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Effects of Micro-Bubble on Erosion Corrosion of
Copper Tubes in Hot-Water Supply System

Shinobu Suzuki, Yutaka Yamada and Kozo Kawano

The results of Computational fluid dynamics (CFD) simulations and the observation of the flow

pattern in the model plumbing equipment showed that the locus of the micro-bubbles affected the

erosion corrosion of copper tube. Tap water containg the micro-bubble attacked copper tube and

caused erosion corrosion for 3 months. Consequently, it could be considered that erosion corrosion

of copper tube occurred and propagated when the protective film formed on the tubes surfaces

were continuously broken by micro-bubbles attack.
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Fig.1 Schematic diagram of model plumbing
system of hot water forced circulating.

4 Flow
[1 direction b

11 b
21 ¥
v

bR cid, MBUKEZGEAN T 338K IThiL, i
HE, HHELE, SRR v FIC TR S 81,
PEABCE I T 3Bk 2 BiRic i s h, SEEA
D 71T X - T A 1m/s B8 & O 1.5m/s 1T %
Lz, F7, BRENZE Y 7OEFEN 40m Th 5
Ep S 04MPa R TH - 2o —F, BIEZEXDIEE
L 13 BIAFIRFSARA L, BRI 2@ L TE4UKEN T
13 7.5~8.4ppm, HEEAEHIKEEK T 7.4~9.4ppm T
bY, WBEKOLPENMAR TS > 7o, T, EEN
AT eHEIERAGBE Y 2 7 Ao Y L al—THh -
7oo BB, BHBEFZOSITIEJIS K 0101.24.2 1THE- 72
AV 5=TIfbF b)Y LETEIC K 5 THEEL 1o,
R H— K x — b ELEPEE I TENORENIREEZ T
THEEBIT, BERG 6 » HROMEAE ORIk %
L T

3. & S

3.1 CFD B#r#ER

Fig. 2 12 A & OiRHAITE S 2 L& 0 E O iR
N7 b VERT, FTREOEE, T VFRRETFOARR D
WO 1 2.4m/s EHBI SN e L TA RO ZN
13 0.2m/s EMEL 78 5 7, £, N R SO SRS

Table 1 Typical analysis of test water.

pH 6.8
Conductivity (uS/cm) 81
Total hardness (CaCO,mg/L) 20
Ca hardness (CaCO,mg/L) 16.1
M alkalinity (CaCO,mg/L) 17.3
SOY” (mg/L) 8
Cl" (mg/L) 7
Si0, (mg/L) 9.8

Flow
direction

Fig.2 Velocity vector of liquid for 20A downward pipe system, temp. : 333K,

flow rate : 1.5m/s, pressure of outlet : 0 Pa-gauge.
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Fig.3 Bubble trajectories for 20A downward pipe system, temp. : 333K,

flow rate : 1.dbm/s, pressure of outlet : 0 Pa-gauge.
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Fig.4 Inner surface of test tubes.

47 a7 LRKEO ESEED S 60~100um & HEE
SNz, Fig. 6 ICFi# 1.5m/s 1231 % 90° = v R f{ETF
WEET O 2 KERIT & 2 5 1 a0 3 ik
SR OWNS X 2 k4, NG EIZ FaETh 5, <A
ganx7E, ENE Mo ZCmh, £o—Hidz vR
HEFAN R Il Uz, £ LT, 50~100mm T2 D Hi
PACIlZ%& o Biln i Z2R L, To®kFEns
BE > TEWNITILED » TN ce —F, VN7V,
<4 7 NIV EEBRICENE THEEICHEN, 0%
TV RPFT R TIIAE— L TERRE» & EF 2R i
Hittte, TN o OKIEHENE CFD s B & i —3
TELEDTH - 120

4. & =

4.1 BEEEOER
MWERAERIC B T 250#E 1 m/s B XU 1.5m/s ikt ©



4 £ K

B & B & W

2009

RIEADORERED SN - 1ok, RMEETo 2
- VRS ET 5 7o, Fig. TICRMEHEROZ - T
VR RRTHIT T O NIEARIL O —F %Rk d -, s bR
MTid, EEFEROEEBFATN & EMNEIC TR —
WEEMR3~6um <, TN, BEEOIREEERE
TEbDEHESNI, T, BERETOENOTE)
IREED BRI BV T, = VRKF TR IR R IR
MABBE SN, <A 7 o7 VEERE I TR 7R E)
JREEA IR L 7o CFD fi##fric 8 2 ilEEE A i L hid,
TV R TS HORE I S K AR S T B D,
O TRIBHRNVTENDSFELTVWE T A2 REL
TWiz, THbbL, <A 27 a7 TR/ & D HEEK
PUISEECH & 750, = ORI DB LR 2
A7), TV RHEFETRANC TELA /CREIREEN R &
nNicbotEZI SN,

PlEo T &b, =4 7 a7 Tld VREF ik
i< D DELAHE - TIEALE T ORE T EEN D78
EbZubo s, EAEFEICKH L TRELER

Flow
direction

ThHBT ENAbNI, E5IT, BAFAEEN TEME,
5 E ORLERE AN & (IMBAFRIC, Fig. TISRLEKE
AFEARDL & RITERE T OIE & = L REFE R i e
THIZEIN TV S, HEORAEHEOE WV 20A ® 25A
LOMBROHE T TI1E, CFD MHTIC & 2 ilEEE T
FECEHRE AN & FMBERICE—Th b, w170
N TV O & BLE O FE IS EH S 3Rk O M 2R
TEDEEZOND, COTEbVA 7 aNTIHER
FAEBS LT aEMITEEZ SNt

4.2 BEREICRIEZTAI7ONTIIOEE
BREIBEICKET A7 o NTVOEEERGET 5 1
W, IR 2mm D/ b o g v A s anNT
WEEGHT2H20VIREALEBVY = v MREERE
RS R ClE, Y=o MR %2, HEN
NGERZER L, #iR 328K, ik 10m/s T3 » HRliT-
2o Fig. 8 1CilBRt4 o Ml E o Wil 3 & Wikl % /R
To YA aNTNWEERT LYy MRTEEBON
FH oIl NEHE S N, [EEAL W T i3

[©) 15um ® 17um ©) 4 um (B) 6 um
@ 15um ® 4pum 10um 6 um
©) 3um @ 4 um a 4 um (B) 5um
@ 4um 5pum @ 3um 4 pm

Fig.5 Thickness of scale on inner surface of test tube at flow rate of 1.5m/s.

Flow
direction

Small bubble

I
\k Large bubble

S —

Fig. 6 Typical illustration of bubbles flow nearby elbow in

the transparent tube at flow rate of 1.5m/s.
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Flow
direction

Portion of
erosion corrosion

20mm

Fig.7 Typical erosion corrosion of
copper tube nearby elbow.

AR sS NI, —FH, =A 70T uEEF LV
BUICRETHANLEO L TOAEETH Y, WRElZE,
5HEBEOIBERED SN > T, THODEERN S,
EAFAICH L TE<A 7 o T LOFERENE D &
FEAOoNI, BB, Yy bilRlcBOWTe A7 /NT
WaEEH LB WSS OREKE AWILTE 27T1Pa TH 0,
EAEPHRET AMEMED D 15 5L ETh 312,
o Eb, HEOFEERD, WiEkEARIR, $iab
5, WHMTHWI EEZRLTWVAS,

4.3 BEREAHA=XA

ARSI S Y 2 7 2128 VT, BEKOBEZES
MEKD TN X b ZWiGE, ARG DEENICE
HEALBECT=A 7 aNTUREEST B, SiaDNsL
JEEZFRIBRICKEG LY, <4 2 a7 TREBNE
FE  TRGAE O E—PWIa /DI n ey, KDk
FETHE A NS, B, o<1 7 a T UREND
TRENIREBICHE » TEEEAEZEL, BILEED R r— vz
fREBEITREE U O, EBITT A b0 EER oN, 8
B, WAEIIFEEN @GR (EWNET) 0.4MPa) @
ERNRIREOEHE D 513, <47 o7 IVOFRE
i VRETFCORENZEICKERT 2 ik Ev b o &
ABINI, 51T, <A 7 a7k 5L S
KOZRFr —VOWEA 71 = X 595, [iAZD DIk B
bDh, HDHVIFKIATIER D ) REE S kR
56DTHHDEEHROMIAEDPUETH 5,

b. #&

BEREEOBERAEICELT, CFD#rick-T
SUBTR AT L, @SRRI & 2 ENREIREED B
O CIIBERNAHAE L CEAHRIIRET T XIED
BagH~, LT okkimz57.

(1) 378 vHa 20MgEm (=4 72 a,"x70) &
TOVRTF RN TRERNSIRE 2R 7o, EREAN
DEIBE D O
(@) =4 7 e ~NTLEGLKRICTEENPHI I,
(3) MEBHAFHEOBER, <A 27 o7 UHRENRE

[l

(a)

50pum

50um
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10m/s,(a) with micro-bubbles, (b) without
micro-bubbles.
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Study on the Behavior of Dissolved Gas and

Prevention of Erosion Corrosion in Copper Pipes

in the Circulation Type Hot Water Supply
Piping Systems of Building Equipment

Toshihiro Yamate, Yasukazu Okubo, Yukio Omote,
Kozo Kawano and Yutaka Yamada

It has been envisaged that the action of the micro bubbles in the hot water could cause the ero-
sion corrosion in copper pipes in the circulation type of hot water supply system. Keeping this in
view, we investigated several buildings about the detail of the circulation systems in each building,
the history of occurrence of erosion corrosion in copper pipes, the dissolved oxygen concentration
and cloudiness in hot water in the piping system. In addition, we made a loop circulation working
using experimental equipment in order to clarify and simulate the process and condition of micro
bubbles generation in the closed type hot water piping system.

From the result of the building investigation, it was shown that the erosion corrosion in copper
pipes occurred only in the closed type hot water supply piping system, and also was suggested that
the head of circulation pump could be strongly involved in the occurrence of erosion corrosion in
copper pipes. According to the outcome of the loop circulation working, it was suggested that the
existence of pressure difference in the pipe under flowing hot water could generate the micro bub-

bles on the downstream side of valve and around pipe connections such as elbows.
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General corrosion
(Roughness corrosion)
Bluish water

General corrosion

Pitting corrosion

Corrosion forms
of copper pipe

Erosion corrosion

tress corrosion cracking
Localized corrosion

orrosion fatigue
Ant's nest corrosion

Bimetallic corrosion
(Brazing part)

Fig.1 Typical corrosion forms of copper. 3)

1 Water leak part magnified

B Nk ek

Flow — 0.Zm

Cross section

Inner surface

Fig.2 Inner surface and cross section of hot water
copper pipe in which erosion corrosion has
occurred after 13.3 years service.
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Table 1 Investigation results concerning to the occurrences of erosion corrosion in copper pipes
and the details of equipment in the hot water supply piping systems.
Erosion corrosion occurred No erosion corrosion
Rated | Defference Rated | Defference
. flow | of dissolved . flow | of dissolved
Service | yood of | quantity|  oxy Service | yood of | quantity| oy
. Completion | period | . of |quantily) —oxygen State of . Completion | period | . o | quantit ORyBen State of
Kind of . |circulating|  of | concentration . Kind of . |circulating|  of | concentration .
No.|, .. year and | until . cloudiness  |No.|, .. year and | until . cloudiness
building . . pump | circulat-| between tap building . . pump | circulat-| between tap
floor height | leaking . of hot water floor height | leaking . of hot water
(m) ing |water and hot . (m) ing |water and hot
(Years) (Years)
pump water pump water
(¢/min) | (mg/€) (¢/min) | (mg/f)
1 |Hotel | 1999 7.6 5 52 1.1 — 10 | Hotel 1998 8.4 5 20 1.1 loudi
ote . . otel |\ oo miopy| & -1. cloudiness
2 |Hotel | 2001 6 6.5 20 2.6 — 11 | Hotel 1998 8.4 4 20 0.6 loudi
ote . . otel |\ oo miopy| & -0. cloudiness
3 | Hotel | 2005 1.5 18.2 150 1.8 - 12 | Hotel 1998 8.4 5 25 1.5 loudi
ote . . . otel |\ oo miopy| & -1. cloudiness
11 1972 cloudiness or
4 | Hotel (Qunits) 40 0.2 13 | Hotel BAF94P2 35 6 200 -1.4 transparent
10 1979 cloud@ess or
5 | Hotel | 1999 4.3 ) 30 1.9 - 14 | Hotel 35 6 200 -0.7 cloudiness a
(2units) B4F24P2 )
little
6 | Hotel | 1997 10 o1 20 0.1 cloudiness| 15 | Hotel 1972 35 6 200 -2.2 cloudiness
(2units) ' B4F24P2 :
B Hospi-| 2006 .
7 |Hotel | 1996 11 22 310 1.5 16 tal | BIF4PL 1 5 50 -1.2 cloudiness
Hospi- - B B Hospi-| 2006 .
8 tal 3 14.5 90 0.6 17 tal | BIFAPL 1 5 50 1.2 cloudiness
Fac- -~ Hospi-| 2002 .
9 tory 1988 7 19 120 0.2 18 tal | BIFSPL 5 5 100 0.9 cloudiness
Hospi-| 2002 cloudiness or
19 tal | BIF4PL 5 4 60 -0.4 cloudmess a
little
20 |Hotel| 1988 | 19 | 15 | 50 15 | Pranspar
ent
o | 2| 1067 | a0 | 19 | 120 | g | frensPAr
tory ent

No.1~No.20 have hot water storage tanks of closed type and No.21 have a hot water storage tank of open type.

No.20 have a deaerator of spray system.

Difference of dissoloved oxygen concentration (DO) was caluculated by DO in hot water - DO in tap water.

— ! non-confirmation
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5m BEEVI Eo—>DiEEIT B4, Tofico
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Dissolved oxygen concentration in tap water (mg/¢)

Fig.3 Occurrence of erosion corrosion in copper pipes in
correlation with dissolved oxygen concentration in
both hot and tap water in closed type hot water
supply piping system.

(b) After a few seconds
settles

(a) Just after sampling

Fig.4 State of cloudiness in hot water. Hot water has
immediately become transparent from below of
the cup after sampling.

Table 2 Solubility of gases to water (m¢/m¢, 20°C)

Air N; Oq CO,q Cly

0.02 0.016 0.031 0.88 2.3
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Fig.5 Occurrence of erosion corrosion in copper pipes in
correlation with the head and rated flow quantity
of the circulating pumps in hot water supply
piping system.
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Fig. 6 Occurrence of erosion corrosion in copper pipes in
correlation with the head of circulating pumps and
difference of dissolved oxygen concentration
between the hot water and tap water.
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Fig.7 Schematic illustration of the experimental equipment that simulates closed type of hot

water supply piping system.
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(b) The micro bubble has been generated.

Fig.8 State of micro bubbles in hot water supply pipe
in the experimental equipment.
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Evaluation of Prediction Method for Pressure Drop
and Condensation Heat Transfer Coefficient Inside
Internally Helical-Grooved Horizontal Tubes

Norihiro Inoue, Aryo Aono, Masao Goto,
Masaaki Sato, Akihiro Kiyotani and Naoe Sasaki

In this paper, the prediction methods of pressure drop of two-phase flow and condensation heat

transfer coefficients, which were derived from the measured friction factor data in the single-phase

flow experiments of fourteen kinds of internally helical-grooved tubes with 6.35mm o.d., were

shown and the evaluation were made by the comparisons of the predicted values with experimental

data measured by Haraguchi et al. for an internally helical-grooved tube and Miyara et al. for an

internally herringborn-grooved tube. The results indicate that predicted values of pressure drop

and condensation heat transfer coefficients agree with their measured data within 30% and pro-

posed methods may be able to predict accurately for many kinds of internally grooved tubes.
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Table 1 Details of internally grooved tubes.

Tube name F G L Haraguchi et al. 7 Miyara et al.8)
Refrigerants - — — R22, R123, R134a R410A
Outside diameter, d, (mm) 6.35 6.35 6.35 10.0 7.00
Maximum inside diameter, d; (mm) 5.85 5.85 5.85 8.46 6.40
Wall thickness, £, (mm) 0.25 0.25 0.25 0.77 0.30
Fin height, 2 (mm) 0.26 0.15 0.21 0.17 0.22
Helical angle, 6 (degrees) 11 20 20 18 16
Groove number, n (—) 45 65 55 60 55
Surface area enhancement, n (—) 1.955 1.831 2.089 1.52 2.15
p/d; (—) 0.069 0.045 0.054 0.049 0.055
102 F T T T T T T T T T B 102 E T T T T T T T T T 3
F (a) R22 3 E (b) R410A ]
r G =200kg/ (m?s) 1 C G =200kg/ (m?s) o
i Tt=40C i i Teat=40C :
10 | E 10 E =
l: R F
@© © B
o r E o + E
7 r g X - i
N 3 - N L 4
< <
=1 F 4 21k i
o E E o E 3
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10_15 ~_—j 1071.‘:‘ =
5 L L ) ) L L L L s L 3 5 E It s ! L X ) L L It 3
0 0.2 0.4 0.6 0.8 1. 0 0.2 0.4 0.6 0.8 1.0
1—x 1—x

Fig.1 Predicted values of pressure drop.
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Fig.3 Predicted values of condensation heat transfer coefficient for R22 and R410A.
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Effect of n value and dislocation structures on
the elongation of aluminum alloy sheets

Hidetoshi Uchida and Hideo Yoshida

The effects of the n value and dislocation structures on the elongation of aluminum alloy sheets

were investigated. The n value of the aluminum alloy was not constant. It increased to the maxi-

mum 7n value and decreased with strain. When the n value was constant, dislocation cell structures

were observed. When the n value decreased, microbands were observed. It was considered that an

increasing n value denoted an increasing dislocation density and a decreasing n value denoted a dy-

namic recovery occurring such as the formation of microbands. The decreasing rate after the

maximum n value was a more important parameter than the average or the maximum n value for
the relationship with the elongation. The Al-Mg-Si alloys and the Al-low Mg alloys had highly de-

creasing n value rates. The pure aluminum and Al-high Mg alloys had low decreasing n value

rates. It was considered that the highly decreasing rate after the maximum n value suggested a

dynamic recovery and easily occurring local necking.
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(2) Al-Mg-Si 2&64

Al-Mg-Si #2&41%, 71 REE2ELSE G580,
TINtHEE L TO~ v A v EEZ(L S a8 20
L7,

FAFREEELS G, ME99.9% O 7 v
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BALMLEE, BEE, BEEZICEY ImmBES L L,
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IR DI B Z 1T - 72
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BT & 0 AT S T s [afakBn (JIS-545)
BRI, 5IRRERZEIT - 70 2O ONER, KEH
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Table1 Chemical composition of specimens. (mass%)

Marking Si Fe Mn Mg Ti

Pure Al 0.03 | 0.05 | <0.01| <0.01| 0.03
Al-1.5Mg 0.02 | 0.04 | <0.01| 1.47| 0.03
Al-3.0Mg 0.03 | 0.04 | <0.01] 291 0.03
Al-4.5Mg 0.03 | 0.04 | <0.01| 4.45| 0.03
Al-6.0Mg 0.04 | 0.05 | <0.01] 5.99| 0.03
Al-7.5Mg 0.04 | 0.05 | <0.01| T7.46| 0.03
Al-9.0Mg 0.05 | 0.06 | <0.01| 9.23| 0.02
Al-0.55i-0.56Mg 0.48 | 0.13 0.11| 049 0.01
Al-0.7S1-0.56Mg 0.72 | 0.13 0.11| 0.46| 0.01
Al-1.1Si-0.5Mg 1.05 | 0.13 0.10| 0.50| 0.01
Al-1.351-0.5Mg 1.32 | 0.13 0.10| 0.48] 0.01
Al-1.651-0.5Mg 1.57 | 0.15 0.11| 049 0.01
Al-0.851-0.5Mg 0.80 | 0.09 | <0.01] 0.54| 0.02
Al-0.851-0.6Mg -0.156Mn | 0.81 | 0.09 0.15] 0.50| 0.03
Al-0.8Si-0.56Mg -0.3Mn | 0.80 | 0.09 0.30 | 0.49] 0.03
Al1-0.85i-0.5Mg -0.45Mn | 0.78 | 0.09 0.45| 047 0.03
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Fig.1 Stress-strain curves of Al-Mg alloy sheets.
Table 2 Mechanical properties of Al-Mg alloys
Marking TS (MPa) YS (MPa) EL (%)
Pure Al 64 23 46
Al-1.5Mg 132 41 30
Al-3.0Mg 185 66 28
Al-4.5Mg 230 91 36
Al-6.0Mg 265 109 37
Al-7.5Mg 301 132 39
Al-9.0Mg 340 157 40
. Al ALT SMg ALOALg
.40 P Ty
k35 .
! L1
2030 4
-] ._.' L
L5 i f L : Pure Al
if et “AIME
/ Il 5Mp *= "
020 | Al-05Ng
15
0 00d g IS 020 028 (30
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Fig.2 Effect of Mg content on change in n value with
strain of Al-Mg alloy sheets.
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Fig.3 TEM structures of tensile strained
pure aluminum sheet.

(1) 15% strained (0.14) (2) 25% strained (0.22)

Fig.4 TEM structures of tensile strained
Al-3Mg alloy sheet.
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(2) 35% strained (0.30)
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Fig.5 TEM structures of tensile strained
Al-9Mg alloy sheet.
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Table 3 Mechanical properties of pure aluminum and
Al-7.5Mg alloy sheets

Marking | SR (s?) | TS (MPa) | YS (MPa) | EL (%)
1.0x10" 58 23 44
3.3x10* 62 24 45
Pure Al 3.3x10% 64 23 46
3.3x10% 67 24 47
1.0x 107 69 @D 46
1.0x10* 313 128 43
3.3x10* 306 127 40
Al-7.5Mg 3.3x10% 301 131 37
3.3x10% 291 126 36
1.0x 107 289 (110) 37
“()” means invalid value for high strain rate
.40
1.0x [0Fs?
0.35 33 % 1o
33 x It
] o
e {L215 r .
1.0 B0-ts! -
LR
33 x Torist
o i5"
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(1) Effect of strain rate on pure aluminum sheet.
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¥ 10w i
.20
ﬂls S E——————
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(2) Effect of strain rate on Al-7.5Mg alloy sheet.

L]

Fig.6 Change in n value with various strain rates.
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Fig. 10 Stress-strain curves of Al-Mg-Si alloy sheets.

Table4 Mechanical properties of Al-Mg-Si alloy sheets

Marking TS (MPa) | YS (MPa) | EL (%)
Al-0.58i-0.5Mg 178 74 29
Al-0.78i-0.5Mg 206 94 29
Al-1.18i-0.5Mg 240 119 30
Al-1.38i-0.5Mg 246 122 30
Al-1.68i-0.5Mg 249 127 31
0.0

| LTS
035

L
o,
0.15
o oS Q10 0ls X 025 030
I P Stemim

Fig. 11 Effect of Si content on change in n value
with strain of Al-Mg-Si alloy sheets.
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Fig.12 TEM structures of 8 % tensile strained
Al-Mg-Si alloy sheets (true strain :
0.08).

Table 5 Mechanical properties of Al-Mg-Si-Mn alloy sheets

Marking TS (MPa) | YS (MPa) | EL (%)
Al-0.8Si-0.56Mg 228 113 32
Al-0.8Si-0.5Mg-0.15Mn 238 121 31
Al-0.851-0.6Mg-0.3Mn 237 119 29
Al-0.85i-0.6Mg-0.45Mn 241 119 29
* Homogenization : 500°C- 8 h
(HE
L]
& (LN
k]
-
= .25
D B o
i, 3hin
(R E]
000 ofs 0l0 s 02 025 00
Tinas sirain

Fig. 13 Effect of Mn content on change in n value
with strain of Al-Mg-Si alloy sheets.

(2) Al-0.8Si-0.5Mg-0.45Mn

(1) Al-0.8Si-0.5Mg

Fig.14 TEM structures of 15% tensile strained
Al-Mg-Si alloy sheets (true strain :
0.14).
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Table 6 Mechanical properties of Al-0.8Si-0.5Mg-0.45Mn
alloy sheets

Marking Homo. | TS (MPa) | YS (MPa) | EL (%)
Al-0.8Si-0.56Mg 500°C 218 105 27
-0.45Mn 540°C 237 115 28
580°C 241 119 29

Homo. : Homogenization for 8 h

LLY LR N b ¥ -

Tnag sirain

LR R |

Fig. 15 Effect of homogenization temperature on
change in n value of Al-0.85i-0.5Mg-

0.45Mn alloy sheets.

(1) Homo : 500°C

(2) Homo : 580°C

Fig.16 TEM structures of 15% strained Al-0.8Si-
0.5Mg-0.45Mn alloy sheets (true strain :
0.14).
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Effects of Pre-aging at Elevated Temperature and
Natural Aging on the Bake Hardenability of
Al-Mg-S1 Alloy

Hidenori Hatta, Shinichi Matsuda,
Hiroki Tanaka and Hideo Yoshida

Effects of 1st natural aging, pre-aging and 2nd natural aging on the bake hardenability of the

Al-0.62mass%Mg-0.96mass%Si alloy have been studied by tension test, hardness measurement,

electrical resistance measurement and differential scanning calorimetric analysis (DSC). The bake

hardenability after 2nd natural aging at 20°C for 86.4ks was improved by pre-aging between 100°C

and 170°C. In the case of short pre-aging at 100°C, the bake hardenability started to decrease after

2nd natural aging more than 86.4ks, because the amount of clusters of solute atoms increased. The

1st natural aging before pre-aging causes decreasing the bake hardenability because the clusters

formed during natural aging before pre-aging.

1. ¥ =

HEjHOME N A2 HKE L CTHOBREL D 5
nNTHBY, 7= L5EROEABHEA T + ~DOE
REINL->55 30, 600027V =Y 45480 HH)
B T M7 L RRIEREC SN T < B R
IFis &, BAEEAT TR o mBGE R L Ciifk L
(Bake hardening, VAN BH MLEEEFrd), KBS T
BEWiTchs T EnskdonTcns, LaL 6000
RT N =g A TRERLER A S BH LB
N2ETORRENCLD, N=7 = FEBKT4 2
EPHIONTOVAR I EY DS, TOXMNKE L TEl
T ShULER 0~ & {E ST AL 1O A 1T 5 kAR & vt
BRI SR PR ST B L CRIFRSEA TH D, A

* 55106 MIFMIRS G 16 5 H) T8k, Ba
J&, 59 (2009) 248 i< FEEB/MEHK

e WIEREYER vy — BERE

WrgEhsE v v — B—E, T+

e WHERATER v 5 —, T

e

25

IR\ B IR TR SR Il AR L 2 0
HETHRET 2 HEsTHIcRET s hTE 259, —7,
IR I — HEEMTICBEAN L, < OFRAINE
L CEil T il 2 HiED & b 208, iR b
BICEIREORE~EANT 2700, BEANEEZD S
SR T OBE £ TOHREN LB 5, S50
6000 ZHEHE R 7 4 NX UM TIE, TIHI=T LR —
h—kb T4FECHMEN, TOHBHULMENS %
TIT, ERL T L RTEEENRS L ENS, BIRLIL
S RIERERT 1) 2 BG4 5 % THOIHAREIREE L 75 3,
THOLLEBRBEE LTld, BANERD S SR TR
BT 5 & TO RIS, ST NG, T ok BH
WU % BTG4 % £ TOMREIT X B RS, ixi%ic BH
JLFE D AT VU B O RN 78 2 & D 7o OIERh A E)
ORIy —EEIc 2 EBbNn b, 2o OO
HBIRAEWIEICT 2 ERN—2 = FEF|HT 2 LT
KRARTH 5,

Z CTARIETIEN— 27— NI R IE I S T
RO HAREES, SR PR, £ o%ko BRSO



26 T R & & E & R

2009

BIlionT, =BB LUK TOREH) 2R L 7,

2. £ B # &

ik Ic & © Table 1129 (LAHK D 8551 % 15
# L, 560°C T 36ks OEELMEEE L /22, 500°C @
HEICTES 30mm 2* 5 4mm F TEEITFAEL 72, <
D%, ES 4mm 5 1mm F THRITLEE TV
& Ui, Fig, LICBULBESEHZ2Rd, VIV b N2 %]
W, IBHIELENR % 550°C T 0.06ks fRIF O LM TR
LAV Z 4T - 7ot%, KKIUTHEAN LT KRGS HE
AMBODLFPRBREHETERN— 7 = FIHEOK A
WEVSNhTOLD e, BANIKKPTOREE
0.01ks & L 7zo fF THARKREL S LicA A VN2 %M
W 80°C 5 170°C DEE T 0.24ks »» 5 7.2ks R D
il TR 21T - Foo Wi & U C il TR
H LMOERE Lz, 2 0%, HHI200C oHEH
(R%) THARERN A HK 604.8ks & TITV, mxfRicA
AN Z VT 170°C T 1.2ks © BH WLEED &3 =B
DI AT - 720 S SITHEANE D & S0 TR
BG4 5 £ O AR ATE L, HIRKRAZH VT
20°C THK 3.6ks @ H AR &) & & il T (i IR AT L 2B 0
L CTHITUB O BShILER 217 - 72l & EBL L 72,

FIRMEE OFE I, HAE NS U TR AN ERAL
L #c JIS 5 S 5liEikER A% Fl W BH e (20C H
REERhT%) #8 & O BH MLERRRICER L 7o, E v 71— X

Table 1 Chemical composition of the alloy (mass%)

Mg Si Fe Al

0.62 0.96 0.03 Bal.

Solution heat treatment @
550°C-0.06ks
w.Q.
Bake hardening
Pre-aging 170°C-1.2ks
2nd natural aging
L ]
0°C-0.01ks
Solution heat treatment (b)
w.Q.
Ist natural aging Bake hardening
Pre-aging
2nd natural aging

Fig.1 Schematic diagram of heat treatment, (a) three
step aging, (b) four step aging.
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Fig. 2 Effect of pre-aging condition on the 0.2%
proof stress of the alloy before BH treat-
ment and after BH treatment. The sam-
ples were pre-aged after water quenching
followed by 2nd natural aging at 20°C for
86.4ks, then baked at 170°C for 1.2ks.
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Fig.4 Changes in hardness with pre-aging time
at 100°C before BH treatment and after
BH treatment at 170°C for 1.2ks. The
samples were pre-aged at 100°C for vari-
ous times after water quenching followed
by 2nd natural aging at 20°C for 86.4ks or
604.8ks , then baked at 170°C for 1.2ks.

D H AR O A IS B SN TV S T EMH S 2
-7,

SR 7 AN N e R Qe pt= 0 s ¥ 11 ) o i
ZTOHROAREGNMOEEEZREICT 50,
100°C < 0.3ks B & OF 7.2ks O &ia P wRizh &2 17 - 723k
Bl & otk & U CEnR F iR is L oilkhicon g,
Z D% O HIREERIRE D < — 7 N — RO LA T A
L 7z Fig. 5 ic BH WLERFI#& DM /1% /~3, BH ALIEH]
ICBWT, SR TR LM O 7713 H AR B TE
B & H AR h I R o Bl i v A BA L 72,
100°C < 0.3ks O =il Fmlzh U 7cialkl < 1% 86.4ks £ T
BEMWMIB—ETTOHEHA Lo, 100C T
7.2ks O & il T i We 50 & fitg U 72 &0k B 28 1 %0 3
604.8ks £ TR IEF—TEDM NI TDH - 72, BH LLHE Dfif
71, SR VRN L ok AR B IRE o ffa ic
PRV AR T L, 100°C T 0.3ks O & Fhrsh L 2
KBTI 86.4ks £ T, 100°C T 7.2ks D&k T IRh &
6 U 72 308 T 13 2RSS 604.8ks & T W I A &
o Fig. 6 12 BRI & X — 27~ — FEORR A
Ko BH PR O D% TERENDE =2 /"= F
B3, SRTFIEE7E LT HARRRIER o B mc pE v
EFLoicxwt L, 100°C < 0.3ks D& PR L 72
KBTI 86.4ks £ T, 100°C T 7.2ks D ik Flwk%h &
Jiti U 72 50RHE H AR 2005 604.8ks £ TR E L= /N —
FEME SN,

CONR=7 = FHEOZLEEITT 5 7oic, B
PUNEZ1T - 720 Fig. T ISR TR O [ 2R EEhh
DBEZIEIUIC O VT Z DGHIE L 7ok 2R, Mk &
L CTEnii T Eesh 2 i & 75 70 - 72308 & OF & TR d .
20°C TOHARERNC B T, SR THERNE Lo



28 T R & & E & R

2009

BiTid, BARKSIBAE R & v BRUIEIIOK X 12 LR
AbNi, BRI T VI =T A= MY v 7 ZDEE
BOZLP RIS SO S & 2R A L TE1L
DWHEL B, KREEOBANKO HRENCB VTR, #
KOWEYESEZIILTr 525 (1) ODAEKRDEENK
TVWERET B, B8, I TRILHESDHFERES OHE
TIDERE, HREENTICER S W HEERILIE O 87
BB LI WHTOEAEE 7 525 (D, B HOH
EXEeRE 2 7 5 2 7 (2) LERT 5o il TIRFERN 72 LA
T3 BRI R o hmic pEV, SERURPLAYRBIC B
TEHENLS 7525 (1) OAERKIMEEL TV D &HEH
ENMb, —J7, 100°C T 0.3ks O &R FlREEzh 21T - 72
BEic, BRI o3& /A S50d, 100ks

N
W
<o

[\
[
=]

0.2% Proof stress, o, (MPa)

y Pre-aging Before BH After BH
50 ¢ Non ® 8]
100°C-0.3ks A A
100°C-7.2ks [] []
O'tho t/ l I
withou
natural aging 10 100 1000

2nd natural aging time, t (ks)

Fig.5 Effect of 2nd natural aging condition on the
0.2% proof stress of the alloy before BH
treatment and after BH treatment. The
samples were pre-aged at 100°C for 0.3ks or
7.2ks or not pre-aged after water quenching
followed by 2nd natural aging at 20°C for
various times, then baked at 170°C for 1.2ks.
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Fig. 10 In-situ measurement of the electrical resistivity
during 2nd natural aging at 20°C after pre-
aging at 100°C for 7.2ks for the samples with 1st
natural aging before pre-aging or without 1st
natural aging before pre-aging.

RS NTHEELILIHEEZ OGN L, TDI2D, BEAN
%12 20°C T 1.8ks @ HARWER %217 - 7212 100°C T
7.2ks D&l FARREI 21T - 73kHE, ~—27 = Fik
DBEP -1 EEZ SN T,

7524 (1) BLU () OARKICE XF T EE Tk
SHIRERE] & BT T m Rl % 0 B AR £h o 52288 A X &
L T Fig. 11 IT/R 9, HEANR, BEHBI TRk om
TR s N &, 7525 (2) & kS,
75 A EEKL TV WIEERFB X O 2 LR
WD T 5, TDcw, Bick HARGICBWT Y 5



30 F KR8 2 B & & 2009
Abcr Isipmsoral || Afer pre-sging e Taud patursl
aging batory pre- aging
it

Pre-aged al 100°C
for 01.kcs: ithorwnd 1:;'.'“'-: w* w2
b Il palisal 4 ,.'a ." _
sgirg \u.- | . ﬂ e
Pre-aged ol 100
[ X T—
by Ind naiural n n n ﬂ
iy J ! n ﬂ ﬂ
Ik nustaral aging, )
thes prr-aged = L 2 . Pt ™ 5
10 for 7,243 o " AR o ﬁ % | % * =
followed by Ind ° £ T o
raaral iy

¥ Mg wlom
g chaster( 2} -E‘IHHIHH'H
8 claster(1) © vacancy

Fig.11 The proposed mechanism for the formation of cluster (1)

and cluster(2) "' during various aging treatments.

2% (1) OEEENHITE B EEZONB, —F, Sk
FRRZNEESE WEGICE 7 5 2 5 (2) QAP
{y, 7527 ZHERL TWIEWIFEEIR T8 L OEEEZELL
HEHERICZ CEIET B 72002, BRI 0%y 5 =
7 (1) OERDBIET 5, = DfER, BRI HRKZ)
DFIT N = N—= FWUK T 5, 72, @l Tk
AT HARRERN IS PR 2561013, HARRNICB W Ty
524 (D) PEELTHERL, SETHEhB LTz
BoOHRKEL, sowicBHUETTL2 524 (DR
LELTHEET B, ZTDRDITEH NN — 78— FiEHE
LNBWEEZOND, INHTEMNS, JEANKITY
5 2% (1) RT3 BN 5 &tk T+ 15 SiE P i
BN 21T 2 S EREOR == RS oo
BEETHLEEZ LN S,

4, &

Al-0.62%Mg-0.96%Si &4 >WT, X—7 /"= F
T B XIT 9 SR TS & 2 ORith O H RO f2
WOWTHHE L, BontR 2L NcE &0 5,
(D #EANERIT 100°C 2 5 170°C D & T i e h il
HAETH T &Itk D, 86.4ks D HARKENZ TH SN —
JoN—= FERE SN,

(2) 100°C O &l TR RLERIT 38 W T, &l i
SR E VISR E =7 = 2B 3 v H
SRS E S N B, T 1 H RN —E ] %
WA 2ERHITEBLEVLY 525 DAERKRBAL B 12
HEFZOND,

(3) BEANED & il TR LR % fls 4 2 & T
EARIREIDMEAET 5 &, il PR 2 L T b~ —
JoN—= FEEBE LNV, ISR TREIET O HA

jill]

30

e B0 TEL L TR HITER LWy 529084
RSN, ERTIHEDNL TOEAEL TV Lo Sl
N3,

AR EH © %V ¥ — « FEEHIRE BT HHE
(NEDO) »» & (M) & B A2ME AR~ & —
(JRCM) ~DZFEFEMIE [FEHSEMENE > 7 2 51
HRBAFR (7 v =9 659 77 v—7) | O—B&E L
TIT-2bDTH 5,

=

=

Z X ®

FEH L AR SIBEER, 47 (2006), 128.

J. Langerweger : Proc. Aluminium Technology'86, (ed.
T. Sheppard), The Institute of Metals, (1986), 216.
&N, B = BReE, 19 (1969, 90.

JUKRF R, WP, MEE—, SHHICHE B8, 54
(2004), 412.
JNKFHE, MAHE—,
PG, SARERR,
REZE4E, (2000), 187.
I RS, B e, M E
215.

BoEHE, LHEERES, MEREE
450.

el Bk, e RiTHE ZgHilk,
=, 53 (2003), 516.
NHEFR, HHAEHE B, 46 (1996), 427.

A. Serizawa, S. Hirosawa and T. Sato : Materials
Science Forum, 519-521 (2006), 245.

A. K. Gupta and D. J. Lloyd : Proceedings of the 3rd
International Conference on Aluminum Alloys, 2 (1994),
21.

D
2)

3)
4)

5)
6)

o EHBHE © $8)E, 56 (2006), 667.
At - BeIm s 98 [nlaRiH

) DeE, 51 (200D,

8) CReNE, 49 (1999,

e

9 HELEE, W ST

10)
1D

12)



Sumitomo Light Metal Technical Reports, Vol. 50 No. 1 (2009), pp. 31-37

TECHNICAL PAPER

Dissimilar Metals Joining of Aluminum Alloy
and Steel Sheets by Friction Stir Spot Welding”®

Koji Tanaka™* *, Masaki Kumagai* ** and Hideo Yoshida****

Friction stir spot welding (FSSW) has been applied to dissimilar metals lap joint between alumi-

num alloy sheet and mild steel sheet. Sufficient strength of the dissimilar metals joints was ob-

tained by FSSW without forming any brittle intermetallic compound at the weld interface. Tech-

nical point of the FSSW is to stir aluminum alloy by using a rotating tool without contacting it

to the steel surface. Consequently, the strength of FSSW joints was higher than that of resistance

spot welds, and all of the FSSW joints showed a plug fracture through the aluminum alloy parent

sheet. Moreover, it was suggested that the joint strength was related to area of stir zone at the

weld interface. An oxide film was observed partially in the stir zone by sweeping up from the in-

terface. Amorphous layer of aluminum and iron including oxide of 2-4nm in thickness (10-20 layer

of atoms) was formed in the weld interface without intermetallic compound.

1. Introduction

Environmental protection and energy saving
has been strongly focused, from the view of the
global warming prevention in recent years and
in a point of emission control and fuel efficiency
improvement in particular for the car field, the
car body is required to be weight saving. There-
fore putting suitable materials in the suitable
components of a light-weight car body tends to
expand, and various metals joining of aluminum
alloy and steel is the problem which can't be
evaded in particular.

In the case of the dissimilar metals joining of
aluminum alloy and steel has been tried using
the various methods such as fusion welding
pI‘OCGSSl~9> 10~13)
so far. For example, arc welding, laser welding

and solid-state welding process

and resistance spot welding are typical as fusion
welding process and friction welding, ultrasonic
welding, explosive welding and electromagnetic
welding are typical as solid-state welding proc-

* This paper was re-wrote the report presented at the
Tth International Friction Stir Welding Symposium,
Awaji Island, Japan, May 20-22, (2008)

* No.5 Department, Research & Development Center.

No.5 Department, Research & Development Center,

Dr. of Eng.

«+x+ Research & Development Center, Dr. of Eng.

31

ess. However, it is difficult to obtain a reliable
weld joint for the moment because the brittle
intermetallic compound tends to be generally
formed at weld interface in fusion welding proc-
ess. Recently, the trial that is to join dissimilar
metals by controlling the heat input at the time
of arc welding " has reported. On the other
hand, joining dissimilar metals in solid-state
welding is limited because there are restrictions
in equipments and the joint shapes. There are
also other welding methods using a transition
piece, but the problem is its high production
cost. Neither studies and analyses about a
mechanism of weld interface, nor methods of
welding are not enough for practical usage.
The friction stir welding'’ was developed by
the United Kingdom TWI (The Welding Insti-
tute) in 1991. It is the solid-state welding for
which frictional heat by rotating tool and the
plastic flow, which occurs inside the joint mate-
rial, are used. After developing, FSW has been
applied to fields such as the rolling stocks and
automotive parts. When it is applied to the dis-
similar metals joining, intermetallic compound
in the weld interface will be restrained to form.
Therefore FSW seems to have highly reliable
weld joint. The FSW joint shape was butt joint
19 and lap joint®?*’ by the dissimilar metals

joining in the past. In this study, we
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investigated the strength of the weld joint of the
dissimilar metals joining and analyzed the weld
interface of aluminum alloy and steel using the
friction stir spot welding (FSSW in the follow-
ing) #* that can be expected to be the joint for
weight saving car body.

2. Experimental procedures

As parent sheets, T4 conditioned 6000 series of
aluminum alloy sheet (Al-1.0mass% Si-0.5mass
%Mg) with Imm thickness and a mild steel
sheet (SPCC, Fe-0.05mass% C-0.0lmass % Si-
0.14 mass% Mn-0.02mass% P-0.01mass%S)with
0.7mm thickness, as shown in Fig. 1, were used.
Both of parent sheets were degreased and cut in
the shape of width 40mm and length 120mm.
The lap length for FSSW test specimens was
40mm. Rotating tool®’ of shoulder diameter
13mm, as shown in Fig. 1, having probe tip di-
ameter 4.0mm and probe length 0.8mm was
used. The joining time*’, that was defined as the
time during the probe contacted with aluminum
alloys, was fixed to 2.0 seconds. In FSSW test,
the rotating speed was controlled at 3 levels such
as 1000, 1500 and 2000rpm (16.7, 25.0 and 33.3s™)
respectively. In this study, rotating tool*’ was
plunged from the aluminum alloy side without
inserting to steel surface in order to prevent the
formation of brittle intermetallic layer. The in-
sertion depth of rotating tool was adjusted by
micrometer in order to control the remainder
thickness of aluminum alloy sheet at the probe
point part would be 4 levels such as 0.21, 0.26,
0.31 and 0.36mm respectively. 4 chromel-almel
thermocouples of diameter 0.08mm were embed-
ded in the steel sheet surface having 2mm pitch

| Femamdar theckrass

Em_ua {Il.ﬂnm-'-"| [ of Al sheat
S L Fel0.7t)

s

Fig.1 Schematic illustration of friction stir spot welding.
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around the joining center, as shown in Fig. 2.
The interface temperature was measured for
every FSSW conditions with 0.2 seconds inter-
val. For FSSW jointed specimens the tensile
shear strength of joint was measured. Micro-
structure of the weld interface after the test was
observed by optical microscope.

In order to discuss the joint mechanism, ele-
ment of the weld interface for a typical sample
prepared by cross section polisher (JEOL SM-
09010) was analyzed by using FE-EPMA (JEOL
JXA-8500F, accelerating voltage 10kV). Also
the weld interface of a typical sample prepared
by focused ion beam arrangement (Hitachi FB-
2000A, accelerating voltage 30kV) was observed
by high-resolution TEM (Hitachi H-9000NAR,
accelerating voltage 300kV). Also,
analysis of the weld interface was carried out by
EDS (Topcon EM-002BF/P-20 mounted in the
TEM).

element

3. Results and discussion

3.1. Relation between joint strength and
FSSW condition

Fig. 3 shows the relation between the remain-
der thickness of aluminum sheet defined in
Fig.1 and the tensile shear strength (calling
"the joint strength" in later part) of the FSSW
dissimilar metals joints. When the rotating
speed was at 1500rpm and 2000rpm, the joint
strength was lower than that at 1000rpm and
decreased corresponding to the remainder thick-
ness of aluminum sheet. When the rotating

w
[Fe]

: vy

L8
o men

Fig.2 Schematic illustration of temperature measurement
at weld interface by thermocouples.
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speed was at 1000rpm and the remainder thick-
ness of aluminum sheet was in the range of 0.21-
0.31mm, the joint strength was the highest
marking constantly 3.6kN/weld. The joint
strength of the FSSW and the resistance spot
welding for the same parent aluminum alloy
sheets were also indicated in Fig. 3. The highest
joint strength of the FSSW dissimilar metals
joining was a little lower than that of FSSW
joining for the same parent aluminum alloy
sheets 3.9kN/weld. But it was higher than that
of the resistance spot welding for the same par-
ent aluminum alloy sheets 2.15kN/weld, that
was represented the A class referring WES-7302.

In this study, the reason of the significant dif-
ference in the joint strength caused by the joint
condition was discussed focusing especially to
the influence of tool rotating speed.

Fig. 4 shows the typical fracture surfaces af-

5
~~
=
4
A _ESSW.oof Al
N
2 \\ Resii;.ance fs;;ﬂt
- PR F i R Sm.__ Welding of Al
32 sl
(2]
(]
% 1 —&— 1000rpm ||
c —&— 1500rpm |
it —dr— 2000rpm

0

0.15 02 0.25 03 0.35 0.4

Remainder thickness of Al sheet (mm)
Fig.3 Relationship between FSSW conditions and tensile
shear strength of the joints.

Rotation Al side Fe side

1000rpm

:p 11.4mm

2000rpm 4_'::

Joint area : ¢ 8.2mm

Note) -:::: |:'_::~ : Tensile direction _10mm _

Fig.4 Appearance of the fracture surface after tensile
shear test of the FSSW dissimilar metals joints.
(remainder thickness of Al sheet : 0.26mm)

ter the tensile shear test of the FSSW dissimilar
metals joints at 1000rpm and 2000rpm stirring
in the case of 0.26mm in remainder thickness.
All of the FSSW dissimilar metals joints showed
a plug fracture through all or part of aluminum
alloy sheet, and fractured tip of aluminum alloy
sheet was remained on a steel sheet. The white
zone, in which the trace of aluminum adhesive
was formed by the stirring of aluminum sheet,
was observed around the fractured tip on the
steel sheet. The diameter of the white zone on
the specimens stirred at 1000rpm was 11.4mm
and it was wider than that obtained by the speci-
men stirred at 2000rpm.

Fig. 5 shows the cross section microstructures
of the FSSW dissimilar metals joints stirred at
1000rpm and 2000rpm in the case of the 0.26mm
remainder thickness of aluminum sheet. In nei-
ther rotating speed, the probe tip did not reach
the steel surface and the stirring part of alumi-
num was overflowed to outside. The stir zone in
the interface between aluminum sheet and steel
sheet was indicated in Fig.5. The diameter of
the stir zone for each specimen was mostly equal
to the white zone indicated in Fig. 4. It seemed
to be confirmed that the joint area was corre-
sponded to the stir zone of the weld interface in
Fig. 5. Then it was suggested that the joint area
was narrowed at the condition with high rotat-

Rotation
speed

Microstructures of cross section

[ rotation center Jf A [ B

1000rpm

Joint
strength:
3.6kN

2000rpm

Joint
strength:
1.9kN

e

M
I Fe I position : A m I_I_hll position : B | | position : C r:-'- |

20um

Fig.5 Optical microstructures of the cross sections
of the FSSW dissimilar metals joints.
(remainder thickness of Al sheet : 0.26mm)
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ing speed. When the joint strength was con-
verted per unit joint area, the value was almost
equal for every FSSW condition and was repre-
sented about 35-36MPa. It was confirmed that
the joint strength seemed to be related to joint
area. The significant difference in the micro-
structures of cross section at the interface was
not observed as shown in A, Band Cin Fig. 5.1t
was suggested that the weld interface might
have the same metallurgical structure in the
range of every condition in this study.

The temperature of the weld interface was
measured in order to discuss the reason of the
difference in the stir zone width at 1000rpm and
2000rpm stirring shown in Fig. 5.

Fig. 6 shows the thermal cycles in the weld in-
terface of the FSSW dissimilar metals joints.
The temperature rose gradually until reaching
to peak temperature, at when the stirring tool
was pulled out, and then descended. At 2000rpm
stirring, the initial heat rising was faster, and
moreover, the peak temperature was also higher
as 50-80K than those for the same position at
1000rpm stirring.

In general speaking, the wide plastic flow area
formed by stirring in the metal into which the
rotating toll is inserted must be required to ob-
tain the wide joint area by FSW process. There-
fore, probably there is the adequate range of the
resistance to deformation for the metal which is
to be stirred. The material having very high re-
sistance of deformation is insufficient to FSW
process. Also it is supposed that the plastic flow
of the metal is limited in the narrow area, when
the resistance of deformation of the metal is
locally low at near the rotating tool. The resis-
tance of deformation of the metal is changed

850
(a) 1000rpm
_. 750
4 NN
o 650 - N
2 550 / / - \
s 1 /S _—
£ 450 ~—o— Omm |
s N/ S -2
350 —&— 4mm |
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0.0 0.5 1.0 1.5 20
Time (s)

Temperature (K)

with the temperature and is decreased signifi-
cantly at the temperature just below the melting
point. The temperature is changed by the fric-
tional heat generation around the rotating tool.
Fig. 6 indicated that the temperature of alumi-
num sheet at the portion nearest to rotating
tool at 2000rpm stirring was reached to approxi-
mately 840K, and the value was only 80K lower
than the melting point. Under such condition,
the plastic flow of aluminum seemed to be vigor-
ous at the interface area just below the rotating
tool but slow in the surrounding interface area
where the temperature was lower and the resis-
tance to deformation might be higher.

3.2. Observation and analysis on weld

interface

The weld interface of the FSSW dissimilar
metals joining was observed and analyzed for
further study.

Fig. 7 shows the EPMA area analyses results
of the weld interface of a typical FSSW dissimi-
lar metals joint. As shown in Fig. 7, the concen-
tration of oxygen and magnesium was detected
in the layer having about Ipm width in the
stirred zone of aluminum alloy adjacent to the
weld interface. It is well known that there is sur-
face oxide film on rolled sheet of both aluminum
alloy and steel, and joining strength is influ-
enced by the film. The measured thickness of the
surface oxide film was about 16nm on 6000 se-
ries aluminum alloy sheet, and was about 20nm
on mild steel sheet, respectively. It was supposed
that the broken peaces of the surface oxide film
of the parent aluminum alloy sheet containing
magnesium®’ were taken into the stir zone of
aluminum alloy by hard plastic flow during

:Z (b) 2000rpm/37/ \

wo L NN

T NN

a=

350 | —&— 4mm -

250 g/ —
0.0 05 10 1.5 20
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Fig.6 Thermal cycles in the weld interface of the FSSW dissimilar metals joints.
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Fig.8 TEM micrograph of weld interface of the

FSSW dissimilar metals joint and selected
area diffraction patterns.

FSSW process.

Fig. 8 shows the TEM image and the selected
area diffraction pattern of the weld interface of
the FSSW dissimilar metals joint. As shown in
Fig. 8, the uniform zone having width of a few
nm and the area like nodule at where the thick-
ness was increased to approximately 20 nm were
in the weld Also the

observed interface.

39

Probe diameter : 40nm
Accelerating voltage : 10kV
Irradiation current : 110 8 A

Tum

intermetallic particles larger than the uniform
zone were not observed. In the areas correspond-
ing to the stirred aluminum alloy and steel
sheet, clear diffraction fleck was observed by the
electronic diffraction pattern analysis. On the
other hand, a diffraction fleck was not observed
both in the uniform zone and in the nodule area.

Fig. 9 shows the EDS images of the same weld
interface. As shown in Fig.9, oxygen, magne-
sium and silicon were detected in both the uni-
form zone and the nodule area. Lower intensity
of aluminum than that in the area correspond-
ing to metal was also detected in these areas,
and lower intensity of iron than that in the area
corresponding to metal was detected in only the
uniform zone. The concentrations of these ele-
ments except iron were not uniform in these ar-
eas. Oxygen, aluminum and magnesium in these
areas seemed to indicate the trace of broken
peace of surface oxide film formed on parent
aluminum alloy sheet. Oxygen and silicon in
these areas seemed to be supposed the trace of
broken peace of surface oxide formed in the
chemical process of parent steel sheet. Oxygen
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Fig.9 EDS images of weld interface of the FSSW dissimilar metals joint.

and iron in the uniform zone seemed to be sup-
posed the trace of surface oxide film of parent
steel sheet.

Fig. 10 shows the high-resolution TEM image
of the uniform zone. Clear crystal lattices were
observed in the areas corresponding to stirred
aluminum alloy and steel sheet. The crystal lat-
tice was understood as {200} plane for the alumi-
num alloy and {110} plane for the steel, respec-
tively. However a clear crystal lattice wasn't ob-
served in the sandwiched zone with 2-4nm (10-20
layers of atoms) width between the crystal lat-
tice areas. The sandwiched zone showed the mix-
ture of the dispersion of extremely fine white
and dark clusters. Any trace of the film which
suggested the surface oxide on parent metals
was not observed between the crystal lattice
area and the sandwiched zone.

By these results, it was summarized that the
fresh surfaces of parent metals were joined with
the weld interface zone which was a few nm in
width and amorphous consisted of extremely
fine different clusters containing various oxides.
The surface film on parent steel sheet seemed to
be removed and crunched into very fine clusters
by the hard plastic flow during FSSW process.
Then, the fresh surface without oxide film
seemed to be produced on both parent metals,
and the crunched fine clusters of surface oxides
seemed to be brought into the sandwiched zone.

36
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Fig. 10 High-resolution electron microscope image of weld
interface of the FSSW dissimilar metals joint.

After that, the thin composite layer, consisted
of fine clusters of aluminum alloy and various
oxides, was seemed to be formed. Regardless
high temperature condition during FSSW proc-
essing, the sandwiched zone seemed to be main-
tained amorphous by such composite structure.
It is well known that the formation of brittle
Al-Fe intermetallic compounds have to be pre-
vented and the surface oxide film on parent ma-
terials have to be completely removed, in order
to obtain sufficient joining of aluminum alloy
and steel. As written above, these conditions of
the weld interface for the sufficient joining
seemed to be completely satisfied by the FSSW
dissimilar metals joining in this study.
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4. Conclusions

By the study of Friction Stirring Spot Weld-
ing for dissimilar metals using 6000 series alu-
minum alloy sheet and steel sheet, following re-
sults were obtained.

(1) Without any special pretreatments to the
parent metals, the FSSW dissimilar metals join-
ing was successfully achieved by inserting the
rotating tool from the aluminum alloy sheet to
near the interface of the both parent metals. The
strength of the joint was over 3.6kN/weld and
joint could be produced which constantly has
plug fracture through aluminum alloy by the
tensile share test. The strength of the joint was
depended on the width of the joint area corre-
sponding to the stir zone of the weld interface,
and the joint area was depended on rotating tool
design, rotating speed of tool and the remainder
thickness of aluminum sheet.

(2) At the sufficient joint, the fresh surfaces of
parent metals were joined with the weld inter-
face zone which was a few nm in width and
amorphous structure. The amorphous layer
seemed to be consisted of extremely fine differ-
ent fine clusters containing various oxides such
as the surface film on parent sheets. The re-
moval of the surface oxide film on parent met-
als, that was very important to obtain sufficient
joint, seemed to be achieved by the hard plastic
flow during FSSW process.
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Effect of Thickness of Filler on Corrosion Resistance
of Brazing Sheet

Naoki Yamashita and Yoshifusa Shoji

The effects of Zn addition to the filler, Cu addition to the core and the filler thickness on the cor-
rosion resistance of the brazing sheet were investigated with SWAAT. In case of the brazing sheets

containing Zn in the filler or Cu in the core, the corrosion depth decreased and the perforation pe-

riod increased with increasing the filler thickness. In case of those brazing sheets, the corrosion po-

tential of the surface layer was less noble than that of the core, and the corrosion potential

difference between the surface and the core increased with increasing the filler thickness. Accord-

ing to the galvanic coupling immersion test, the corrosion potential difference between the surface

and the core was required more than 10mV in order to have the sacrificial anode effect of the sur-

face. The thickness of the sacrificial anode layer, defined as the layer whose corrosion potential

was less noble than that of the core for 10mV or more, increased with increasing the filler thick-

ness. The perforation period in SWAAT increased with increasing the corrosion potential differ-

ence and the thickness of the sacrificial anode layer.
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Table 1 Chemical compositions of filler and core alloys.

(mass %)
Alloy St Fe | Cu | Mn | Mg | Zn Ti Al
Fill A [10.10] 0.21 | 0.01 | 0.01 | 0.01 | 0.01 | 0.02 | Bal.
B 110,041 0.19 | 0.01 | 0.01 | 0.01 | 2.07 | 0.03 | Bal.
Core C | 0.20 | 0.20 [<0.01] 1.17 | <0.01|<0.01] 0.16 | Bal.
D | 0.19 | 0.19 0.60| 1.18 | <0.01|<0.01] 0.17 | Bal.
Table 2 Compositions of brazing sheets.

Speci- Filler Core

men

No. |Mark| Alloy |Thickness (um) | Mark Alloy

1 15

2 A Al-10S1 30

3 60 o | Artevm
4 15 0.16T1

5 B | Al-10Si-2Zn 30

6 60

7 15

8 A Al-10S1 30

9 60 b | AlL2Mn-
11 B | Al-10S1-2Zn 30

12 60
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Fig.1 Brazing heat cycles of specimen.
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Table 3 Chemical compositions of alloys for galvanic
coupling immersion test. (mass %)

Alloy | Si Fe Cu Mn | Mg Zn Ti Al
B 0.31 | 0.20 | 0.56 | 1.25 [<0.01| 0.29 | 0.16 | Bal.
F 044 | 0.21 | 045 | 1.21 | <0.01| 0.33 | 0.18 | Bal.
G 0.65 | 0.20 | 0.24 | 1.07 |<0.01| 0.45 | 0.16 | Bal.
H 0.77 | 0.21 | 0.12 | 0.33 | <0.01] 0.52 | 0.13 | Bal.
1.6

i
74 ¢} H GFE - = Cu

& ==
Eii . .
= 10 F
0.8
0.6
0.4
0.2
0.0

0 a0 100 150 200 250 300
Drapth from filker surdacea [ pm

Fig.2 Elemental distribution by EPMA line scan
analysis across the thickness of specimen
No.12. E, F, G and H in figure indicate the
positions to make alloys listed in Table 3 .
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Fig.3 Schematic diagram of galvanic coupling
immersion test.
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(b) Specimens No.10, 11 and 12.

Fig.4 Maximum corrosion depth after SWAAT.
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Fig.5 Cross sections of specimens at the portion of maximum corrosion depth
after SWAAT for typical durations.
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Fig. 6 Relationship between the thickness of filler
and perforation period in SWAAT.
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ey Table 4 Corrosion potential and corrosion potential
E difference from alloy D in galvanic coupling
E immersion test.
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(b) Specimens No.10, 11 and 12.

Fig.7 Distribution of corrosion potential across
the thickness of specimen.
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Fig.8 Relationship between the corrosion potential
difference of coupled specimens and Ry ;
ratio of corrosion weight loss of core alloy D
in galvanic coupling immersion test.
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Fig. 10 Cross sections of specimens No.10, 11
and 12 before and after brazing.
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Technological Trend of High Efficiency Heat
Transfer Tube for a Room Air Conditioner

Naoe Sasaki

Technological trend of high efficiency heat transfer tube for a room air conditioner is reviewed

in this paper. Inner grooved tube widely used for room air conditioner is supported on the high

level manufacture and groove shape optimization technology, and is made highly efficient every

year. It is thought that the development of inner grooved tube really effective for the improvement

in a heat exchanger performance is required from now on. A conventional evolution of the form

rolling process is important for development of the high efficiency heat transfer tube.
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Table1 Target values of APF in 2006.

L . Cooling capacity Size of Top runner Improvement rate
Division Unit form . . Target value
® [kW] indoor unit* value™ [%]
A Regulated 5.6 3.0 5.8
. Q=32
B Direct blow Free 6.40 40 6.6
and wall
C . Regulated 4.80 3.0 4.9
hanging type 32 < Q<40
D Free 5.80 4.0 6.0
* Regulated width : =800mm, Regulated height : =295mm.
“*Maximum value of APF in 2005.
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Fig.1 Trend of amount of the copper tube (CT) and the
room air conditioner (RAC).
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Fig. 2 Progress of the inner groove shape and the heat
transfer performance in tube.
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Fig.3 Schematic image of the rolling process of an

inner grooved tube.
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Fig.4 Change of the thermal resistance of heat exchanger
for a room air conditioner.
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Fig.5 Performance evaluation facility both of the

heat exchanger and the single tube for the
"ECO CUTE".
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Texture Control of Aluminum Alloy Sheets
by Isothermal Rolling

Hiroki Tanaka

The microstructure and mechanical properties of A5083 aluminum alloy sheets consisting of well
developed B -fiber texture were investigated. In order to maintain rolling textures after final an-
nealing, the materials were rolled isothermally at 350°C by making use of heated rolls and
reheating process every pass up to final thickness of 1 mm. The isothermal rolled sheets consisted
of fine subgrain structures through the thickness with a high proportion of low angle boundary
less than 15°. Tensile properties showed anisotropy clearly regarding elongation and Lankford
value. In the isothermal rolled sheets, the elongation of 0° to rolling direction was below 20% and
Lankford value of 45° to rolling direction was over 1.5. Therefore, the average Lankford value
showed 1.0. The yield strength of the isothermal rolled sheets was about 40% higher than that of
the cold rolled sheets because of subgrain structures. The low ductility of 0° to rolling direction on
the isothermal rolled sheets seemed to reduce drawability at room temperature. The warm
drawability of the isothermal rolled sheets was superior to the cold rolled sheets because of in-

ﬁ‘j**

creasing ductility and keeping higher strength than the cold rolled sheets.
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Table 1 Mechanical properties after 350°C annealing.

Condition Angle to RD T.S./MPa Y.S./MPa EL/% r-value ave.r
0° 351 207 16 0.41

5083 IR 45° 328 192 26 1.54 1.09
90° 348 204 21 0.85
0° 315 149 24 0.76

5083 CR 45° 302 145 28 0.60 0.67
90° 300 145 25 0.70
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Table 2 Mechanical properties after the warm forming.

Condition area T.S./MPa |Y.S./MPa| EL/%
bottom 312 195 17
5083 IR
side wall 316 203 13
bottom 316 154 22
5083 CR
side wall 319 169 20
CR M b EBRIZIRICEIZ L, EE & MEER D 5

JISS SR &L THIsRO Rt 2 ]E L 7o, T OFER
% Table 2 12739 IR MO /IME R CR M & HE L T
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Sumitomo Light Metal Technical Reports, Vol. 50 No. 1 (2009), pp. 56-59
Development of High-Strength Aluminum
for Forging Stocks Applied for
Automotive Suspention

Shinichi Matsuda

Aluminum suspension parts are widely used for improvement of driving performance of motor

vehicle without increasing mass and less fuel consumption. Strengthening of aluminum alloy is ef-

fective for mass reduction. But, increasing the strength of material brings the reduction of the

toughness and corrosion resistance in general. A new Al-Mg-Si alloy was developed for forging

stocks of suspension arm. This new alloy, SG210 exhibits higher strength without reduction of

charpy impact value and corrosion resistance compared with 6061 alloy by controlling not only

chemical composition but also microstructure.
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Review of Research & Development of Measuring &
Instrument in SLM

Nobuyuki Takahashi

Research & development of measuring & instrument have succeeded since start of SLM. This

paper describes the subject and outline of research and the transition of the field of research with

the change of times. Main four items SLM studied and developed are (1) Shape measurement of

aluminum hot strip by parallel light method, (2) On-line oil film thickness measurement of

prelubes on can-body strip by fluorescence intensity method, (3) Temperature measurement of

aluminum coated strip in low temperature by single beam pyrometer, (4) Non-contact measure-

ment on temperature and thickness of aluminum alloy sheet. Research & development of measur-

ing & instrument from now on should be needed both applied study product field ask and basic

study of long term.
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Table1 Accuracy of shape monitor in off-line.

Measuring width 2200mm

Detectable minimum

angle in shape 0.02

+0.6%x10 ° or + 4% of

Accuracy of elongation .
measuring value
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Table 2 Specification of prelube film thickness
measuring system.

ULtraviolet Exited wavelength 365nm
light emitting :
equipment Maximum output 1500n W /cm

at 650mm dis.

Vertical i
ertical scanning 60T
freq.

TV camera Horizontal resolving 500 TV lines

power

. Silicon intensified
Image pickup tube
target

640X 485X 16bit

Image processor Image memory
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Table 3 Specification of Laser UT system.

Big Sky Inc.
CFR400 flashlamp-pumped Nd : YAG Laser
pulse length : 6ns / repetition : 20Hz
Energy : 400mdJ / wave length : 1064nm

Generation

Laser

Coherent Inc.
Verdi V5 diode-pumped cw Nd : YAG Laser
power : 5W / wave length : 537nm

Reception Lase

Interferometer CFIP : Confocal Fabry Perot type
Generation Laser

Reception Laser

= il L i Interferometer

| Hot test material
L  TC

Fig. 16 Organization of the experiment by Laser UT system.

Generation Laser
d1 [
A B

Reception Laser

sl

Fig. 17 Arrangement of Laser UT beam.

6300
6200
<6100
S
= 6000
>
5900
5800

.\=
\
\
\

0 100 200 300
Sample temperature (°C)

400

Fig. 18 Variation of compression wave velocity (V)
with temperature.
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Fig.19 Variation of Rayleigh wave velocity ( Vy)
with temperature.
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Table4 Variation of velocity and thickness with temperature.

Temperature v, Vi Measured gauge | Actual gauge | Gauge error
C m/s m/s mm mm um
34 6254 2874 10.030 10.030 0
77 6200 2830 10.035 10.040 -5
96 6187 2816 10.041 10.044 -3
121 6165 2797 10.048 10.050 -2
161 6119 2761 10.045 10.059 —14
201 6079 2730 10.074 10.069 5
245 6032 2690 10.071 10.085 —14
2178 6017 2654 10.155 10.094 61
326 5955 2618 10.112 10.106 6
365 5906 2583 10.107 10.116 -9
RMS gauge error= 22
HEERALTWARY, L —FRBEHSIC L —HES
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Effect of Molecular Structure of Oil on the Film
Thickness during Rolling

Takamichi Watanabe and Yasuhiro Hosomi

In recent years, metal working oil is required to have lower viscosity and higher lubricity than

ever. Controlling oil film thickness is one of the most important in metal working. The effect of

molecular structure and molecular weight distribution of oil on both lubricity and oil film thick-

ness on friction surface during rolling was investigated in this study. Oils with broad molecular

weight distribution (wide-ranged oil) were formulated by mixing a few polyisobutylenes which

have different molecular weight distribution. Oil film thickness was measured for three oils with

the different molecular structures in spite of the same kinematic viscosity. The thickest film

among the three oils was formed by the polyisobutylene with relative rigid structure. A film thick-

ness with wide-ranged oil was eight times as thick as that with a narrow molecular weight distri-

bution (narrow-ranged oil) in spite of the same viscosity. Increase in the difference of molecular

weight seemed to increase the film thickness. Reduction of a friction coefficient during rolling even

with a low viscosity oil was obtained by using a wide-ranged oil.
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Table 1 Kinematic viscosity and molecular weight of test oils.

kinematic viscosity (mm®/s)
molecular weight
40 degree Celsius 100 degree Celsius
Single oil
Paraffin oil - 100 11
Polyether - 96 8
Polyisobutylene 430 109 10
Polyisobutylene 500 205 14
Polyisobutylene 980 9500 220
Polyisobutylene 1400 26000 590
Polyisobutylene 3700 320000 5700
Mixed oil

Polyisobutylene 430 (33mass%) +500(33mass%) +1400(34mass %) 303 21
Polyisobutylene 300(50mass %) +30000(50mass %) 178 25
Polyisobutylene 140(30mass%) +30000(70mass%) 661 45
Polyisobutylene 300(70mass %) +3700(30mass %) 901 65

c c

.9 ]

k3] k3]

o o

] ]

€ t Low molecular High molecular

2 2 weight component weight component

Ee] Ee]

= 8

© ©

£ £

S S

=2 =2

Molecular weight
a) Single oil

Molecular weight
b) Mixed oil

Fig.1 The images of the typical molecular weight distribution curves.
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1) Dropping oil 2) Rolling 3) Measuring area
Fig.2 The schematic diagram of the measure oil film thickness.
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Polyisobutylene  Paraffin oil Polyether

Fig.3 The film thickness with the single oils with
different molculer structure. (Rolling reduc-
tion : 8%, kinematic viscosities of oils were
96~109 mm®*/s)
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Kinematic viscosity (mm?/s, 40 degree Celsius)

Fig.4 Relation between kinematic viscosity and oil
film thickness. (Rolling reduction : 30% )
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Fig.5 Infrared spectrum of the oil film on a strip after rolling.
(Mixed oil : M. W. 300 + M. W. 3700, Rolling reduction : 55% )
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Fig. 6 Infrared spectra for two components in a broad molecular weight distribution oil.
(Mixed oil : M. W. 300 + M. W. 3700, Rolling reduction : 55% )
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Fig.7 Effect of viscosity and moluculer weight
distribution on rolling friction coeficient.
(Mixed oil : M. W. 300 + M. W. 3700)
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Effect of Oiliness Agent on Friction Property
of DLC coating

Keiichiro Hatsuno and Yasuhiro Hosomi

Diamond-like carbon (DLC) is used as a superior material in various fields because of its several

excellent properties, such as high hardness, low friction coefficient and so on. DLC coating has

good lubricity without lubricant, but it could show better lubricity by using lubricant. Therefore,

The effect of the oiliness agent on the friction properties of the DLC coating by using a reciprocat-

ing ball-on-plate wear testing was investigatet in this study. Lubricants were composed of 10

mass% various oiliness agents and 90 mass% hydrocarbon oil. The friction coefficient of the DLC

coating was decreased by using lubricant. And the oiliness agents were classified into three groups

by friction properties. Glycerin monooleate (GMO) showed the lowest friction coefficient of all

oiliness agents at all temperatures in this experiment. It was considered that GMO was adsorbed

on the DLC surface stronger than the other oiliness agents. Its alcohol part in ester seemed to have

the effects on adsorption of these oiliness agents.
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Intermediate
layer (Cr)

Substrate
(SKD11)

Fig.1 Schematic cross-section
of the specimen

Table 1 Specifications of the specimens

Coating method UBMS
R terial Solid carbon
aw materials CH,
Substrate SKD11
Intermediate layer Cr
Hardness of DLC coating
(HY) 3500
Thickness of DLC coating
1.5
(um)
Surface roughness of DLC coating
0.1
(Ra, pm)
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Table 2 Molecular weight and viscosity of oiliness agents

Kinematic
Oiliness agent re?i:ltgil)n Mvji?gﬁ?r viscosity (mm”/s)
40°C 100°C
Oleyl amine OAM 267 6 2
Oleyl alcohol OAL 268 19 3
Oleyl acid OA 282 20 5
Methy oleate OM 296 5 2
Glycerin monooleate GMO 356 109 12
Pentearythritol monooleate | PMO 400 260 19
Sodium sulfonate NAS 465 - 125
Trimethylopropane trioleate| TMP 926 41 8
Pentaerythritol tetraoleate| PTO 1192 79 14
Lﬂﬂﬂ-'l:_ﬂ_. QEN)
|
T
[Specimen| r—[Fixed Ball

Fig.2 Schematic illustration of

the friction test
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Fig.3 Influence of temperature on friction coefficient
obtained with base oil
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Fig.5 Influence of oiliness agents on friction
coefficients at three different tempera-
tures (2nd group)
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Rinse times in hexane

Fig.8 Influence of rinsing times in hexane
on friction coefficients (50°C)
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Fig. 10 Molecular structures of OM, GMO and PMO
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Extremely small cell Honeycomb Core

- Fine Honeycomb -

Sumikei Engineering Co.,Litd. developed the extremely small cell honeycomb core of the name

"Fine Honeycomb". This can be small the pressure loss when using it as a filter carrier, and im-

prove the filter performance. Moreover, development is also possible as the electromagnetic radia-

tion shield and the rectifier besides the filter carrier.
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