compounds”.
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Influence of Operating Conditions on Deposition Rate and
Smoothness of Electrolytic Aluminum Foil Using
Chloroaluminate Ionic Liquids®

Koichi Ui*™, Satoshi Kobayashi®**, Kuniaki Sasaki®***, Tatsuya Takeguchi**,
Tetsuya Tsuda™****, Mikito Ueda™*****, Junji Nunomura™******,

The ionic liquid comprised of anhydrous aluminum chloride (AICl;) and 1-ethyl-3-methylimidazolium
chloride (EMIC) has attracted attention as an electrolyte for Al electrolysis. We have investigated the
influence of the operating conditions on the deposition rate and the surface roughness of electrolytic Al
foil by using the AICI;-EMIC melt with/without 20 mmol dm™ of an 1, 10-phenanthroline anhydrate (OP)
additive as the electrolyte. The cross-sectional SIM images revealed that the increase in the operating
temperature affected the foil thickness and the OP addition affected the smoothness. At the operating
temperature of 50 C and the current density of 526 mA cm™ the current efficiency was 90% or more
and the deposition rate was about 0.9 um min™! regardless of the OP addition. An AFM image revealed
that the surface roughness value of the Al foil obtained on the Ti plate substrate from the melt with the
OP additive at 50 C was 45.8 nm at the current density of 52.6 mA cm™ The XRD patterns showed that
the orientations of the (200) reflections became strong by the OP addition. A smooth Al foil was obtained
even at a high current density by increasing the operating temperature and adding OP to the melt.

Keywords: Electrodeposition, Aluminum, Ionic liquid, Aluminum chloride, I-ethyl-3-methylimidazolium

chloride

1. Introduction

Aluminum (Al), along with iron (Fe) and copper
(Cu), is one of the indispensable materials in our life".
Al is not expensive and has a specific gravity of about
one-third that of Fe. In addition, it is relatively soft
and has a high malleability, which has the property of
being easily processed into various shapes. Therefore,
it has been adopted in various products. Al foil is one
of the products that takes advantage of these
properties, which has been used for various purposes.
In particular, electrical equipment applications mainly

include electrode foils for Al electrolytic capacitors

and the current collectors for the positive electrodes
of lithium-ion batteries (LIBs). In the Cu foil of the
current collector for the negative electrodes of LIBs, a
rolling method or an electrolysis method is used
depending on the applications and the required
characteristics* ®. On the other hand, whereas Al foil
is industrially manufactured by the rolling method,
the production of Al foil by the electrolytic method
(electrolytic Al foil) has not yet been established.

One of the reasons for this is that the standard
electrode potential of Al (-1.676 Vvs. SHE) is much
lower than that of hydrogen, which makes it difficult

to electrodeposit Al from aqueous solutions. Non-

* This paper has been published in Journal of The Electrochemical Society, 168 (2021), 056510.
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aqueous solutions, such as molten salts! ™9, ionic
liquids (ILs)’ ™™, and organic solvents* > have been
used as the electrolytes for the electrodeposition of Al
at ambient temperature. In addition, in recent years,
deep eutectic solvents have also been studied as the
electrolytes'® '”, all of which are at the stage of basic
research. When these liquids are employed,
electrodeposition is required in an atmosphere of an
inert gas and the solution cost is higher than that of
using an aqueous solution. Thus, the production of Al
foils by the electrolytic method has several problems
in terms of safety, cost, and technology, thus it has not
yet been widely put into practical use®.

In the case of electrolytic Cu foil, its properties are
governed by the operating conditions of the
electrolysis'®. In general, the operating conditions
(metal ion concentration, additives, current density,
temperature, agitation, polarization) will determine
the grain sizes of the deposits.!” These conditions
affect the grain size of the electrolytic Cu foil that
determines the deposition rate and the surface
roughness (smoothness). Similarly, the production of
Al foil will require these conditions. The physical
properties of Al foils will require the deposition rate
and smoothness as the first step. In the articles on Al
electrodeposition using ILs, the relation between the
operating conditions and the smoothness has been
reported. For example, Bakkar and co-worker
reported that the grain size of Al deposits clearly
decreased as the electrolysis potential shifted to
negative!’. Apart from this, Wang and co-workers
reported that a bright Al coating could be obtained by
adding nicotinic acid or methyl nicotinate to a Lewis
acidic AICl;-BMIC (1-butyl-3-methylimidazolium
chloride) IL'?. Ueda and co-workers reported that the
surface roughness was improved by adding 1,
10-phenanthroline anhydrate (OP)(Fig. 1 (a)) to a
Lewis acidic AICI;-EMIC (Fig. 1 (b)) IL*. BASF has
developed an Al deposition process using a Lewis
acidic AICI-EMIC IL with additives®. This process
improved the adhesion and density of the Al coating.
To the best of our knowledge, there are a few papers
that have clearly reported the deposition rate. Instead
of the deposition rate, we now focus on the relation
between the current densities and current efficiencies.

Kamavaram and co-workers reported that high

applied voltages and concentration of AlCl; yielded
high current densities”. In addition, the current
densities obtained during this process were in the
range of 200 ~ 500 Am™? and the current efficiencies
were in the range of 70 ~90%". There are few
articles that systematically investigated the
correlation between the Al deposits and the operating
conditions. In order to effectively scale up from the
laboratory level to the practical level, it is desirable to
make the above correlation sufficiently clear.
Moreover, there are few reports that achieve both a
sufficient deposition rate and smoothness at the
higher current densities.

In this study, our group has focused on the Al
electrolysis using room-temperature ILs. Al can easily
be deposited from the chloroaluminate ILs although a
practical technology for depositing Al from the ILs
has still not been established. There are several
problems such as a low limiting current density and
deposition in a dendritic form. In particular, the high
deposition rate and the smoothness of the electrolytic
Al foil are required for practical application. In order
to manufacture an electrolytic Al foil in the ambient
temperature region, we investigated how to obtain a
smooth foil at a higher current density. A Lewis acidic
AICI3-EMIC melt was employed as the electrolyte, and
the influence of the operating conditions, such as the
operating temperature, current densities, and
additives (OP), on the deposition rate and the
smoothness of the electrolytic Al foil were

investigated.
2. Experimental

2.1 Preparation of electrolyte

In order to remove residual moisture, anhydrous
CH,

|
i] cr

HsC—

@ (b)

Fig. 1 Structural formulas of (a) 1,10-phenanthroline
anhydrate (OP) and (b) 1-ethyl-3-
methylimidazolium chloride (EMIC).
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AlCl; (Sigma Aldrich, > 99.99%) and EMIC (Kanto
Chemical Co., Inc., > 98%) were dried at 60 C for 10 h
in vacuo. A chloroaluminate ionic liquid consisting of
anhydrous AICl; and EMIC at a 2:1 molar ratio was
mixed in an Ar-illed glove box (Vacuum Atmospheres
Co., VAC101965-OMNI-LAB). This ionic liquid was
purified by a substitution method?”. Al wires were
immersed in the above liquid for ca 1 month, and a
colorless and transparent electrolyte was obtained.
20 mmol dm™ OP (Sigma Aldrich) was added to the

electrolyte as an additive.

2.2 Electrochemical experiments

A constant-current electrolysis method was carried
out in a conventional three-electrode cell with stirring
at room temperature (RT) and 50 C. A Ti plate
(Nilaco, thickness: 0.2 mm, purity: 99.5%) was
employed as the cathode. As the pretreatment of the
Ti plate, after being sonicated with ethanol and
acetone, it was dried with cold air. In order to control
the exposed area (0.95cm? of the Ti plate to the
electrolyte, it was masked with Nitoflon tape (Nitto
Denko, No0.903UL, thickness: 0.08 mm). A reference
electrode (Al/AI(III)) was constructed by placing an
Al wire (0.99-mm-diameter) in a Pyrex tube
terminated with a porous G4 glass frit. The
electrolyte for the reference electrode was a AlCl3-
EMIC melt at a 2:1 molar ratio. An Al plate (Nilaco,
thickness: 1.2 mm, purity: 99.99%) was employed as
the anode.

The conditions of the constant-current electrolysis
were as follows: the operating temperatures of RT
and 50 C, the stirring speed of 1500 rpm, the current
density of 21.1~63.2 mA cm™®, and the total charge of
30.0 C em™ A magnetic stirrer hot plate with a stir
bar of 1.5 cm long was used to control the operating
temperature and the stirring speed of the electrolyte.
Electrochemical experiments were performed using a
computer-controlled electrochemical measuring
system (Hokuto Denko, HZ-7000).

2.3 Analysis of the deposits

The surface morphology was observed using a field-
emission scanning electron microscope (FE-SEM,
JEOL, JSM-7001F). For observation of the crystal

grains, after treating the cross section of foils with a

focused ion beam processing apparatus (FIB, Hitachi
High Technology, MI4050), the treated cross section
was observed using a scanning ion microscope (SIM).
For measurement of the foil thickness, after fixing the
foil with resin, the cross-section of the foils was
observed using an ultra-low accelerating voltage
scanning electron microscope (ULV-SEM, JEOL Ltd.,
JSM-7800). The deposition rate was calculated from
the foil thickness obtained from the cross-sectional
SEM images and the electrolysis time for each
electrolysis condition. The arithmetic mean roughness
(Sa) was observed using an atomic force microscope
(AFM, Park Systems, NX-10). The crystal structure
was analyzed by X-ray diffraction (XRD) using an
X-ray diffraction meter (Rigaku, MiniFlex600) with
Cu K« radiation (A= 0.15418 nm). The obtained
deposits were washed with ethanol and acetone to

remove the electrolyte prior to analysis.

3. Results and Discussion

For the electrolytic Cu foil, it is well known that a
Ti plate is used for the cathode and electrolysis is
carried out at an operating temperature of 50 T%.
Thus, the Al electrolysis was performed under these
conditions. Fig. 2 shows the chronopotentiograms for
the depositing of Al on the Ti plate substrate under
various operating conditions. These cathodic
polarization curves mean the following reaction for

the Al deposition.

0.0

Potential /Vvs. Al/AI(II)

1000 1500
Time /s

Fig. 2 Chronopotentiograms for depositing of Al on
the Ti plate electrode in the AICI,-EMIC melt
at (black) room temperature, (blue) 50 C, and
(red) 50 C with 20 mmol dm of OP additive;
current density: (dashed line) 21.1, (solid line)
52.6 mA cm™ total charge for all deposits: 30 C
cm™
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4ALCl + 3e — Al + 7AICL” [1]

The electrolytic potential at RT shifted negative
with increasing the current density from 21.1 mA cm™
to 52.5mA cm™ Both cathodic polarization curves
were measured within -2.2 Vvs. Al / Al (I). It has
been reported that the reductive decomposition of the
EMI" cation occurred at the potential of 2.2 Vvs. Al
/ Al (III)*. Therefore, it is considered that no side
reaction due to the reductive decomposition of the
EMI" cation would occur. By increasing the operating
temperature to 50 C, both electrolytic potentials at
21.1 mA cm™? and 525 mA cm™ shifted to positive.
This would be because as the operating temperature
increases, the specific conductivity of the electrolyte
increases?, thus the solution resistance would
decrease. On the other hand, the OP addition had
almost no effect on the electrolytic potential,
suggesting that OP would not affect the diffusion of
the reactive ion species (Al;Cl; ions).

Table 1 summarizes the relation between operating
conditions and current efficiencies of resulting Al foil.
We defined the percent current efficiency as the ratio
between the actual amount of deposits to that

theoretically calculated from Faraday's laws®. In the

OP-free bath, the current efficiencies at the operating
temperature of 50 C were higher than those of RT at
both current densities. This would be because some of
the deposit was detaching from the edge of the Ti
plate substrate. Regardless of the OP addition, the
current efficiencies were more than 90% even at the
current density of 52.6 mA cm™ suggesting that it
would be improbable to be a parasitic reaction
involving OP that is competing with the Al deposition.

Fig. 3 shows the photographs of the resulting Al
foil obtained on the Ti plate substrate under the
various operating conditions. As shown in Fig. 3 (a),
the edge of the Al foil obtained from the OP-free bath
at RT was remarkably rough. As shown in Fig. 3 (b),
by increasing the operating temperature, the
roughness of the edge was clearly improved. As
shown in Fig. 3 (c), by adding OP to the bath, a matte
finish Al foil was obtained, suggesting that the
smoothness would be dramatically improved by
chemical action rather than by thermodynamic action
(polarization effects).

Fig. 4 shows the FE-SEM images of the resulting
Al foil obtained on the Ti plate substrate under the
various operating conditions. The crystal grain shape
was the same, like a texture, regardless of the

operating conditions. As shown in Fig. 4 (a-I), (b-I), in

Table 1 Relation between operating conditions and current efficiencies of resulting Al foil.

Additives Operating temperature C Current density mA cm’” Current efficiency %
None Room temp. 21.1 85.1
52.6 84.8
None 50 21.1 975
52.6 99.6
opP 50 21.1 95.6
52.6 96.5

— 0.25cm

Fig. 3 Photographs of resulting Al foils obtained on the Ti plate substrate from the AICI,-EMIC melt at (a) room
temperature, (b) 50 C, and (c) 50 C with 20 mmol dm™ of OP additive; current density: 42.1 mA cm, total

charge for all deposits: 30 C cm™
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— 2 um

Fig. 4 FE-SEM images of resulting Al foils obtained on the Ti plate substrate from the AICl;-EMIC melt at (I) room
temperature, (II) 50 C, and (III) 50 C with 20 mmol dm3 of OP additive; current density: (a) 21.1, (b) 52.6 mA

cm™?, total charge for all deposits: 30 C cm™.

the OP-free bath, the crystal grain size became
smaller with increasing the current density. At the
high current densities, many Al nuclei are generated
and then each nucleus grew as the current disperses,
resulting in smaller crystal grains® ?®. As shown in
Fig. 4 (a-II), (b-II), crystal grain sizes of both samples
grew larger with increasing the operating
temperature. When the operating temperature
increased, the surface diffusion distance of the
deposited Al atoms would increase, forming large
nuclei, then the current concentrates on them,
resulting in the growth of large crystals®® %", As
shown in Fig. 4 (a-III), (b-III), at both current
densities, the crystal grain size became smaller by
the addition of OP. However, the addition of OP to the
melt at 50 C did not affect the overpotential for the
electrolysis as shown in Fig. 2. This suggests that the
crystal growth of Al is suppressed by the adsorption
of OP itself on the substrate, similar to nicotinic acid
and methyl nicotinate'?.

The effect of the operating conditions on the grain
growth of the resulting Al foil was observed. Fig. 5
shows the cross-sectional SIM images of the resulting
Al foils obtained on the Ti plate substrate under the
various operating conditions. Regarding the method of
calculating the foil thickness, eight points were

measured in the same foil, and then their average

value is shown in Fig. 5. The foil thickness obtained at
50 C was thicker than the foil thickness obtained at
RT. This would mainly be due to the difference in the
current efficiency. In the OP-free bath, the crystal
grains increased and the surface roughness was high
as the operating temperature increased from RT to 50
C. When OP was added to the bath at 50 C, the
crystal grains were dramatically decreased and the
smoothness was enhanced. Based on these SIM
images, the effect of the operating temperature and
the OP addition on the grain growth and the
smoothness was clearly clarified.

Fig. 6 shows the AFM images and the surface
roughness (Sa) values of the resulting Al foil obtained
on the Ti plate substrate under the various operating
conditions. As shown in Fig. 6 (a-I), (b-I), in the
OP-free bath, the Sa value decreased with increasing
the current density (Sa = 0.2429 ym — 0.1273 pm). As
shown in Fig. 5 (a-II), (b-II), both Sa values became
higher with increasing the operating temperature.
Moreover, as shown in Fig. 5 (a-III), (b-III), the OP
addition drastically reduced both Sa values and
showed the values of about 1/10. In particular, in the
case of Fig. 5 (b-III), 45.8 nm of Sa was obtained,
which was smoother than the Sa value (105.8 nm) of
the commercial Al foil for a battery current collector.

By adding OP to the melt, the Sa value became
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X80,000 ——————i{ 1.0 (um)

Fig. 5 Cross-sectional SIM images of resulting Al foils obtained on the Ti plate substrate from the AICl;-EMIC melt at
(a) room temperature, (b) 50 C, and (c) 50 T with 20 mmol dm= of OP additive; current density: 52.6 mA cm@

total charge for all deposits: 30 C cm™.

(b-I) Sa = 0.1273 um

(b-) Sa = 0.4245 um-

(b-]]I) Sra =458 nm

Fig. 6 AFM images of resulting Al foils obtained on the Ti plate substrate from the AICl;-EMIC melt at (I) room
temperature, (II) 50 C, and (III) 50 C with 20 mmol dm™3 of OP additive; current density: (a) 21.1, (b) 52.6 mA

cm?, total charge for all deposits: 30 C cm™

significantly lower, indicating that the OP addition
strongly suppresses the roughness. These results are
consistent with the trend in the crystal grain sizes
shown in Fig. 4.

Fig. 7 shows the relation between the current
density and the deposition rate calculated from the
foil thickness obtained from the cross-sectional SEM

image (not shown). As the current density increased,

the deposition rate increased. Further increasing the
operating temperature significantly increased the
deposition rate. This would be because the current
efficiency increased due to the increase in the
operating temperature. A linear relation was shown
with or without OP although the linear relation was
lost at the current density of 52.6 mA cm™ or higher.

This is due to the decrease in the foil thickness due to
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the decrease in current efficiency. At the operating
temperature of 50 C and current density of 52.5 mA
cm?, the deposition rates of the OP-free bath and the
OP-added bath were 0.863 pm min”! and 0.872 pm

! respectively. The OP addition had almost no

min
effect on the deposition rate. This would be because
OP does not affect the diffusion of the Al:Cl; ions.
Fig. 8 shows the XRD patterns of the resulting Al
foil obtained on the Ti plate substrate under the
various operating conditions. The XRD peaks were
identified and indexed by the comparison to the
standard obtained from the JCPDS card (#04-0787).
All the peaks were attributed to Al (fcc), thus the
single phase was obtained. In the OP-free bath, the
(200) reflection became strong as the operating
temperature was high. Moreover, the orientation of
the (200) reflection was strong due to the OP addition.
This result is similar to the previously reported
preferential orientation of the (200) plane and bright
coatings with additives'> ¥ 2 Based on the (200)
reflection of the XRD patterns, the crystallite sizes

were calculated using Scherrer's equation:

D=KA /B cosb [2]

where D is the crystallite size (nm); K is the
Scherrer constant (0.9); A is the X-ray wavelength
(0.15418 nm); B is Full Width of Half Maximum

1.20

1.00

0.80

o
o)
S

Deposition rate / um min™

o
»
o

020 1 1 ! 1 ! 1 ! 1 !
20.0 30.0 400 50.0 600 70.0
Current density / mA cm™

Fig. 7 Relation between the current density and the
deposition rate of resulting Al foils obtained
from the AICI;-EMIC melt at (black) room
temperature, (blue) 50 C, and (red) 50 C with
20 mmol dm™ of OP additive.

(FWHM, rad); and @ is the Bragg angle. The relation
between the operating conditions and crystallite size
of the resulting Al foil is listed in Table 2. The
crystallite size became small with increasing the
current density. By increasing the operating
temperature, both crystallite sizes increased.
Moreover, both crystallite sizes were dramatically
decreased by the OP addition.

The current density and the operating temperature
are closely related to the electrolytic potential', so it
is considered that the factor that determines the
crystallite sizes is the electrolytic potential. Fig. 9
shows the relation between the electrolytic potential
and crystallite size of the resulting Al foils obtained
on the Ti plate substrate under the various operating
conditions. In fact, when the relation between the
electrolytic potential and the crystallite size was
plotted, a proportional relation was clearly
demonstrated. In the OP-free bath, it is suggested that
the crystallite size depends on the overpotential
rather than the operating temperature. By increasing
the operating temperature, the surface roughness

became higher and the crystallite size grew.

° ®
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Fig. 8 XRD patterns of resulting Al foils obtained on the
Ti plate substrate from the AICI,-EMIC melt at (I)
room temperature, (II) 50 C, and (III) 50 C with
20 mmol dm™ of OP additive; current density: (a)
21.1, (b) 52.6 mA cm™ total charge for all deposits:
30C cm™
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Table 2 Relation between operating conditions and crystallite size of resulting Al foil (XRD).

Additives Operating temperature C Current density mA c¢cm” Crystallite size nm
None Room temp. 21.1 80.1
52.6 754
None 50 21.1 90.0
52.6 78.3
op 50 21.1 70.3
52.6 49.3
100 [ . . . 5
g increasing the operating temperature to 50 C, the
~ 90 | ____4 overpotential decreased, and even at a high current
_g 80 A ____-—"'_——O density, the electrolysis became possible without
7] O __.--"" . .. .
o 70 |- o m reaching the cathode limit potential of -2.2 Vvs. Al/
h—
c=t$ 60 | AI(III). The AFM image revealed that the surface
§ u roughness (Sa) value of the electrolytic Al foil
o 50 1 u obtained from the AICI-EMIC melt with the OP
40 additive at 50 C was 45.8 nm at the current density of
30 52.6 mA cm™ The smooth electrolytic Al foil was
-1.5 -1.0 -0.5 successfully obtained even with a high operating

Electrolytic potential / Vvs. Al/AI(II)

Fig. 9 Relation between the electrolytic potential and
crystallite size of resulting Al foils obtained on
the Ti plate substrate from the AICL;-EMIC melt
at (O) room temperature, (2 ) 50 C, and (H)
50 C with 20 mmol dm3 of OP additive; total
charge for all deposits: 30 C cm™.

Therefore, when OP was added to the electrolyte at
the operating temperature of 50 C, OP exhibited the
effect of improving the surface roughness without
affecting the electrolytic potential. While no luster
was observed in the resulting Al foil obtained from
the OP-free bath, the matte finish surface was
observed in the resulting Al foil obtained from the
OP-added bath, independent of the current density
(21.1~63.2 mA cm™®. Based on these results, it was
clarified that the grain size and the crystallite size of
the resulting Al foil were reduced by the OP addition,
which improved the surface roughness regardless of

the overpotential.

4. Conclusions

We investigated the influence of the operating
conditions, such as operating temperature, current
densities, and additives (1,10-phenanthroline
anhydrate, OP), on the surface roughness
(smoothness) and the deposition rate of electrolytic Al

foil, and the following results were obtained. By

temperature and high current density by adding OP
to the melt. Although the deposition rate increased
with increasing the operating temperature to 50 C,
the OP addition had little influence on the deposition
rate. At the operating temperature of 50 C and the
current density of 52.6 mA cm™ or lower, the current
efficiencies were 90% or more. At the current density
of 52.6 mA cm, the deposition rate was about 0.9 pm
min~ regardless of the OP addition. The OP addition
reduced the grain size and improved the smoothness.
The crystallite size was affected by the OP addition
rather than the overpotential. In conclusion, the
operating temperature needs to be increased to
enhance the deposition rate and achieve a current
efficiency of 90% or more, and the OP addition is

significantly necessary to enhance the smoothness.

Acknowledgment

This work is based on results obtained from a
project commissioned by the New Energy and
Industrial Technology Development Organization
(NEDO).

REFERENCES

1) H. Matsuoka and N. Higashi: J. Jpn. Inst. Light Met., 67
(2017), 641-652.
2) A. Okamoto, M. Morita, and N. Yoshimoto: J. Surf. Finish.

38 UACJ Technical Reports, Vol.10 (1) (2023)



Influence of Operating Conditions on Deposition Rate and Smoothness of Electrolytic Aluminum Foil Using Chloroaluminate Ionic Liquids 39
Soc. Jpn., 63 (2012), 641-645.
3) A. Okamoto, N. Niwa, M. Egashira, M. Morita, and N. Koichi Ui
Yoshimoto: Electrochemistry, 81 (2013), 906-911. Faculty of Science and Engineering,
4) S. Takahashi, K. Akimoto, and I. Saeki: J. Surf. Finish. Soc. Iwate University,
Jpn., 40 (1989), 548-552. Dr. Eng.
5) L. Qingfeng, H. A. Hjuler, R. W. Berg, and N. J. Bjerrum: J.
Electrochem. Soc., 137 (1990), 593-598.
6) Q. Liao, W. R. Pitner, G. Stewart, C. L. Hussey, and G. R.
Stafford: J. Electrochem. Soc., 144 (1997), 936-943. Satoshi Kobayashi
7) Y. Zhao and T. J. VanderNoot: Electrochim. Acta., 42 (1997), Nippon Light Metal Company, Ltd.
1639-1643. Formerly Graduate School of Engineering,
8) C. A. Zell, F. Endres, and W. Freyland: Phys. Chem. Chem. Iwate University.
Phys., 1 (1999), 697-704.
9) V. Kamavaram, D. Mantha, and R. G. Reddy: Electrochim.
Acta., 50 (2005), 3286-3295.
10) Q. X. Liu, S. Zein El Abedin, and F. Endres, Surf. Coat. Kuniaki Sasaki
Technol., 201 (2006), 1352-1356. Technical Division, lwate University.
11) A. Bakkar and V. Neubert, Electrochim. Acta., 103 (2013),
211-218.
12) Q. Wang, Q. Zhang, B. Chen, X. Lu, and S. Zhang: J.
Electrochem. Soc., 162 (2015), D320-D324.
13) H. Takahashi, H. Matsushima, and M. Ueda: J. Electrochem. .
Soc., 164 (2017), H5165-H5168. Tatsuya Takeguchi
14) H. Takahashi, C. Namekata, T. Kikuchi, H. Matsushima, and Faculty of Science and Engineering,
M. Ueda: J. Surf. Finish. Soc. Jpn., 68 (2017), 208-212. Iwate University,
15) T. Hirato, J. Fransaer, and J.-P. Celis: J. Electrochem. Soc., Dr. Eng.
148 (2001), C280-C283.
16) M. Li, B. Gao, C. Liu, W. Chen, Z. Shi, X. Hu, and Z. Wang:
Electrochim. Acta., 180 (2015), 811-814. Tetsuya Tsuda
17) E. Rodriguez-Clemente, T. L. Manh, C. E. Guinto-Pano, M.
Romero-Romo, I. Mejia-Caballero, P. Morales-Gil, E. Faculty of Engineering, Chiba University,
Palacios-Gonzalez, M. T. Ramirez-Silva, and M. Palomar- Dr. Energy Science.
Pardavé: ]J. Electrochem. Soc., 166 (2019), D3035-D3041.
18) J. Miyake: J. JIEP, 6 (2003), 528-533. | &P l
19) M. Paunovic and M. Schlesinger: Fundamentals of
Electrochemical Deposition, John Wiley & Sons, , New York, Mikito Ueda
NY (1998), 249. Faculty of Engineering, Hokkaido University
20) M. O' Meara, A. Alemany, M. Maase, U. Vagt, and 1. ‘5@ Or. Eng. ) \
Malkowsky: Metal Finishing, 107 (2009), 38-39. e
21) S. Takahashi and N. Koura: J. Electroanal. Chem., 188
(1985), 245-255. ‘ < .
22) 1. Shitanda, T. Ono, M. Ttagaki, K. Watanabe, N. Koura, and
T. Yamaguchi: J. Surf. Finish. Soc. Jpn., 60 (2009), 56. Junji Nunomura
23) M. Lipsztain and R. A. Osteryoung: J. Electrochem. Soc., Research Department I,
130 (1983), 1968-1969. Research & Development Center,
24) A. A. Fannin, Jr., D. A. Floreani, L. A. King, J. S. Landers, Marketing & Technology Division,
B. J. Piersma, D. J. Stech, R. L. Vaughn, J. S. Wilkes, and J. UACJ Corporation/Faculty of Engineering,
L. Williams: ]J. Phys. Chem., 88 (1984), 2614-2621. Hokkaido University.
25) M. Paunovic and M. Schlesinger: Fundamentals of
Electrochemical Deposition, John Wiley & Sons, New York, Yukio Honkawa
NY (1998), 198. Climate Change Task Force Department,
26) T. Watanabe: Metals, 66 (2002), 339-349. Corporate Sustainability Division,
27) T. Watanabe: Metals, 66 (2002), 350-361. UACJ Corporation.
28) X. Fang, K. Uehara, S. Kaneko, S. Sato, T. Tanabe, T. Gunji,
and F. Mathumoto: Electrochemistry, 84 (2016), 17-24.
Yoichi Kojima
Research & Development Center,
Marketing & Technology Division,
UACJ Corporation,
Ph. D.
UACJ Technical Reports, Vol.10 (1) (2023) 39



UAC] Technical Reports, Vol.10 (2023), pp. 40-51

I Climate Change Edition

Anodic Dissolution Behavior in the Electrorefining of
Al-Cu Alloys Using an EmImCI-AICI3 Ionic Liquid*

Junji Nunomura™*, Hisayoshi Matsushima™®**, Yoshihiko Kyo™***,
Yoichi Kojima***** and Mikito Ueda™®*****

To produce high-purity Al from AlI-Cu alloys, the dissolution behaviors of various Al-Cu binary
alloy anodes in EmImCI-AICIs ionic liquid have been investigated at 323 K. In the anodic polarization
measurements, anodic current density peaks were observed at potentials of approximately 0.3 and 0.8
V vs. AI/AI(III) for the Al-5.0%Cu casting alloy. In the constant potential electrolysis of the Al-5.0%Cu
casting alloy and cold-rolled plate at 0.3 V, Al atoms in the matrix phase were preferentially dissolved
followed by the formation of Al2Cu surface species. The dissolution of both Al2Cu and Al in the alloy
matrix occurred during electrolysis at 0.8 and 1.2 V. Moreover, a Cu-rich layer derived from Al2Cu was
formed on the cold-rolled plate surface at a potential of 0.8 V. Additionally, Cu was co-deposited on the
cathode at the potentials at which Al2Cu dissolved. The dependence of the anodic dissolution behavior
of the Al-Cu alloys on the potential in the EmImCI-AICI3 ionic liquid was analyzed. By controlling the
anodic dissolution potential, the dissolution of Cu in Al2Cu into the electrolyte can be suppressed, thus
considerably increasing the purity of electrorefined Al

Keywords: anodic dissolution, electrorefining, AI-Cu alloy, intermetallic compound, ionic liquid

1. Introduction

Al metal is widely used in automobiles, aircraft, and
building materials. It is currently produced by molten
salt electrolysis at high temperatures (the Hall-
Heroult process). In this method, 13,000-15,000 kWh
t™! of energy is required to manufacture one ton of
primary Al while generating CO, gas, which causes a
large environmental impact’. Recycled Al can be
produced by the re-melting of primary Al, consuming
only 3-5% of the energy required for electrolysis?.
However, recycled Al contains various impurities that
significantly decrease its quality. Therefore, it cannot
be used for manufacturing high-quality wrought
materials and is mainly utilized for low-purity casting

materials and die castings. After repeated recycling,

Al eventually becomes scrap that is difficult to
recycle and must be landfilled. In recent years,
significant research efforts have been spent to reduce
the environmental impact of Al production, increase
the resource utilization efficiency, and decrease the
amount of used metals and landfill volume. Therefore,
new processes for recycling high-purity Al from Al
scrap should be developed. For Al purification, the
authors of this work propose an electrorefining
method using scrap Al as an anode. In previous
studies, Al electrorefining was performed utilizing
molten salts” ? and ionic liquids as electrolytes? ¥,
which considerably reduced the concentrations of
various elements in Al scraps.

The electrolyte used in this study is an ionic liquid

which allows conducting electrolysis experiments

* This paper has been published in Journal of The Electrochemical Society, 169 (2022), 082518.
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near room temperature using solid Al alloy anodes.
The alloying elements in Al alloys form various
metallographic structures. Depending on the
production method, the addition of alloying elements
produces solid solutions or Al intermetallic
compounds with various particle sizes. Furthermore,
the obtained metallographic structures demonstrated
significantly different chemical or electrochemical
dissolution properties in aqueous electrolytes? 9.
AlCu and AlsMn dissolve faster than Al in the
matrix phase, while Si dissolves slower than Al from
the matrix phase into a 10% NaOH solution. In
addition, Al:Cu dissolves during anodic oxidation,
whereas AlsMn and Si do not dissolve and become
parts of the anodic oxide film. During the dissolution
of intermetallic compounds via anodic oxidation, the
corresponding regions generate defects on the film
surface. When these compounds become parts of the
anodic oxide film, they change the anode color and
decrease its degree of uniformity to enable control
over the alloy metallurgical structure and optimize
the pretreatment process. Studying the anodic
dissolution behavior of Al alloys is important for
designing the most suitable anodes for electrorefining;
however, very few works focused on the influence of
the alloy metallurgical structure on the
electrorefining efficiency. Cu is a major additive that
forms solid solutions or intermetallic compounds, such
as AlLCu, AlbCuMg, and (Fe,Cu)sAl in Al alloys'™ ™19,
For example, duralumin is a high-strength Al-Cu
alloy, which is mainly used in aircraft. During the
recycling of Al scrap, Cu should be removed as much
as possible because this alloy is easily corroded by
the Al-Cu compounds precipitated at the grain
boundaries 19, Cu is a more noble element than Al
hence, when Cu atoms dissolve from the anode into
the electrolyte due to the increase in the anode
potential, the produced Cu ions are rapidly reduced at
the cathode and electrodeposited as metallic Cu'”.
Thus, to remove Cu from Al scrap by electrorefining,
its anodic dissolution must be avoided. In this study,
the anodic dissolution of Al-Cu alloys and cathodic
deposition behavior were investigated by controlling
the Cu concentration and size of intermetallic

compounds.

2. Experimental

Al-1.0, 3.0, and 5.0%Cu casting alloy plates and
Al-1.0, 3.0, and 5.0%Cu cold-rolled plates were used as
anode specimens. The casting alloy plates with
dimensions of 175 X 175 X 34 mm were produced by a
semi-continuous (direct chill casting) method using
99.9% Al and Al-40%Cu matrix alloy. After that, they
were cut to a thickness of 30 mm and ground flat on
both sides. The cold-rolled sheets were fabricated by
the heat treatment of the casting alloys and
subsequent rolling process. The casting alloys were
homogenized in an electric furnace at 773 or 823 K for
6 h and then hot-rolled to a thickness of 3 mm. After
intermediate annealing at 623 K for 1h, the alloy
sheets were cold-rolled to a thickness of 1 mm. The
preparation of an ionic liquid and all electrochemical
measurements were performed in an Ar-filled glove
box. The ionic liquid electrolyte was obtained by
mixing l-ethyl-3-methyl imidazolium chloride
(EmImCI, 96%, Tokyo Chemical Co., Ltd) and AICl3
(97%, Kanto Chemical Co., Ltd.) at a molar ratio of 1:2.
After Al wire was immersed into the ionic liquid, it
was kept there for more than 48 h at 323 K to remove
water and impurities. Electrochemical measurements
were conducted in a three-electrode type cell using
various Al-Cu alloys as the working electrodes, Pt
and Ti plates as the counter electrodes, and Al wires
as the reference electrodes. All Al-Cu alloys, Al
wires, and Pt plates were polished from #220 to #800
using water-resistant polishing paper and then
ultrasonically cleaned with acetone. The Ti plates
were polished from #220 to #400 using water-
resistant polishing paper and then ultrasonically
cleaned with acetone. The alloy anode was masked
with polytetrafluoroethylene seal tape (ASF-110FR,
Chuko Chemical Industries) to maintain the
immersion area of 10 X 20 mm. The interelectrode
distance between the working electrode and the
counter electrode was 20 mm. The electrolyte was
heated to 323K by a hot plate stirrer, and each
electrode was connected to a potentiostat (HZ-5000
Hokuto denko Co.,Ltd) for anodic polarization
measurements and constant potential electrolysis.
Anodic polarization curves were recorded from the

immersion potential to 1.5V vs. AI/AI(III) at a
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scanning rate of I1mV s™.. Constant potential
electrolysis was performed at potentials of 0.3, 0.8, and
12V and electric charge densities of 30 and 100 C
cm 2 The anode specimens after the constant
potential electrolysis were rinsed with distilled water
and dried, followed by visual observations, X-ray
diffraction (XRD, D2PHASER, Bruker) measurements,
and scanning electron microscopy (SEM, JSM-6610,
JEOL) and field-emission scanning electron
microscopy (FE-SEM, JSM-6500F, JEOL)
observations. The cathode specimens were also rinsed
with distilled water and dried, followed by visual
observations and scanning electron microscopy (SEM,
JSM-6610, JEOL) observations. The electrodeposits
that peeled off from the cathode were collected and
observed via SEM. The specimens obtained before
and after the constant potential electrolysis were
embedded into polyester cold resin, cut, polished from
#220 to #2400 with water-resistant polishing paper,
and finished to a mirror-like surface using 9-um, 3-um,
and 1-um diamond sprays (DP-Spray, Struers). Their
cross-sections were observed via optical microscopy
(Eclipse LV150N, Nikon) and FE-SEM.

3. Results

The optical micrographs of the cross-sections of the
Al-Cu alloys obtained before the anodic polarization
experiments are shown in Fig. 1. Fig. 1 (a)
demonstrates that the Al-1.0 and 3.0%Cu cold-rolled
plates have uniform microstructures. Meanwhile, the
Al-1.0, 3.0, and 5.0%Cu casting alloys and Al-5.0%Cu
cold-rolled plate exhibit dark areas with sizes ranging
from a few to several tens of micrometers. For the
casting alloys, the size of the black area increased
with increasing Cu concentration.

In the anodic polarization curves of the Al-Cu
alloys, the current density linearly increased from the
rest potential to approximately 0.3V vs. Al/AI(II). In
particular, it reached a maximum of 0.3 V and rapidly
decreased to a minimum of 04 V. Afterwards, the
current density increased again until 0.5V and then
remained constant. The anodic polarization curves of
the Al-1.0, 3.0, and 5.0%Cu casting alloys and
Al-5.0%Cu cold-rolled plate also demonstrated a
current density peak at 0.8 V in addition to the
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Al-1.0%Cu
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Al-1.0%Cu
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Fig. 1 (a) Cross-sectional microstructures of various
Al-Cu binary alloys before measurements and
(b) anodic polarization curves of the Al-Cu
alloys obtained in the EmIm-AICl; ionic liquid
with a molar ratio of 1:2 at a scanning rate of
1mV s! and temperature of 323 K. The dotted
lines denote the Al-1.0, 3.0, and 5.0%Cu casting
alloys, and the solid lines represent the cold-
rolled plates.

dissolution behavior described above.

Constant potential electrolysis was performed at
potentials of 0.3, 0.8, and 1.2V and electric charge
density of 30 C cm ~2 to investigate the dependence of
the dissolution behavior of the Al-Cu alloys on the
electrolysis potential. These potentials correspond to
the peak potentials at 0.3, 0.8 V and the potential at
1.2V which steady-state current density is indicated
in Fig. 1 (b). The photographs of the Al-5.0%Cu cold-
rolled plates and casting alloys obtained after the
constant potential electrolysis at 0.3, 0.8, and 1.2 V are
shown in Fig. 2 (a) - (c). At a potential of 0.3V, the
surfaces of the cold-rolled plate and casting alloy
became dark; at 0.8 V, some regions of the cold-rolled
plate darkened. The casting alloy surfaces became

dark immediately after electrolysis; however, the dark
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30 C cm?

(b) 1.2V, cold-rolled plate

1.2V

Cold-rolled plate

Casting alloy

10 mm

Fig. 2 (a) Photographs of the Al-5.0%Cu cold-rolled plate
and casting alloy obtained after the constant
potential electrolysis in the EmIm-AICI; ionic
liquid at potentials of 0.3, 0.8, and 1.2V, a charge
density of 30 C cm? and a temperature of 323 K.
Oblique views of the (b) cold-rolled plate and (c)
casting alloys obtained after the electrolysis at
12V.

layer was washed away by rinsing, and irregularities
were produced on the specimen surface. After
electrolysis at 1.2V, the surfaces of the cold-rolled
plate and casting alloy were shinier than those before
electrolysis (Fig. 2 (b) and (c), respectively).

The XRD patterns of the Al-5.0%Cu cold-rolled
plate and casting alloy recorded before and after the
constant potential electrolysis are shown in Fig. 3 (a)
and (b), respectively. Before electrolysis, the patterns
consistent with the presence of Al and Al:Cu species
were observed. The patterns of the cold-rolled plate
changed very little after the constant potential
electrolysis. In the patterns of the casting alloy, the
peak intensities of the AlLCu (110) and (220) planes
increased significantly at 0.3V and slightly at 0.8 V.
After the electrolysis at 1.2V, the peak intensity of
the (100) plane remained unchanged, and the peak of
the (220) plane disappeared.

The FE-SEM images of the specimen surfaces
obtained after the constant potential electrolysis are
shown in Fig. 4. After the electrolysis of the cold-
rolled plate conducted at 0.3 V, particles with sizes of
several micrometers were formed in the surface hole
area, and at an electrolysis potential 0.8V, fine
particles were unevenly distributed on the plate
surface in the form of islands. According to the EDS

data, these particles consisted of Al and Cu atoms. At
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Fig. 3 XRD patterns of the (a) Al-5.0%Cu cold-rolled
plate and (b) casting alloy recorded before and
after the constant potential electrolysis in the
EmIm-AICl; ionic liquid at potentials of 0.3, 0.8,
and 1.2V, a charge density of 30 C cm? and a
temperature of 323 K.

a potential of 0.8V, they dissolved to form uneven
surfaces, while at 1.2V, the surface was more even
than that at 0.8 V. At a potential of 0.3V, a coarse
mesh-like structure was formed on the casting alloy
surface. At 0.8V, a mesh-like structure was also
detected, but a part of that structure was dissolved,
and a flat surface was produced at a potential of
1.2V,

The FE-SEM images and Cu EDS profiles of the
specimen cross-sections obtained after the constant

potential electrolysis are shown in Fig. 5. For the
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Fig. 4 FE-SEM images of the Al-5.0%Cu (a) cold-rolled plates and (b) casting alloy surfaces obtained after the constant
potential electrolysis in the EmIm-AICI, ionic liquid at potentials of 0.3, 0.8, and 1.2 V, a charge density of 30 C
cm? and a temperature of 323 K.

cold-rolled plate, many particles with sizes of several
micrometers were produced on the samples surfaces
at 0.3V (marked by a white square in the FE-SEM
images), which contained Cu atoms according to the
EDS results. At a potential of 0.8 V, a dense film was
formed on the particle surface, and Cu atoms were
detected in both the film and particles via EDS. This
dense film corresponding to the black area in Fig. 2
was not observed at 1.2 V. At a potential of 0.3V, a
coarse structure appeared on the casting alloy
surface. At 0.8 and 1.2V, coarse structures were also
formed on the specimen surfaces; however, they were
partially dissolved, as shown in the magnified SEM
images (marked by a white square in the FE-SEM
images).

The magnified FE-SEM images and Cu EDS
profiles of the specimen cross-sections for the
Al-5.0%Cu cold-rolled plate obtained after the
constant potential electrolysis at 0.8 V are shown in
Fig. 6. A dense film was observed on the surface
layer over a wide area. Cu was detected in this film
via EDS (Fig. 6 (a) - (c)). The EDS Al and Cu profiles
of the film cross-section for the Al-5.0%Cu cold-rolled
plate are shown in Fig. 7. In the bulk, mainly Al was

detected, whereas, in the intermetallic compound, Al
and Cu were detected in an atomic ratio of
approximately ALCu = 2:1. In the film, slightly more
Cu than Al was observed.

Next, the anodic dissolution and cathodic
electrodeposition behavior of the Al-5.0%Cu alloys
were investigated at various potentials. Fig. 8 shows
the photographs of the Al-Cu anode and Ti cathode
obtained after the constant potential electrolysis of
Al5.0%Cu cold-rolled plates and casting alloys at 0.3,
0.8, and 1.2V, and an electric charge density of 100 C
cm™2 At a potential of 0.3V, the surfaces of the cold-
rolled plate and casting alloy became dark; at 0.8V,
they became dark immediately after electrolysis, but
the dark layer was washed away by rinsing. After
the electrolysis at 1.2 V, the surfaces of the cold-rolled
plate and casting alloy became shinier than they were
before the electrolysis. Dendritic electrodeposits were
observed on the cathode for all potentials.

The FE-SEM images and Cu EDS profiles of the
anode specimen surfaces obtained before and after
the constant potential electrolysis are shown in Figs.
9 and 10. For the cold-rolled plates (Fig. 9), numerous

unevenly distributed particles with sizes of several
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Fig. 5 FE-SEM images of the Al-5.0%Cu cold-rolled plate and casting alloy cross-sections and the corresponding EDS
profiles of Cu element obtained after the constant potential electrolysis in the EmIm-AICl; ionic liquid at
potentials of 0.3, 0.8, and 1.2V, a charge density of 30 C cm? and a temperature of 323 K.

Fig. 6 Magnified FE-SEM images of the Al-5.0%Cu cold-rolled plate cross-section and the corresponding Cu EDS mappings
obtained after the constant potential electrolysis in the EmIm-AICl; ionic liquid at a potential of 0.8 V, charge
density of 30 C cm? and temperature of 323 K.
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Fig. 7 The EDS Al and Cu profiles of the film cross-
section of the Al-5.0%Cu cold-rolled plate

obtained after the constant potential electrolysis

in the EmIm-AICI; ionic liquid at a potential
of 0.8 V, charge density of 30 C cm? and
temperature of 323 K.

micrometers to several tens of micrometers were
observed over a wide area on the specimen surface at
0.3 V; these particles contained Cu atoms, according
to the EDS results. At 0.8 V, a microscopically uneven
surface was formed; Al and Cu atoms were detected
over the whole surface. At 1.2V, a more even surface
than that at 08 V was formed, and Cu atoms were
distributed similarly as before the electrolysis. For
the casting alloys (Fig. 10), a Cu-containing coarse
structure was observed on the specimen surface at
0.3 V. A coarse structure containing Cu was observed
even at 0.8 V; however, it was more even than that at
0.3 V. At 1.2V, a more even surface than that at 0.8 V
was formed, and Cu atoms were distributed similarly
as before electrolysis.

The Cu concentrations of the anode surfaces and
cathode electrodeposits before and after the constant
potential electrolysis are shown in Fig. 11. The Cu
concentration was calculated considering the sum of
Al and Cu detected by EDS as 100 mass%. That is,
100% minus the concentration of Cu was taken as the
purity of Al. The anode surface was analyzed via

EDS at three points, and the Cu concentration was

100 C cm™
0.3V 08V 1.2V
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Fig. 8 Photographs of the Al-5.0%Cu cold-rolled plate and casting alloy anodes and Ti cathode obtained after the constant
potential electrolysis in the EmIm-AICl, ionic liquid at potentials of 0.3, 0.8, and 1.2 V, a charge density of 100 C cm?,

and a temperature of 323 K.
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Fig. 9 FE-SEM images of the Al-5.0%Cu cold-rolled plate surface and the corresponding Cu EDS mappings obtained
before and after the constant potential electrolysis in the EmIm-AICl; ionic liquid at potentials of 0.3, 0.8 V, and
1.2V, a charge density of 100 C cm? and a temperature of 323 K.

Blank 03V - 08V 1.2V

Fig. 10 FE-SEM images of the Al-5.0%Cu casting alloy surface and the corresponding Cu EDS mappings obtained
before and after the constant potential electrolysis in the EmIm-AICl, ionic liquid at potentials of 0.3, 0.8 V, and
1.2V, a charge density of 100 C cm? and a temperature of 323 K.
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Fig. 11 Cu concentrations of the Al-5.0%Cu (a) cold-
rolled plate and (b) casting alloy anode
surfaces and Cu concentrations and Al purity
of the corresponding cathode electrodeposits
before and after the constant potential
electrolysis in the EmIm-AICl; ionic liquid
at potentials of 0.3, 0.8 V, and 1.2 V, a charge
density of 100 C cm? and a temperature of
323 K, measured via EDS.

considered as the average value of these points. At
0.3 and 1.2V, the analyses were performed at
arbitrary points; at 0.8V, the analyses were
performed over the black area observed in Fig. 8.
The cathode electrodeposits were analyzed via EDS

at five arbitrary points, and the Cu concentration was

considered as the average value of the five points.
For the cold-rolled plates (Fig. 11 (a)), the Cu
concentration on the anode surface at 0.3V was
higher than that before the electrolysis, and Cu was
not detected in the electrodeposit; at 0.8 V, the Cu
concentration on the anode surface was higher than
that at 0.3V, and a Cu concentration of 1.9% was
measured in the electrodeposit; at 1.2V, the Cu
concentration on the anode surface was similar to
that before the electrolysis, and a Cu concentration of
4.6% was measured in the electrodeposit. For the
casting alloys (Fig. 11 (b)), the Cu concentration on the
anode surface at 0.3V was higher than that before
the electrolysis, and Cu was not detected in the
electrodeposit; at 0.8V, the Cu concentration on the
anode surface was lower than that at 0.3V, and a Cu
concentration of 2.5% was measured in the
electrodeposit; at 1.2V, the Cu concentration on the
anode surface was the same as that before the
electrolysis, and a Cu concentration of 6.7% was

measured in the electrodeposit.

4. Discussion

The anodic polarization behaviors of the Al-1.0 and
3.0%Cu casting alloys and cold-rolled plates illustrated
in Fig. 1 are consistent with a typical dissolution
behavior of pure Al in EmImCI-AICl; ionic liquids'® .
In addition, the anodic polarization curves of the
Al-10, 3.0, and 5.0%Cu casting alloys and Al-5.0%Cu
cold-rolled plates exhibited peak currents at
approximately 0.8 V. The peak currents at 0.8 V were
different with the anodic dissolution of Cu'™#. The
cross-sectional microstructures of these Al-Cu alloys
contained dark areas with sizes ranging from a few to
several tens of micrometers, and the results of SEM-
EDS analysis of the Al-5.0%Cu surface obtained
before electrolysis (Figs. & and 9) also revealed the
presence of particles with Cu contents varying
between several micrometers to several tens of
micrometers. The dark areas of the cross-sectional
structures presented in Fig. 1 and particles depicted
in Figs. 8 and 9 had similar sizes and morphologies.
Therefore, both regions were considered identical.
The XRD diffraction pattern of Al-5.0%Cu displayed

in Fig. 3 shows the presence of Al,Cu intermetallic
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Fig. 12 Schematic diagrams of the anodic dissolution for (a) the cold-rolled plate and (b) casting alloy anodes in

the EmIm-AICl; ionic liquid.

compound. From these results, it can be concluded
that the Al,Cu phase in the casting alloy is an
intermetallic compound that solidified from the liquid
phase during casting, while the Al.Cu species present
in the cold-rolled plate may be an intermetallic
compound that was broken into smaller pieces during
rolling or precipitated from the Al matrix during
homogenization. The peak of the current density in
the anodic polarization curve observed at 0.8 V could
originate from the anodic dissolution of Al,Cu.

The SEM image of the alloy surface obtained after
the constant potential electrolysis (Fig. 4) shows that
AlCu did not dissolve at 0.3V and remained on the
surface, while the Al species from the matrix phase
preferentially dissolved. In addition, many deep etch
marks were observed on the specimen surface, which
were likely caused by the physical release of AlLCu
into the solution due to the dissolution of Al in the

matrix around Al;Cu particles.

The dissolution of AlbCu was observed at higher
potentials than 0.8 V, which was consistent with the
anodic polarization curves. However, the sample
surface dissolved at a constant potential at 1.2V
exhibited a lower roughness than that of the surface
formed at 0.8 V. This suggests that AlCu also
dissolved at 0.8 V but slower than the Al matrix
phase.

When electric charge density of the dissolution
increased to 100 C cm™ from 30 C cm® the difference
in dissolution behavior for potential was more
obvious. At a potential of 0.3V and electric charge
density of 100 C cm™® more AlLCu was observed on
the surface of the cold-rolled plate and casting alloy
than that of 30 C cm (Figs. 4, 9, 10) . At a potential of
0.8 V with electric charge density of 100 C cm™, some
regions of the cold-rolled plate and casting alloy
became dark (Fig. 8), furthermore Cu was detected

by EDS in large areas of the surface (Figs. 9 and 10).
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It is considered that as the dissolution electric charge
density increased, at a potential of 0.3V, anodic
dissolution of Al in the matrix phase was proceeded
further, at a potential of 0.8 V, anodic dissolution of
AlCu in the matrix phase was also proceeded
further. At a potential of 1.2V, no significant
difference was observed between 30C cm™ and
100 C cm™

Fig. 5 shows the cross-sectional images of the cold-
rolled plate indicating the formation of a dense Al:Cu
surface layer after the constant potential electrolysis
at 0.8 V. At this potential, the dissolution of Al and
AlCu species in the matrix phase occurred; however,
because the dissolution of Al:Cu in the surface layer
was slower than that of the matrix phase, the relative
AlCu fraction on the surface increased during
dissolution. Therefore, fine Al,Cu particles were
formed on the specimen surface as a dense
concentrated layer.

As the dissolution electric charge density increased
(Fig. 11), a higher Cu concentration was measured at
0.8 V than at 0.3V for the cold-rolled plate, whereas a
higher Cu concentration was measured at 0.3V than
at 0.8V for the casting alloy. Cold-rolled plates
contain dispersed AlLCu with small grain sizes.
Therefore, at 0.3V, as only the Al of the matrix phase
is dissolved, the surroundings of the Al:Cu dissolve; it
is considered that some of the Al,Cu is desorbed from
the anode surface during the electrolysis and rinsing
process after electrolysis. Additionally, AlLCu is also
slightly dissolved at 0.8 V. As previously mentioned,
the concentrated layer that was not dissolved was
dense; thus, the Cu concentration is considered to be
high in the concentrated layer. The casting alloys
contain a coarse metallurgical structure of AlCu.
Therefore, at 0.3V, the desorption during the
electrolysis and rinsing is considered to occur to a
lower extent for the casting alloy than for the cold-
rolled plate. Because of the large number of gaps in
this microstructure, after the electrolysis at 0.8 V, it is
considered that a dense enriched layer was not
formed, which led to the Cu concentration measured
at 0.3V being higher than that at 0.8 V. At 1.2V, the
Al and Al,Cu in the matrix phase were forced to
dissolve at similar rates, and thus, a smooth surface

(similar to that before electrolysis) was maintained. A

schematic diagram of the anodic dissolution behavior
of the Al-Cu alloys, as described above, is shown in
Fig. 12.

Fig. 11 shows that Cu was not detected in the
cathodic deposit at 0.3V, but it was detected in the
deposits at 0.8 V and 1.2 V. This is considered to be
due to the dissolution of Al,Cu at potentials above
08 V. It is considered that the Cu derived from the
dissolved Al:Cu from the anode co-deposited with Al
at the cathode. As previously mentioned, ALCu
dissolves faster at 1.2V than at 08 V. Therefore,
higher amounts of dissolved Cu ions were
electrodeposited on the cathode at 1.2 V than at 0.8 V.

In summary, the potential dependence of the anodic
dissolution behavior of the Al — Cu alloys in the
EmImCI-AICIl; ionic liquid was examined in this
study. By controlling the anodic dissolution potential,
the dissolution of Cu in Al:Cu into the electrolyte can
be suppressed, thus considerably increasing the

purity of electrorefined Al

5. Conclusion

The anodic dissolution behavior of the Al-Cu alloys
in the EmImCI-AICI; ionic liquid with a molar ratio of
1:2 was investigated in this work. The obtained
results are summarized as follows:

- The Al-Cu alloys containing Al:,Cu surface
species exhibit a peak anodic current density at
0.8 V during anodic polarization.

- During the constant potential electrolysis of the
Al-5.0%Cu casting alloy and cold-rolled plate, the
Al atoms of the matrix phase preferentially
dissolved at 0.3V, and a larger ALCu amount
was observed on the specimen surface. In
contrast, both the Al and Al,Cu species of the
matrix phase dissolved at electrolysis potentials
of 0.8 and 1.2 V. The SEM-EDS analysis of the
specimen surface conducted after the constant
potential electrolysis revealed that the dissolution
of AlCu proceeded slower than the dissolution of
Al atoms from the alloy matrix at 0.8 V.

- The Al-5.0%Cu cold-rolled plate electrolyzed at
0.8 V formed a dense surface layer enriched with
AlCu particles because Al,Cu was less soluble

than the matrix Al The increase in the electric
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charge density promoted the Al dissolution from
the matrix and diffusion of Al:Cu particles from
the alloy bulk to the surface.
- Cu was co-deposited on the cathode at the
potentials at which Al:Cu dissolved.
By controlling the anodic dissolution potential, the
dissolution of Cu in Al;Cu into the electrolyte can be
suppressed, thus considerably increasing the purity of

electrorefined Al
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Fig. 1 Examples of certification using Chain of Custody (CoC) models.
* 1 IFOAM; International Federation of Organic Agriculture Movements, * 2 RA; Rainforest Alliance,
* 3 DMH; Dutch Max Havelaar, * 4 RSPO; Roundtable on Sustainable Palm Oil, * 5 BCI; Better Cotton Initiative,
* 6 RTRS; Round Table on Responsible Soy Association, % 7 4C; 4C Association, * 8 ETP; Ethical Tea Partnership,
* 9 FSC; Forest Stewardship Council, % 10 PEFC; Programme for the Endorsement of Forest Certification,
* 11 RSB; Roundtable on Sustainable Biomaterials, s 12 ISCC; International Sustainability and Carbon Certification,

* 13 UL; Underwriters Laboratories.

Roundtable on Sustainable Biomaterials (RSB) %3/5 A
FIRE R GG L LRk O RRAEZ I L 7. 2
CTIRIP, SG, MBEFLVAEEEEIN TS, TDH%
2011 4F12 RSB O FEGER R A3/ 4 F Gk & & de B IS HE
KEN, NAFTRATIAF v 712 DR 720
2 T20134E121ENA A RO AR TR Y H A 7V
B, DOFVHAERBARA LTI AF v 7 B xt
B2, FA Y Ofb8dh 2 — 7 BASF L EAESHETUV
SUDMRANT ¥ ZEF V&2 H WA F— 2 &
HL, BHZBOLY, 2T, BAEORMZ I
LoOoHAFEROFMEZRET LI L E2HMIZ, YA
NG VAETVRBHINT WS, ZOEHDL, L%
WHTIEITANT VARB&CET IV TORNRIZED
ISCC PLUS, REDcert?“ 0%k % 7 03EA0 . S, %
FEELAND Y ANT ¥V AEF IV OBAIHEA TV S,
BARM BB %2285 5 &, NA F ~ AR & Ak
DR (F79%) 2WAEL THEESNLZBMHICH LT
ANTG Y AETVEBH L, FFEOEMIINA + <A

RS 2 E ) BT Tnwap YW, 72 flHEAD
RI)X—=RTFTAF v 7RELLT IOV A7)V
TE/v—LLZZEREFAL, BAERSSAEELE
R BEIC, TANTG Y AEFAIEFENTWS
O, BETIE, 2BRMETLYANT VAET IO
MBI SN 5, B ZAXERMMEHC BV TIE, #iET
Ot 2D - k% ¢ GHGHE R % Bl L 72 %54 5
XGIC, FEE QS G O GHGHIN R % FiE T 2 B
WCRANTG Y AETFVDEHA SN TR, 7L 3
ZY AMETIE, HERRA T Ty T v EEONR
HBHEOE Y M TIIIANG Y AEFVEHEMAT 5
BIAR SN2, FMATIE, FRICRHEEDER
FBEBANOE Y BT LTI ANT Y AETIV)NHE
AEhs®, B, EBRBMEBOAEIANT VAET
VORMANGE LM — W2 REA ¥ — 23 L
WS, LB TH O SIS ERED — I o xf 5
FRELTBLT, EEMBHIEA TSI L BWEET
HrHrWH, 2L, ERTRITFLERMEOMITIE,
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wfh%%%ﬁ%%%ﬁﬂb%f@%ﬁﬁ&%ﬁmﬁ
BTV THEZF R O FRGE 2 PS5 L7z Ecilic
RKZIToTWwWh,

CDXHIZ, BEWD HCIZEOMIT N E RIS
ELT%t&ﬁ%er%%#,LETiI%Hﬂ%
gl LA#BHNIEED Z2RETwd, MAT, L3¥
MR OB Tk (i, S U WO 2 /8§
FiW) 121E, CoCEFINVDHNT ANT ¥ ZETF VALY
ANBNT WD, YANTG Y AETF IV ERNICEKET
2L[HBTULANDOINGRL T DYEO AT DI
PHYEoTWDLZE | ZHRTIETNVTHY, Bz
XA OFE LM BOERZ2EA L CHEd 5 3
mAEOW, FEORGIHEEAZH Y B TS| & Fik
T&%, 72720, 2L OLEMETIEYANT VX E
FNOM—I R EFHEB L ORIEAF — AP I T
WiEWZ EEREFE R, ARMTETANT VAETIVIZ
DWTHIREREEZ T L », ZOTEME~®EH
REPEIC O WTEH T 5o

2. CoOCETIVDHRDYRANT > ZETIV

YANTG Y AETIIE, CoCETINVDO—D & LTH
Db, ISO 220951l 4> DEF IV & & HIZFHM
WED LN TS, ISO 22095 HAADFHMIIZ DWW TIE,
Rk § %, ISO 22095 TlE, CoCET IV THnik - Bt -
W 26882, BELHE L2320 E70 L2
W2 [HEA OFE (specified characteristic) | & L THE
LTWwb, ZITiE, ISO 22095 DitikN% % JI2 &€
FNEHNT 50 % CoCETFIVIE, AN (input) ZHE
BT 2B OMEC, YATAR TR A RE LY
B 72 4E4E (physical presence) 12X ) Tt 521245
FHahb,

Identity preserved model (IPEFNV) i, AIB X
O Z OBV HE—T, MR E % LEEOFEDY T F
A F 2= DO LEEPLTRETRESNLIETVTD
o HAGECIHTH-FHETIV] EHERHTE S,
CoCOPTUERIMELEETVTH Y, FAEOHEE
A3 HANEELZLZEFERPRZLEG0HH L2 AT 5
AT EWHIZXP L CTEH IR, ZhoZ2RAT A
ZEIFRFAE IR,

Segregated model (SGEF V) 1%, A DO
NOANOREOHNET—HLTRFEINLET
WCTHbh, [HHERETV] LLMHRTE S, LI
Ao ThiR, BIEGRE ZEHOANZRE
meébkﬁfééolﬁ@%@%ﬁéﬁwkﬁk
I L TEES, ChoidRETHIL

ZRFE SNV,

Controlled blending model (CBEFV) &, FAD
KA THANER SHRWADE DI EDTT B 5T
RESNDZEFVTH D, 22Tk, HWITOEAED
FlEZ2 32 ANOERD, ANHPRESNLIEDL

WHE> TRE SN, ZOhFFIETOUHITBNWT

KH—&¢7%5b, 207D, CBETFTIVIZISO 22095
BT “single percentage model” & HFEINTHY,
HAGRCR[HE—RELET VI EERBITE %,

Mass balance model (MBEF NV F721E< AT VX
ETV) I, EAOREEETAANEAES VAT L

PRESN, TOMTIICBETNVER—TH 5L, 7272
L, YANT VY AETFNTIE, B b HEEOFR R
MTREEINZT O AIBIL2EAOREEET 5
AT DORA D, FHHEE LTl c~ ol oA
DR AT B2 ANORTE —HI 2 THITR Y, M
RIIZIE, 2 OIS B 2 BA QRO SR
Y, TOHAPMBETFNVECBETNVEDERTH
5o Wz B L, MADOHEEELATHANEAS R
WA DZN TN ORED, ARG SNZRER L
HAODOEEE T—HLTVRIERV. ZOBET, W
BPCLETVE KL SN HE D H LY,

Book and claim model (B&C EF V) &, EEZ1T)
BB ORI L TZOERE F—OEE DR
AT 5 MPHEPREEIN TV Lok %E
HE LTWwWb, ZOEFVIZERY (intangible
materials or products) 2SR T, WROHHEKDH]
HWINTVLREHEIIHRELZRETVE SND, B&CET
VAL, A OREICET 2 HIE oL ERO TN
k,%%?Hﬂ@%@®(%%&)ﬁﬂﬁﬁ7?f%x
—VAEREEL TR LRV EIEE S s AR
%CoCETFINTHA, HRFET i, (e YT
ENDT, ZOEFNTIE, BEHOREERTLHHR
MR REIND LEAOREICHT 2T T I/ F 2 —>
FOEHRS B 2S00 EES I, BRI 128
ASNBEZ LYy FBRITINE, BV T v b
ERMENCIE T2 2803TES, T D729, A OFE
EHETHDANBY T IAF o= 2B LTEHEENEN
MM EHIRN LT LYy b2 L, BEAORFE
AETHETRTAHIEDNTE D, HDRY T, FEK
JIEEA OREE AT 5 AN 2 SR B ED, Tl
BCERADOREEZAESZWE LT IbNE Z &
ARINESL, B, 1SO 22095 TIEHAET R AL F—
BIFEHEO L) LW A2 B&CET N OXF G L LTREH
LTWABA, 13 TR L2305 R 4 k- 5 STk 2930

T, AW B&CETNVOMBIIEHED T 5,
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3. YANSURAETFILOEREZFDERE

31 YANT L RAETILOFEZEDEL

ISO 2209512 & > TCoCEFMICHT B H—M %
ZIREBIRENTD, TZICELETIE, KO
BB X OERBRIC L D a2 2T RETIVAIR
ENTW5E, CoOCETIND—DL LTIYANT VX E
TLVOFMELR LXMDY b, RENLR D%
Table 1IZ/RT, &8, P& L TIZEEAF D CoC
ETNRRANT VAETVERNDHVIEF R L
ORI ENBD 32 7 HAEDEFHR Tk
WA EIFCHER LD 01k S v, Table 1
W72k 9 B, ISEAL Alliancell & 5 X&EB X
YISO 220951%, CoCEF IV DE A4 & H gD T
WARWILAN R DD TH S, ISEAL Alliance (& FHED
PRAEEAD DHERL S, BT 2 BB CREEEE L) R
WHDIZTHIEEAME LTEIH LTV AHEETH
%o ISEAL Alliance Tl&, WIS 5 TX 2 Fpke g
PO FRICEHT 2 T & 220154 ICHITLTE Y,
Z OB E LT CoCETF VDM % itk L 72305

Z20164EICA L7222, 72720, Zhidd < T TR
DEFHZ% T LDDOAT, ISEAL Alliance & L T< A
NGy A%GLCCETFNMEHLLERLZRTIR L
Vo RLFEORITRIL, CoCETIVOBH A RIEY
PO SO THEMBANEIEN D GO 5 43I 2 7 Th
D, ALHFZEHNRZRERETIZCoCET NV ZILH
MICFLR L2 iR OLETH S LT 5. ISO 22095
1%, #F* 8 T » 5 “Chain of custody — General
terminology and models” 25/~ 3 & 9 12 CoC D —#E1 72
HFELETVEHRELZDDOTH S, 20164EI1CF T ~
T DFEFIZ I Y CoC OBMAER A FAG S, 2020 4712
ISO 22095 & LCTHAT E 720 1SO 22095 (58 F x4 %
EOFTIZCoOCETNVEERLRMNOBIETHL LE
A, BTERBRMED 2 4 I v 7 %A b L, ISEAL
AlliancelZ X 5 X#H EF U < CoCE T IV D@AILKA
ZOERIHFHETHEEZLZOND, 72721, TONE
ZCoOCOMFHEETNVDOERICE L E S, BIE, <A
NG Y ABLUOB&CEF NV EMRE Lz X itz
ORI HED LN T WD,

CoCDIBLTIANT VAILETVORNEEKDY,
MATHEMATLZOME L72d DL L TIE Ellen

Table 1 Comparison of mass balance model in documents and standards

Chain of Custody Models

Enabling a Circular
Economy for Chemicals

ISO 22095: 2020 (E), Chain

Circular Economy of

Title and Definitions with the Mass Balance of cu§tody — General Polyme'rs: Topics in .
terminology and models Recycling Technologies
Approach
Ellen MacArthur . L . .
Publisher ISEAL Alliance Foundation, Circular Internatlonal. Orgamzatlon Am.e rican Chemical
for Standardization Society
Economy 100
Published year 2016 2019 2020 2021
Product Not specified Chemicals Not specified Polymer

Target of CoC

Certified product

Recycled material

Specific characteristic

Recycled material

Name of model

Mass balance

Mass balance approach

Mass balance model

Mass balance accounting
approach

Definition of mass
balance model

The volume of certified
product entering the
operation is controlled
and an equivalent volume
of product leaving the
operations can be sold as
certified.

It involves balancing
volume reconciliation to
ensure the exact account
of volumes of in- and
out-of-scope source is
maintained along the
supply chain, provided that
the volume or the ratio

of sustainable material
integrated is reflected in
the product produced and
sold to customers.

A chain of custody model
in which materials or
products with specified
characteristics are mixed
with materials or products
without some or all of
these characteristics,
resulting in a claim on

a part of the output,
proportional to the input.

The quantity of recycled
content allocated to
products matches the
quantity of waste plastic
fed into the front end

of a chemical recycling
plant, while accounting for
manufacturing efficiencies
and yields.

Applied to Certified product Recycled content Specified characteristic Recycled content
An integrated chemical
production system, with
physically interconnected
production plants at the Continuous processes, a
S Batch-level, site-level, same location, or plants . . . > Within a single integrated
ystem single site, multiple inputs

group-level.

at different locations
which are temporally and
physically interconnected
by dedicated
transportation systems.

between multiple sites.

site.

Time period

Less than 1 year

1 year

Not specified

Not described
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MacArthur Foundation (EMF) 3 X O°CE100i12 & 5 H
&, American Chemical Society (ACS) 25547 L 72
FHEOBENBRIF LN L, EMF L, fEREFE~OBIHE
HED7-DIZHH DI H EIF7-CEL00 & #4 T, CEL00
WoFE 70 Y =7 MOk E LT2019FICHEE %
fIL72%, COHFILFERE, XTI AF v 73
mAE N RICHHEARRE 7 I AV A 7V THD
FEEE LTHHL, HBAERESEROTRIIITANTG
VAETNEBHTAIETTIAFT Y ZHHED) W
A7 VEREL, HEREFICBITTELLTLH0T
Hbo B, AENDIANTG VA2 &L CoCEFIV
DEFIZ, Hiak L2 ISEAL Alliance ® LEICBIT 558
#EZTOTIHOTVWD, Zhud, AFORITRERT
{b2E BB T iE % CoC £ 7V OB AT, ISEAL
Alliance lC X B LHE LD L d o2l E 2R L
TWwhb, ACSIZ, 20204 I2KRY) = —HNIZBIT 068
BFIZOWTHERT 5 Y Y RY 7 4 (ACS Symposium
on Circular Economy of Polymers) % Bt L, Z ok
WHNAR X O##HO—E% ACS Symposium Series &
L C20214F 10 #H4 & LCRAT L2, RFfEPIC
“Mass Balance Accounting Approach” & #8 L 7zE 45X
BEINTBY, EMFOHE LRI TR < — 8
LTI AN HFA 2 VTE S~ —{LL 7258 % F
ML, HEEHEEROERIITANT VATV E
HWHTHZEDPEFLVILTREDTHD, 4B, K
FHEEDIATIZISO 220905 M OFETH Y, FHEERHO
CoCETFIVDEFHITISO 2209512#E LT b, EMFIZ
E2HAEBLCACSICE 2HERITOTRITIE, fbF
MBI ETANT Y AEFVOBPILKRYH 5 &
EZoN, FRELTIANT VAETFVOLY) —E
DREZRD1ODLDEFZ %,

INHOXLHEIE, YANT Y AETVED LT3
BICESZHRENLIREN LD TH D, 727201,
Table 1IIRT LI ICRANT VAETFTVDOEHRZTDD
DRFNOENFITENHOND, D RKEHEN
& LT, ISO 22095 Tl CBETIVE R ANT VX E
ThVEHOETVE L TH#oTwad—7, ISEAL
Alliance R EMF T, CBETIWVAYANT Y AET
VZEOTVDHPBTFONL, TOXHIZ, RS
BB HEIC L > T ANTG VRAETF VO GRHE
WHEPRERZ HICEENLETH D, F1IC, THEM
B2 GG Lea, CoCETVDE R T RFEA
FERZHR -2 Twhwnwboo, HHNICERS
CoCETIVE LTIXISO 22095 B35 Z & F
Ly,

32 TANTURAETFIVOEMAFEE

ISO 22095 Tix, Y~ ANT Y AET VOISR LD
JERE L L Crolling average percentage method (*F-391E
) & credit method (7 LYy Mik) O DOARENT
Who PIMEEE, ANTE TN D A ORED L
PEBHLELILEZHELZDOT, NHL kb8
RMEHI L CEROWE 2 20, RN
ZOWTHEA DD Z PG TR LEATE
b0 2%, A DATNTEEINLEADORED L
&, WHHRFRTZ2EADREOHEI—H L 2T
ENFFREIND, 7 VT y MER, 2HE LORL 2
FERZ ANELTHWAEEICEATE S, e L
TRlgk S Noimly, ANRICHELL ZTE RS %
W, 722L, ARtz s LYy MIERT S
BRIIE, i 2 I S s MR B I3 LT
E O SN L EELRE (conversion factor) ZH Uz lI
I bhv, ZOEZNFIE, FUTITHEICHIZ THYIT
b, T, FIRONGE % 2R R I3 L
MCZ7 LYy MOEEZREL, FROBEZED 5,
SR ANOANICEENLEADOREORD, 7L
Ty MAEAOHEIFANFIH YT 2, £72, WL
BWNOW AR TIERT B4R EORED, 71V T v b
S O5] & 1 LIS T 5. AJ) & M) THAL
RMEE 7R GOMBESI R R Y6, AN F il
IERBREERE L TCINEZR—T 5. ANMICH—
AL EIEHAMNC, BRI —T 25 EIZIEA
TN AR E 2 e U A, 1SO 22095 Tld, HALOE
DB E L TARMZZFTw5, Bl 213 AT 2R
(m®) ¢, HJmAEE (ton) TENENEFHI LT
Y6, ANEICERREEZ R CERICHA L L
T, ANICEENLEA 0RO RS XA Tk
THLEAOHEOEEZ LYy FELTHOHI &
B, MNEHHEAOT] & L aEEHO FRRIEE— B o
HIFANOBRETHY, ZLIIEPIAF A EL%
WEINIZT B, 72, 7 LYy MEEIZ—EOWIRR
BRICHET 2, 7L Yy MEIBWTY, ANICHE
INDEAOREDOIEE, e DM IIA RS [
BOREDIEN—H L eV EFFHFEIND,

3.3 I¥MEADERICHT5EMHE

B4 e THEMBNOBEAPELT ANT VAET IV
THAHH, EEERISEHT EOHEI L O9FF
9%, $9, TTFEFTRTELLICIANT VA
EFNVTIE, EROWNFEFERE L THRIZEINS
A OYE L ORISR A L2586 0H %5, 29 L
ZERIIAT =27 RNV F =05 ORFHMEICRIT 2EN
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BHY, WrhLIGEETOYANT Y AET VA HEA
TELLTHIEREFE LRV, Bz, (LR
TIEYANT Y AEFTIVEEOBRIE LT, EHRE
D 5N T IUTBRBE R ALY % Bahids
WENTBY, ZORBOLDIITANT YV AETIV
BT HELTWBEY, 72721, ZoOHEHfHIE~ AN
FUVAETNVORMHEZRIRELIZSDOTHY, #EHD
TeODERBIEZ O LHEmERDO LN RV, T2,
RANT VAETUPEAMEA SN Z L 1ZxT
2 ebdHb, EMFTIE, TEREFCBITT 57200
HALAE LTI ANT Y AEFVERYHoTHY 2,
W LV REMNZHIBICBVTORTANT VX
ETNVEBMATLEILEEZRBEL TS, 2D LIHIT,
HIRTIE, ok g icmMemitt LCcwoET
RANG YAETNVEBHTELDH, HFIZEDLH
REAICIEET2RETRVOR, &) HO#E
BRI TH B, TTIE, ANTVAEFTVORM
TR IC oW TomE R L, HEIZED S Z
EVETH B,

NANTG VAETNVIZFOMMRE LT, BEHEORME
EAETLEREZEECHINBNTEI L2 TIRTE S,
COXIICHBENSWFRE BEHIBRICHERETLI L
FHERZFROGIEZFEHART, YANTVAET
VOBHIZE L TERONFIIE—EOHIBRZHIT 2
REEOFEMVD BN, IS, "NAFTFAF v 2D
L9 IS 2O FETHNIMIZER O Z fiE T &
DY, MRSV B A B EKRE T
BERELEINTVWEP, Th ST RL TR ML
I3 rEmTEDL OO, FROHMEEME
WZHIRRS 2 W REME DD Bo Y ANT Y AE TV Z5E
5, TR0 BHELZ GBI 2 HPHICHD 5 X,
SROMmIFIN D,

ENTIX, YANT VAEFTVEBEH L2 NA 4~
ABM T T AF v 7 OEA T 2R ED 5T
W29 ZORTHRBENTVDL LI, NI FTA
BMTFTAF v 71ETATHA 7V TORERNREN A
P OTARAIZT 2 E 2 05 T ENTE S
T, ZOBBHAMKRA R IO W CHERRE 512
BESTWARV, T2, SANTVAEFLVLDI NI
FAOREZ AT HEEZE ) B TL L) ZEZITD,
WHIRL 2 EMETHT74 THAINT R ARA Y N DE 2T
EEALRVEDIHMEINT VS, IANTVAET VE
BT BB, FRR T ORME 0 E B O J
DVTHikma RETREPHLLEFZ LI,

TR L2k H1E, 79AF v 7 IcfRFESN LR
T, NANG Y AEFTNVEAAIZHRAEA F— 498

RS 27, €BRMEZG0%  OTLEMET
X, FROGEPMER OREFEZEORREICERLN
TWwao FIZREFRICHLTE, Z7)—rTryva
EOFED Z MmN, BRI LT — 1 2 7
AF— AR FEEZHEL, Zhill- 7z EikE24T
ATENLEF L,

RANTG Y AETNVTE, FEMB X BRI Y
AT LEREED, YATFANDATE MR REL
72T, ANNCEEFNLEAOREER S L, 40
WA ERT 2 4G OREOEEZ EDLH T LA TE
%o —MEIC, TIHEMBCTIIBEEROEMEZ R v
OB 2 RET L, SANT VAETVEHEMT S L,
AT & RO R % el o A D%
HEforoFEcERILL, £t LA LTRSS T 5
VENH D, Bl 2L, EMF TId# 7% 2 H¥E o mAE
ZHWLY4E, JEROEF EHAL%Z “chemical value” 12
WAL ChiZ, BAOREORARLE ) B ToORE
DOTEHEZ M#ET H2MAMAZRELTWVDY, F 7
ISO 22095 Clx, 7 LYy MELLTRANT VY AET
WA BUT 2 A OFED & #ILE X OB O Fikh5E
ASNTWD, 72721, HLETTHKE LTHHMR
EATINRENTVEDRTH D, T, VAT LB
ROBENTFEIZLY ¥ AT 2~D AN DBZEALT 575,
ISO 22095 TIER ANT Y AEF VOB S L % 5
VAT ABFIZOWTHEE IR TRV, JFR L% D
TS DR EHL B IE U YN Y A 7 A B R % R
L, YA7 AR U2EAOREoERILS X OE 5
FHEWRT D EHPLETH S,

B&CETIVIZ, A OFMEZ ML TR TE
LREIEIRANG Y RAETNVEBEBL TWEH, FHD
B RBEOWMEN ZRAP LY DB T LYy
FELTEIESNDHARES R LD, LELEDDS,
COMFDEFTINORBINAIER 2 S v, Bl 21T
ISO 22095 Cid, B&CEFNVAZ#M L-TROB & L
THETRIAVE-CRELLZ) -y BHE2ET
TWwb, HEENZ) — BN E L TEHEMN & THRA
L7728 L, REHFEEF I & ORI 2 FA 6
IANVF—THRET I, Rer2BEFEE,»HI L
Ty e LTHAT S, BIZIET AV A TIX1997 4E A
5 Green-e Energy & LT, HAKREPMTIX2001 4 A
L7 = VENFEFEE LT, FhENER S TW
Bo T2 LIHBEDEBRIHHT2EEEES) v
FALEAG SN TEY, KUBEHHKOET) & X
T5HIENTERV, IS0 22095 TiE, D& ) IR
WhHs g, 7 LTy MGIOTH R AL A 2 il S
NTVLEHEIEIBE&CEFNVOBHAPLE L WE L TW
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%o )5, Alexander 5% 13 FEE & B NZ % 300
L7z kT, 7V —=VEHIOWYIFP R ANT Y AE
ThOHIE LTHEIT Wb, 7)) — 2 ENPB&CET
VT FbNIEEGED DL LERDTDH L D00, [H
U RICHEBDET IV &L TEO 2 BRIPAAEL TH
D, RANT Y AETINEB&CETFNOXFIAMERT
HHEZEERITBILEZL ). F72, BHHNGO LY
RN S T T A4 VRGBS O W T B o
HHETLIHEICDOR, TROLOTHREMDEO T
ANG VAETIVEHRATE, FFIELZVWIEEICE
B&CEFNEFHTRE LT HIERMIH LY, WET
W ED X IZXB LEWGIT T 2, amds %
Thbo

4. BHYIC

AFETIE, TEMEBEORE RSN L GER»EL
RANTG Y AETIVERDY LY, ZOREELECoCET
WELTOESR, TEMEICBT b LZ0M
HZHW Lo v~ ANT Y AEF VI - 2 REETE
(&, EIENNC B TR UG BR O AL R B AT O I
WICEHERT & 52—, LEMB~NO#EHEZZ 256
W, BEFERIEBVW TG RER RS Tw 5
EIEFBVHEVIRRTH L, 7T AF v 7 H-HUAO T
EMENOBHEZZWEIZ, YANT VY AETFTIVOEH
T LaEAR T, B R WIH 2 D, EA OO
B TiEB L O B&CE TV & DX % BIREAL L 728 —
W= ANTG Y AETFVOFEGmOELILE NS,
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On the Extraordinary Low Quench Sensitivity of
an AlZnMg Alloy*
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The scope of this work was to investigate the quench sensitivity of a high-purity wrought aluminum alloy
Al-6%7Zn-0.75%Mg (in this work called 7003pure). This is compared to a similar alloy with the additions of
Fe, Si, and Zr at a sum less than 0.3at.% (in this work called 7003resiz:). Differential scanning calorimetry
(DSC) was used for an in situ analysis of quench induced precipitation in a wide range of cooling rates
varying between 0.0003 and 3 K/s. In 7003pure, three main precipitation reactions were observed during
cooling, a medium temperature reaction with a distinct double peak between 325 and 175 C and a very
low temperature reaction starting at about 100 C. An additional high temperature reaction related to
the precipitation of Mg,Si starting at 425 C has been observed for 7003resiz. In terms of hardness after
natural as well as artificial aging, alloy 7003pure Shows a very low quench sensitivity. Hardness values
on the saturation level of about 120 HV1 are seen down to cooling rates of 0.003 K/s. The as-quenched
hardness (5 min of natural aging) shows a maximum at a cooling rate of 0.003 K/s, while slower and faster
cooling results in a lower hardness. In terms of hardness after aging, 0.003 K/s could be defined as the
technological critical cooling rate, which is much higher for 7003resizr (0.3-1 K/s). The physical critical
cooling rates for the suppression of any precipitation during cooling were found to be about 10 K/s for
both variantsthe development of the very low temperature reaction seen by DSC and indicates a direct
hardening contribution of the phase/particles precipitated during the this reaction upon cooling. High
resolution scanning transmission electron microscopy reveals an enormous number density of clusters or
GP zones with dimensions of about 3 to 5 nm after cooling at 0.003 K/s and additional natural aging. The
physical critical cooling rate for the complete supersaturation of the solid solution was found to be about
10 K/s for the both variants.

Keywords: quench sensitivity, differential scanning calorimetry (DSC), Al-Zn-Mg alloy, 7003, continuous
cooling precipitation, STEM

1. Introduction

Alloys from the system Al-Zn-Mg (7000 series
alloys) combine high strength with low weight as well
as good formability, which are important features for
applications in the transportation industry, such as
aerospace, automotive, or trains " ?. To adjust the

strength of 7000 series alloys, the heat treatment

precipitation hardening consisting of solution
annealing, quenching, and aging is conducted ?.
During solution annealing, the alloying elements are
being dissolved and homogeneously distributed in the
aluminum matrix followed by a more or less rapid
quenching to room temperature. The latter typically
aims to result in a fully supersaturated solid solution.

In the last step, the material will be aged to promote

* This paper was reprinted from J. Mater. Sci. 56 (2021), 20181-20196.
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the formation of a high number density of nanoscaled
precipitates. These hinder dislocation glide and
thereby significantly increase the yield strength. In
this process, quenching is a critical technological step.
On the one hand, quenching has to be fast enough to
fully suppress precipitation during cooling to achieve
high strength after aging. On the other hand, excess
residual stresses and distortion due to rapid
quenching must be avoided. The reduction in
properties (e.g., strength, ductility, toughness,
corrosion resistance) due to falling cooling rates (ie.,
quench-induced precipitation) is described by the
term quench sensitivity ¥~ 9.

In 1965, Baba applied for a patent for an Al-Zn-Mg
alloy with zirconium added instead of chromium. He
developed Al-Zn-Mg alloys with zirconium added for
the first time named Sumitomo Alloy ZK47, ZK141.
These alloys have been put into practical use as 7N0O1
(now 7204). In 1967, Sumitomo Alloy ZK60 (now 7003)
was developed with a reduced amount of Mg and

7~9

improved extrudability ?~%. It can be extruded with

direct air-cooling at press-outlet to obtain medium-

19=19 This alloy has been registered with

strength
AA (The Aluminum Association) as 7003 in 1975.
Zirconium was added for the first time instead of
chromium as a dispersoid forming element® ?. Finally,
it was used for Series 200 Shinkansen structures as
well as motorcycle frames and rims. Yoshida et al.
investigated the relationship between the ingot
homogenization conditions and mechanical properties
of zirconium added alloys . It was found that the
addition of approximately 0.2mass% zirconium
improves the strength and stress corrosion resistance.
Zirconium as an alloying element leads to the
formation of spherical dispersoids AlsZr during
homogenization. However, this results in a higher
quench sensitivity since the crystal-lattice misfit
between the aluminum matrix and dispersoids favors
the precipitation of »-MgZn, during cooling.
Meanwhile, AlsZr dispersoids are reported to act as
nucleation sites for quench-induced z-MgZn, or
n-Mg (Zn,Cu,Al), formation in multiple AlZnMg(Cu)
alloys at least in the case that they have an
incoherent interface with the matrix ¥ % 19 The
addition of iron and silicon to 7003 results in coarse

intermetallic particles enriched in Al, Si, and Fe 7,

which likely form as primary particles in the melt.
Those types of intermetallic particles are also known
to act as nucleation sites for quench-induced
precipitates at high temperatures for a broad range
of technical Al alloys®, particularly 8-Mg»Si nucleates
on these coarse Al-Si-Fe-rich intermetallics '”.

In Ref. 8), Baba also reported on the Vickers
hardness of a “pure” variation of alloy 7003
containing only the alloying elements magnesium and
zinc. He observed a very low quench sensitivity, as
this “pure” alloy reached about 94% of the maximum
hardness for slow cooling (0.025 K/s) from the solution
annealing temperature compared to water quenched
samples after artificial aging at 120 C ®. Later,
Yoshida et al. found that in this “pure” alloy under
certain conditions, the hardness of furnace cooled
samples is even higher than that of water quenched
samples 9.

The scope of this work is to further investigate the
quench sensitivity and the mechanism of quench-
induced precipitation (QIP) of this high wrought
purity aluminum alloy Al-6%7Zn-0.75%Mg (7003,..) in
comparison with a variant with the additions of Fe, Si,
and Zr. Differential scanning calorimetry (DSC) is
accompanied by hardness tests as well as extensive

micro- and nano-structural investigations.

2. Materials and methods

The alloy 7003,..c was produced by the UAC],
Japan. Samples for this work were prepared out of an
extruded rod with a diameter of 20 mm and a length
of 200 mm. After casting, the material was
homogenized at 500 C for 8h, and extrusion was
done after heating to 400 C. Table 1 shows the mass
and atomic fractions of the alloying elements in the
7003,.c samples as determined by optical emission
spectroscopy (OES).

In addition to the comprehensive investigation on
7003,., at some points, a direct comparison with a
commercially extruded profile 7003pesiz: will be
discussed. The main difference between both alloys is
the amount of Fe, Si, and Zr (in sum less than 0.3at.%,
see Tables 1 and 2).

DSC cooling experiments were performed and

evaluated regarding the specific excess heat capacity
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Table 1 Fractions of alloying elements in 7003pure according to optical emission spectroscopy.

Si Fe Cu Mn Mg Cr Zn Ti Zr Al

mass% 0.01 0.02 <0.01 <0.001 0.77 <0.001 6.1 <0.01 - bal.

at.% 0.01 0.01 <0.01 <0.001 0.89 <0.001 261 <0.01 - bal.
Table 2 Fractions of alloying elements in 7003resizr according to optical emission spectroscopy.

Si Fe Cu Mn Mg Cr Zn Ti Zr Al

mass% 0.11 0.2 0.01 - 0.68 - 5.56 0.02 0.17 bal.

at.% 0.11 0.1 0.00(4) - 0.78 - 237 0.01 0.05 bal.

according to Ref. 19). The cooling rates were varied in
a wide range from 0.0003K/s to 1 K/s to
comprehensively analyze the solid-solid phase
transformation behavior. The following three different
DSC devices were used to cover this enormous
cooling rate range by in situ cooling DSC along with
each specific sample size and sample mass:

e Setaram C600 (heat flow DSC): @ 13.8 X 60.5 mm ~
24,700 mg

e Setaram Sensys & DSCI121 (heat flow DSC): @ 6 %
21.65 mm ~ 1700 mg

e Perkin Elmer Pyris Diamond (power compensated
DSC): @ 6.4 x 1 mm ~ 90 mg.

In the case of the faster cooling rates realized in
the Perkin Elmer Pyris Diamond DSC, linear cooling
was done down to -50 C, while slower cooling
experiments ended at about 20 C.

To obtain additional information on the effect of
varying cooling rates on the subsequent mechanical
properties, Vickers hardness tests HV1 (ISO 6507)
were carried out using a Shimadzu type HMV-2
micro hardness tester on the solution annealed and
quenched samples as well as in aged conditions.
“As-quenched “-condition means about 5 min after the
end of cooling. The hardness was tested after 7, 28,
245, and 365 days of natural aging. Additionally,
artificially aging, ie. cooling from solution treatment
at distinct rates, for 5 min at room temperature and
aging at 120 C for 24h was compared. Samples for
the hardness tests and microstructure investigations
were solution annealed and quenched in a Perkin
Elmer Pyris Diamond DSC (cooling rates: 0.0003-1 K/
s). Faster cooling was achieved with a Bihr DIL 805
A/D quenching dilatometer (cooling rates: 3-100 K/
s). For this purpose, cylindrical samples with a
diameter of 64 mm and a length of 1 mm were used.

To analyze the changes in the microstructure related

to the reactions detected in DSC, optical microscopy
(OM) as well as scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS) were
performed. The heat-treated samples were cold-
embedded in epoxy resin and then mechanically
ground and polished with water-free lubricants. The
final polishing was done with a 0.05um polishing
suspension. The polished samples were rinsed and
etched as per Weck (4 g potassium permanganate
KMnO,, 1 g caustic soda NaOH, 100 ml water H»0) %,

The SEM samples were analyzed by a field
emission SEM (MERLIN®VP Compact, Co. Zeiss,
Ober-kochen, Germany) equipped with an EDS
detector (XFlash 6/30) and analysis software
(Quantax400, Co. Bruker, Berlin, Germany). The
embedded and polished samples were mounted on
the SEM carrier with adhesive conductive carbon and
aluminum tape (Co. PLANO, Wetzlar, Germany).
SEM-secondary electron (SEM-SE) images were
obtained using a high efficiency Everhart-Thornley-
type HE-SE detector at 5kV acceleration voltage.
Representative areas of the samples were analyzed
and mapped to determine the elemental distribution
on the basis of the EDS spectra data by the
QUANTAX ESPRIT Microanalysis software (version
2.0). The acceleration voltage for the EDS analysis
was set to 20 kV.

A Bruker Discover D8 X-ray diffractometer was
applied to identify relevant phases after very slow
cooling at 0.0003 K/s. The diffractometer was
equipped with a Cu K « source of wavelength 0.15406
nm using 40 kV and 40 mA. In detail, a step size of
0.04° with a measuring time per angular step of 1.4 s
from 20 to 120 C was set to collect the data.

The nanostructure of the slowly cooled and
naturally aged samples was investigated in an

analytical, probe aberration corrected scanning
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transmission electron microscope (STEM) JOEL JEM-
ARM200F NEOARM equipped with a cold field
emission gun operated at 200 kV acceleration voltage.
Images were acquired by a high-angle annular dark
field detector (HAADF), and the chemical composition
of relevant features were analyzed by a JEOL
energy-dispersive X-ray (EDS) detector with an area
of 100 mm?

For TEM, a thin disk of about 300 um thickness
was cut from the DSC sample by a diamond precision
saw. This disk was ground and polished to a
thickness of about 80 nm. The final electrolytical
thinning was done by a STRUERS Tenupol 5
operated at -30 C using an electrolyte consisting of
65-85% ethanol C.HeO, 10-15% 2-butoxy-ethanol
CeH140,, and 5-15% water H0.

3. Results and Discussion

3.1 Quench-induced precipitation analyzed by in
situ cooling DSC

Fig. 1 shows the DSC mean curves from multiple

cooling experiments after annealing at 450 C for

120 min (Setaram C600) or 60 min (Setaram Sensys

DSC, Setaram DSCI121 and Perkin Elmer Pyris

Diamond DSC), respectively, over the broad dynamic

range of four orders of magnitude from 0.0003 K/s to
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Fig. 1 Selected DSC cooling curves of 7003pure covering
four orders of magnitude of cooling rates from
0.0003 to 1 K/s.

1 K/s for 7003, In terms of cooling durations, this
means a variation of cooling from 450 to 25 C within
a range of about 16 days to just 7min. The DSC
curves are shifted above each other starting with the
slowest cooling rate on top. For each DSC curve, its
own zero level is plotted as a dotted straight line.
Deviations of the DSC curve above the zero level
indicate exothermic precipitation reactions. For
7003, DSC reveals two main temperature regions
of QIP:

e Medium-temperature precipitation (MTR)
occurring in a double peak event from about 330 T to
175 C and

e A very low-temperature precipitation (VLTR)
from about 110 C down to 10 C.

As seen by the decreasing peak area, which is
quantified as the specific precipitation enthalpy,
plotted in Fig. 3(a), the MTR reactions are
increasingly suppressed with increasing cooling rate.
By cooling at 0.0003 K/s, the MTR releases a specific
precipitation enthalpy of nearly 7 J/g. When cooling
at 003 K/s, just a little more than 0.1 J/g (detection
limit %) is released, and the reactions are virtually fully
suppressed at 0.1 K/s.

The precipitation enthalpy of the VLTR starting
from about 3 J/g at 0.0003 K/s first slightly increases.
During cooling at 0.001 and 0.003 K/s, the VLTR
releases about 35]/g. At 0.003K/s, the MTR is
already suppressed to a wide extent. This indicates
that the MTR and the VLTR compete on the same
alloying element atoms. At a cooling rate of 1 K/s, the
VLTR in 7003, still releases about 0.3 J/g, ie. from
DSC, it is seen that the critical cooling rate for a
complete suppression of QIP is above 1K/s for
7003 pure-

At this point, a side aspect from the DSC
methodology should be discussed: each individual
DSC device has its own upper and lower cooling rate
limit ®. At cooling rates close to its upper cooling rate
limit, at a certain temperature the DSC will lose
control about the programmed cooling rate and
cooling will proceed slower afterward. Subsequent to
this loss of control, only heat flux DSCs are still able
to measure a heat flow signal. In most of our previous
research (e.g.®), we cut off the nonlinear parts due to

multiple reasons. One reason is that typically the
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programmed cooling rate is taken as the value for the
normalization of the heat flow toward the unit of heat
capacity. This normalization allows the different
scanning rates to be compared. Taking the above
considerations, it is a challenge to analyze the VLTR
by DSC, and it is noteworthy that we, here, used the
true, effective cooling rate (derivative of the sample
temperature) for normalization. The temperatures
where cooling switches from linear cooling to
nonlinear cooling are identified by an asterisk in Figs
1 and 2. From Fig. 1, it can be seen that we did the
cooling experiments at 0.003 and 0.1 K/s in two
overlapping DSC devices. Generally, a good match of
the DSC curves at rates covered by the two devices
is found. The noise level is, as usual, better for the
device-specific fast cooling rate. Considering the
VLTR peak, the slight differences that occur between
the two used DSC devices are obvious. Basically, the
DSC, which loses temperature control before the
VLTR, measures a higher peak maximum and peak
area. This is reasonable, as the slower cooling should
result in a more pronounced precipitation reaction as
more time is available for the diffusion to occur.
Summarizing this part of the discussion, we consider
it reasonable to allow for non-linear cooling at faster
cooling rates and low temperatures in heat flux DSCs
in order to assess such low temperature processes
like the VLTR. This might be considered for the
future design of cooling DSC experiments.

Fig. 2 plots the DSC cooling curves of 7003pcsiz-
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The DSC data given in Fig. 2 have been published
before '7; however, here, we re-evaluated it to present
an enlarged temperature range and an improved
assessment of the VLTR. The addition of Fe, Si and
Zr in a sum less than 0.3at.% obviously makes a huge
impact on the QIP. This is seen from two aspects:

¢ Firstly, an additional high-temperature reaction
HTR (about 410 to 310 C at 0.01 K/s) is seen in
7003resiz. This reaction refers to the precipitation of
B-Mg.Si'” and, thus, is directly linked to the addition
of Si.
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Fig. 2 Selected DSC cooling curves for 7003resizr in a
range of cooling rates from 0.01 to 3 K/s.
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Fig. 3 7003pure (a) hardness after cooling and specific precipitation enthalpy as a function of cooling rate, (b) hardness as a
function of cooling rate at various natural aging durations as well as after artificial aging at 120 C for 24 h.
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e Secondly, it is found that in 7003fesiz:, the MTR
are present at much faster cooling rates compared to
7003,.re, particularly also at cooling rates at which the
MTR are already fully suppressed in 7003,ure.

Next to these differences, there are also some
aspects of QIP that are highly similar for both
variants of 7003: the MTR is seen as double peak
events also in 7003resiz, and also the VLTR is seen in
both alloys. The addition of Fe and Si adds coarse
intermetallic particles enriched in Al, Si, and Fe '?,
which likely form as primary particles in the melt.
Those types of intermetallic particles are known to
act as nucleation sites for coarse equilibrium phase
QIP at high temperatures for a broad range of
technical Al alloys ®. In the case of 7003rcsizr,
particularly B-Mg»Si nucleates on these coarse Al-Si-
Fe-rich intermetallics '”. Beyond that, the addition of
Zr results in the formation of AlZr dispersoids in
7003¢csize 17, obviously leading to an acceleration of
QIP at temperatures above 200 C. As a result, the
VLTR is much less pronounced in 7003p.s;z- compared
to 7003,ue. Such VLTR has also been reported earlier
for other Al-Zn-Mg alloys like 7020 and 7021?22, and
hints for such a VLTR have also been found for
higher concentrated Al-Zn-Mg-Cu alloys ® 2V,
However, as all of the latter are technical alloys and
particularly contain dispersoids forming elements,
such a pronounced VLTR has never been seen as in
7003 pure-

Also, in Fig. 2, one further aspect of the DSC
methodology must be discussed: It is seen that the
DSC signal at slow cooling does not start at the zero
level (marked by a hash). This might be related to
two different aspects: Either it could indicate a real
instant precipitation reaction ' or it might be related
to a metrological DSC artifact. The latter might result
from e.g. a slight variance in the surface color of the
used DSC crucibles ®. At high temperatures, part of
the heat between the sensor and sample is exchanged
by radiation. The surface color of the used crucibles
influences the radiation emission and uptake of the
sample. Here, we refrain from going deeper into this,

as it does not influence the main conclusions.

3.2 Hardness and aging behavior
Fig. 3(a) plots the specific precipitation enthalpies

(integrated DSC peak areas) of the MTR and the
VLTR separately as well as in total for 7003, Fig.
3(b) shows the hardness in the as-quenched condition,
in naturally aged conditions after various aging
durations, and after artificial aging (20 C for 15 min +
120 C for 24 h).

From the as-quenched hardness in Fig. 3(a), a
substantial increase in hardness due to QIP is seen at
rates of about 3 to 4 orders of magnitude below the
full suppression of QIP. The maximum hardness in
the as-quenched condition is found after cooling at
0.003 K/s to be about 70 HV1. At this cooling rate, the
precipitation enthalpy of VLTR is about at its
maximum, while the MTR is already suppressed to a
great extent. As the precipitation enthalpy is
proportional to the volume fraction precipitated by a
certain reaction, it can be concluded that at a cooling
rate of 0.003 K/s, a substantial fraction of precipitates
is formed during the VLTR, which gives a direct
hardening effect. The as-quenched hardness from
0.003 K/s toward faster cooling is decreasing due to
an increasing suppression of the VLTR, which is also
seen from the DSC curves and the evaluated
precipitation enthalpy. The hardness in the
as-quenched condition reaches a constant minimum
level of about 37 HV1 for cooling at 10 K/s or faster.
We conclude from that on a physical upper critical
cooling rate (uCCR), which is the minimum cooling
rate to achieve a complete suppression of any QIP of
10 K/s. That is a fully supersaturated solid solution is
achieved after quenching with 10 K/s or faster only.

Considering the hardness after additional natural
aging (Fig. 3(b)), from slowest toward faster cooling, a
steep increase is seen until the cooling rate of
0.003 K/s, at which the hardness in the as-quenched
condition reached its maximum. At faster rates, the
hardness remains at about a constant level, which
increases with prolonged duration of natural aging.
After 245 days, the full aging potential of about
120 HV1 seems to be achieved. The hardness after
15 min of natural pre-aging at 20 C and subsequent
artificial aging at 120 ‘C for 24 h shows a similar
behavior. Interestingly, the hardness level is slightly
lower than after prolonged natural aging and, in
particular, is only reached for cooling at 0.01 K/s or

faster.
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function of cooling rate at various natural aging durations as well as after artificial aging at 120 C for 24 h.

Fig. 4 shows the precipitation enthalpy as well as
the hardness after natural and artificial aging as a
function of cooling rate for 7003rcsiz. Also, for this
alloy, a slight peak in the as-quenched hardness is
found. It is located at cooling rates about 0.01 to
0.1 K/s, at which DSC indicates the maximum of the
VLTR. However, the direct hardening effect of the
QIP here is way smaller compared to 7003,... The
hardness after natural aging shows a saturation level
for cooling at 0.1 K/s and faster. The saturation
plateau for hardness after artificial aging is only
reached by cooling at 10 K/s or faster. That is, for
7003pesizr, QIP causes negative effects in any case
considering the hardness after artificial aging. In
contrast, for 7003, QIP has virtually no detrimental
effect on the hardness for a wide range of cooling
rates. The substantial difference can largely be
attributed to the acceleration of QIP by the addition
of Fe, Si, and Zr and, thereby, the addition of coarser
heterogeneous nucleation sites.

A basically similar direct aging effect of quench-
induced precipitates has previously been found in
Al-Zn-Mg-Cu alloys ®~®. The high aspect ratio Y
phase platelets, enriched in Cu and Zn, was found to
contribute about 50 to 100 MPa to the ultimate tensile
strength in certain conditions slower cooled than the
alloy specific uCCR of 300 K/s. In 23), it was revealed
that the Y phase is related to precipitation during

cooling in a temperature range of about 270 to 150 C,

which is much higher compared to the VLTR seen in
the case of 7003,... It is thus likely that the direct
hardening effect of quench- induced precipitation
seen in 7003 is caused by another type of phase.

One important general aspect of precipitation
during age hardening should be addressed: according
to text-book knowledge (e.g.® %), quenched-in and,
thereby, supersaturated vacancies play an important
role for the diffusive mass-transport during the
process of precipitation. From this work, it can be
seen that precipitation during natural aging after
very slow cooling has a very similar kinetic behavior
compared to a preceding fast quenching. This raises
the question of whether a certain critical cooling rate
specifically valid for the supersaturation of the matrix
by quenched-in vacancies exists. However, the aspect
of the kinetics of vacancy supersaturation by
quenching is not sufficiently understood and should

be analyzed in future work.

3.3 Micro- and nanostructure

Fig. 5 gives an overview on the QIP visible in OM
for 7003, at various cooling rates ranging from
0.0003 to 0.1 K/s. It can be seen that the coarse
precipitates formed during cooling decrease in size
with increasing cooling rate. At slow cooling rates,
the precipitates grow to sizes of a few microns and
even up to few tens of microns at grain boundaries.

Fig. 6 highlights some distinct features of coarser
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precipitate morphology, location
and alignment/disposal:

on grain boundaries

polygonal shaped with
low aspect ratio inside grains

elongated needles or plates
— mind the identical orientation
inside one grain

string-like disposal

Fig. 6 Highlighting some specific features of coarse quench-induced precipitates in 7003pure cooled at 0.001 K/s.
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quench-induced precipitate particles, their location,
and morphology. As common for most Al alloys ,
coarser quench-induced precipitates are present at
grain boundaries and inside the grains much more
frequently. Inside the grains, QIP occurs in two
distinct morphologies: polygonal precipitates with a
low aspect ratio as well as elongated rods (which
potentially are plates), which have much larger aspect
ratios. The rod-shaped particles appear to grow in
distinct directions of the Al matrix lattice, as they
often are seen parallel or perpendicular to each other
within one specific grain.

With the increased magnification of scanning

-0.0003 K/s

0.003 K/s

0.03 K/s

electron microscopy, some smaller precipitates (sub-
micrometer scale) next to the coarse precipitates (um
scale) can be seen in the grain interior, which
particularly holds for the slowest investigated cooling
condition of 0.0003 K/s (see Fig. 7). They are hardly
seen at faster cooling rates in SEM. On samples
cooled at 0.03 and 0.1 K/s, it appears that this finer
level of QIP is localized. Particularly around the
coarse QIP, a depletion of such finer particles is seen,
giving an impression of the area or depleted
concentration of the alloying element atoms resulting
from the diffusion field from which the coarse

particles have grown. The radius of the diffusion field

0,001 K/s

0.01 K/s

Fig. 7 SEM secondary electron images after continuous cooling of 7003pure at various rates.
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Fig. 8 Interrupted quenching method and images from optical microscopy of 7003pure after interrupted quenching method;

etched with Weck's reagent (4 s).

is on the order of a few microns at 0.03 and 0.1 K/s.
To gain more evidence of which types of particles
grow during the precipitation events in DSC, some
slow cooling experiments were interrupted shortly
after the first peak of the MTR is passed (see the
schematic illustration in Fig. 8). Samples were cooled

slowly until 280 C followed by an overcritical

quenching at 5 K/s (overcritical in terms of the MTR).
From the OM images, it can be seen that the higher
temperature part of the double MTR peak refers to
grain boundary precipitation and precipitation of low
aspect ratio particles inside the grain. The elongated
particles with a larger aspect ratio are precipitating

primarily during the lower temperature part of the
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Fig. 9 SEM SE image and corresponding EDS-maps of the Zn and Mg distribution in coarse quenched induced precipitates

in 7003pure after slow cooling at 0.0003 K/s.

MTR. However, it is obvious that both parts are
greatly overlapping. A very similar precipitation
behavior has been reported earlier for the QIP of
diamond cubic Si in a pure binary Al-0.72%Si alloy. In
that case, Si at higher temperatures precipitated as
polygonal particles with a low aspect ratio, while the
same phase precipitated as thin plates with a largely
increased aspect ratio at lower temperatures % %"

The SEM-EDS in Fig. 9 clearly indicates an
enrichment in Mg and Zn for all types of coarse QIP
from slow cooling at 0.0003 K/s. Additional XRD
analysis (spectra not shown) of a sample cooled at the
same rate gives evidence for the presence of the -
MgZn,; phase, which might contain different Al
content, as has been discussed in several studies %),

STEM analysis was done on a 7003,.,. sample
cooled at 0.003 K/s to room temperature. The cooled
sample was aged at room temperature for about
9 months before a TEM foil was prepared from it.
From the HAADF-STEM images in Fig. 10, an
enormous number density of nanoparticles is seen.
The nanoparticles appear globular, and their
diameters are found to be about 2 to 4 nm. STEM-

EDS revealed an enrichment in Zn and Mg also for

the clusters, while Al is depleted. As the sample was
naturally aged for some months prior to the TEM foil
preparation, the structures seen are a result of
cooling and aging. However, as the hardness directly
after cooling shows a peak, one can assume that they
have partly grown during cooling.

As a summarizing result, a continuous cooling
precipitation diagram for 7003,,. can be constructed
from the DSC, hardness, and microstructures (Fig.
11). The separation of the double peak during the
medium temperature reaction is plotted with a
dashed line, as it is hard to determine due to the
overlap of the two reactions involved. Additionally,
the uCCR of the very low temperature reaction is
estimated by the hardness results for a cooling rate of
10 K/s. That is, when the hardness after artificial
aging does not increase with increasing cooling rate,
the very low temperature reaction should be
suppressed completely.

The continuous cooling precipitation diagram for
7003rcsizr is shown in Fig. 12. It contains Mg»Si
precipitation as a further HTR. Only clearly
determinable reactions were drawn with a solid line.

Uncertain reaction temperatures due to the severe
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Fig. 13 compares the total specific precipitation

enthalpies released during cooling and the hardness

after subsequent aging for four Al-Zn-Mg(-Cu) alloys.
These four alloys are largely different in the
concentration of the main alloying elements as well as
elements forming primary precipitates and
dispersoids (for details on the alloys 7085w cu and
70751 see Refs. 6) and 30)). Therefore, the amount of
nucleation sites for coarse heterogeneous nucleation
of quench-induced precipitation differs. It is seen that
the alloy 7075; might lead to maximum possible
hardness values, but this is only true if very fast
cooling at about 300 K/s can be applied. 7085, c. and
especially 7003,4,re come along with slower
precipitation kinetics during quenching, which results
in higher strength at lower cooling rate ranges. This
might be important if the cooling rate is restricted
due to technological reasons (thick components or for

distortion control).

4. Conclusions

Based on in situ cooling DSC covering four orders
of magnitude in cooling rate (0.0003 to 1 K/s) and
correlative hardness testing as well as structure
analysis by optical and electron microscopy on an
Al-6%7Zn-0.75%Mg alloy without (7003;.r) and with

minor additions of Fe, Si, and Zr (7003pcsiz:), we
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conclude the following:

e Quench-induced precipitation (QIP) in 7003,y
happens in two distinct main reaction temperature
regions: a medium temperature reaction (MTR, about
330 C to 175 C ) and a very low temperature reaction
(VLTR, about 110 C to 10 C ); for cooling rates faster
than 0.003 K/s, the majority of the transformed
enthalpy is released by the VLTR. Such a VLTR has
been seen for other alloys before, but is much more
pronounced in this alloy.

e Small additions of Fe, Si, and Zr (in sum less than
0.3at.%) have a severe influence on the QIP: the
addition of Si adds the sequence of Mg»Si seen as an
additional high temperature reaction in the DSC for
7003rcsiz. and by adding additional nucleation sites
(as coarsepotentially primary - Fe-, Si-rich
intermetallics or as AlsZr- dispersoids). In particular,
the AlZr dispersoids, which were already previously
known as nucleation sites for the QIP of the
n-Mg(Zn,Al);-phase, accelerate its precipitation and,
thus, substantially increase the quench sensitivity.

e The MTR originates from the superposition of
two largely overlapping reactions. It is most likely
that these different contributions originate from the
precipitation of the same »-Mg(Zn,Al);-phase
precipitating from different nucleation sites and in
different morphologies. At slightly higher
temperatures, the 7-Mg(Zn,Al).-phase precipitates on
grain boundaries and inside the grains as polygonal
shaped particles with a low aspect ratio. At slightly
lower temperatures, precipitation of the
n-Mg(Zn,Al);-phase occurs in rod-shaped particles
with a largely increased aspect ratio. In all cases, the
n-Mg(Zn,Al),-phase particles reach dimensions
ranging from several tens of microns down to some
hundreds of nm depending on the cooling rate.

e The VLTR refers to the formation of a huge
particle number density of nanoparticles. Those
apparently are globular with a diameter of about 3 to
5 nm after cooling at 0.003 K/s and additional natural
aging for some months. Those quenched-in
nanoparticles gain a substantial direct hardening
contribution, and the hardness in the as-quenched
condition shows a maximum at 0.003 K/s.

e For 7003,. in a broad range of cooling rates
(0.003 to 10 K/s), the QIP is found to cause no

negative effect on the hardness after natural aging.
For this alloy, the hardness after natural aging for
9 month or longer is found to be on the saturation
level of about 120 HV1 for cooling rates above
0.003 K/s (i.e., cooling durations shorter than about
40 h). Therefore, for this alloy, we distinguish a
technical critical cooling rate (tCCR, in terms of
hardness) to be 0.003 K/s, while a full supersaturation
of the solid solution is reached with the physical

upper critical cooling rate of 10 K/s.

Acknowledgements

The Jeol NeoARM STEM was funded by the
German Research Foundation (Deutsche
Forschungsgemeinschaft) DFG INST 264/161-1
FUGG.

Dr. Carsten Kreyenschulte and Dr. Markus Frank
are gratefully acknowledged for their help with the

electron microscopy analysis and related discussions.

Author contribution

BM and CR conceived the experimental plan. MMN
produced the material under the guidance of HY and
KY; CR did the DSC analysis; AS did the SEM
analysis; KO and BM did the STEM analysis; all
authors contributed to the discussion of the data. BM
and CR wrote the raw manuscript; OK did the final
revision. All authors approved the final version of the

manuscript.

REFERENCES

1) T. Dursun and C. Soutis: Mater. Des. (1980-2015), 56 (2014),
862-871.

2) J. Shin, T. Kim, D. Kim, D. Kim, K. Kim: J. Alloys Compd.
698 (2017), 577-590.

3) I. J. Polmear: Light alloys: from traditional alloys to
nanocrystals, 4th edn. Elsevier Butterworth-Heinemann,
Amsterdam (2006).

4) P. A. Rometsch, Y. Zhang, S. Knight: Trans Nonferrous Met.
Soc. China, 24 (2014), 2003-2017.

5) K. Strobel, M. A. Easton, L. Sweet, M. ]J. Couper, and N. F.
Nie: Mater. Trans., 52 (2011), 914-919

6) B. Milkereit, M. J. Starink, P. A. Rometsch, C. Schick, O.
Kessler: Materials, 12 (2019)

7) H. Yoshida: Proceedings 12th international conference on
aluminum alloys, The Japan Institute of Light Metals,
Yokohama, Japan, (2010), 54-61.

8) Y. Baba: J. Jpn. Inst. Met,, 31 (1967), 910-915.

UACJ Technical Reports, Vol.10 (1) (2023) 73



74  On the Extraordinary Low Quench Sensitivity of an AlZnMg Alloy

9) Y. Baba: Trans. JIM, 11 (1970), 404-410.

10) Y. Baba and H. Yoshida: Recent development of 7003
extrusion alloy. Proceed Second Int Aluminum Extrusion
Technol Semin 1 (1977), 301-306

11) Y. Baba, T. Fukui, A. Takashima and S. Terai: 6th
international conference on light metals-Leoben/Vienna,
(1975), 99-101

12) Y. Baba, T. Fukui, A. Takashima: J. Japan Inst. Light
Metals, 24 (1974), 25-35.

13) Y. Baba: Sumitomo Light Metal Tech. Rep., 41 (2000), 91-121.

14) H. Yoshida and Y. Baba: J. Japan Inst. Light Metals, 31
(1981), 20-29.

15) Y. Zhang, C. Bettles and P. A. Rometsch: J. Mater. Sci., 49
(2014), 1709-1715.

16) T. A. Pan, Y. C. Tzeng, H. Y. Bor, K. H. Liu and S. L. Lee:
Materials Today Communications, 28 (2021), 102611.

17) A. Lervik, C. D. Marioara, M. Kadanik, J. C. Walmsley, B.
Milkereit and R. Holmestad: Mater. Des., 186 (2020), 108204.

18) H. Yoshida, T. Watanabe and H. Hatta: Mary Wells MB (ed)
16th International Conference on Aluminium Alloys,
Montreal, Canada. METSOC.org, (2018), paper 393778.

19) R. H. Kemsies, B. Milkereit, S. Wenner, R. Holmestad and O.
Kessler: Mater. Des. 146 (2018), 96-107.

20) E. Weck and E. Leistner : Metallographische Anleitung zum
Farbidtzen nach dem Tauchverfahren Teil III:

Nichteisenmetalle, Hartmetalle und Eisenwerkstoffe.
Deutscher Verlag fiir Schweisstechnik, Disseldorf, Nickel-
Basisund Kobalt-Basis-Legierungen (1986).

21) Y. Zhang, B. Milkereit, O. Kessler, C. Schick and P. A.
Rometsch: J. Alloys Compd., 584 (2014), 581-589.

22) B. Milkereit, M. Osterreich, P. Schuster, G. Kirov, E.
Mukeli and O. Kessler: Metals, 8 (2018), 531.

23) Y. Zhang, M. Weyland, B. Milkereit, M. Reich, P. A.
Rometsch: Sci. Rep., 6 (2016), 23109.

24) S. Liu, Q. Li, H. Lin, L. Sun, T. Long, L. Ye and Y. Deng Y:
Mater. Des., 132 (2017), 119-128.

25) S. Liu, M. Zhang, Q. Li, Q. Zhu, H. Song, X. Wu, L. Cao and
M. J. Couper: Mater. Sci. Eng. A, 793 (2020), 139900.

26) F. Ostermann: Anwendungstechnologie Aluminium, 3rd
edn., Springer-Verlag, Berlin, (2014).

27) P. Schumacher: Plastisches verformungsverhalten unterkii
hlter aluminiumlegierungen im system Al-Mg-Si. PhD
thesis, Universitdt Rostock, (2018).

28) X. Fang, M. Song, K. Li, Y. Du, D. Zhao, C. Jiang and H.
Zhang: J. Mater. Sci., 47 (2012), 5419-5427.

29) P. Liang, T. Tarfa, J. A. Robinson, S. Wagner, P. Ochin, M. G.
Harmelin, H. J. Seifert, H. L. Lukas and F. Aldinger:
Thermochim Acta, 314 (1998), 87-110

30) M. J. Starink, B. Milkereit, Y. Zhang and P. A. Rometsch:
Mater. Des., 88 (2015), 958-971.

Christian Rowolt

Chair of Materials Science, Faculty of Mechanical
Engineering and Marine Technology, University of
Rostock, Ph. D.

Competence Centre CALOR, Department Life,
Light & Matter, University of Rostock

Benjamin Milkereit

Chair of Materials Science, Faculty of Mechanical
Engineering and Marine Technology, University of
Rostock, Ph. D.

Competence Centre CALOR, Department Life,
Light & Matter, University of Rostock

Centre for Interdisciplinary Electron-Microscopy
(ELMI-MV), Department Life, Light and Matter,
University of Rostock

Mami Mihara-Narita

Department of Physical Science and Engineering,
Nagoya Institute of Technology, Ph. D.

Hideo Yoshida

ESD Laboratory, Dr. Eng.
Formerly, Adviser,

Research & Development Division,
UACJ Corporation

Kenya Yamashita
Furukawa UACJ Memory Disk Co., Ltd., Ph. D.

Olaf Kessler

Chair of Materials Science, Faculty of Mechanical
Engineering and Marine Technology, University of
Rostock, Ph. D.

Competence Centre CALOR, Department Life,
Light & Matter, University of Rostock

Centre for Interdisciplinary Electron-Microscopy
(ELMI-MV), Department Life, Light and Matter,
University of Rostock

74 UACJ Technical Reports, Vol.10 (1) (2023)



UAC] Technical Reports, Vol.10 (2023), pp. 75-84

75

i X

4I5S SENE B AR R SCE 2 E
RPN IEICE T S 3104 7V I =7 A& B EER O
PRI AR ZE AL & SRR BEAT AL B AT A I - o 15k

THECRATTT WM BT R BB

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.

Keywords: 3104 aluminum alloy sheets; paint baking; impurity elements; kinetics equation; precipitations
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DEILR, KW - B OB e bi, L ClE
2 BEAL L T2 EE R T OBRELIC X > THEITT 5
HEHZOEREDE EHBENL, LELLINALD
BIQUERIICREZ 52 & 12ma, SR G~
Hri w23 C, F 72 m B ORI X o THI%E -
RO L W o, RESOMME L LB % RN
WZAA L CHE 2 3 L 7 eslid A v,

ARWFFE T UL 3104 & S EEEERUI T LT, BRI
O, WAL o TR & RS TR L
720 TIH ORELE R HEE O A MBHIEE, iTREE
XV TEMIHNT L, BEREMFEORILZEE B X
ORI 3 2 ML AR D 2 b %2 RIS A L 720 #rL
CRIBENTW S RRHEXY ~7 % T ZOBHELR
AL B % BOARZ L2 SFA L, Zh oo kizd
VA 5 D3 B % MEGiE L 720

2. RBGE

TEMICHE L7z Table 1IZ/R T 50 3104 A 4 2k
MIEZER BUEt 30 mm) 2% LT, 22500 T600T
10 min OFERACLILZ i LT, EHIKE L7z Bk
{LRLER % S0 U 7= AR EREAR (BLF,  AER R AR % f
U TR L 72508 2 R ALEE & Y 4, SHT & #50)
BLOREROBMEIENR (LU, AREGEER 2 R
L TR L 72508 2 i ARLAL B 72 L, No SHT & %
AL 1SR L CEBRE O/NIYEER THE L 037 mm T
W2 56 L, Hilr T T3EMICER I N5 G MIEE
THA T AN T8 % 8 L 72 150C -60 min, 120 min,
1440 min o B WL H % 22 5 B T 92 fti L 720 120 min,
1440 min ZU0LEE U 729 BEEARS R LT, BB
BHLHLG R % A L C210C -1 min, 10 min, 50 min,
100 min, 500 min, 1000 min @ ZALEL % F2ji L 72, 32
B HFELARIC T A VA 150C UL ETH LR IZ R
< TH60min, WEBEAF BB BV THEAI210C
THHEHIZ10min T & TH 555, JHIRFH O ZMLILT
EIEF IO 22 AR L 2 R 2 2 2 &L VW20,
KA TIIEREID SRR OB NS 50 THE
il CTwb, ERto TRIZFig. 11K L7,

150C, 210C IR O R K % 7Rk B L OHER
RUWEIHE L 720 HERWEIZICEL Y ¥ ¥ 7 & A
VAR v a v - Ty 7uY— X4 AutoSigma3000
2N L 720 Rk o X 91231045 &1L Al-Cufr &
Al-Zn-Mg&4aD & 9 2 BALERLE 42 AT IR R
bINLEZOLNL, TD72H150T, 210T W IC
X 2 AR Z Lo BIgICIE, B REE D E R TE T3
g (TEM), EAZE#®E Mg (STEM), EHH

RGEARE THMEE (FE-SEM) 2wz, 72, #ME%L
W OMBREED DY > 70 b Y REHEIC &
5 XMEHE: (XRD) # w7z TEMIZIZJEOL #1%!
D JEM-ARM200F %, STEM 23 FEIf % @ Tecnai
Osiris#, FE-SEMIZIZHYNA 727 /0y — ZtkH
DSUL230 % MM L7z XRDIZIEdHWHby vy ku

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

SHT
samples Hot rolled
sheet
| t 3.0 mm
SHT
515(())0°9 No SHT
-1Umin samples
Cold
rolling
t 0.37 mm
[ 1
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”.

37
36 Al ——/7: 7\
35
34

33

32 | 4.'."-.

31
340
330 ‘../.
320 B
310 —@—SHT

300 —z—No SHT
290
280

/ %IACS

/ MPa

Yield strength  Electrical conductivity

0 1 10 100 1000 10000
150°C Annealing time / min
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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Electrical conductivity
/ %IACS

—m— SHT(150°C-120min)
ceeeke-- SHT(150°C-1440min)

AYield strength
/ MPa

-60
—a— No SHT(150°C-120min)
7O s No SHT(150°C-1440min)
80 7
0 1 10 100 1000

210°C annealing time / min

Fig. 3 Changes of electrical conductivity and yield
strength during annealing at 210°C for 1 min
to 1000 min.

Yy —nr—2aT4 v (EE092A, 135keV)
PEH L7,

3. ERHER

3.1 BEFLFRFHEOZEIE

150C BV PIRE L3 2 R B L Ot o2 L%
Fig. 21383, HRMERED D HHid, & LAMICHRT
BRI A%IACSIEA 5 720 BHALLIE DA 2B
b O TR A3 < 7 B (T LRI G
L 720 TMAALRLEE 7 LA 150°C LB X 1) i ) A
— BT L2t by, —k, BK
ALALER & 0 A1 AR B ek L C BRI ) A58 L
726

[AIA% 12 210°C BALBERE R 12 ) 9~ A EEREB X O
DAL (HKILE) % Fig. 31K ¥, BUULHFHAE L 7
5T EEESRIEHEFINCHIML 72, 72, 150T TozML
PRI A O AN E RN S WS Eb A b, kL
W, EEEN —TOMEPEBROBRI S TR
T LB ZE 2R L2, U TRIMELELD 0+

oAl
4 @-Al,o;MnSiyz,
© Mg,Si

After 150°C-1440min
annealed (SHT)

Intensity / a.u.

Hot rolled sheet
. (No SHT)

Hot rolled sheet (SHT)
0 5 10 15

Fig. 4

20
20 /°

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.

2

s a-Al,,;MnSi;,
© Mg,Si

< AlL,CuMg

7 AlggMn,,

| *-~__ 1000min 9|

Intensity / a.u.

Cootomin

“__ Omin B W B

4

I
..I
01 )
| l
| A | I ( (| |
1Y | '
| M L UL W
| i V|
| (¥ M
| Ay [ |
l

VI
vl |
] .l"

20 25 30 35 40

20 /°

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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DI WAL RIS o 720 T 721507C BALFLIRE [ A
OB 0N A, BWALRDVNE o720

32 XEEIFE—7DZE(E
Fig. 4|23 RCALBLET R O B HEREAR, 35 X O
AL 212 150°C -1440 min #ULHL L 723K LALEE S 1)

%200 nm |

(a) SHT (b) No SHT

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.

E

(a) Hot rolled sheet (No SHT)

a-Al(Mn,Fe)Si
Mn Fe i ;s

(b) Hot rolled sheet (SHT)

s

(d) After 210°C-1000min anneallng (No SHT)

E

(e) After 210°C-1000min annealmg (SHT)

a -Al(Mn,Fe)Si

a-Al(Mn,Fe)Si

MOXBBIITE — 2 2R L7, SRR IZLD
MSiHIZH ST B E O ¥ — 7 R L 72e —
Ji. 150C -1440 min BV IR & R ZALA 7% <,
Mo =27 1Z/A 5o 7z,

Fig. 51238\ T150C -120 min VLB D A L UL L
Z LMK LT, 210C#LBFI 2 o [nldt ¥ — 7 % K
L72o ZORE, S-ALCuMgHi=e AlssMn AHIZH 23
BAEINH 72— BNz, &, 150T -120 min
BB ORI S ) #1C b AARDALE I ¥ —
BROENE Z L 2ERL TV 5,

3.3 ERMHMBICRETHHELEOLE

BRAALHE SO MBI LI LT210C
-1000 min 2L E % DR AR Z L L 72 (Fig. 6). &
PRACALER 722 LA S 2 VN OBRAL B EE DMK, 1145 LR
WZEV DR L, ERALALEL S O A 132V NI R L 7S
BAFL TR BIE SNz bbb, R LALRL

e ‘ArZCuM_g

1um

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.

RUMIE, XOEEAETLTWD 2D RSN,

34 B_MHENFOZEIL

Fig. 70 X 912, AMEERO BRI %, B
L U°150C -1440 min, 2107 -1000 min ZARLER 14 0 45—
HIRLF D534 & #L% % FE-SEM-EDS Tl X7z, (a) B &
C(b) DI S, HRLLIIZ X Y Mg, Cudx v 7
TBEZ100nm & ) KREWVWE M T2 HETLZ &
Do 72, Mn, Fe, Sio~y 7 THE IR L HE M
HrikEhzZhox#E~y 7 Lol Ui L <
BY, BRI D BIgE SNz, 150T BLIEZ O (o)
T3 Mn, Fe, SIOMMPBIZEEINE2Cu, MgDHi7-
HTHHIIBR SN o7 L L, BRIz
LA C210C B E D (d) 121k, £ DCuz&AHT S
MA@R SNz TRSEMgEEAETIHME —HT 5
bobdbhiE, —H Lz b Ro5Nh7z, —FT,
BHALLEE D D AT 210C BULPLE D (e) 121E Mg & Cu
EEAETAMPEE SN, TnsidnE~y 7 LEoR
UHHT AL L Tz,

DX ITHE ML D D MIZ BT, 150T F
HEOH A% FE-SEM S XM CHIZE T 5 2 & ik
W2 2o 7225, 150°C BLIR P 258 R 38 R A o BN
BROND ZEDLEERFINL Tw5 2 L2iE
Z oMb WKL S Y A IZDO W TEHIETEM
T150C -1440min ZVULEL L 72 30k 2 Bl L 22 B3 IC D
o 28RO % Fig. 812789, TORE X3 nm &
I THO TR RETH > 720 AR O <100> )7
LA TR 2 05, BHY I 255 oM

HAADF MAG: 900000 x HV: 2000 kv WD: 1.0 il

Mg Mn
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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+* Subgrain 4
boundaries

400 nm
HAADF MAG: 56000 x HV: 200.0 kV WD: -1.0 mm

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).

Mg, SinHHAGPY—r,  L<IEZMg Cudnb
5 GPBY — ¥ Ll S b,

WIZ210°C BB 12 D AT KL ¥ # HAADF-STEM-
EDSTHIZ L 720 BHLILELD O #FI2I1E Mg X UFSI
DEDS~ v 7O UL IZHIRON A BIg 2 h 7z
(Fig. 9. —7, HMALLEZ LM TIECub X UMg
< v 7O UL EICERON B2 EEE S 7 (Fig.
100, TN i3 e SISO <100> )51 & 4T TH -
720 BB, WML S D MTEY T LA VR E
EZBNDBHFNCH > TMg R SivEtE L T AT
Mg s 7z (Fig. 11).

4. & ¥

41 BRIFERICHFAET 2MmEMAE, #THE

DEOBGHRDP O HTRORIHFET HEERDL
oM, AT % Table 212F L ® 7z, Fig 40X
MR E — 7 OZALH) 5, EARCALILIC X0 B
B L TV MgSIis—#BEE T L HEZ N
%o —J, Fig. TOFE-SEM-EDS#£¢% 5 Mg,Sillid

DEPIZCudbHENLWHNELSDH 5, Figs 4, 5I1TR
T L ITMgSiDXHRPT ¥ — 713150TC, 2107T #hiL
HICO RSN DS, MgSi Mg-Si-Cu) 1341
BHEOBPHAAET 5 L E 2720 FE-SEM-EDS#I%T
BB 2, 150°C LB T:, 2107C BB 147
fE9 5 Mn, Fe, Six&ToMiix, Figs 4, 5@ XHmHT
E— @505 5 & 918, Mt L7z Al(Mn,Fe) 2
SINWYAFEFN/zatlEE 2 HN, #H3004E 8%
314 /4 THLZE SN 1Y, o Hld Figs 4, 5OETHOR
FCXMMRIFE—7BBhONE T s, K LERBZIC
FAES 5 & F 2720 150C B TII Fig. 8D X ) 125
fEHE TEM CTBIZE S Nz nm 7 — & — OO0l 2 A 2581
Nz, XMEFE =7 3MINT LI ENTE LD o7
P, TR ICHMTH L7200, b LIEMHE
RS RO & F 2 5h, 2100 BB 1Bl
ENTHMHYHHEZ TMgSIROGP =, HbHW
IZALCu-MgRDGPBY —vo—fiL#Ez 55, JE
WM TH o722 ENLEDSHMT THMIETEX o
7elz®, BARNGZMHOMBEIIAHTS L. 2 Ofl%
MIZE AT ) M CORBIE SN2, Fig. 20 &
I BB 2 LH T b 150C LB I b 3 H %
SRR R S N7z72®, GP (GPB) V'— Y 28T %
WHREEEDSH %0 210CHHLHTIE, FE-SEM B L U'Fig.
9 ~Fig. 11 ® HAADF-STEM OBIgH RS, B4R L
WEEDH ) TV D 50200 nm 1F LD K & S DRR
D ALCuMgHH, B X OHRIK, KR MgSiAHA T 5
BEEROLND, —TJ5, WBHALILELZ LA CIXE Y A
A D BIR D ALCUMgH, B X UK o ALCutf,
ALCUMgMAAHT T 2 L Bbh b, 2O HIHDEN
&, EARLALBIC X D BN L - BEAE Mg B X OSSR
DOEITERT L LEZOND, ThbLREEMg, Sili
TROZWHERLLIH D ) M 13 MgSi % AlL,CuMg 2
FRISHTI T 2 D120k L, ARLALEL 2 LA RS L
TWwb Mg, SiETF2A 7wz, AlLCuMgti=e Al.Cu
MO XD ZCuZiul b LB MR TAH T 5 2%
ZAho 7B, Fig. 5O XHMITITH T AlggMnyy DAL
BL—HTHE— BNz, KHEBLETIEOR
Lotz BEB2MTHE0, FHEIMELEZON
72728, RIFEOH#EmONZIE Lz,

42 210CICB I BHILDX H X L EEBRFD
®E
BARMEALELD O M A7 LIIC IR THRAE RSN S »
DI, Fig 6 (R TEAAHBROE N HE 2 5 L HIHED
EADPECCEDPRELREREE RS, ZLT, 20
W D47 D FEA1E T2 210C DR ER TEILT 5

80 UACJ Technical Reports, Vol.10 (1) (2023)



WRBEMRIEIC BT 5 3104 7 v I =7 A5 4 HIE IR OB Z L & BBEBEN AL RIT 5 RS FofH 81

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
EZbNb, ZOWMEXEFig. 121K L7z, BAMEL
BIZB VT, BRI L) FITMg, Si, Cun’
BT 5o WRIFEEICHBWTIE, FEEEFINEA SR
el EAHEAE - BAETAHLEZONE, TD720,
EARMLLEE D O A CILIERAL OB X ASHIBR S A, A
bERRL, MENEL RS, TOHIS0CHMITIZLD
BT EAE T 1dnm + — ¥ — Ol 2 GP (GPB) /'
— Y RIHT B MK, R D Y B )7
JETFA3% &, MAE IR S, o RERhEEAL O FE R D
KEL Y, BRENBIMNT %, 210C LI TIZNED
WEPKEL R VBRENSMET T 525, BEHEET R0
OEEZHPL THEEOETELESE S, Lo LEL
MM 2R %5 & Mg, Si, Cu&\vo Z2[EEE 28
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
RN MR ASKEIR IS BEE T o 210C BULBET
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
BN EEZOND,

Hot rolled Cold rolled & 210 °C annealing 210 °C annealing
sheet 150 °C annealin at early stage at later stage
 Mg,Si
No-SHT P (Mg -Si-Cu)
Dislocation Al,CuMg Subgrain
GP (GPB) zone => Reversion boundaries
=> Precipitation(Mg,Si)
o, .::"’:". \:‘:'- ‘f‘.
‘\. ..?.0’ ':~.:§"‘~.
ey, 7 S L
Mo, :*‘.-'a,' ’\.‘.":‘
Sﬂ .‘.s ::"l’.:",‘ :.5':},
8, RS
o Cpn
LR ) . 'vn.' (A
23 Cogy I X,
Mg, Si, Cudissolved ‘_'_.':‘:;. "\’}*/t. 7

Dissolved atoms
react with dislocation

Segregation/Precipitation Coagulation
on dislocation on subgrain

(Mg, Si, Cu) boundaries

(Mg, Si, Cu)

Fig. 12 Schematic images of microstructural changes in the SHT and No SHT samples after 150C and 210C annealing.
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4.3 WARDORIRER 7 AV -B{bEE) DEHEA
210°C Z LB B 1F B oAb o B I 4 & 3 5
Mg, Si, Cul o ZfMEREFOREZNS DIH -
MTERBICHEEINDL EF R b5, 2OEZ»5210T
BULBIZ BT 2 M AL S 2 3 5720, 1A
WX o TRESNZROSEER (1) 2ALAYT, %
Bt D202, X, SMH S N T X7 Johnson-
Mehl-Avrami ® RS #EERZ (2) 12751V,

vl (2] ol 2] o
)

Johnson-Mehl-Avrami ® Rs# R (2) 13O
BB THAHEVIRETHLDIIHL, ILARDKIX
N =1—exp(—L) DI L Y HHOBAIEE I ELH
LT A EREELTWD, ST TNRERHCH
VB BB TR, Nold R £ =012 B4 B IHARL 750 %
FYo t1, 2 XREMER m, n XRHIBRTH S,
PR O EAL R 2T % &, m=05, 10,
15THhs L E, HniEEhZEh1Kko, 2Kt 3G
PSR TH S I LERLTWSY Y, HriliEE
LRTCHEFL DY Gl L oA R HRIRAT Y, 2 R ITHL
DA IHAROHT I, 3WRTTILEL D5 AR DT IS
BT %o

BARMEALEL D O MR LT, 210C BB BT 5 it
NoWitE s — T2 IWROXTT 4 v T4 v 7 LTz
(Fig. 13)o AFEEROFMLIIRER 1000 min T &S A5E
T Ladolzlz, LR IZSLEEER 1000 min O
TIEHALL, RSB S OBALOMEFTEE 2 £ L 72,
EROKIEER ) D k)i, XA DNRFTA—=F—D
R B 3DD K — T 1, 3o, y3ICENENDILE (4,
B, C) Z8NF TR LA DLE,

Yirzrs=Ay+Bys+Cys (3)

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
RLADLETHILE Y —TE2RERS 74 v T4 07
T&H2 L5, 210CEMLHLI BT % B R IkIL 2 T)
3OS D R LALETHMTELLEEZEZD
Moo WAL EATH, BRI EEZ SN Ly, 1D

(a) 150°C-120min

Normalized decrease of
yield strength

Normalized decrease of
yield strength

0 1 10

210°C annealing time / min

100 1000

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,

UACJ Technical Reports, Vol.10 (1) (2023) 83



84 WIEBEMIREEICIBT 5 3104 7V I =7 A5 S MR B O B ML A AL & WESHEAS ALY B39 B R T o 1% )
SEM
THEE 21T (Tomoyuki Kudo)
1) WiGHL - BAIE, 67 (2017) , 79-86. éz))us S;_v ;_Ts; 5;; B
2) Gt gk, 79 (1993), N103-N110.
3) MEEE BE BEFRSEEL B S HER, 39(1989), 3-7.
4) A T LW ROSEEER O A, IR, (1979).
5) HHITEHE, RAREIL : AR, 64(2014), 285291
6) T MIEHE - BEIE, 69 (2019), 500-511. =M %% (Hideo Yoshida)
7) WAt APRHEPEE  BASR ARG, 46 (1982), 917-924.

8) D. G. Eskin: J. Mater. Sci., 38 (2003) 279-290.

BaTY 17V MR, BE (I%)
(3t (%)UACJ R&D t>%— FER)

9) RAHMET, B HE - BAJE, 50 (2000) 23-36.

10) EAFEHE, KIeFE—, BN AR, 33 (1983) 149-156.

11) J. Burke : €@HEREERAM, FHE— B 1 &K

JEN7 R, (1972).
Hrh %45t (Hiroki Tanaka)
(MUAC) = —F 71> - HiliALp
R&D >4 — E—RE
#t (I%)
84 UACJ Technical Reports, Vol.10 (1) (2023)



UAC]J Technical Reports, Vol.10 (2023), pp. 85-99

85

I Paper

Numerical Prediction of Channel-Type Segregation Formation
in DC Casting of Al-Mg Billet*
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* and Sergey V. Komarov

Although channel-type macro-segregations are a well-known defect formed in Direct Chill (DC) casting

of aluminum alloys, their formation mechanism remains unclear up to now. To investigate the possible

mechanisms, we carried out numerical simulation considering thermo-solutal flow and solidification

coupled with phase diagram. The main emphasis is placed on the effect of shrinkage flow and slurry flow

on the macro-segregation characteristics. The shrinkage flow causes negative segregations to form along

the center axis of billet especially at high casting speeds, while channel-type segregations are not formed

under these conditions. On the other hand, the slurry flow in mushy zone results in formation of the

channel-type segregations in large billets at low casting speeds. In addition, formation of three types of

channel-type segregations is predicted in the following locations (1) flow separation zone, (2) flow stagnant

zone, (3) mushy zone where the upward solutal buoyant flow is generated. The formation condition of

channel-type segregation is considered using solutal Rayleigh number for binary alloys.

Keywords: DC casting; Segregation; Numerical analysis;

1. Introduction

Wrought aluminum alloys are mainly produced by
Direct Chill (DC) casting, which is a semi-continuous
casting process. In the DC casting process, molten
metal is first poured onto a receiving platform called
bottom block, which is moved downward at a
constant speed. The aluminum melt is gradually
solidified inside a mold due to primary cooling and
then in water due to secondary cooling, that makes it
possible to produce a billet or ingot of several meters
in length. The DC casting process has been widely
used because of its high productivity. There are,
however, many problems to be solved in order to
fabricate ingots with uniform structure without
cracks and other defects. That is why a lot of efforts
have been put to understand the formation
mechanism of defects occurring in the DC casting
process. Previous studies, dealt with these issues,

were reviewed by Emley and Nadella et al” 2. For

instance, such defects as the deformation of ingot at
its bottom part called Butt curl, cracking formation
due to hot tearing, formation of wavy structure on
the ingot surface, non-uniform distribution of alloy
elements over the ingot called macro-segregation
have been well known for a long time. In the present
study, we focused on the macro-segregations.
Macro-segregations during DC casting have been
documented experimentally in many studies. For
example, Eskin et al. investigated a radial distribution
of copper composition using a pilot-scale DC caster
and an Al-45mass% Cu alloy®. The macro-segregation
characteristics was found to vary with the flow rate
of cooling water and casting speed. The effect of melt
temperature and casting speed on the macro-
segregation pattern has also been systematically
investigated”. In addition, the effect of grain refiners
on the macro-segregation characteristics during DC
casting has been evaluated for a variety of alloys®.

However, many factors affect the macro-segregation

* The main part of this paper has been published in Metallurgical and Materials Transaction B 52 (2021), 4046-4060.
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formation during DC casting, and experimental
investigation of some of them faces great difficulties
because of the absence of appropriate measurement
and observation tools, especially at high temperature
conditions.

To understand underlying mechanisms and
suppress the macro-segregation formation during DC
casting, a variety of numerical models have been
developed in the last 25 years. The first numerical
model describing macro-segregations was developed
by Bennon and Incropera®. Then, this model was
improved by Ni and Beckermann?, and extended to
the DC casting simulation by Reddy and
Beckermann®. Later, Thevik et al. performed a
numerical analysis aiming at surface segregations?,
Vreeman et al. proposed a numerical model
considering free-floating dendrites!”, and Vreeman
and Incropera investigated the effect of free-floating
dendrites on the macro-segregation pattern in Al-Cu
and Al-Mg alloy systems'”. It was reported that the
macro-segregation pattern is dependent on the solid
fraction at which free-floating dendrites forms rigid
and solid structure. This value is called “packing solid
fraction” . Later, Vreeman et al. carried out numerical
simulation concerning industrial scale billets, and
found that the results are in good agreement with
their experimental results'?. Then, Zaloznik et al.
predicted macro-segregations in Al-4.5mass% Cu and
Al-525mass % Cu billets™™ and in 7449 ingots'%.
However, the above-mentioned numerical models of
macro-segregations are unstable and spatially non-
bounded. Therefore, the effect of discretization

scheme in numerical simulation on concentration

distribution was also investigated by Venneker and
Katgerman'?. Eskin et al. proposed a scaling law for
macro-segregations by numerical results'®. Early
studies on macro-segregations in DC casting up to the
2000s have been reviewed by Nadella et al.

In the 2010s, macro-segregations in the DC casting
process have been also the object of numerical
investigations. Combeau and Zaloznik’s group
developed a numerical model of macro-segregation
behavior coupled with the microstructural behavior'?,
This numerical model was used later on to evaluate
the effect of alloy composition on macro-segregation
characteristics in ingots®. Besides, a simplified three-
phase multiscale model was proposed®, and
validated?. Finally, based on this model, three-
dimensional phenomena were predicted®. In addition,
Krane's research group has elucidated the behavior
of unsteady macro-segregations pattern in 7050 alloy
billets taking into account the bottom block
movement?”, Then, the authors evaluated the effect of
wiper application on macro-segregation pattern®. The
wiper application is known to be one of the usable
methods allowing one to prevent cooling water from
flowing down along the ingot surfaces. In addition,
they investigated the dependence of macro-
segregation pattern on the liquid metal feeding®. In
addition, Lebon et al. investigated the macro-
segregation behavior during ultrasonic DC casting®
and melt-conditioned DC casting®.

Although many phenomena have been elucidated
and numerically simulated as mentioned above, the
mechanisms of channel-type macro segregation

formation in the DC casting process remain poorly

10 mm

Fig. 1 A sample photograph of channel-type macro-segregations formed in an ingot manufactured by DC casting.
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understood. Particularly, although the formation
condition has been clarified in the directional
solidification and mold casting®® ™, little is known
about formation of channel-type macro-segregations
in DC casting process, which were experimentally
observed by Li et al®®. A sample photograph of
channel-type macro-segregations formed in an ingot
manufactured by DC casting is shown in Fig. 1. It is
to be noted that this type of macro-segregations is a
problem of great concern in DC casting because such
segregations can form concentration stripes in
aluminum products as shown in Fig. 1. To shed light
on the formation condition of channel-type macro-
segregation in a DC casting process, we carried out
numerical simulation focusing on two kinds of flow.
The first one is a shrinkage flow, which is caused by
volume shrinkage due to solidification. The second
one is a slurry flow, which is generated in the zone of
free-floating dendrites. It was found that the slurry
flow causes formation of channel-type macro-
segregations of three types depending on the
formation location. The formation conditions of these
macro segregations were clarified in terms of

Rayleigh number.

2. Simulation Model

A schematic diagram of the computational domain

is shown in Fig. 2. In this numerical simulation, we

(a)

Melt <

focused on the phenomena occurring during the hot-
top DC casting. The aluminum melt, supplied from
the hot-top unit, is first cooled in the mold, and then
solidified further in the water-cooling section. We
investigated the formation of channel-type macro-
segregations in an 5052 alloy billet. However, in the
present simulation, Al-2.5mass% Mg alloy was used to
simplify the numerical model. In this study,
calculations were performed in the axisymmetric
approximation. In addition, the following assumptions
were made to model the thermo-solutal flow with
solidification during the casting process.

@®The thermodynamic relationships are
determined by phase diagram.

@ Aluminum melt is an incompressible fluid, and
buoyancy flow is modeled using the Boussinesq
approximation.

@®Physical properties are independent of
temperature. Fluid resistance in the mushy
region is governed by the Blake-Kozeny law.

@ Dimension of ingot remains unchanged after
solidification.

@ The packing effect due to rigid dendrite
structure is determined only by the volume
fraction of solid.

@Based on these assumptions, the following
numerical model was developed.

Based on these assumptions, the following

numerical model was developed.

Mold Jf |

Water

130 | Adiabatic

No-slip

20 q/A=h(T-T)
no-slip
q/A=h(T-Ty)
no-slip

10

i Un.ee mm/min

Fig. 2 Schematic representation of calculation domain: (a) melt sump and solidified ingot, and (b) simplified calculation

domain with boundary conditions.
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2.1 Governing equations

We basically followed the numerical modeling
proposed by Vreeman et al'’. and modified by Fezi et
al®®. The basic governing equations for the
momentum, mass, enthalpy and species concentration

balance with solidification are given as

Slou) V(ouw) = —Vp + V- [”lvu] +0B+S (1)
ot o,

)
=t Vlou)=0 @)

MJr V-(puh) = v-[ k Vh]+

ot Cps
e ) B o B
3(pC)

—5; * V(ouC) = V(DN C)

+ V(aoDN(Ci— €)= Ve(p(u-ug)(C— C)) @)

where o is the density, « is the mixture flow
velocity, ¢ is the time, p is the pressure, u is the
viscosity, B is the buoyancy force, S is the source
term for mushy and solid zones, /% is the enthalpy, % is
the thermal conductivity, ¢, is the heat capacity of
solid, C is the composition, « is the volume fraction,
D is the diffusion coefficient. The subscripts s and /
indicate the solid and liquid phases, respectively.

The buoyancy force and mushy terms can be

written as
B= _gBT(T - To)_gBC(C - Co) ©)
S=(1-P)Sg,, +PS... ©)

rigi

where g is s the gravitational acceleration, B is the
volume thermal expansion coefficient, [S¢ is the
volume solutal expansion coefficient, Ty is the
reference temperature, Cy is the reference
composition, P is the packing variable, proposed by

Plotkowski and Krane®”, Coleman and Krane® as

. _ ag—as
P = min [max [(1 Thay ), Oj : IJ @

Where asc is the critical volume fraction of solid
phase, and Aas is the steepness of phase transition.
The packing variable, P, is changed depending on the

mass fraction of solid, and the slurry and mushy

zones are determined by the smooth function. The

mushy and rigid source terms are described as

SSlurry - - V.[ﬂl Ii)fl:s Vug} + V'(/jq (1 - a)Vus)

Jlm =) ®

Il
|
<
—
> R
Sl
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where s is the effective solid viscosity as used by
Vreeman et al,'” fis the mass fraction, and K is the
permeability, which is described by the following
Blake-Kozeny model

A2 ad
K=7"7""+ (10)
180 (1-a)f
where A is the secondary dendrite arm spacing. The

solid velocity u is modeled as

us=(1-P) [u+ f [a(p s= o), g]]+ Pu,, (D
184,

where d, is the diameter of floating solid particle, and

U 1S the casting velocity. The volume fraction «

was modeled on the basis of error function

formulation, which was proposed by y Rosler and

Bruggemann®.

_ 1 4(T_Tm)] 1 12
a=- erf[T[_TS + 12)

2.2 Thermodynamic relationships

We followed the numerical modelling for the
thermodynamic relationships proposed by Prakash
and Voller®®, as has been implemented in our
previous study®. Fig. 3 is a representation of
linearized phase diagram used in the present
simulation. Using such a phase diagram, the mass
fraction of liquid can be calculated as
where £k, is the partition coefficient, T, is the melting
temperature of pure aluminum, and 7}, is the

liquidus temperature, which is described as
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Ty,=T,+(7,-T,) % (19)

e

where 7, is the eutectic temperature, and C, is the
eutectic concentration.

To avoid numerical oscillations due to calculation
error, we adopted the same algorithm as that
proposed by Prakash and Voller*®. First, one can
obtain the following relationship by arranging Eq.[13].

as

T~ (11 )1-#,)T, 15)

T=F(f,.C)= 1-(1-7£)1-%)

A dependence of enthalpy on the liquid fraction can

be given as
h=c,T+fL (16)

where L is the latent heat. After updating the

enthalpy at the nth iteration, this expression becomes
hn+l - CPT”+,f[”L (17)

By substituting Eq. [15] into Eq. [17], one can obtain

the following relationship
eoF (£, C)+ f7L = ¢, T+ f/'L (18)

By substituting Eq. [15] into Eq. [18], the following

quadratic equation can be obtained.
al(fP+0(f)+d=0 (19)

where a, b, d are the coefficients, which have been
formulated and explained in details in our previous
study.[35] The mass fraction f; can be calculated by
solving Eq. [19] as

—b+V P~ 4ad j , lj 20)

= min (max [O, 5
a

By solving the governing equations coupled with the
above-mentioned calculation of thermodynamic rela-
tionship, stable convergence can be achieved. The

liquidus and solidus concentration are updated as

Tm
L
> T..‘q
© 7 S+L S+L
2
5
|_

S

Concentration

Fig. 3 A representation of linearized phase diagram.

i _ ¢ 21
C 1+ (1 _flnﬂ) (kp _ 1) 21)
+1 kpC” (22)

T (k- 1)

During the iterations, the physical properties are also

updated as
0" = a0+ asps 23)
K =fk, + fikg 24)
e = iep sty (25)

2.3 Boundary conditions and numerical grid

The boundary conditions are shown in Fig. 2. The
boundary conditions are similar to those in our
previous study®®. At the top boundary, the free inlet
and outlet conditions were imposed, at which the flow
velocity and direction are determined by the pressure
gradient normal to the boundary. Here, the inlet
temperature and concentration were set to 950 K and
2.5mass% , respectively. At the adiabatic side wall,
no-slip condition was imposed for flow velocity, and
normal fluxes of heat and species to the boundary
were set to zero. At the water-cooled boundary, a slip
condition was used for flow velocity, and normal
gradient of pressure and concentration to the
boundary was set to zero. The boundary condition for
temperature at the water-cooled boundary was

governed by the Newton' s cooling law, and the heat
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transfer coefficient was set to be as a function of
cooled water flow rate, Q and temperature, 7, as

proposed by Weckman and Niessen®.

20.8(7-373.15)°

(26)
T-27315

h=(-167x10°+704T)Q" +
The water flow rate was set to be 110 L/min in the
present study. According to Eq.[26], at higher
temperatures, the heat transfer coefficient becomes
unrealistically large. Therefore, the Eq[26] was used
in a temperature range below 423 K. Above this
temperature, the heat transfer coefficient was set to
10,000 W/(m?K). At the bottom block and mold
surface, the heat transfer coefficient was set to 2000
and 3000 W/(m?K), respectively.

In DC casting, typical length of billets produced is
several meters, and therefore in the simulation the
size and aspect ratio of calculation domain are
changed in wide ranges. Hence, the numerical grid
must be rearranged as the calculations proceed. In
the present study, the dynamic grid motion was
implemented by adding new grid cells from the
moving boundary as used in our previous study®® *.
This dynamic grid motion enables one to simulate the
phenomena occurring during DC casting with higher
accuracy and higher grid resolution. The length of

grid cell in each direction was set to 0.5 mm.

2.4 Other calculation models

The parameters used in the present study are
shown in Table 1. The physical properties are based
on the relevant literature data® . The physical
properties of melt and solid corresponded to those at
950 K and 723 K. The temperature dependence of
physical properties was neglected in the present
study because the variation of physical properties due
to the phase change is much larger than that due to
temperature variation in the present temperature
range.

The convective terms in governing equations were
discretized by the limited linear scheme, which is one
of the Total Variation Diminishing (TVD) schemes.
The other spatial derivatives were discretized by the
linear interpolation scheme. The time advancement
was modeled by the second order backward scheme.
The coupling between pressure and velocity fields
was modeled by pressure implicit with splitting
operator (PISO) algorithm®”. All the above numerical
models were incorporated into an open-source
software, OpenFOAM (v1812)

3. Result and Discussion

3.1 Validation of calculation program

First, to validate our simulation model, we

Table 1 Parameters used in the present study.

Variable Value Unit
Melt Density (950 K) o 2.45 x 10 kg m®
Heat Capacity of Melt (950 K) c 113 x 10° Jkg' K
Kinematic Viscosity v 543 x 107 m’s’
Thermal Conductivity of Melt (950 K) ky 6.91 x 10' Wm' K
Diffusion Coefficient (950 K) D 114 x 10 m’ s’
Thermal Expansion Coefficient Br 6.9 x 107 K*
Solutal Expansion Coefficient Sc 4.8 x 10" —

Solid Density 0. 2.56 x 10° kg m®
Heat Capacity of Solid Cos 1.07 x 10° J kg' K
Solid Thermal Conductivity k 1.38 x 10 Wm'K'
Eutectic Temperature T. 7.23 x 10 K
Melting Temperature of Pure Aluminum T, 9.34 x 10° K
Partition Coefficient k, 0.47 —
Eutectic Concentration (Mass Fraction) C. 0.38 —
Latent Heat L 3.77 x 10° ] kg’
Gravitational Acceleration g 9.81 x 10" m's®
Critical Solid Volume Fraction ag, 0, 0.3 —
Smooth Parameter of Packing Fraction Aag 0.05 —
Secondary Dendrite Arm Spacing A 5.00 x 10” m
Diameter of Floating Particle d, 7.50 x 10° m
Averaged Solid Viscosity I 6.45 x 10° Pas
Billet Radius R 0.05, 0.101, 0.2 m
Casting Speed Uy 50, 100, 200 mm/min
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Fig. 4 Validation results of simulation code: (a) numerical domain, (b) distribution of Sn mass fraction at the end of
solidification, and (c)distribution of Sn mass fraction along the horizontal line (Color figure online).

compared the numerical results with those of
previous studies®™ *?. In these studies, solidification
phenomena of Pb-18mass% Sn alloy in a rectangular
domain were investigated. It is to be noted that this
alloy system has been widely used for the validation
and verification of simulation codes on macro-
segregation characteristics. The numerical domain is
shown in Fig. 4(a). The domain was filled with the
Pb-18mass%Sn alloy melt at a temperature of 558 K.
The heat was released from the side wall according
to the Newton's cooling law. The heat transfer
coefficient, 2 and ambient temperature, 7 used in the
Newton's cooling relationship were set to be
400 Wm?K! and 298 K, respectively. The other
calculation conditions are the same as those in the
above-mentioned validation case®*2,

The calculated distribution of Sn mass fraction at
the end of solidification is shown in Fig. 4(b). This
distribution is similar to that of the previous study®".
Near the upper right corner, a striped pattern of
higher Sn concentrations is formed. Such a pattern is
called channel-type segregation. In the case of
hypoeutectic alloy, the Sn concentration becomes
higher in the interdendritic liquid during solidification
according to phase diagram. The liquid with high Sn
concentration forms a counterclockwise circulating
flow, which transports the Sn-enriched liquid upward
along the solidification front. This causes a
solidification delay resulting in formation of liquid
channels there. To compare the present simulation
results with previous ones quantitatively, the
concentration distribution along a horizontal line
located at a distance of 10 mm from the bottom

boundary, is shown in Fig. 4(c). It is seen that the

Cl]
2.490e-02 002505 0.0252 0.02535 2.550e-02
b)

Radial direction

Billet center

101 mm

Fig. 5 Distribution of Mg concentration in the sump and
solidified part of ingot with shrinkage flow at a
casting speed of 100 mm/min at ¢ = 200 s. with
different grid resolutions: (a) coarse, (b) normal
and (c) fine resolutions (Color figure online).

distributions are in a good agreement to each other.
Therefore, this confirms that the calculation code
developed in the present study is capable of
predicting the macro-segregation phenomena

including the channel-type segregation accurately.

3.2 Influence of solidification-driven shrinkage
flow on Mg concentration
First, in order to evaluate the accuracy of
numerical predictions the effect of numerical grid
resolution on the calculation results was clarified for
the case with shrinkage flow. Fig. 5 shows the
distribution of Mg concentration over a billet of 101
mm in radius at a casting speed of 100 mm/min with
shrinkage flow. The simulated time in this figure is

200 seconds. In the figure, white lines indicate
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Fig. 6 Effect of shrinkage flow on the distribution of
Mg concentration at a casting speed of
100 mm/min (a, ¢) without and (b, d) with
shrinkage flow. (c, d) are magnified figures near
the mushy zone (Color figure online).

locations of the solidus and liquidus temperatures. In
the present calculation, three grid resolutions, namely
coarse, normal and fine, with sizes of 2, 1, and 0.5 mm
were evaluated. Although the concentration
distribution and the sump shape are almost the same
in all three numerical grid resolutions, the spatial
oscillations of composition are larger in the cases of
coarse and normal grid resolutions. These results
indicate that the numerical grid influence is small,
and, therefore, the calculation accuracy is sufficiently
high in the case of fine grid resolution. Therefore, we
used the fine grid in the following simulation.

Next, the effect of shrinkage flow on the
distribution of Mg will be considered. Fig. 6 shows
the Mg concentration distribution predicted at a
casting speed of 100 mm/min with and without
shrinkage flow. In the case with shrinkage flow, three
characteristic features can be distinguished: (1) Mg
concentration becomes larger near the bottom block,
(2) Mg concentration is small in the mushy zone, and
(3) negative segregation pattern occurs at the billet
centerline. The shrinking direction is normal to the
solidification front. Therefore, the negative
segregation pattern occurs near the center-line of
billet. The phenomena (2) and (3) were already
reported previously in several studies' 12~ 18.29.26)

Next, the effect of casting speed on the macro-
segregation characteristics was investigated for the

case with shrinkage flow. Fig. 7 shows the

101 mm

Fig. 7 Distribution of Mg in the sump and ingot with
shrinkage flow at a casting speed of (a) 50 mm/
min, (b) 100 mm/min, and (c) 200 mm/min (Color
figure online).

distribution of Mg concentration near the sump
predicted under different casting speeds. The sump
depth becomes larger with increase of casting speed.
In addition, the negative segregation pattern,
observed near the central axis, becomes larger with
increase of casting speed. The increase in the sump
depth at higher casting speeds causes the horizontal
velocity of shrinkage flow to increase that results in a
significant formation of negative macro-segregations
along the centerline.

As discussed above, the shrinkage flow during
solidification causes the negative segregations to
occur near the center axis of billet. The negative
segregations are pronounced at high casting speed.
However, no the channel-type macro-segregations

pattern was observed in all these cases.

3.3 Influence of slurry flow on macro-segregations

First, the effect of numerical grid resolution on the
distribution of Mg concentration was evaluated using
a slurry flow model. Fig. 8 shows the Mg distribution
predicted under different numerical grid resolutions
at a casting speed of 100 mm/min in a billet of
101 mm in radius. Three white lines indicate the
locations of solidus and liquidus temperatures, and
packing location corresponding to the zone where a

rigid dendrite structure starts to be formed. It is seen
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that the spatial oscillations in Mg concentration due
to numerical error decreases as the grid resolution
becomes finer. Therefore, the fine grid resolution was
used in the following simulation.

Next, the effect of slurry flow on the distribution of
Mg concentration was investigated. Fig. 9 shows the
results predicted for a casting speed of 100 mm/min
predicted with and without the slurry flow model at ¢
= 200 seconds. When the slurry flow model is used,
the simulation predicts melt flows in the mushy zone
between the packing and liquidus lines, and the flow
forms an eddy at the center location between the
center axis and billet surface. This eddy causes Mg to
be localized in the mushy zone, resulting in formation
of the channel-type Mg segregations.

Subsequently, the effect of casting speed on the
macro-segregation characteristics was further
investigated. Fig. 10 shows the time variation in Mg
concentration distribution predicted with slurry flow
model at different casting speeds. The billet radius
was the same, 101 mm. At an early stage of casting,

Mg is segregated in the mushy zone due to the

VP00 20-200F°T

(1o

8rF200

Billet center

1| T
L5200

101 mm

Radial direction

Fig. 8 Effect of numerical grid resolution on the
distribution of Mg concentration over a
billet of 101 mm in radius when the slurry
flow model was used at a casting speed of
100 mm/min: (a) coarse, (b) normal and (c) fine
grid resolutions. The simulated time is 200 s
(Color figure online).

partition between solid and liquid phases as shown in
Fig. 10(a,i), (b)) and (c,i). The Mg-enriched zone is then
floated up near the center axis of billet due to a
solutal buoyancy flow as seen from Fig. 10(a,ii), (b,ii)
and (c,ii). Finally, the flow, temperature and
concentration fields are stabilized reaching
pseudosteady states as shown in Fig. 10(a,iii), (b,iii)
and (c,iii). It is seen that the Mg distribution is
strongly dependent on the casting speed. At slow
casting speeds (Fig. 10(a) and (b)), the buoyancy flow
results in formation of a high concentration zone in
the mushy zone between the billet wall and center
axis, which is a cause of the channel-type
segregations in the solidified ingots. On the other
hand, no the high concentration zone and channel-
type segregations pattern were observed in the
simulation at the 200 mm/min casting speed (Fig.
10(c)). This difference can be explained by an
influence of downward flow, which is generated due
to motion of solidified ingot. The flow velocity vectors
near the mushy zone are shown in Fig. 11. With
increase of casting speed, the velocity of downward

flow becomes larger, and this flow is opposite to the

Cll

2490002 002505 00252

Billet center

Radial direction

101 mm

Fig. 9 Effect of slurry flow on the distribution of Mg
concentration at a casting speed of 100 mm/
min: (a) without and (b) with slurry flow model.
The billet radius is 101 mm (Color figure online).

UACJ Technical Reports, Vol.10 (1) (2023) 93



94

Numerical Prediction of Channel-Type Segregation Formation in DC Casting of Al-Mg Billet

2.400e-02

0.0244
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<>
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Fig. 10 Time variation in Mg distribution predicted with slurry flow model at different casting speeds: (a) 50 mm/min,
(b) 100 mm/min, and (c) 200 mm/min. The billet radius is 101 mm. The simulated time is (i) 20, (i) 200, and (iii)
400 s in case (a); (i) 10, (i) 100, and (iii) 200 s in case(b); (i) 5, (ii) 50, and (iii) 100 s in case (c) (Color figure online).

solutal buoyancy flow. Therefore, the larger
downward flow at higher casting speed overcomes
the buoyancy flow. Finally, the effect of billet radius
on the macro-segregation characteristics was
evaluated. Fig. 12 shows the effect of billet size on the
distribution of Mg at a casting speed of 100 mm/min.
In the case of smaller radius, 50 mm, no buoyancy
flow is developed as shown in Fig. 12(a). As the billet
radius increases, the velocity of solutal buoyancy flow
becomes larger. In addition, in the billet of largest
radius examined, the fluctuating non-linear convection
is developed. This continuously oscillating vortical
flow causes formation of the striped-pattern channel-
type segregations. Time variation of Mg
concentration distribution over a billet of 200 mm in
radius is shown in Fig. 13. The casting speed was set
to be 100 and 200 mm/min. In both the cases, the
striped-pattern channel-type segregations were found
to be formed. Until the sump shape is stabilized as
shown in Fig. 13(a) i-iii and (b) i-v, the solutal
buoyancy flow is under development at the center
axis of billet. After development and stabilization of
the sump shape, a complicated vortical flow is formed

in the sump as shown in Fig. 13(a) iv-vii and (b) vi-vii.

This flow leads to formation of thin zones enriched
with Mg in the mushy zone. This causes a delay in
the solidification and formation of the striped-pattern
channel-type segregations. Also, as shown in Fig. 13,
negative segregations are formed between the high-
concentration channels. To elucidate the possible
formation mechanisms of these channel-type
segregations, the interaction between the flow and
concentration fields was investigated in more details.
These channel-type segregations can be subdivided
into the following three types depending on location
where they are formed: an upward flow developed
along the solidification front, the flow separation zone
and stagnant zone. Fig. 14 shows the time variation
in Mg concentration and flow velocity vectors near
the mushy zone at a casting speed of 100 mm/min in
a billet with 200 mm radius at the location where the
upward buoyant flow is developed. A zone with high
concentration of Mg is created at the packing location
(asc) because of enrichment of the liquid phase with
Mg due to its partition between the solid and liquid
phases. The concentration of Mg in the mushy zone
causes occurrence of the upward solutal buoyancy

flow that leads to the accumulation of Mg along the
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101 mm

Radial direction

Fig. 11 Velocity distribution near the mushy zone at
the casting speed of (a) 50 mm/min, (b)
100 mm/min, and (c¢) 200 mm/min after the
stabilization of sump shape. The white lines
indicate the solidus temperature, liquidus
temperature and packing location (Color figure
online).

packing locations resulting in the solidification delay.
As a result, Mg is transferred from the low
concentration zone toward the high concentration
zone of delayed solidification due to Mg partition
between the solid and liquid phase. In this way, the
low concentration zones (negative segregations) are
formed below the high concentration zones at the
packing location. Fig. 15 shows the interaction
between the slurry flow and vertically aligned
channel-type negative segregations for the case of
large billet of 200 mm in radius and casting speed of
100 mm/min in the flow separation zones indicated in
Fig. 15 by red circles. These zones are created by the
buoyancy flow. As a result, the locations of high Mg
concentration are shifted, and zones of lower Mg
concentration are produced in the mushy zone
underneath the flow separation zones forming the
channel-type negative segregations aligned in the
vertical direction. The generation mechanism of these
channel-type segregations is different from that of the
striped-pattern channel-type segregations at the
upward flow as discussed above. Fig. 16 shows the
interaction between the slurry flow and vertically

aligned channel-type segregations in the stagnant

C[l

0.0248 2.550e-02

0.0251
1]

Billet center

Radial direction

Fig. 12 Effect of billet size on the Mg concentration
distribution at a casting speed of 100 mm/min.
The radius of billet is (a) 50 mm, (b) 101 mm,
and (c) 200 mm (Color figure online).

zone in a billet with the radius of 200 mm at the
casting speed of 100 mm/min. The stagnant zones are
indicated by black circles. It is seen that these zones
are located close to the flow separation zone, and
zones of high Mg concentration are formed there. As
a result, the vertical channel-type segregations are
created.

The velocity of buoyant flow can be expressed in
terms of Rayleigh number. As explained above, the
solutal buoyant flow causes formation of the channel-
type segregations. The thermal and solutal buoyancy

flow can be evaluated by the following Rayleigh

number.
ATR?
Ra, = IEATE @
va
ACR?
Rag= IPAK 28)
vD

where the AT is the temperature difference, and
AC is the concentration difference. The temperature

and composition differences can be roughly calculated
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Fig. 13 Time variation of Mg concentration distribution over a billet of 200 mm in radius at the casting speed of
(a) 100 mm/min and (b) 200 mm/min. The simulated time is (i) 50, (ii) 150, (iii) 200, (iv) 250, (v) 300, (vi) 350, and
(vii) 400 s in case (a); (i) 25, (i) 75, (iii) 100, (iv) 125, (v) 150, (vi) 175, and (vii) 200 s in case (b) (Color figure online).
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AT=T (29)

cast

T,

Ceast

—C.a (0

cast

-_— —1
Caan ™ Ceasr™Cast [ 1+aC (kp - 1)]

The thermal and solutal Rayleigh numbers are
approximately 7.691 X 10° and 3.700X10°. These values

indicate that the solutal buoyancy flow is much

AC=C,

stronger than thermal buoyancy flow. This suggests
that the solutal buoyancy flow is the main cause of
the channel segregation formation. Also, the solutal
Rayleigh number is proportional to the first power of
concentration difference and third power of billet
radius. It means that the condition for formation of
channel-type segregations is sensitive to the billet

size. Therefore, as seen in Fig. 12 through 16, the

channel-type segregations are formed easily in large
billets. Finally, one important point should be
explained concerning the difference in the formation
conditions of channel-type segregations between mold
and DC castings. In the directional and mold casting,
the channel-type segregations are formed at low
cooling rates®. However, in DC casting, despite the
fact that cooling rates are even lower than those in a
mold casting, the channel-type segregations are
formed only in some special cases. Besides, in mold
and directional castings, the channel-type
segregations can be simulated without considering
the slurry flow model’® %2, The simulated results
without using the slurry flow model in mold and
directional casting also indicate the formation of
channel-type segregations is expected to be more

difficult in a DC casting compared with in a mold
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Fig. 14 Interaction between the slurry flow and stripped-pattern channel-type segregations in a large billet at a casting
speed of 100 mm/min in the location where the upward buoyant flow is developed along the solidification front.
The simulated time is (a) 320, (b) 321, (c) 322, (d) 323,(e) 324, and (f) 325 s (Color figure online).

Cll
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Fig. 15 Interaction between the slurry flow and vertically aligned negative channel-type segregations in a large billet at
the casting speed of 100 mm/min in the flow separation zone. The simulated time is (a) 305, (b) 310, (c) 315, and (d)

320 s (Color figure online).

casting. As seen from Fig. 12, the channel-type
segregations are formed when the casting speed is
slow. It suggests that the channel-type segregations
unlikely to be formed due to the downward flow,

which is caused by motion of ingot in a DC casting.
4. Conclusion
In the present study, we investigated the

generation mechanism of channel-type macro-

segregations in a DC casting by numerical simulation.

Particularly, the effects of volume shrinkage flow due
to the phase transition and slurry flow on the macro-
segregations were investigated. The channel-type
macro-segregations and their formation mechanism
were predicted in the DC casting process for the first
time. The results obtained in the present study can
be summarized as follows:
1. The volume shrinkage flow causes formation of
zones with high Mg concentration at the bottom
part of ingot.

2. Besides, the volume shrinkage flow causes
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Fig. 16 Interaction between the slurry flow and Mg segregations in a billet with the radius of 200 mm at the casting speed
of 100 mm/min inthe stagnant zone. The simulated time is (a) 305, (b) 310, (c) 315, and (d) 320 s (Color figure online).

formation of negative segregations along the
center axis of billet, and this phenomenon is
especially pronounced in the case of high casting
speeds.

3. The slurry flow causes formation of the channel-
type macro-segregations in the case of lower
casting speeds and large billets.

4. The solutal buoyancy flow is the main cause of
channel-type macro-segregations. Their
formation condition can be evaluated by the
solutal Rayleigh number.

5. The channel-type segregations can be easily
formed in mold and directional casting while in
the case of DC casting their formation becomes
difficult because the

6. melt downward flow, generated by the
downward motion of billet, prevents the
development of upward solutal buoyancy flow.

7. The channel-type segregations are formed
according the three mechanisms depending on
the formation location.

8. The striped-pattern channel-type segregations
are formed at the zone where an upward
buoyancy flow is generated along the
solidification front.

9. The high concentration zone caused by the

solutal buoyancy flow delays the solidification,

and creates a flow from the low concentration
area toward the high concentration zone. Finally,
channel-type segregations with stripped pattern
are formed.

10. At the flow separation zones, the vertically
aligned channel-type negative segregations are
formed because the flow separation decreases

the Mg concentration in the mushy zone.
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A Prediction Method of Hole Expansion Limit for
6000-Series Aluminum Alloy Sheet*
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Yuki Tizuka **, Toshihiko Kuwabara *** and Hiroaki Hayamizu

This study investigates the applicability of the forming limit strain (FLS) and fracture limit strain (FrLS)
determined from uniaxial tensile tests for predicting the hole expansion limit of a 6000-series aluminum
alloy sheet. Since the stress state at the hole edge in hole expansion is uniaxial, the FLSs and FrLSs
of the test sample are determined from the uniaxial tensile tests at various cut angles from the rolling
direction. The experimental methods for determining the FLS and FrLS are presented. In the hole
expansion experiment, the development of the strain distribution at a position 3 mm apart from the hole
edge was precisely measured using digital image correlation method for three different hole diameters,
and the maximum principal strain along the hole edge, ¢, was compared with the FLS and FrLS. We
have confirmed that the fracture in the hole expansion experiment always occurred at the hole edge and
when ¢, reached the FrLS, regardless of the hole diameter. Therefore, the FrLS can be a criterion for
predicting the hole expansion limit of the test sample.

Keywords: 6000-series aluminum alloy, hole expansion limit, forming limit strain, fracture limit strain,
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Table 1 Mechanical properties of the test material.

Tensile
direction from E 702 75 eh®* | rvalue*
RD 6/° /GPa | /MPa | /MPa
0 674 139 251 0.20 0.75
15 67.2 133 248 0.22 0.58
30 68.0 130 247 0.22 0.37
45 69.9 130 240 0.25 0.30
60 69.5 129 239 0.24 0.37
75 67.3 129 242 0.22 0.53
90 66.8 132 244 0.21 0.72

* Measured at a nominal strain of 0.1
** Logarithmic plastic strain at the maximum tensile force
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Fig. 1 Schematic diagram of the hole expansion
experiment (unit: mm).
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D
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Fig. 2 Locations of localized necks and fractures. The red
arrows indicate where the fracture first occurred.
The blue arrows indicate the position of the crack
occurring within 1 second after the first crack.
The white arrows indicate where a localized neck
was visible.
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Fig. 3 Effect of initial hole diameter on strain gradient
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Hole edge of Teflon sheet

Hole edge of sheet sample

(a) 30 seconds before fracture (b) 20 seconds before fracture

(c) 10 seconds before fracture (d) 0.3 seconds before fracture

0350
lﬂs?ﬂ

0280
& 02400
02000

| 0160

(e) fracture

Fig. 4 Development of the maximum principal strains
measured using DIC (d,= 30 mm).
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Fig. 5 Development of the maximum principal strains at
positions 3 mm away from the hole edge (d,=
30 mm)
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Fig. 7 Method of determining FrLS using strain
path change
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Fig. 8 FLS, FrLS, and FrS and the development of
the maximum principal strains observed in the
hole expansion experiment. The red arrows
indicate where the fracture first occurred. The
thick blue arrows indicate the position of the
crack occurring within 1 second after the first
crack. The thin blue arrows indicate where a
localized neck was visible.
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Fig. A1 Thickness strains measured using DIC
compared with those measured using a
micrometer. The measurement positions
were 3 mm away in the radial direction
from the hole edge. The DIC measurement
was performed 0.3 s prior to the occurrence
of fracture at hole edge. The initial hole
diameter was do= 15 mm.
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Segregation of Lead on High Purity Aluminum Foil
for Electrolytic Capacitors™
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Kaoru Ueda and Tetsuya Motoi

The capacitance of aluminum foil used in electrolytic capacitors is determined by their surface area
after etching. Many studies have assessed pit growth using high-purity aluminum foil during DC etching
in hot hydrochloric acid solutions with respect to impurity effects. High-purity aluminum foil used for
electrolytic capacitors containing small amounts of lead is known to exhibit severe rolling line effects
after electrochemical etching. Apparently, the lead atoms distributed on the aluminum foil surface after
annealing provide nucleation sites of pitting attacks during DC etching. For this study, lead segregation
on aluminum foil surfaces containing 0.6 ppm, 5 ppm and 8.2 ppm Pb annealed at 813 K for 5h was
investigated using ultra-high resolution field emission scanning electron microscopy (FE-SEM) with
selective detection of high-angle backscattered electrons (BSE) and transmission electron microscopy
(TEM). High-angle BSE images revealed the presence of Pb as brighter nanoparticles with size on the
order of 10 nm at the surface oxidation layer along the rolling lines caused by pick up inclusion during
hot rolling. The approximately 0.5-um-thick surface oxidation layer microstructure resembled that of
grain refined surface layer (GRSL) characterized by ultra-fine grains of nano-level size. Pitting attacks
first occur at the oxidation layer because of the less noble potential for tunnel dissolution during initial
DC etching in hot hydrochloric acid solution.
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Fig. 1 SEM micrographs of Pb particles on the surface of
aluminum foils containing (a), (b) 0.6 ppm and (c),
(d) 5 ppm of Pb. (a): in-lens SE (1.7 kV), (b), (c): BSE
(1.7 kV), (d) EDS spectra
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Fig. 2 SEM micrographs of the surface of aluminum
foil containing 0.6 ppm of Pb. (a): SE (0.66kV), (b):
in-lens SE (1.7 kV), (c): Changes in the number
of Pb particles perpendicular to the rolling line
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Fig.3 TEM micrographs of the FIB cross sections of
the aluminum foil containing 0.6ppm of Pb.
(a): Cross-sectional image, (b): EDS O mabp, (c):
Integrated image (a)+(b), (d): Metallographic
image beneath flat area of surface morphology

MEDS(O) _

(b)

Fig. 4 TEM micrographs of the FIB cross sections of the aluminum foil containing 0.6 ppm of Pb.
(a): Divided surface oxidation layer, (b): Peeled layer
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Fig. 5 SEM micrographs of the cross-sectional BSE image of the aluminum foil containing 8.2 ppm of Pb.
(a): Cross-section perpendicular to the rolling line, (b): Basis metal under flat area, (c),(d): Surface oxidation

layer on metal ridges

Table 1 Number of Pb particles on closs-sectional specimens perpendicular to rolling lines.
Length of cross-sectional observations: 229 um

Length of cross-sectional

observations (1m) Number of Pb perticles

Metal ridges including 31
surface oxidation layer 135 Inside of surface oxidation layer: 27
Y Interface with Al substrate: 4
Flat erea 94 0

Total 229 31
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Results of analysis of SIMS and EPMA for aluminum foil containing 8.2 ppm of Pb.

(a): SIMS Pb depth profile, (b),(c): SIMS Pb ion map of surface and cross-section
between marks( P ), respectively, (d): EPMA O map of surface
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@

(c) 40 pm

Fig. 7 SEM micrographs of surface dissolutions of aluminum foils containing 0.6 ppm of Pb after DC etching for
(a) 100 ms~30 s and 40 V anodic oxide film replicas (tilt45°) of narrow areas after DC etching for 5s (b) and
15 s (c). Arrows indicate etching areas. (narrow: < 20 pm, wide: = 20 um)
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Fig. 8 SEM micrograph of the surface of aluminum foil
containing 0.6 ppm of Pb (a), EDS O map (b) and
oxide film replicas after DC etching for 5s (c),
15's (d).
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Fig. 9 Optical photomicrograph (a) and SEM micrograph (b) of cross sections of the aluminum foil containing 0.6 ppm of
Pb after DC etching for 80 s and results of metallographic analyses. (c): EBSP map and color coded map (invers
pole figur [001] aluminum type), (d), (e): Image with angle selective backscattered electron detecter

Surface
oxidation layer

Surface
oxidation layer

Surface
oxidation layer

Fig. 10 Electron microscope images of the FIB cross sections of the aluminum sheet containing 0.6 ppm of Pb
after hot rolling with a thickness of 4 mm (a) and cold rolling with a thickness of 0.4 mm (b), (c).

(a), (b): TEM, (c): SEM
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@ (b)
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Fig. 11 SEM micrographs and EDS oxygen distribution maps (3~ 10 kV) of the surface of aluminum sheet with
a thickness of 0.4 mm containing 0.6 ppm of Pb after cold rolling. (a): 3kV, (b): 5kV, (c): 7kV, (d): 10 kV

@ (b)

(© (d) 20um

Fig. 12 SEM micrographs and EDS oxygen distribution maps (3 kV) of the aluminum sheets containing 0.6 ppm of Pb
after hot rolling with a thickness of 4 mm (a), cold rolling with a thickness of 1 mm (b), 0.4 mm (c) and final rolling

for foil with a thickness of 0.13 mm (d), respectively.

b o EHER SN, BBIEEIZ B W CREM 2 5 B4
L7227 NVI=y 2B X ZOMmLW A HIRICHER L
THELZZu— V=T 4 VI PEERRIILAT L
HHR, wbWLYE Yy I Ty T4 N—=Ta Ik
WI¥zdborEzons®, F7z, BHEEDEZ S
TIZARRZEZ V2235 BALY 2SR ISR A L
SN EEE CEBIICHE C SR, 05~ 1 mm DR
JETIZ02 ~05umDES L RB I EPHLNIZEN
TWaW, 2oz ehs, MUFIREIC K > THRAERN
B2 boo, BEIEERICEKEICH LA T M
ZU—Va—7F 4 v 7FEABILEE L CTnHEER
DIRHGH E TRIEMIFRA L, IHBESTIG (3 LT RAT
L7-Phfii T OERY A M b bD LN,
—7J7, Nisancioglu 5% 12X 58006 5& 2Lt T5
TV ZT ARORKEEOHZEIZ BT, GRSL
(grain refined surface layer) & #¥3 % FEHGHIALAR A
FHICEB I N TWA, ZOMILDOGRSL & 4 Big
ENLEMET VI =y AOREHRLE &3, BT
TG T 26 ETH D &) HAEML T
Wb, GRSL2SER L7y 2 7 v 7 A4 7 v— 3
Lo TR SINMITHMETH L EIRET 5 L,
B EIER ICBIZ XA EICE L EHT A MgD BT
JEHER O FRTHN A S EERL Td 5 MgALO, A ¥ A )L

DAEEDRAESNY, =V T—F 1 ¥ T OHEREIRE
BT B DT DER L. ZD0D, Bk
DA 1 = X L OMFIHIZIE, B TICBT 5850
B % ) BRALIRREIC D E H I R&ETH D, 72,
AR 31T B PR 7O RATH 4 » OFEBTIZ D W
T, MEOAEEES R & OSBS54 (57
K, ) HoBE 7T b 2 AMAIRLKE O 54 IR EE R
fLIRTE, SHIIFERICEELRIZLTVwEILEH
BT A UEND D,

I ABES R 7% O T O KR HRALIE % Wi /72> 5 TEM
BigE 7 5 N EDSZ#T (O, AlTEZHT) L7-#i 3 % Fig.
13 (a), (b) \Z/RF o IeAEHESTHT 7% THMM LA O X
AR B REMBEALEABIE S, (b) DIETETHA
CEADE I CEPER - 2GS L TS
T2 T2, BONERRRIE M TIXEEE IR M Sz,
O ENL, BREFEEELHFTREINET VI =
7 A O HER O FETHN HLHE % FARRAL B BEAFEAE L C
WBH T TR, RKEBILED 5 WIZGRSLO & 9 7
AR R & LCTHTEL, ShAPBEER T v
FrEE VD X9 RALFEREICR E B 1T
LTwbbneEZ 5N WD,

BT VI =7 AEEZHMOBENXIN % Fig. 1418
Fo TN I =Y AHERBIETRIERICIE 23 % W PiE

114 UACJ Technical Reports, Vol.10 (1) (2023)



B Y F U EMET VI =y AfomoKihiREr 115

=1 100 nm BF —=m100nm OK =100 nm AIK

(@

Tn

® L -
BF —=100nm OK —=100nm AIK

(b)

Fig. 13 TEM micrographs of the FIB cross sections and EDS O and Al maps of the aluminum sheet containing 0.6 ppm of

Pb. (a) Before final annealing, (b) After final annealing
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‘ Concentration gradient of Lead

Fig. 14 Schematic diagram of surface of high-purity
aluminum foil for high voltage electrolytic
capacitors.
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Formation of Bright White Plasma Electrolytic Oxidation Films

aper

with a Uniform Maze-Like Structure by Anodizing Aluminum
in Ammonium Tetraborate Solutions*
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and Shungo Natsui

Bright white plasma electrolytic oxidation (PEO) films with uniform maze-like structures were obtained
by anodizing Al in an ammonium tetraborate solution. High-purity Al plates were galvanostatically
anodized in 0.3-24 M ammonium tetraborate solutions at 303-343 K and 10-100 Am” A PEO film consisting
of an outer porous layer consisting of amorphous alumina and crystalline alumina with «- and y-phases
and an inner amorphous barrier alumina layer was obtained on the Al surface. An extremely uneven
PEO film with various pore sizes and many cracks was formed in a 0.3 M ammonium tetraborate solution,
whereas a relatively uniform porous PEO film with similar pore sizes was obtained in 0.9-24 M solutions.
This difference in the PEO film morphology was due to the plasma generation behavior while anodizing.
The lightness of the PEO film increased with increasing anodizing time and PEO film thickness; thus,
a bright white PEO film measuring 87.5 in lightness (L") was formed on the Al surface. The water
wettability of the PEO film exhibited weak hydrophilicity. Moreover, a superhydrophobic PEO film with a
contact angle of 154° was easily fabricated by self-assembled monolayer modification. Similar bright white
PEO coatings were successfully fabricated on various industrial alloys.

Keywords: Anodizing; Aluminum; Plasma Electrolytic Oxidation; Lightness; Wettability

1. Introduction

Electrochemical anodizing of Al in suitable aqueous
electrolyte solutions enables the formation of several
types of anodic oxide films on surfaces »®. Porous
anodic oxide films with a nanoscale honeycomb
structure that are less than 1 um to more than
100 pm in thickness can be easily obtained by
anodizing in acidic or alkaline solutions ®'¥. Porous
oxide films with hydrated oxide are typically used to
provide corrosion protection to Al alloys . In
addition, this characteristic honeycomb nanostructure

has been recently used for various nanoapplications,

such as nanofilters, nanotemplates, and optical
nanodevices 2%, Moreover, high-density fibrous
anodic oxides measuring several tens of nanometers
or less than 10-nm in diameter can be fabricated by
long-term anodizing due to the selective dissolution of
porous oxides *39, These fibrous oxides have been
used for the wettability control of Al surfaces, such as
the fabrication of superhydrophilic and
superhydrophobic Al surfaces **®. Barrier anodic
oxide films with a flat, thin morphology measuring
several hundred nanometers in maximum thickness
can be fabricated by anodizing in neutral solutions,

and these films are widely employed as dielectric

* This paper is reprinted from Journal of The Electrochemical Society, 169 (2022), 043505.

Faculty of Engineering, Hokkaido University, Ph. D.(Eng.)

- Formerly Faculty of Engineering, Hokkaido University
Fokokk
Seokokkok

Ph. D.(Eng)

skl

Research Department I, Research & Development Center, Marketing & Technology Division, UAC] Corporation, Ph. D.(Eng.)
Research Department I, Research & Development Center, Marketing & Technology Division, UAC] Corporation
Research Planning Department, Research & Development Center, Marketing & Technology Division, UAC] Corporation,

Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Ph. D.(Eng.)

ek Institute for the Promotion of Business-Regional Collaboration, Hokkaido University

UACJ Technical Reports, Vol.10 (1) (2023)

117



118 Formation of Bright White Plasma Electrolytic Oxidation Films with a Uniform Maze-Like Structure by Anodizing Aluminum in Ammonium Tetraborate Solutions

films of electrolytic capacitors in various electric
appliances *%). The excess anodizing process at
higher voltages enables numerous plasma sparks and
oxide film breakdown, so many imperfections are
formed in the barrier oxide film *9, Therefore, these
breakdown oxide films have not been used for
electrolytic capacitor applications. On the other hand,
this sparking process causes the formation of a hard,
ceramic-like crystalline oxide layer on the entire Al
surface, thus many researchers have actively
investigated the sparking behavior for industrial
applications from the second half of the 20th
century . This method, then, was named the plasma
electrolytic oxidation (PEO) coating process ‘9. The
PEO coating possesses high hardness, excellent wear
resistance, and good chemical resistance; thus, this
coating has been investigated for use in various
engineering applications such as aerospace and
mechanical components 77,

Ammonium tetraborate is well-known as a typical
electrolyte used in the formation of barrier oxide
films on Al*®*. For example, Ono et al. reported that
crystalline barrier films were formed by two-step
anodizing in ammonium tetraborate for use as a
dielectric film in an Al electrolytic capacitor *°. Nishio
et al. used ammonium tetraborate while anodizing to
fabricate an extremely flat Al surface after
electropolishing " %, The optical properties of the
barrier film formed in ammonium tetraborate were
investigated using a spectrophotometric technique by
Pastore ®. Recently, we found that a characteristic
PEO film could be fabricated on Al via galvanostatic
anodizing at extremely high voltages in ammonium
tetraborate. Herein, we report the fabrication of
bright white PEO films with a uniform maze-like
structure by anodizing Al in ammonium tetraborate
aqueous solutions. This PEO film formed in higher
concentrations possessed a microscale maze pattern
with relatively uniform pore sizes, which were
different from the PEO film with various pore sizes
formed in lower concentrations. The micro- and
nanostructures, crystallinity, lightness, and wettability
of the PEO coatings obtained by anodizing in
ammonium tetraborate solution were investigated in

detail.

2. Experimental

We used 99.99mass% Al plates (320 um thick,
UAC], Tokyo, Japan) as the starting material for
anodizing. The Al plates were cut into a 2cm X 2 cm
piece with a small connecting part, and the lower half
of the connecting part was covered with a white
silicone resin. These Al specimens were ultrasonically
washed with ethanol for 10 min, and then
electropolishing was carried out in a 78 vol% acetic
acid/22 vol% perchloric acid (70%) solution at 280 K
by applying a constant voltage of 28 V for 1 min to
obtain a mirror-finished Al surface. After
electropolishing, the specimens were washed with
ultra-pure water and immediately dried.

The electropolished Al plates were
galvanostatically anodized in 0.3 M, 09 M, and 24 M
ammonium tetraborate solutions at 303-343 K for
180 min. The higher concentrations of the 0.9 M and
24 M ammonium tetraborate solutions were above
their saturation solubility at room temperature, so
these electrolyte solutions were stored in a constant
temperature oven at 323K (0.9 M) and 343K (24 M)
after being prepared. An Al anode and Pt cathode
were immersed in 150 mL of the electrolyte solution
and stirred using a magnetic stirrer. The
temperature of the solution was maintained with a
large thermostatic water bath (12 L), and the solution
in the electrolyte cell was stirred to cool as much as
possible. The current density was adjusted to
10-100 Am? using a direct current power supply
(PWR400H, Kikusui, Yokohama, Japan), and the
corresponding voltage was measured while anodizing.
To investigate the plasma spark behavior of the Al
anode while anodizing, the surface was observed in
situ through a glass window using a digital video
camera (30 fps, DC-TZ95, Panasonic, Kadoma, Japan).
The number of plasma sparks on the Al anode was
measured using the movie observed in situ and two-
dimensional (2D) motion analysis software (DIPP-
Macro II, DITECT, Tokyo, Japan).

Five types of industrial Al alloys, including a) 1050
(alloying elements: 0.3mass%Fe, 0.1mass%Si), b) 5052
(2.6mass%Mg, 0.3mass%Fe, 0.2mass%Cr, 0.1mass%Si),
c) 6061 (1.0mass%Mn, 0.6mass%Si, 0.4mass%Fe,
0.2mass%Cu, 0.2mass%Cr), d) 7075 (5.7mass%Zn,
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24mass%Mn, 1.6mass%Cu, 0.2mass%Fe, 0.2mass%Cr,
0.1mass%Si), and e) ADC12 (8.9mass%Si, 1.8mass%Cu,
0.7mass%Fe, 0.6mass%Zn, 0.4mass%Sn, 0.3mass%Mg,
0.2mass%Mn), were also anodized galvanostatically in
a 0.9M ammonium tetraborate solution. For the
pretreatment of these Al alloys, the first four alloys
were chemically polished in a 2.5 M sodium hydroxide
solution for 5 min and a 4.0 M nitric acid solution for
30s before anodizing, whereas the last one was
mechanically polished.

The micro- and nanostructures of the surface and
cross-section of the anodic oxide formed by anodizing
were observed by scanning electron microscopy
(SEM, JSM-6500F, JEOL, Akishima, Japan and
TM-1000, HITACHI, Tokyo, Japan) after applying a
thin electroconductive Pt layer with a magnetron
sputter coater (MSP-1S, Vacuum Device, Mito, Japan).
The thickness of the anodic oxide was measured by
SEM after being embedded into an epoxy resin and
then mechanically polished. High-resolution images of
the ultra-thin sections of the anodic oxide prepared
by ultramicrotomy (PT-XL, RMC Boeckeler, Tucson,
AZ, USA) were obtained by spherical aberration-
corrected scanning transmission electron microscopy
(Cs-corrected STEM, Titan3 G2 60-300, FEI, a
subsidiary of Thermo Fisher Scientific, Waltham, MA,
USA). The crystallinity of the anodic oxide was
examined using X-ray diffraction (XRD, XpertPro,
Malvern Panalytical, Malvern, UK). The lightness of
the anodized Al surface was measured using a
spectrophotometer (CM-5, Konica Minolta, Tokyo,
Japan). The water wettability of the anodized Al
surface was investigated by static and dynamic
contact angle measurements (DM-501, Kyowa
Interface Science, Niiza, Japan). A hydrophobic
anodized specimen covered with a self-assembled
monolayer (SAM) was obtained by immersion in a
0.5 mM (heptadecafluorooctyl) phosphonic acid
(HDFOPA) ethanol solution at 313 K for 24 h.

3. Results and Discussion

We first examined the formation behavior of the
anodic oxide during galvanostatic anodizing of Al in
ammonium tetraborate under different operating

conditions. Fig. 1(a) shows the time variations of the
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Fig. 1 Time variations of the voltage during ‘
galvanostatic anodizing of Al at 10-100 Am™*
in a 0.3 M ammonium tetraborate solution
at (a) 303 K, (b) 323 K, and (c) 343 K.

voltage after anodizing at current densities of
10-100 Am? in a 0.3 M ammonium tetraborate solution
at 303 K. At the lowest current density of 10 Am? the

voltage increased linearly with the anodizing time
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initially because of the formation of anodic oxide on
the Al anode. Many visible sparks were observed on
the Al anode at a voltage greater than approximately
270V, and the rate of increase of the voltage
gradually slowed with increasing anodizing time.
Finally, the voltage reached an almost steady value,
measuring approximately 375V after anodizing for
60 min. The slope of the V-t curve in the initial
voltage increase region increased with the increase in
current density, and the voltage measured after
60 min also increased with the increase in current
density. The highest voltage of 445V was measured
by anodizing at 100 Am? for 60 min. The overall
shape of the voltage-time curves obtained at higher
temperatures of 323 K (Fig. 1(b) and 343 K (Fig. 1(c)
were relatively similar to those obtained at 303 K.
However, in the case of 343K, the slopes of 25 Am?
and 10 Am? are remarkably lowered compared to the
lower temperature cases. As expected, a thinner
oxide film was formed or active dissolution of the Al
substrate occurred at the high temperature of 343 K
and these low current densities due to the high
solubility of the ammonium tetraborate solution. The
structural characterization of the typical anodic oxide
formed by anodizing at 323 K was performed in detail
using SEM techniques.

Fig. 2 shows SEM images of the surface (upper)
and cross-section (lower) of the anodic oxide obtained

by anodizing in a 0.3M ammonium tetraborate

(a) ;= 1 min (b) 2 min

Anodic oxide

i

(c) 5min

solution at 323 K and 100 Am? and Fig. 2(a), (b), (c),
and (d) correspond to anodizing times of 1 min, 2 min,
5 min, and 60 min, respectively. The voltage increased
linearly with increasing anodizing time, reaching
approximately 170 V at the time of anodizing for 1
min (Fig. 1(b)). At this voltage, a flat smooth barrier
oxide film was observed on the Al surface (Fig. 2(a)).
However, the corresponding high-magnification cross-
sectional image shows that linear ridges measuring
several hundred nanometers in width were partially
formed on the barrier oxide film. Although no visible
sparking was observed at this stage, an invisible
breakdown of the barrier oxide film might have
gradually started. As the anodizing time was
increased to 2min, the voltage reached to
approximately 295V (Fig. 1(b)), and many visible
sparks were observed from the Al plate due to
plasma generation. Accordingly, some areas of the Al
surface were covered with submicron- and micron-
scale bumpy oxides possessing a molten oxide-like
smooth morphology owing to oxide melting, which
was caused by sparking and subsequent rapid
solidification (Fig. 2(b)). Although the interface
between the oxide layer and Al substrate was uneven
because of sparking, there was a thicker barrier layer
compared to the short anodizing time (1 min). As the
voltage increased to 360 V by further increasing the
anodizing time to 5 min (Fig. 1(b)), the roughness of

the textured oxide film increased (Fig. 2(c)). Finally, as

(d) 60 min

Fig. 2 Surface and cross-sectional morphologies of the anodic oxide obtained by anodizing in a 0.3 M ammonium tetraborate
solution at 323 K and 100 Am? for different times of (a) 1 min, (b) 2 min, (c) 5 min, and (d) 60 min.
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the anodizing time increased to 60 min and the
voltage increased to 450 V (Fig. 1(b)), the Al surface
was covered with an extremely uneven oxide layer
possessing numerous pores of various sizes, from
large to small, and many cracks around the large
pores. Such a highly uneven surface morphology was
very similar to the typical PEO film previously
reported 29,

Fig. 3 shows XRD patterns of (a) electropolished Al
and (b) anodic oxide obtained by anodizing at 100 Am?
for 60 min. Three typical diffraction peaks of the Al
substrate were measured from the electropolished
specimen (Fig. 3(a)). In addition to these metallic Al
peaks, crystalline «-alumina and y-alumina peaks
and a broad peak corresponding to amorphous
alumina were measured from the anodized specimen
(Fig. 3(b)). Because the barrier and porous oxide films
obtained by anodizing Al without plasma sparking
consisted of completely amorphous Al oxide, these
crystalline oxides were formed by rapid heating and
cooling of the amorphous alumina due to plasma
sparking while anodizing at high voltages. To
understand the nanostructure of the PEO film in
more detail, the anodized specimens were examined
by high-magnification STEM.

Fig. 4(a) shows a bright-field (BF) STEM image of
the anodic oxide formed by anodizing in a 0.3 M
ammonium tetraborate solution at 323 K and 10 Am?

for 60 min. As observed in the SEM images shown in

(a) BF-STEM

(b) TEM

Fig. 2, the anodic oxide possessed a two-layer
structure consisting of a thin inner oxide layer and a
thick outer porous layer. The contrast of the
BF-STEM image of the inner layer was uniform,
whereas that of the outer layer was non-uniform. A
transmission electron microscopy (TEM) image of a
different position of the same specimen and the
corresponding two high-resolution images of the inner
and outer layers are shown in Fig. 4(b). The inner
oxide layer consisted of uniform amorphous alumina
measuring approximately 200 nm in thickness with a
halo pattern, and this layer was very similar to the
typical barrier oxide film formed by anodizing in
neutral solutions. In contrast, the outer oxide layer

consisted of amorphous alumina and fine crystalline
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Fig. 3 XRD patterns of the Al specimen after
(a) electropolishing and (b) subsequent
anodizing in a 0.3 M ammonium tetraborate
solution at 323 K and 100 Am?* for 60 min to
form a plasma electrolytic oxidation (PEO)
film.

Fig. 4 (a) BF-STEM image of the anodic oxide formed by anodizing in a 0.3 M ammonium tetraborate solution at 323 K and
10 Am? for 60 min. (b) A TEM image and the corresponding high-magnification TEM images of the anodic oxide
formed at the same anodizing conditions. The insert figures show a selected area diffraction pattern of the inner and

outer oxide layers.
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alumina. Therefore, anodizing Al in an ammonium
tetraborate solution enabled the formation of a PEO
film consisting of an inner amorphous barrier oxide
film and an outer amorphous/crystalline porous oxide.

The barrier oxide film formed on the Al substrate
while anodizing Al in neutral solutions without
breakdown had a uniform, flat morphology. In
contrast, the morphology of the inner barrier layer
formed by anodizing in an ammonium tetraborate
solution with visible sparks was wavy, as shown in
Fig. 2. Therefore, the formation behavior of this PEO
film is described as follows: (a) A uniform amorphous
barrier oxide film was formed on the Al substrate in
the early stage of anodizing, and the thickness of the
barrier film increased with increasing anodizing time
and voltage. (b) As the voltage reached the threshold
value for oxide breakdown, the barrier film was
locally broken by plasma sparking, and the anodic
oxide around the sparking points rapidly melts and
then rapidly solidifies. In addition, the aluminum
substrate also melted, evaporates, and then
solidified ®. Simultaneously, an amorphous barrier
layer was immediately formed at the sparking points.
(c) The outer crystalline porous layer was thickened
by continuous rapid melting and solidification at the
bottom barrier layer and the aluminum substrate by
plasma sparking. (d) After numerous plasma sparks
occurred on the anodic oxide after a longer anodizing
time, a PEO film consisting of a thick outer
amorphous/crystalline porous oxide layer and an
inner amorphous barrier oxide layer was obtained on
the Al surface.

Fig. 5 shows SEM images of the PEO film formed
by anodizing at 100 Am? for 60 min at (a) a low
temperature of 303K and (b) a high temperature of
343 K. Although the amount of the larger microscale
pores slightly decreased as the temperature
increased, typical uneven PEO films containing
various sizes of pores were observed at both
temperatures. The formation behavior of this uneven
PEO film was unchanged even when the Al
specimens were anodized at various current densities
and temperatures. In contrast, we found that the
surface morphology of the PEO film was drastically
changed by anodizing in ammonium tetraborate

solutions with different concentrations.

(a) 303 K

7
¥ i

Fig. 5 SEM images of the surface anodized in a 0.3 M
ammonium tetraborate solution for 60 min at
100 Am? and different temperatures of (a) 303 K
and (b) 343 K.

Fig. 6 shows the time variations of the voltage
during galvanostatic anodizing in 0.3-24 M ammonium
tetraborate solutions at 343K and 100 Am® The
voltage at which visible plasma sparks occurred
decreased with increasing concentration of the
ammonium tetraborate solution, from approximately
280V in 03M to 200V in 24 M. Accordingly, the
inflection point of the voltage decreased with
increasing concentration, although the voltage
gradually increased with increasing anodizing time.
There was no significant change in the shape of the
voltage-time curves that consisted of a linear increase
initially and a subsequent gradual increase, as shown
in Figs. 1 and 6. The SEM images of the Al
specimens that were anodized in (a) 0.9M and (b)
24 M ammonium tetraborate solutions at 343 K and

100 Am? for 60 min are shown in Fig. 7. In contrast
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Fig. 6 Time variations of the voltage during galvanostatic
anodizing of Al at 100 Am™ in 0.3-24 M ammonium
tetraborate solutions at 343 K.

to the typical PEO film obtained at a lower solution
concentration (Figs 2 and 5), a relatively uniform
porous PEO film with a maze-like structure was
obtained in a 0.9 M ammonium tetraborate solution
(Fig. 7(a)). As shown in the high-magnification SEM
images, the microscale pores in the anodic oxide
possessed a three-dimensional interconnected
network structure that had different morphologies

(@c=09M

r"_“ .
High-magnification |

(b) 2.4 M

than the typical porous alumina with hexagonal
alumina walls. A similar uniform porous PEO film was
formed on the surface as the concentration further
increased to 24 M (Fig. 7(b)), although the pores
became smaller and several small grooves were
formed; thus, the uniformity of the pore distribution
was slightly decreased. The differences in the
microstructure of the PEO films shown in Figs 2 and
7 depend on the plasma generation behavior on the
Al surface while anodizing. Therefore, the Al
specimens were observed in situ using a digital video
camera in ammonium tetraborate solutions with
different concentrations.

Fig. 8 shows video snapshots of the surface
appearance of the Al anode at 60 min after the
specimen was anodized in (a) 0.3 M, (b) 0.9 M, and (c)
24 M ammonium tetraborate solutions at 343 K and
100 Am?. At the low concentration of 0.3 M (Fig. (a)),
non-uniform plasma sparks with different sizes were
observed on the Al anode, and less plasma sparking
was observed. In contrast, numerous small plasma
sparks were uniformly observed on the whole Al

surface as the concentration increased to 0.9 M (Fig.

Fig. 7 SEM images of the Al specimen in (a) 0.9 M and (b) 24 M ammonium tetraborate solutions at 343 K and 100 Am?
for 60 min. The bottom figures show the high-magnification SEM images of (a) the surface and (b) the cross-section

of the specimen anodized at 0.9 M.
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(@c=03M (b) 0.9 M

(c)24M

Fig. 8 Video snapshots of the surface appearance of the Al anode at 60 min after the specimen was anodized in
(2) 0.3 M, (b) 0.9 M, and (c) 24 M ammonium tetraborate solutions at 343 K and 100 Am®

8(b)). Small plasma sparks were also observed during
anodizing in a 24 M ammonium tetraborate solution,
whereas the sparking region was non-uniform
compared to that of 0.9 M. However, this sparking
region moved with the anodizing time, and
consequently a uniform PEO film was formed on the
surface. Namely, the plasma generation behavior
strongly depended on the concentration of the
ammonium tetraborate solution; consequently, the
surface morphology of the obtained PEO film was
also greatly affected. The SEM images of the surfaces
of the resulting PEO films that are shown in Figs 2
and 7 reflected these contrasting non-uniform and
uniform plasma generation behaviors.

Fig. 9 summarizes the time variation of the number
of plasma sparks per frame (30 fps) measured by
in-situ observations using a digital video camera, 7, in
different electrolyte concentrations of 0.3-24 M at
343 K and 100 Am™ Here, the in-situ observations and
subsequent plasma spark measurements were carried
out 60 min after the specimen was anodized for 30 s.
The average spark number was approximately
150 frame™ at a low concentration (0.3 M), although
the number of plasma sparks had a slight oscillation
in the range of 100-200 frame™! while anodizing. In
contrast, a 10 times larger average spark number was
measured when the oscillation was in the range of
2000-2300 frame™ while anodizing at the higher
concentration of 0.9 M. However, the average spark
number decreased to approximately 330 frame?! as
the electrolyte concentration further increased to
24 M. Therefore, anodizing Al using an ammonium
tetraborate solution with an intermediate

concentration of 0.9 M, which was more than the

1 —
[}
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2 : |
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Q
w
%5 1000 -
g 0.3M |
£ 500+ c="5 24M
>

0 " 1 " 1 L 1 L 1 L 1 L

0 5 10 15 20 25 30

Time, t/ s

Fig. 9 Changes in the number of plasma sparks per
frame measured by in-situ observations using
a digital video camera, 7, as functions of the
time, ¢, at different ammonium tetraborate
concentrations of 0.3-24 M at 343 K and
100 Am® The measurements were carried out
60 min after the specimen was anodized for 30 s.

saturated solubility at room temperature, increased
the number of plasma sparks, homogenization of the
plasma distribution, and formation of a relatively
uniform porous PEO film. This behavior may be due
to the transition of soft sparking. It has been reported
that the soft sparking technique causes the formation
of compact PEO film with good wear performance,
and the soft sparking mode is achieved under low
voltage conditions *® %), Because the voltage decreased
with increasing concentration (Fig. 6), the soft
sparking mode may occur at higher concentrations.
The PEO films formed by anodizing in ammonium
tetraborate exhibited a bright white hue. Fig. 10(a)
shows the changes in the lightness of the Al surface
covered with the PEO film, L*, as functions of time by
anodizing in 0.3-24 M ammonium tetraborate
solutions at 343K and 100 Am? The lightness value
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of the specimen obtained in a 0.3M ammonium
tetraborate solution was approximately 80 and almost

unchanged with increasing anodizing time. In
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Fig. 10 Changes in the lightness of the PEO film, L",
formed in 0.3-24 M ammonium tetraborate
solutions at 343 K and 100 Am? as functions of
(a) the anodizing time, £, and (b) the thickness
of the PEO film, &.
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contrast, the lightness obtained at higher
concentrations (0.9 M and 24 M) gradually increased
with increasing anodizing time. At the low
concentrations of 0.3 M and 0.9M, long-term
anodizing processes that were more than 90 min
resulted in the partially active dissolution of the Al
substrate by the localized concentration of current
due to higher voltages; thus, long anodizing times
could not be performed at these lower concentrations.
In contrast, a uniform PEO coating without active
dissolution was achieved by long-term anodizing for
more than 90 min at a higher concentration of 24 M
ammonium tetraborate, and the lightness of the Al
surface increased gradually with increasing anodizing
time, although the increasing rate of lightness
decreased with increasing time. Therefore, a bright
white PEO film with a high lightness value of 87.5
was obtained by anodizing for 180 min. The
relationship between the lightness and thickness of
the PEO film, ¢, is summarized in Fig. 9b. The
lightness of the PEO film increased with increasing
PEO film thickness, which was almost independent of
the non-uniformity and uniformity of the pore
structures in the PEO film. Therefore, the thick PEO
coating enabled the formation of a bright white Al
surface. This white hue may be due to the light
scattering from the PEO film containing many
nanoscale «-alumina and 7y-alumina particles in the
amorphous alumina matrix.

We investigated whether a similar bright white
PEO film could be formed on typical industrial Al

alloys. Fig 11(a) shows the time variations of the

Voltage, U. / V

200|

100
ADC12

Anodizing time, t. / min

Fig. 11 (a) Time variations of the voltage during galvanostatic anodizing of 1050, 5052, 6061, 7075, and ADCI12 alloys at
100 Am? in 0.9 M ammonium tetraborate solutions at 343 K, and (b) the corresponding appearances and SEM
images of the surfaces of these Al alloys anodized for 60 min.
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voltage during galvanostatic anodizing of 1050, 5052,
6061, 7075, and ADCI12 Al alloys in a 0.9 M ammonium
tetraborate solution at 343 K and 100 Am? for 60 min.
The shapes of the voltage-time curves measured
using 1050, 5052, 6061, and 7075 alloys, which
consisted of linear and gradual voltage increases,
were very similar to that obtained using the high-
purity Al plate shown in Fig. 6, although the voltage
was slightly lower overall owing to the addition of the
alloying elements. Consequently, bright white PEO
films with a uniform maze-like structure were
successfully formed on these Al alloys (Fig. 11(b)).
However, the voltage remained constant at
approximately 25V during galvanostatic anodizing of
the ADCI12 Al alloy, and no plasma spark occurred on
the surface when anodizing this specimen. Therefore,
a non-uniform dark gray surface with several
imperfections was obtained. Thus, a higher voltage of
approximately more than 250 V was required for the
occurrence of plasma sparks and the subsequent
formation of a uniform PEO film. The ADC12 Al alloy
contains Al-Si and Al-Fe-Mn-Si intermetallic
compounds in the matrix. As the ADC12 Al alloy was
anodized in ammonium tetraborate, oxygen gas
evolution occurs on these Al-Si and Al-Fe-Mn-Si
phases. Therefore, the voltage is low comparing to
the cases of other Al alloys.

The water wettability of the maze-patterned PEO
film formed by galvanostatic anodizing of high-purity
Al in a 09 M ammonium tetraborate solution at
323K and 100 Am? for 60 min was investigated by
static contact angle measurements. Fig. 12(a) shows
the appearance of a water droplet on the PEO film.
Because the Al surface was completely covered with
hydrophilic porous aluminum oxide, the anodized
specimen exhibited a weak hydrophilicity and had an
average static contact angle of 21.7°. This value was
slightly higher than that of typical porous aluminum
oxide films formed by anodizing in acidic solutions
that measure approximately 10°°". This hydrophilic
PEO specimen was immersed in a HDFOPA ethanol
solution to form a SAM coating, and the obtained
hydrophobic PEO film was investigated by dynamic
contact angle measurements (Fig. 12(b)). The SAM-
coated PEO film exhibited a higher average

advancing contact angle of 154.1°, and a

(a) PEO film
Static contact angle

(b) PEO film after SAM coating
Advancing contact angle Receding contact angle

Fig. 12 Appearances of water droplets on (a) the PEO
film formed by galvanostatic anodizing of high-
purity Al at 100 Am? in 0.9 M ammonium
tetraborate solutions at 323 K for 60 min during
a static contact angle measurement and (b)
the HDFOPA-SAM-coated PEO film during a
dynamic contact angle measurement.

superhydrophobic PEO film was easily obtained by
surface modification with a SAM, whereas a weak
slipping behavior occurred on the surface, measuring
74.9° according to the average receding contact angle

and 79.2° according to the contact angle hysteresis.

4. Conclusions

High-purity Al plates were anodized in 0.3-24 M
ammonium tetraborate solutions at 303-343 K under
various electrochemical conditions, and the resulting
anodic oxide films were investigated by SEM, STEM,
XRD, spectrophotometry, and contact angle
measurements. A thin barrier oxide film was formed
in the early stage of anodizing, and numerous visible
plasma sparks occurred after the voltage reached the
breakdown voltage. Consequently, a PEO film with a
two-layer structure consisting of an outer porous
layer consisting of amorphous alumina and crystalline
alumina with  «- and  y-phases and an inner
amorphous barrier alumina layer was formed on the
Al surface. An uneven PEO film containing various
sizes of pores and a large undulation was formed in a

0.3 M ammonium tetraborate solution, whereas a
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maze-like patterned PEO film with similar pore sizes
and a relatively smooth surface was obtained at a
higher concentration of 0.9-2.0 M ammonium
tetraborate. This difference in the PEO film
morphology was due to the plasma generation
behavior while anodizing. The lightness of the PEO
film increased with increasing anodizing time and
PEO film thickness, and a bright white PEO film
measuring 87.5 in lightness was formed by long-term
anodizing. The obtained PEO film exhibited weak
hydrophilicity according to a contact angle
measurement of 21.7°, and a superhydrophobic PEO
film that had a contact angle of 154.1° was easily
fabricated by SAM modification. Similar bright white
PEO films were formed on various industrial Al
alloys, including 1050, 5052, 6061, and 7075.
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Table 1 Forecast of application amount of aluminum
per one automobile. (kg/car)

Year Sheet | Extrusion | Casting exc?lii;er Total
2000 2.6 5.6 98.2 11.7 1181
2010 6.1 85 126.3 13.7 154.6
2019 11.1 10.1 1383 12.1 171.6
2030 18 14 150 13 195
2040 43 29 162 13 247
2050 60 41 174 13 288

* Sheet and extrusion excluded heat exchanger

400.0
(kg/car)
3000
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100.0 I I I I
2040

1930 2000 010 2019 2030 ol 2050

results i Forecast

Fig. 2 Forecast and historical results for aluminum
application amount per one automobile.
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Fig. 3 Closed loop recycle.
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Stress Corrosion Cracking of Aluminum Alloys from the Viewpoint of
Intergranular Corrosion Sensitivity and Hydrogen Embrittlement*

Tadashi Minoda **
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VLEEFR) £ 7000%64 (Al-Zn-Mg%, Al-Zn-Mg-
CufR) TERILIEFHONT VS, F7-—FBD 6000
FREELEBREL NV TSCCERZEIHE SN T
Wn 7, HRT VI = AEEOEYEIEL % Table 1

800
< Total number of service failures

- @ High-strength aluminum alloys
O High-strength steels

600 - A High-strength magnesium alloys

O Titanium alloys

400

Estimated number of stress
corrosion service failures

Year in which failure occurred

Fig. 1 Estimated number of stress corrosion service
failures of aerospace products in western )
Europe and North America from 1960 to 1970

Table 1 Comparison of cogosion resistance of various
aluminum alloys®?.

Ultimate | Resistant Resistant to
Alloy Temper tetnsile to general sce

strength corrosion
2017 T4 427MPa D C
2024 T4 470MPa D C
5052 H38 290MPa A A
5056 H38 414MPa A C
6063 T5 186MPa A A
6061 T4 241MPa B B
6061 T6 310MPa B A
7075 T6 572MPa C C
7075 T73 503MPa C B

A: Excellent «— D: Poor
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B SCCHED By, —J5T5000% 4 4 — i Ak
TENDHIZL b 5T, iSCCUIENFHE D D,
7204 (7NO1)-T6 #1252 L 72 SCC D AMEL & Wi ifi % Fig.
2127787, SCCIFRAEHNDOILEZ WD & L HUEHT
HY, BEERETCHIRIBNPERT 5 &84T 5,
SCCOERIERRE LT, Fig. 3IRT 3DDOERD
ZEZONTW5EY, O EABEIR I - T
C 5 Bt @R R L 2k X Bl LT
#2 2 B AKFEMEALRL, ORI - 22 A B RE Bz 5t o il 38
WX AAMEBREITH Y, ThEhy Ty 7 R
T2LEZLNTVES, BIEORED [ BAAFENRE
] & TRy 2 g | 1 hhTB Y, KT 2
R L KFE Lo 2l EEZ b b, 2T,
KT £ & K FENAL OB CULFICEIT 5,
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Fig. 2 Appearance and cross section of SCC occurred in
a 7204-T6, (a) appearance, (b) cross section (before
etching), (c) cross section (after etching).
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Fig. 3 Schematic representations of the posltulated
theories of SCC for aluminum alloys .

53g/L NaCl + 3g/L H 0. KEWHIZBNT, b v
7 A BMIEFig. 4183 X HIRMITHEIZ L - TE1L
L, AR~ idEMAE, WEHMTRIcL, v~ 7%
Y AIFIEEAEELL vy, Fig. 4 & RO KE
HFIZBIF2T7 VI =y A 5EREEERB L ILEYWOE
WEN % Table 212773 Wy 2000 %G 4&0WE, SN
FAES % L BEMAEICARD, MBERISVITEMT IV
IZTLLDENPKREL 7D, T2 0HM (CuAl) &
Al-CuEI MR & DA TN S v, AL-Cuf 49 443K
WER AL 5 RS B O MR AL % Fig. 5107312, X
1 SDZ % Solute Depleted Zone GAERZH) &R
Fo Fig. 5I2ASN5 L 91T, Mk A Al-Cu 4
{LEWAN T 2 &, RRICH->72SDZOAER L, K
B ELIZONTHRET 5. SDZIZHOREE= D%
Wz, MYy 7 AL B EMAHAS A Y MR
KRG ORI 7 Do 2017 402382k LR AU A&
DB % Fig. 61277319,

5000 A& & D4, Table 2I2A LN B L HIC~ T
AT ANEE L THEMOZILIZ/N S VDS, MgAl;
-0.6

Potential / V vs. 0.1N calomel electrode

-0.9 Mg
Solid solution
-1.0 r ----In excess of
solid solution
-1.1

0 1 2 3 4 5 6 7 8
Added element / mass%

Fig. 4 Effects of principal alloying elements on the
electrolytic-solution potential of aluminum.
Potentials are for solution-treated and
quenched high-purity binary alloys in a solution
of 53 g/L NaCl plus 3 g/L H;0, at 25°C”.

Table 2 Electrolytic potentials of aluminum solid
solutions and micro-constituents .

solid solutions / Potential, solid solutions / Potential,
micro-constituents 4 micro-constituents \

Mg,Al -124 [99.95%Al -085

Al+4%1\/l‘an2 (solid solution)| -1.07 | Al+1%Mg,Si (solid solution)| -0.83
Al+4%Zn (solid solution)| -1.05 |Al+1%Si (solid solution)| -0.81

MgZn, -1.05 |Al+2%Cu (solid solution)| -0.75
CuMgAl, -1.00 |CuAl, -0.73
Al+1%Zn (solid solution)| -0.96 |Al+4%Cu (solid solution)| -0.69
Al+7%Mg (solid solution)| -0.89 |FeAl; -0.56
Al+5%Mg (solid solution)| -0.88 |NiAl, -0.52
Al+3%Mg (solid solution)| -0.87 |Si -0.26
MnAl; -0.85

0.IN calomel scale, measured in an aqueous solution of 53 g per liter
NaCl + 3 g per liter H,0, at 25 C.
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Fig. 5 TEM micrographs and EDX profiles around grain boundaries of the Al-Cu alloy aged at 160 C for 7.2 ks (under-aged)
(a), 90ks (peak-aged) (b) and 1728ks (over-aged) (c). ghe average widths of precipitate free zone (PFZ) and solute

depletion zone (SDZ) are also indicated by arrows .

Fig. 6 Example of intergranullar corrosion which was
occurred in 2017 alloy 9,

Fig. 7 Scanning electron micrographs of Al-Mg alloy
surface after anodic dissolution test in deaerated
1IN AICI; solution. (a) water quenched, 100 nA/
cm? for 20 h, (b) furnace cooled, 100 nA/cm? for
200",
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AR W, KEMTIE B ORI A IZEALE LR
Wz OR TS IR TH 575, B H e
BERILZ BHIORLFAT DA U % 7250, Wik 19 2 kL SIS

Fig. 8 Surface observation on an Al-Zn-Mg alloy after
(a) anodic dissolution for 1 h in 1/3M AlCI;
solution at 40 C (i=1 mA/cm?), and (b)
potentiostatic dissolution for 20 h in 1/3M AICl3
solution at 40 C (E=-1050 mV vs SCE) .
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Fig. 9 Schematic illustration of aluminum surface
situation during Slow Strain Rate Test (SSRT)
in controlled humidity environment 19
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Fig. 10 SSRT properties of 7075-T6 material, (a) humid
air environment, (b) 70MPa high-pressure
hydrogen environment "’
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Fig. 12 Stress-displacement curves of 5xxx alloys in
O temper based on the SSRT tests under
controlled experimental humidity,
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G4 THHS D AAKEMREZEZRL T, 7000
S B3 2000 R A B HE A THRERY R EE 13\ AYE I AR
TEICH B 7200, MLZERE T HRIE 7 AR D %20 % TR AL
WA, RS B & 20 A BB AR
TR DKM 72 ED—EIZH BN TV S 2, REOHF
F2 T 7000 R & & DI I REIREIRALH G- LT b
CEDRBEENT VD,

5. SCCOAH=RX L

PEDF—% X0, 73 = AEEOR TG K
VB X OKFEMEE SCCOHEE A 5 = X 1 % Table
3ICF LD, 2000 EDYE, KERILEZMEE
RSV, KR EEICARL L 72 SDZ DB A EHL 2%
D, FIRIG I TE S 7k R £ 25SCC o A
LEZ BN, 5000 %EE&0OHE, WAIHH LR
HAHZLZ Db, BAHOBEIBRIC & 5K 5D
FHREZEZONLDS,  LHAR T HF AT 5
ERFEMRALICE D ARERINMESND EEZEZON
5o 7000 R =ZIEAEDOHAITIE, RFIHH L7z 7
WL Z DO EITA U v, KERILE
HEATHIEND, BEIZL-TFr—YShiKk
FI Lo TRRADPIEEWCHIET 2 LEZ 5N S, §i
ZIRMU 72T EEOYE S KERAPEREE RS
NBA5, KL OEMGAI L > TE, AR
LoMmEDEZENL,

@

400

300

200 RH90% DNG i

Stress / MPa

100

400

300

200

Stress / MPa

100

4

8 10

Displacement / mm

Fig. 13 Changes of stress-displacement curves of
20% cold rolled Al-5.0mass%Mg alloy
based on the SSRT tests under controlled
experimental humidity, (a) with sensitization
treatment at 150 C for 64 h, (b) with
stabilization treatment at 230 C for 7 h and

sensitization treatment at 150 C for 64 h'?.

500
400 r
300 |

200 f DNG

RH90%

Stress / MPa

100 f

Displacement / mm

Fig. 14 Stress-displacement curves for SSRT tests
of the Al-Zn-Mg alloys in T6 temper under
controlled experimental humidity ',

6. BERIEDSCCEF EXIEK

6.1 2000%

2000 R A EOR R B X OIS s vk Kk
AT T EHHEREE D8 % Fig. 15137 2 BHlfeE
AWNE WA, KRB, SCC & HITEZM 2R § 2,
WHHEEDPRZ VW EIIEZEE RS v, S 5T
BT AT AEMENLNITE, MABEB L
O'SCCIERZME & 7R 3 #PHANA Vo 2017 &4 180 C B
KIRERIIAE O S 258 B X N SCCRE W3 iy D 2 Ak
%, ZNENFig. 168 X OFig. 17125872, R FE
FITRERIRER & & HICBHFICR D, 4h TRDEVIERSZ
xR L7z, 10h L E TR TS 5 —F

UACJ Technical Reports, Vol.10 (1) (2023) 137



138 KRS K2 & KRB S DA T VI =7 A G E0RTIE LR

Table 3 Sensitivity to intergranular corrosion and hydrogen embrittlement, and estimated mechanisms of
SCC occurrence.

Sensitivity to intergranular corrosion Sensitivity to
Alloy . hydrogen Presumed SCC mechanism
Exist or not Cause embrittlement
Copper precipitates on the grain boundaries Intergranular corrosion at copper depleted
9 and the copper depleted zone is formed. zones is accelerated by tensile stress.
XXX O . . X
Preferential corrosion occurs at copper
depleted zones because they are less noble.
B phases precipitate on the grain boundaries. Intergranular corrosion by /2 phases which
/3 phases are preferentially corroded because consecutively precipitated on the grain
5xxx A they are less noble, and it becomes into A boundaries is accelerated by tensile stress.
intergranular corrosion when the £ phases Cracking is accelerated by hydrogen
consecutively precipitate. embrittlement depending on the /2 phase
condition.
Zinc depleted zones along grain boundaries Brittle fracture of grain boundaries by
form by the precipitation of » phases on the hydrogen which are introducted by
7xXX X grain boundaries. O corrosion.
Intergranular corrosion does not occur because
the zinc depleted zones are noble.

O; Exist, & ; Slightly exist, X ; Do not exist

AI 4.5%Cu

Al-4.3%Cu-1.25%Mg
< SCC

SC
Intergranular Corrosion // Pitting

>

Intergranular Corrosion

Al-4.5%Cu-1.5%Mg-0.6%Mn (2024 alloy)
< SCC

7
//A Pitting

Intergranular Corrosion

Pitting

5 10

50 100 500 1000

Average cooling rate / C-s-

Fig. 15 Effect of cooling rate during quenching between
400 to 315 C on susceptibility to intergranular
corrosion and stress corrosion cracking of
2xxx alloys. Darkened area is susceptible to

intergranular

corrosion in NaCl-H,O, solution.

SCC tests in 35% NaCl alternative immersion
(10/50 min cycle)
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Fig. 16 Surfaces after galvanostatic anodic dissolution,
(a) aged for 0 h, (b) aged for 0.3 h, (c) aged for
1h, (d) aged for 4 h, (e) aged for 10 h, (f) aged

for 30 h %,
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Fig. 17 Effect of aging time at 180 C on the time to
failure in 1 M NaCl+0.3mass%H0, (30 C)*.
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Fig. 19 Schematic model of the change in the intergranular corrosion properties by artificial aging in 2000 series alloy.
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Hot Forming of Aluminum Alloys™

Wuyang Liu **

1. FUBHIC

TN = A (Al A4 E B SE LA T S
WCBWTHERELZ HWSHEA IR L TWw5, BEE
MELTT IV = A48T, etk EEME
BB 21 END, L2L, TVIZT2AE4E
BEIRTEEIMENC L E, 2T Y TNy 7R E
WZ ERENLEHR TV ABIEDHE L v & v EN
bbb BHBVIREAT L840 VTR E KIET %7290,
MROREMZUE LT, BEEEH2 2 LT L
%o BMBEIBEIREVCEEZ/HL HEDO—DL LT
TVIZTAEEIIHDWMALSIBHEN TS, AiHT
(&, BICHBHEM EMEEM 2GR ETET VI =
LG EMDOBBIIEAC D W TR T %,

2. BERFATIVI =7 LEEOERFY

M7V I = 4 (10005%) 15D 99% DL A ALT
HRINDEEDTHD, TNV I =T LA BILH
ERMLZDDIEIT VI A& L IIETR TV 5,
TNVIZ AR RMILCEIC L 5T, 20005%
(Al-Cu-Mg), 3000% (Al-Mn), 4000:% (Al-Si), 5000
5% (Al-Mg), 6000% (Al-Mg-Si), 7000% (Al-Zn-Mg,
Al-Zn-Mg-Cu) 25 E R TWwb, 72, TVIZw L
AT IR A 4 L BRI S SIS S
BUALBELI A 4 0 3000, 4000, 50005% ; A ALELRL A 4
2000, 6000, 70005%)

BRI O% A1, FIIEBMLIRET & 45 00 5000 5%
B L OBRLEIRIA 450> 2000, 6000 & 7000 %A H T
Wb, BEEOREEE &% Table 1IZ/R T,

TN =y AEEoE AL 72BN THA I,
KRESEMMIT EREMITICoE I NS, MBI D
5 0 & o Tl 72 i BE R R % i A T
WS b, @%, Fig. LIRT LIS, WE»E <
%53 BRI T L, A O DIREEIICK & <
5V,

TV = AEEO R ST 5 RO —D
WO AREE—IE TR OB B2 3 O3 A 2
TEIRE (i) 2 B3 %o B % —EIED m I3 X (1)
TRIN, W (0) LT HEE (de/dt) DBRXZ
WL TELZENTE S miiBREWVITE, 07
HIRFEDLEACITHE D) BRI T DORGHIR E Vo D
B2k, MEO O AEEEE2ES <, BUNR KD

Table 1 Characteristics and applications of aluminum
alloys for hot forming.

Types of Alloying Properties Pr{ma?y
alloys elements applications
2000 series | Cu, Mg |- High strength Aircraft
alloys + Good components,
machinability Machine-cut
components
etc.
5000 series | Mg - Excellent Construction,
alloys corrosion Marine,
resistance, Automotive
weldability, and | body panels
formability. etc.
- Relatively high
strength
6000 series | Mg, Si Excellent Automotive
alloys corrosion structural
resistance, components
strength, and etc.
extrudability
7000 series | Zn, Mg, |+ High strength Aircraft
alloys Cu + Poor corrosion components,
resistance and Automotive
weldability structural
components
etc.

* AROEEIRME, A6T LT (HAREMEN T Aaakit) 551 (2022), 126-130 1235k,
The main part of this paper has been published in the Journal of the Japan Society of Technology of Plasticity 5-51 (2022), 126-130.
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Develop Department II , Research & Development Center, Marketing & Technology Division, UAC] Corporation, Ph. D.(Eng.)

144 UACJ Technical Reports, Vol.10 (1) (2023)



TN =T AGEORMEIE 145

NABIYRLIBET L, TORMERTICBWTIED
FABLIEML, bW 5, ¥4bb, Fig.
2IRT L), mEd &L R A13E, (o gD
mHlsh, KRELMOPHELNLY,

m=d(neg)/ d(n(de/d?)) (1)

i TR A% E121E, BT 9 5720
T% <, Fig. 3ITRT L) ICHRIERAPE L 2D, i
EDE R A1 e, R ET Y,

3. FILIZT LEEOBEINTHM

BRI U2 CEAT 1L, BB & oM I
B EHAINTVWE, D95, R LFHMIED -
ELREMLDIDOD—DTH D, RETIE, 734
B S T B B OBl & L OB B O B
FWKRy NAY VFIZOWTHRS,

25 1

RT Al-Mg,Si
Initial strain rate
20 - 100°C 4.56x10*

15 "/F\ 150 °C

195C
10 17

True stress / MPa

0 50 100 150 200
Nominal strain / %

Fig. 1 Influence of forming temperature on the stress-
strain curve of Al-Mg-Si alloy ”.

10 |

107

10?

102 | I I
10 10 10? 10° 10*
Nominal strain / %

Fig. 2 Relationship between m-value and nominal strain ”.

3.1 BEMERR

SR ZEZ1I0pm LT ETIIMb L7 v =
A& % B 400 ~ 550 TLTM#EA L T, 10°%/s4—%
—DOT ABE TN LT %I & TRBBEEE S
D, BABLULECHOBISIRELMUIEZMHL I LHAT
&% (Fig. 4218) %, WMV SR ATOTRY H3E
AN L LTl < 7200, A2 s SRRk 2 A S
BB O T HENEF G T DR A MEDE R b720,
ERZMOPH SN S, Fig. 5ICHEIERTO—fili5 iR
BRIC X 2O KT TR R RO EEZRTY 20
RICE DL, HREAVNSWIFEEESRKENZ L
VITH 5o

WM AR L7228 A VEBEE LT, 7902 %
WY IR B L, AAEEFN L CTEME SR
WG E 5 70— g TTbN b, ZORIEEITE
MY (SPF), B 7o —%Ed Lidky A
T A= V7 LIFEN S, Fig. 61280 70— K
EOWMERK %2R 7, Fig, TICBM 70—z Hvi:

510C
0.4 4

Major strain

f
S

440°C

370°C

0.1/s

-0.25 -0.15 -0.05 0.05 0.15 0.25
Minor strain

Fig. 3 Forming limit diagram of 6082 at
high temperatures *.

1.0x10"S"
3.3x10?%S"
1.0x107S"

1.0x10°S"

Fig. 4 Photograph of the appearance of specimen after
high-temperature tensile test of 7034 °.
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VARSI 22)5% 3] | MK k7 e B

B 70— IR I TROME) Th 5.

e HLLARELMOEIRT 20, BMLEIREET
%780 V& R CTHRIEWRETH %,

o GRIDHER D LML L 50— DA TH
ET&EL7:0, ERBLHHTE %,

c AT VTN s PIEE AEFEET, IR
PEZEN S,

TV ATHEIZRAA N LY F Y —A LA
U= WFEEL R\,

KO T A M TEE S8 2 720 4 MLV,
Z iR ICE L T b,

B 7o -0 ET5 TV =
LAEEERIBIE B TH Ho W, B 70—
FAZE L CTW A MO mIZ03 ~1.0TH b, BT
X, WS ODPDHEDOT VI = AEEBENER A
T5IEDMERINT VD, B 7 a—gH7 V3
=Y Af4% Table 212F &0 5,

B 7 u— WA EAMLSE570121%, EEED
B ESBLETH L, THICHLT, HAENTIEAR
T2, #54Cld General Motors 7 & 755 [ 7
O —EE1T > TV b, AHBEMNILETIE, ZMH 70
—REDOHA 7 V5 4 A& SE 572012, KL
B OBE TN EZIT ). TOk, MEZ &I
AL THERD B 7 1 — K TE 0 345 O B ) TR
K5Itk ik 120k ER LY,
Fig. 8IZm# M 71 —lBIC X ) B L 7= 80 &R
3%, General Motors THEJii L T\ 2 g Hi# ] 7 1 —
I 1 Quick Plastic Forming (QPF) & MEEI T4,
Fig. 912 QPF G H OB 2790 %72 Fig. 1012
X QPFIZ & Y L7278 A VOBl & 7R,

QPF & SPF#I#k§ 5 L, QPFIZL ) mWOg A
ECTHIE S5 Z EAWHETH %, SPF TIIEM AR
KeERD LD HROTAHEETHEIITHLNSSH, QPF
TR 2 Wi 3 572012, L) KREVWDT A
FETT VI MGG EREEHL T ENHNE RS,

Table 2 Aluminum alloys for SPF 2

Alloy Si Fe Cu Mn Mg Cr Zn Ti Others Al
2004 0.20 0.20 5.5-6.5 0.10 0.50 - 0.10 0.05 0.03-0.50Zr Bal.
5083 0.40 0.40 0.40 04-1.0 4.0-4.9 0.05-0.25 0.25 0.15 - Bal.
7475 0.10 0.12 24-3.0 0.05 0.25 0.05 0.10 0.15 - Bal.
8090 0.20 0.30 1.0-1.6 0.10 0.6-1.3 0.10 0.25 0.10 2.2-27Li 10.04-0.16Zr Bal.
400 .
470 °C, Strain rate dM‘:’é"’s‘;m
0.001/sec ep mm
° 360 i
S s (PELY
~
c !
s 320
"‘;") S
.g 280 E
£ K1
) 5 :
Z 240 o S \
ALNOVI-1
200 :

0 5 10 15 20
Grain size / um

Fig. 5 The relationship between grain size and ductility 0

<« Introducing
forming gas

Fig. 6 Schematic diagram of SPF equipment D

Fig. 7 Panel formed by SPF 0

Honda Legend

Inner panel

Fig. 8 Automotive parts for QPF of aluminum alloys 9,
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Heated-platen
‘ QPF heated tool ‘

Fig. 10 Panel formed by QPF 10

Table 3IZZH 7' 10 — W & R 7 2 — BIE O
PRIt R ¥, SPFE kX% &, QPFTHEH IS
TV AEETIE, EEETEAMET 572012,
FHEE D8R VIR E PSR S ISR b S T
Who BT E LIIROBHME S 1ESPF X 0 w23, &
7L A COREEZTERTE %,

B 7 u— oA EE N LS8 572912, Hot
Die Forming (HDF) & 5B E b IRE SN TW
%W, Fig. 11ICHDF 70+ 2 OR[N %2R 3. 238
KE2 0, WIEHIZT S v 7 B TiRe &R
MBS 5 &2 E LTwDH, BIEPICH B ORE
BT ENTE LD, MEOmEIENED
¥, WEMSHESNL, HDF 70t ATl Mz
IR OO WIET B 720, WIS E 2 AEIX
v, ARIERZ EEZRET H2HEICIIEI Y REL S
AEERMZ B UEDRDDH, TAEDPART DHE1C
1, BRBIIREZ SV FICEVERET LS E
HETH 5,

F2SPEFHIEIZIZE A LR LBIECTH %720,
WEAP AR & o —J7 HDF BB IR % (55§ 2 44
RGO BMEERL 2RO 2 HRASEL I LD
T&57:0, WERPZHH CX 282 HT %,
Fig. 1212SPF & HDFIZ & ) B L 72 iR B - AR 55
i O W % RS o HDF O J5 I 3HUE A DI R R 1E K
Xholz,

32 Ky rXHLTS
SEAE, HEIHEEETOT VI o ASE0®M % I
K 5720, BBEHUIABMOT VI =T AEE8DFR

Table 3 Comparison of characteristics between SPF
and QPF (Typical values in the table) 810

Superplastic Quick Plastic
Forming (SPF) Forming (QPF)
Grain size .
Structure below 10 um Not specified
Method for Maximize Maximize
determining ductility productivity
forming conditions
Forming Approximately Approximately
temperature 500 C 450 C
Strain rate 10"/s order 10%/s order
Aerospace Automotive
Application components, etc. components, etc.
pp (Small-batch (Mass production)
production)

Blank
holder

Requires high
pressure
(can use punch)

Fig. 11 Schematic of the HDF forming process "

m
"
(s |
s B
. i

™ i i
& e7s g OFF I:: : HDF

Erdis

L Initial e Initial
thickness thickness
2 mm 2 mm

Fig. 12 Comparison of thickness distribution (left) SPF;
(right) HDF .

v NAY Y TRIEDTTED—DE LTEZ LN TV,
Lin 52 25 % L 72 HFQ® (* 1) (Hot Form Quench)
BREWNGZTNVI =T LEG8DFKy PAY 7Ttk
AD—DTH 5%, Fig. I3ICHFQ 7 H X AIZBWTH
FHCG 2 SN AIMERIEZ /R 12, i, #Y)7am
MIRE S 2 BUS 3 572012, 79 ¥ 7 & L AL B iR
(500 CHERE) (hm#k L, —ER 2 k> (A, B)o KIZ,
TT U7 B RN T VAR (C, D) L CHERERA
95, MBI 2MEOEEZ G L, Bk S
FTICHET ALV TED, TOBREMETST V7D
WEAEICEY, 7Ty r0amEshd, $72, &8
X DGHHEEDN 5 TH D720, BEd AN ThEL &
%o WIEBICHBIF M E L COMBEEM %229 72

T3 s 1
HFQ & Impression Technologies £ FHE
https://hfqtechnology.com/
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Temperature

[a~e] [c]

Fig. 13 Schematic of HFQ (Hot Form and Quench)
process 2"

Fig. 14 Application example of HFQ

(Inner door panel) =

DIZ, NLRAHUEEZEBL, FED0mELHES
(E)o Fig. 14 (¢ 1) IR GHIO X 5 ICHFQ % Hwv
% 2 L THHMIEIRE — R CTHRIETTRE L 72 %0

WHDOFY DAY VT TR OERACWLBLIRFE

TOMEKER (810 min®®) 258w, $7-7 L ABICA

THRI 2479 2 & THIEDRENESONLH, Zhbd
FAEEROHB LI ZA O THEE 45,
CHICELT, B S 37V ARERO N TR %

PBEE L wky PAY IR ERIRELTW

%o Fig. 1512R" 3 X512, AR LB S -3
K (7075-T6) DFRIEEHDLT LA WAREEIZ, &)y

KNI X D EER O LI ZMEAL, 7LV AKELY
T90 SNIZXVFY RSV THONTHR)LH %
BT X D707 0 ARSI s
&Z‘) 14),15)O

Fy AT YTHT NI = LS4 OE R BN

(FABRI L - AR L T b 720, IEFEICH

BIRLEE £ A - T 3 5 BB B AR R 5

T b, —FIEAEBETIX, Fig. 1612R7 X912,
RERE B X 2 BGHE R WS T2, Fr v b
RERF 2WE T 5 & MRS, RS HEZHAGDE S

7075-T6, T4, O
="

Furnace heating Forming&Cooling  Artificial aging
5
Solution treatment
(a) Hot stamping of aluminum alloys

Heated plate Specimen

7075-T6 - 7
=0 pe—" Lr‘_-“ Q

Contact heating

Forming&Cooling

(b) Hot stamping without subsequent
artificial aging using contact heating

Fig. 15 Hot stamping of aluminum alloys with solution
treatment and hot stamping without 154ubsequent
artificial aging using contact heating '".

Jaws

built
grips

Flat dog-
bone
specimens

Cruciform
specimen

Air
cooling

Fig. 17 Biaxial tensile test fixture for evaluating
. .. . )
forming limits under high-temperature ".

ZETHRY A Y TICBT LML IREE R
T& 5o WM TIX, Fig. 171087 &) 2B
AT A EFHA DR SR ERBEH 2 H W,
R LEWEBIIB T2 WERAZ M2 LT
Fig. 3® & 9 &g T?OFLD (Forming Limit
Diagram) #{EX T & %,
TVIZTAEEDK Y PAY T INLEOF# %
TRCT E DD,
MM E KL T 2L TE LD, TR
N U ERFEBTE S, 2, MM EEET
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BEN5.
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ARETIEX, 7TV =7 LB SO B BN TH A
XA L7z TVI =T ABEROBIRICBIT 22
2R 2 E THRIBEZM LSS 2 EATE
bo TNICEY, BHIZRO —RALR, FE5REEM OB
oL b, COMREEZIEHL, 7TVI=TAH
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Brazing Failure Modes on Heat Exchanger and their Countermeasures™

Dai Yamamoto **

1. FUBHIC

%9t (Brazing) 1, RO R % % 48 E % Hl
SRRETEAL, —HoSREZHEMSELZ LR
M OEEE RIS EL LT, AR LR ZE A
LCEREAVHRONIBERETH D, TORXY) v
FELTIE (D) ZREREGPTRETH 5, (2) HAHk
FIRIEEEEGTH 2 7-0ME - RERPIEFITH W
(3) W, SEEICEN-BRERT LRI M THEOA
L, BEPRBIFONL, TVIZy 28R LZHEN
5 HBHEHBEREICB VTR, Eidox )y FEX
WIZEZTE 720, BIIEE TN RESEL
LTHEBIYICRITENTWS, 20720, TLVI=Yy
LDDH)EAM OFEEE, HEHEHASREICBIT S
HIIRBREEDFE L ZOMRMETIC L 5 & 2 A5
HTRKEV, KT, EICHBEHAZHREICBY
55 IMNAEEHDOEBNZOWCTREN LR L DZY
PP TAA XL 23T HE LB, ZOMKIZO
WTHRRNT 5,

2. 25 MHOERKE

BOSIR O K EAIIE, BT oGO (2123000
RTNVIZTAEE8) I LTINE D EEOEKN S
A (FIT4000 R TV I = A &%) ZAE) 8727 L
=V VTV ML EN TV S, B o #
ERIZBWTIX, 5 )M EmS 5 HED L Tk
SN, PR SN2 BICELRE THHIS NS,
%) M OBEBBGRIE I EICSIRMEIC L > THRE S

and Yuji Hisatomi * ™"

2, — % ALSIR G4 TdH 54343, 4045, 404712
BTN REIXS77 CThH D720, 577TC
D E o F T3 USRI & 35 Si o B TRl
BHEBENL, —FT, LMITIEERERM Aot
D7=DIZSIRCuZe EOTLHEBRMEND Z & HEL v
25, WENHRIMENS LAMAIOBNTHS660T LY
b EAHBIREDSKE KT T 5720, 59 [HmEiRE
BETEDLEDLIMPZT TR LM DITHERT 2 2
Lebe Lo T, 2IMEBMSIEOOL LM
EHBSERWE DA ) AINBGEEE & LTiE600 T
REBRININDL Z D%\, T2, A9 NINMBGERE
L% TSI OILFORE DD TR E Wz, RN
BLE, A M P oSiANLHIZ BN IEE L TR
MR 2T S8 5720, DM OBSERIIS (ARl
HICEHLRE), wbWwirIu—Ya eI
GHIRE D, )N HEOGEAMBO—HB % Fig. 1ITR
T, Fig. 1@ (a) 3EELERMAETH LD LT,
(b), (0)IZza—Yay LA 0&EEM#ETH 5,
Si DS FFAS P H AT SR R R SR R e &
BV TRAHICHELITT 5720, 59 MAEmT 5iE
PLEATIN#R U 72BRIZ, OB A ISR SR 25 5RAE 3 % s
R, A O RS BRI A TR B AR W A
(A R LS SEAS B LS PR LT B 4 v Rl A R

(a) No erosion

(b) Intergranular erosion (c) Intergranular erosion
50 um

Fig. 1 Post-brazed cross section of 3-layer brazing sheet
(filler/core/filler).

AROTERE, BERERE, 60 (2022), 311-317 1245

The main part of this paper has been published in the Journal of light metal welding, 60 (2022), 311-317.
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LAY ZOX)HTa—Ya UAsEss e, il
5 mOWAR, WE - AR TR E, HedE) o
HRPES NV, 20720, EMEEROTL—Y
Y7 v — P OFEAKR, K OBAHRGEREREO 5 ) A
MBS 2 EENZ RIS 2 LEA D %o

TNVIZTAT VL=V 7y — s OBETEDO—H]
% Fig. 212RF . PifshiE (Direct chill casting) 12
Lo THONIZLMBLOEMD AT 7 (H RO F;
BE) 1R LT, B U BALEE (Homogenizing)
DATbND, B AT TORMMIEE (Hot rolling) 12
L DFEE S T SIS N2, FrER Sy
ENbo ZOR, BEEGOZ Ty FREIZISHT 5
EME S DEE) \CAbETEMESSHEINS, &
D%, BBEIES NG &M AT T2 ERGbE
FHOMMELINDL Z L TLMEEMPEASN, &
S MELE, BEsiz EEAMAGDEL L THYD
WE, Zirmonsd,

H8) H g H OWE I F 2 — 78 TIEARIE
03mm#AESE, 7 4 M TIEIHEOI mmEETH Y
Bz HInRH2n 2SR &b 2 L 23% v,
BlZiE, EWHInoBE LT, HHESR AP ARE © Hr B
FLEATVY, B PG SRR 2 72 R ISR AR £ C©
WHELZT9) 25, CONOMTEZHETLZ LT
TV =Y Y7y — ORI - I b 72 B 1
1 TWwW5b, Fig. SICEMHInIZB T AMLEE O

iner L |
Core CIaddingH HR H CR H 1A H CR ‘
:;:;vrer HR: Hot rolling

CR: Cold rolling
|A: Intermediate annealing

Fig. 2 Representative production process of brazing
sheet (Temper: Hln).
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Fig. 7 Binary phase diagram of Al-Si alloy (Al side).
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Fig. 8 Schematic diagram for melting process of Al sheet
brazed with big Si particle on its surface.
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The Aluminum Lightweight Demountable Flood Barriers “MIZUYOJIN”

Tomohito Kurosaki * and Masaya Takahashi **
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Fig. 1 Example of fixing a flood barrier with double clips.
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Fig. 2 Flood barrier testing at our own facilities.
It was not a complete watertight seal, but
only a small amount of water leaked.
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Fig. 3 Flood barrier testing at 4560mm water height
at Kyoto University facilities.

Fig. 4 Strength evaluation at 2,000 mm water height
at Kyoto University facilities.
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Fig. 8 Example of 1,100 mm water height model using
2 levels of flood barriers.
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Table 1 Measuring cases of sound level test

Case Sound | Sound level Remarks
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2 Inside External External volume
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Sound e| E Sound lever meter
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Fig. 3 Equipment layout of cases 1, 2.
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Fig. 4 Equipment layout of case 3.
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Table 2 Measurement results Case. 2
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Fig. 5 Variation of inside temperature and
humidity of the booth.
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Table 3 Outline of simulating earthquakes test

Date March 6, 2023

2-1-1 Hodokubo, Hino-shi, Tokyo

Location Meisei University Building No.30 B2F
Vibration Test Center, Shinken Co., Ltd
Niigata Chuetsu Hyogo Prefecture
Test case Earthquake Southern Earthquake
(2004) (1995)
Carpet Yes or None

Test conditions

Caster lock Yes or None

Recorded Items | Acceleration (Gal), Assumed, class

Fig. 6 Appearance during experiment.
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Introduction of Lightweight Aluminum Bumper Assembly
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(b) Solid section bumper reinforcement.

Fig. 1 Lightweight aluminum front bumper assembly
(Mass production by UWH).
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(b) Second bumper reinforcement.

Fig. 2 Lightweight aluminum front bumper assembly
(Mass production by UMC).
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***** (Bk) UAC] ~—7 54> 7 - BfiA# R&D kv % —

Research Department I, Research & Development Division, Marketing & Technology Division, UAC] Corporation
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Learn - Experience

-) Take home -) Feed it back

Fig. 1 Booth concept.

4. HEMRERE
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TW7272F, 7= A TORBRNO SR EFE 2% FAAL
B fibhze HHMA =D =25 $HEICED S
mFEOBFVLHY, fERkOaRs T aryTlIfELN
2 \WAEH - B R OB D DR h o 7z, HERIE T
— AZWTETHT B R ORERICHERITH D, A L0™
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T RELEDE R ORER W T LEMEZ K U7z,

KA HEBB AT 4 7B O IR % Table 212
KT o WTFNDA XY MIBWTH, X271 7H#EM
¥sg {, UAC] DA FIZb D %h o7 E 2 b,

T, ARV N EREATORBENERIOH DT
—ATholz b, TMEME»SIXTFEH X —7—
RO E MOPITEIT T 5 2 LA EBKICO %
HoTwb] [TIVIFAVEET— 2% HEA N
FCHEOHD ANSETIELW] EDOBEDOSED
WheEwiz, BIMLZUACIHBEAHS L HBEEDED
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bDOT, TNEREBETBEANLZTNEANTIENTE

into one's own
behavior

4

Participate in
awareness
campaign

Table 1 List of exhibitions at where we have set up

experience booths.

Title

Date

MINATO Disaster Prevention Event
Handicrafts Workshop

MOSHIMO Fes SHIBUYA

Radio KAWAGOE

DOKIDOKI BO-SAI Fes

BO-SAT School

KOBE Disaster Prevention Event
Aichi Start-up Fes

MOSHIMO Fes NAGOYA

July 23, 2022

July 30, 2022
September 3 & 4, 2022
September 24, 2022
October 10, 2022
October 30, 2022
January 29, 2023

May 19 & 20, 2023
May 27 & 28, 2023

Fig. 3 Handcrafts Workshop
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Table 2 Results of number of visitors and publications.

Number of visitors Number of publications
Title Location official UAC] booth® TV Radio Newspaper SNS
announcement
MINATO Disaster Prevention Event Nagoya, Aichi 480 200 4
Handicrafts Workshop Isesaki, Gunma 30 30 3
MOSHIMO Fes SHIBUYA Shibuya, Tokyo 20460 550 2 8
Radio KAWAGOE Kawagoe, Saitama 300 200 1 2
DOKIDOKI BO-SAI Fes Toshima, Tokyo 5000 250 1 4
BO-SAI School Minato, Tokyo 500 250 1 1
KOBE Disaster Prevention Event Kobe, Hyogo 500 300 1 1
Aichi Start-up Fes Nagoya, Aichi - 300 4
MOSHIMO Fes NAGOYA Nagoya, Aichi 46000 2400 1 6

* The number is calculated from the official announcement and the number of aluminum foils distributed.

bo BRIV D, RIEHE, ThEH3O00EEE

& i
W7 LB A ) 9o D 18t 7&3I2 (Sayuri Takemura)

(BRUAC) ~—4 71> 7 - £ifiAS
R&D >4 — E=RED
5. 8hHUIC

ARV PO T = ZAHBEIIHEE LS ROERL

S H# (Takamichi Watanabe)

H - = - I = Ak N30 2 %

WiTholzs KT IV Y ADIEGER Y Y p AL (HIUAC) MRS

Bl D720 DHEITE LTOWEEL-EEZ TV,
DL REHEHT, FRTETENHEDOE A

BUCINF T L AL, HER B L T X 720, ¥

El& &1Z (Tomohito Kurosaki)
SE _ e
(M)UAC) ~—4 7 1 > 7 - $ifiAER
L R&D t> 42— HERLELD,
1) 74997 +-abg—=13ab7—=OI =7 74740 A=} 8t (T%)
A

74 RO ZE I, WRHE AR, (2017), 81-91. .

A 1&H (Toshio Araki)
(MUAC) ~—4 71> 7 - $FHiliAS
R&D >4 — BRI,

Bt (I%)

HNEE Bt (Katsuya Kato)
(MUAC) ~—4 T« 27 - $ifiAER
R&D > & — FE—MREE
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TOPICS

UAC] Participation in Conference Aluminum Brazing 2023
at Diisseldorf, Germany

Alex Boudewijns *

On May 23 and 24 in 2023, we participated in the
International Congress and Exhibition on Aluminum
Brazing and Aluminum Heat Exchanger Technologies
for Automotive and HVAC&R in Disseldorf,
Germany. Over 200 participants from 28 countries, 15
exhibitors and sponsors were part of this year's
conference. Our participation included a wide range
of members of the UAC] heat exchanger and brazing
group with colleagues from Group/Partner companies
in Europe as shown in Fig. 1, UACJ] R&D in Nagoya
Japan and Ruyuan Dongyangguang UAC] Fine
Aluminum Foil Co,, Ltd in China.

For this year’s event, the UACJ Group successfully
participated in 2 conference presentations on

“Brazing atmosphere and heating rate” held by Mr.

uAacd

Alurninum lightens the world

Aluminum Materials for Automotive
Heat Exchangers

Hﬂg @ EL'UAII_ HI}lL:I:IH

UACJ ELVAL Heat Exchanger
Materials GmbH,
Dusseldorf, Germany

UACJ Extrusion :
Czech s.ro., W ELVAL

Benatzynad Jizerou, " e
Czech Republic ELVAL, Aluminium Rolling

Division of ElvalHalcor S.A,
Inofyta, Greece

Flat Rolled Products
UACJ provides coils and sheets with outstanding

dimensional precision and uniform metal structure.
Extruded Products
UACJ provides various types of extrusions, including
pipe materials applying precision extrusion

Fig.1 UAC] group/partner companies for
automotive heat exchangers.

Suzuki and “Monobraze fin stock” held by Mrs.
Totani as shown in Fig. 2, and a nice display in the
exhibitor area as shown in Fig. 3. The audience very
well received both presentations !

It was a great opportunity for the group to
underline our strong technology base and global
leadership for these markets. Also, it was the first
time to jointly participate in the flat-rolled and
extrusion business that focuses on the same

customers and markets, together with technical and

commercial team members from around the globe.

Fig. 2 UAC] presentations at the conference.

*  Commercial Director, UAC] ELVAL HEAT EXCHANGER MATERIALS GmbH.
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sustainable materials and processes for heat
exchangers and brazing that will have to include
recyclability.

Technical representatives from most of our
customers, like DENSO, MAHLE, HANON, DANA,
VALEO, MODINE, and DAIKIN, were present and
we were able to have meetings to exchange
information about our mutual activities.

The next conference will take place in 2025 and we

are already looking forward to it.

Fig. 3 UAC] booth in the exhibitor area.

Alex Boudewijns

UACJ ELVAL HEAT EXCHANGER
MATERIALS GmbH

In this year's event, many of the contributions
were related to how future E-mobility will impact

thermal management and braze materials and also

related to the future importance of creating more
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Technical Column
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Writings Just as They Occur to Me*

Tadashi Minoda **
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EME IE (Tadashi Minoda)
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R&D t> & — H—MHEE
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AROTEE L, BeE, 72 (2022), 288 IZHiHk.

The main parts of this paper has been published in Journal of The Japan Institute of Light Metals, 72 (2022), 288.
(M) UAC] ~—=# 74 v 7 - iRl R&D v & — H—Wisil il (1)
Research Department I, Research & Development Center, Marketing & Technology Division, UAC]J Corporation, Ph. D.(Eng)
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“Aichi Smart Sustainable City Co-Creation Challenge” ~®DZjl

MW AT, KA RATTY, S RaE T

Participation in “Aichi Smart Sustainable City Co-Creation Challenge”

Tomohito Kurosaki *, Yoshiyuki Oya ** and Takamichi Watanabe
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(Bk) UAC] ~—=F 74 7 - ik R&D ¥ % — Wigedmisy, it (%)
Research Planning Department, Research & Development Center, Marketing & Technology Division, UACJ Corporation, Dr. Eng.
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WEZEATR, Wit (T5)

Research Planning Department, Research & Development Center, Marketing & Technology Division, UAC] Corporation, Ph. D.
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Corporate Strategy Division, Development Department I , Research & Development Center, Marketing & Technology Division,

UAC] Corporation.
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Fig. 1 The aluminum lightweight detachable flood
barriers “MIZUYOJIN"

' og

Fig. 2 Real-time opening detection

Renewable
energy
- LT
i . Green [';"-; ks
‘r‘ aluminum* 1.
/ 2 In-house
-" . W|J| Scrap
Bauxite - A Etemalybl
Recyclable” v
- g _l 4 New Scrap/
Electrolytic
smelting | Recycling P
Recycled Old Scrap Rl
aluminum

* Aluminum produced using electricity from renewable energy sources to lower the environmental impact

Fig. 3 Green technology
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Table 1 Co-Creation plan®

Theme Start-up Co-Creation plan
partner
Providing a system that notifies
Flood . when to install the flood barriers
. RainTech . . . .
barrier using a rainfall observation device
that utilizes IoT technology.
Improved productivity of the
Flood CalTa flood barriers installation process
barrier through the use of digital twin
technology.
Real-time Godaam Enhanced security measures for
opening Technologies packages during logistics using
detection g opening detection aluminum foil.
Green Promote accurate separation and
Enevo Japan - .
technology sorting of aluminum waste.
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1) https://www.uacj.cojp/ir/policy/long_term_vision.htm

2) https://www.pref.aichijp/uploaded/attachment/282849.pdf
3) https://aichissccc2022.com/

4) https://www.uacj.cojp/english/ir/policy/featurel2.htm

5) https://www.prefaichijp/press-release/innovationday.html
6) https://www.uacj.cojp/release/20230619.htm
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Change in oxygen reduction reactivity of
1 intermetallics: A mechanism of the difference

AA1050 in NaCl

in trenching around Al-Fe and Al-Fe-Si particles on

(Tohoku Univ.) Hiroshi Kakinuma, Izumi Muto, Yu
Sugawara, Nobuyoshi Hara

(UAC]) Yoshiyuki Oya, Takahiro Momii

(Univ. S&T Beijing) Ying Jin

J. Electrochem. Soc.,
170 (2023), 021503

DC casting aluminum slab

9 Numerical analysis of channel-type segregations in

(UAC]) Keisuke Kamiya
(Tohoku Univ.) Takuya Yamamoto

TMS Light Metals
2023 (2023), 989-996

Influence of initial extruded microstructures of

(Nagaoka Univ. of Tech.)
Amalina Aina Kaharudin, Ran Saeki, Tomoyuki

Materials

properties of 7000 series aluminum alloys

3 | Al-44Zn-14Mg alloy flat bar on VDA bendability | Homma (TZB;E‘;‘&X;I"_Z‘;Q""Z
(UAC]) Mai Takaya, Tadashi Minoda ’
.. . Materials
4 | Effects of Sc and Zr addition on the mechanical Mai Takaya, Koji Ichitani and Tadashi Minoda Transactions, 64-2

(2023), 443-447

aluminum-copper alloy: Study by synchrotron
radiation multiscale tomography

Heterogeneous nucleation behavior of solidified
5 primary Al phase on agglomerated TiB, particles in

(AIST/Toyohashi Univ. of Tech.) Shogo Furuta
(UAC]) Akihiro Minagawa

(AIST) Yuichiro Murakami, Naoki Omura
(JSRRI) Akihisa Takeuchi, Masayuki Uesugi
(Toyohashi Univ. of Tech.) Masakazu Kobayashi

Materialia 25 (2023),
101763.

Al-Mn alloys in an EmImCI-AICI; ionic liquid

Clarification of the anodic dissolution behavior of
6 | metallurgical structures during electrorefining of

(UACJ/Hokkaido Univ.) Jyunji Nunomura
(Hokkaido Univ.) Hisayoshi Matsushim, Mikito Ueda
(UAC]J) Yoshihiko Kyo, Yoichi Kojima

Electrochemica Acta,
460 (2023), 142601
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Difference in precursory process of intergranular
12 | corrosion of aged Al-Cu and Al-Cu-Mg alloys in 0.1

(Tokoku Univ.) Hiroki Yoshida, Masashi Nishimoto,
Izumi Muto, Yu Sugawara

(UACJ) Mai Takaya, Yoshihiko Kyo,

Tadashi Minoda

J. Electrochem. Soc.,
170 (2023), 111501

during electrorefining

Anodic dissolution behavior of Al alloys containing
13 | AlsFe or B-AlFeSi in EmImCI-AICI; electrolyte

(UAC]J/Hokkaido Univ.) Jyunji Nunomura
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