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Effect of Manganese on n value
of Al—Mg —Si Alloys

Hidetoshi Uchida, Sei-ichi Hirano and Hideo Yoshida

Al—Mg~5i alloys are applied for outer panels in autobodies. Manganese element is often added
to the alloys for grain refinement. The relationship between manganese addition and formability is
not clear. The effect of manganese contents and homogenizing conditions on n value (work harden-
ing exponent) and microstructures of Al—Mg—Si alloys was investigated in this study. The n
values of the Al—Mg~-Si alloys increased with strain to a maximum value and then decreased. The
n values decreased with increasing manganese content in the large strain region after the maximum
n value. Microbands were observed to be associated with @ — AlMnSi dispersoids at the large
strain. The microbands caused promoting dynamic recovery and decreasing n value. In Al—Mg—Si
alloys with manganese, the n values in the large strain increased with high homogenizing tempera-
ture. It is supposed that the reducing of the number of @ —AIMnSi dispersoids by coarsening at
higher homogenizing temperature discouraged the formation of microbands. The restriction to
form the microbands is important to obtain the better formability.
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Tablel Chemical composition of specimens (mass%)

Alloys Si Fe Mn Mg Ti Al

A1—0.851—0.5Mg 0.80 0.09 <0.01 0.54 0.02 Bal
Al-0.85i—0.5Mg—0.15Mn| 0.81 0.09 0.15 0.50 0.03 Bal.
A1-0.85i—0.5Mg—0.3Mn | 0.80 0.09 0.30 0.49 0.03 Bal.
A1-0.85i—0.5Mg—0.45Mn| 0.78 0.09 045 0.47 0.03 Bal

“Cr, Cu and Zn are less than 0.01.
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Fig.1 Schematic diagram for calculating n value.
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Table 2 Effect of manganese content and homogenization
conditions on grain size of Al — 0.83i —0.5Mg
alloys (pm)

Alloys Homo. (°C —8h)
500 540 580
Al—0.8Si—0.5Mg 65 90 75
Al—0.8Si~0.5Mg—0.15Mn 30 35 45
Al1-0.85i—0.5Mg—0.3Mn 45 35 45
Al—0.85i—0.5Mg—0.45Mn 45 30 30

(1) Mn free (2) 0.45%Mn

100 um
Fig. 2 Microstructures of Al-0.85i-0.5Mg alloys.
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Fig. 3 Stress-Strain curves of specimens (L-direction)



Vol.38 No.1 Al-Mg—Si ZAE&D n i kT~ v VIRINO 3
Table3 Effect of manganese content and homogenization
conditions on mechanical properties of A1—0.8Si— 0.35 )
0.5Mg alloys —0.85i—0.5Mg (Mn free)
Homo.| TS YS  El 0.30 S%C_?
Alloys (C—8)| (MPa) (MPa) (%) o / swo-e
Al-0.88i—0.5Mg 500 | 213 100 381 g 025r
S0 | 225 109 30 = 1 500°C —8h -
580 | 28 13 32 020}
Al-0.88i0.5Mg—0.15Mn 500 218 107 30
540 27 119 30 0.15 1 ! s ' .
580 238 191 a1 0.00 0.05 0.10 0.15 0.20 0.25 0.30
True strain
Al-0.88i—0.5Mg—0.3Mn 500 220 107 28 (1) Mn free
540 236 116 28
Sl A 0 —0.88i—0.5Mg —0.45Mn
Al-0.85i—0.5Mg~—0.45Mn 500 218 105 27
50 | 237 15 28 030F = 580°C — 8
580 241 119 29
EY 540°C —8h
>
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0.15 : : : ' :
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Fig. 4 Effect of Mn content on n value of
Al—0.851—0.5Mg alloys
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Fig. 6 Effect of homogenization temperature on microstructures of Al-0.85i-0.6Mg-0.45Mn casting.

(1) Homo : 500°C

Fig.7 TEM structures of Al-0.83i-0.5Mg-0.45Mn casting after homogenization.
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(2) Homo : 540°C
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(1) Bright field (2 Dark field (3) Selected area diffraction pattern

Fig.8 TEM images and diffraction pattern of @-AlMnSi in A1-0.8Si-0.5Mg-0.45Mn casting
after 500°C-8h homogenization.

(1) Mn free (2) 0.45%Mn Tum

Fig.9 TEM structures of 15% strained Al-0.8Si-0.5Mg alloys with 580°C-8h homogenization.
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(1) Homo : 500°C (2) Homo : 540°C (3) Homo : 580°C

Fig. 10 TEM structures of 15% strained A1-0.85i-0.5Mg-0.45Mn alloys.
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Fatigue Properties of Squeeze Casting
AC8C Aluminium Alloys

Kenji Yamada, Hideo Mizukoshi and Hirotake Hayashi

Aluminium alloy castings have been used for automotive applications because of their low
cost. Aluminium alloy castings have often been affected by cyclic load,so it is important to
grasp their fatigue properties. Though the castings have often many defects such as porosity,
squeeze casting can get high quality products which have a few defects.The fatigue properties of
the AC8C alloys which were made by squeeze casting have been investigated in this paper. On the
high stress side,the fatigue strength of AC8C—T5 material was smaller than AC8C —T6. The
fatigue strength of AC8C—T5 material, however, rose more than AC8C—T6 on the low stress
side. This result was due to the difference of their fatigue crack growth rates in matrix phase.

1. # =l

T =y AEEHEEN R, —BOBM o =
FETERE D, BeoWMIcEEHES L TWAY, &
72, TNOOPMIZBRVELAMEZ T 5 EBE VK
Y, TOEFBE, FHEREREHLHOHrICLTE
(T EREETH 5,

B, EHEN TV ABERRDOVEDILR I -
Moy vyt —0db, A72a—-NVElaryFvy -
RBI-ooR&sFrllagbeBEr LTy, BE
HFrixL¥—, EREFOENEHEZ{HLTLS,
D, Hh=—0—=F—PlV—sxT7a y/HoarrLy
Y—& LT, B/NEBICE W TEDBEANEATH
B3, A7 o—VElar L.y — OREE RS EY
BiERic ko EENED, FOBRESIERICERSNS
PEREE, Ko 2 b, SiRAtET, EFORE 7008
Mick 2B bicky, 27a—-ABlavyFL .y 4—
OB EERCE LD SVEEENREREN TV S,

—fEICT VI = U A SESHEEM EFEERBEECE,
L L, BEBEETHER B TAL T VER DR
«  BEBRAENEBIIASL CERESFEILA, A FHE)

T Z DEEIMIE RS,
e WFEBHFE vy — HPUE
wxr ZHBEET  SEBITE

TEBEEEREL, BENFTT T2 CEENCHE
Shd, 7O —h— LPEIFET EOBEERIEDA
BREBSEE NS ONBY, £, TLI=ZvLAEE
SeiE R DS HREE IS BB OB LR ZY Y,
EHORSERE—RICERTH B, Lic-T, &I
N CHENEE IS CEBHBA R 2 /09, FHall
FOREF R TMIEL 8-> TV B,

TITHE, BRBEEEECLOHEL R n—Ela
YTy Y~ OB EEREFNCEY, BEEET I oY
B oRBRAZMOH L, EHRERUEY 2 R=RES

e RE LR ERE T 5,
2. R B FH &
2.1 BEM

WM IC R, BEEERE (FHED 120 MPa) 1T T
SIEL 7 ACSC aé (Al—10%Si—3%Cu—0.5%Mg)
W2y —nBlay T Ly -0 EER OV, #
KM OLFE S % Tablel =T, HEEMOTHE L TS
RUT6 & Ui, WEEBER, BRI LI 175°C
X10h BB 21TV, ThE T5# & L, T6 #1350
0°C X 10hDEHALMER A HE L, BARKEART -7, &
KEEABRE 2, 70°C {ACSC—T6(A)} &90°C {AC8C—
T6(B)} D2, ATEIREZ% 175°Cx10h & U 7,



8 F R E &2 B & # April 1997
Tablel Chemical composition of test materials (mass%).
Alloy St Fe Cu Mn Mg Cr Zn T1 Ni Al
ACS8C 10.22 0.20 2.80 0.01 0.44 0.00 0.01 0.01 0.00 bal.
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Table 2 Tensile properties of test materials.

Test Yield strength |Tensile strength| Elongation
materials (MPa) MPa) (%)
ACBC—T5 269 338 2.0

ACBC—T6(A) 329 384 1.7
AC8C—T6(B) 316 367 1.8

BURIERER AT - foo SREZOREIRRZ Y » 75—
CEBW, IVTIATUVRAEICLIDERESAERL
1z Fig. 4 1/ CT BB IRE R, BB TER,

2mm

specimen

Fig. 2 Sampling position of specimen.

AC8C—Tb

ACB8C—T6 (A)

ACB8C-T6 (B)

Fig.1 Microstructures of test materials. 50um
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Fig. 3 Shape and size of fatigue test specimen.
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Number of cycles to failure

Fig. 5 Fatigue test results for test materials.

Table 3 Fatigue strength of test materials at 107 cycles.

Test Fatigue strength Standard deviation
materials (MPa) (MPa)
ACBC—TS 147 11.9

ACBC—T6A) 128 11.0
AC8C—T6(B) 128 11.4
10 4
10 5+ hd
@ 10 ¢ .
> pe
L 107+
S
Z 108l
2
S 10-9) & ® ACBC-T5
& & ACBC—-T6(A)
107 N O AC8C~T6(B)
10—11 |. 1 P! el L 1 1 [
1 10 100
AK (MPaym)

Fig. 6 Fatigue crack growth rates.
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Table4 Fatigue crack growth rates and fracture
toughness test results.

Test AR m* Kic
materials (MPavm) MPaym)
ACBC—T5 3.1 5.7 12.9

AC8C—T6A) 3.5 5.9 2.0
ACBC—T6(B) 3.4 6.0 9.3

* : Parig’s law+++da/dN=C(AK)™

* * : These values are reference values because of invalidity.

%Y ZIBIT BT BIEY S RURTRIEBUE, TOM K 0&E» -
too E7, FTERAEIGHIERFREEAKL E, TOMT
3.1MPavm, T6# < 3.5MPayvmT® -7, Fig.7 i<
AC8C—T5 KU T6 ¥t @ % 35 i @ SEM BREE H % 7R
T, WENOFEHWE S~ XHBOWREEL L - T
B3, T6 M H < TS #F ORI B 14 L URHE & 25K
Xk S icBbhiz, Fig. 8ic& & O BB
DO—PlERT, EWHERHE < MY 7 ABEERANEERE
LTW3, TSMTRFY F5 4 oI L DR
FEUMBRED L T, T6MTRBHEEEHRBTS

ACBC~-T5 L 0em

ACBC-T6(B) | 0um

Fig. 7 SEM photographs of fatigue fracture surface.

AC8C—Th 100 um

‘AC8C—T6(B) 100 um

Fig. 8 Microstructures of fatigue crack path.
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Mechanical Properties of TiAl with Fine-Grained
Fully Lamellar Microstructure Fabricated
by Reactive Sintering Process

Tsutomu Furuyama, Kazuhisa Shibue and Mok-Soon Kim

Ti-43.4at2%Al-1.6at%Mn with 0.5mass% TiB. particulates that has fully lamellar micro-
structure with lamellar size of 92um was fabricated by reactive sintering process. In this report,

mechanical properties of the material were investigated such as tensile properties, creep
properties and fracture toughness. Elongation of the material at RT was 1.1% that was kept up
to 873K, and this value was higher than that of coarse grained fully lamellar TiAl. Yield
strength at 1073K was above 400MPa that were thought to be high value compared with that of
fine-grained duplex TiAl. Creep rupture strength at 1073K was 145MPa that was higher than that
of duplex TiAl. Fracture toughness (Ko) of the material was 26MPaym at L-R direction and
19MPay m at R-L direction. Anisotropy of fracture toughness was thought to be due to
anisotropy of microstructure. Fine grained fully lamellar TiAl exhibited a good combination of

elongation at RT, fracture toughness and elevated temperature strength .
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Fig.1 Fabrication process of reactive sintered TiAl.
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Fig. 2 Phase diagram of Ti-Al binary system.
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Fig. 3 Microstructure of fine-grained fully lamellar TiAl
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Fig. 6 Tensile properties of fine-grained fully lamellar TiAl
at temperatures between RT and 1273K.
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(b) Tested at R-L direction

HTEET B, Bohk Kef%kTablel /R4, i
WMEEE L—R AW T26MPaym, R—L H[HT19
MPaym T& - 7o R—~L AR OHEENMEEEL-RA
FMOZNLDEL -T2, Fa vy 7 A OE & g
LTEWETH - 721V, HBEOAE % Fig. 9 IcR” T,
R-LAMHOHBA TR ERB L > T CIERL TED,
LR AETIEERSBI L T\,

4. & =

4, 1 BIERRUY U -4
AMEOFEEMPIILIBTH Y, ThE THAES
FASHMTHESNTOAEEERL THESA TS
TEBDPE, BIRICE D EY, MEBD TiB, KT 34
BomsEgticg@r bz tut ah, AHMETEOL
ToE BTN TiB KTFARINIC & % 5 % Z RO A LI
HET2EEZONE, 7V —THERIo>W T2 5
WEh o FRIN/IGEDY, HNEEHE>Fa 1Ly 7
AMOEFNEHHELTEL L > Tz [IIGS %100
MPa, 200MPa & L7 & = OFHEAED 3 7 oz
Fig. 10 1SR 6 RIS 25200MPa D 54 3 B {1 F
WRONZEHWMDIEL, FREHES 4 SHRKRUK
REBBLTOE &MWL, FMBEANKEVES
OBERRE IR RREROF NI EVWEEZ SN ),
TR £ DRRRR L Fig. 7 (0) S RER D » e & H SN B,
et URHIIS /7 5100MPa O& 13, BT I /)
SREWUMKE R ONI, 2F 0, TOBHKRBVT
TiAl 3 ERA SRS U 2 DR B 2 R B EE
CHpkan, ChEELBEIEE-EEZ N5,
i, FREBOIRKIASHAZERL TBL 5 2 SH
M, HiLs 4 S0BRE=HY - TEBLTVWA 5D
Wish oty ThEh, TIALD 27 Y — 7Ekicid 5 #
SOBRBLY UL AT A SHERDHIHKRE LEd

Fig. 10 Microstructures below the fracture surfaces of creep ruptured specimens tested at 1073K.
(a) Applied stress : 100MPa (b) Applied stress : 200MPa



16 TR B £ B ¥ B

Extrusion direction

Fig. 11 Microstructure of fine-grained fully lamellar TiAl
parallel to the extrusion direction before reactive

sintering.
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Fig. 13 Fractured surfaces of fully lamellar TiAl after fracture toughness test.
(a) Translameller fracture (b) Delamination

BEDEEL LN, TNIRTIAIOR/NY J — 7HE
BoASOBRRBICEEALIKEYS, 72 REOH
WIRET 5 & LRI S ofER &~ T 57,

4. 2 RIS
SEOERICBVT, L-RARE R—L AHHTREHE
SN KA EE > TV, ChidAMEBE® 37 o
MoFAECRET 2 EFX 5N 5, RIGFEHSHT O H
HENCEATRME O 3 7 o % Fig. 11 2R, Fig.
SIRLAMENEO 3 7 ol LT 2 Sk
HRMEER > TWB T Ebh b, T4 FHROBHEE

16

FiSESTioME R E R THEZIEL LEEE
Fig. 1210”9, CNEDEAR LHHGR & DT fH
BEED20° X /NS VS A SHIEEEDI0%TH » oo L—
R HIAnc B 2 B e < 1k S 2hER SR A
HICEERHEITH Y, £ D5 A SHTIIBLHYAS
FHr&tss, OFEBEAERLCEER Fig. 13(a) 127K
L& 3 RUNOZWEES D, SZEROERSK
H BN EL B - EEZL SNE, THIHL,
R-LAHDOESRBEHN T # 5 OBREICH > THE
L, Fig.13(h) /R Lic & 5 I LB L H ISR & 73 0



Vo0l.38 No.1

Wosee 5 # 7 HREE T 5 BUSHER TiAl ORMIIIEE 17

bum

Fig. 14 Translamellar microcracks of fractured specimen
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toughness test.
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TECHNICAL PAPER

Influence of Chlorine on Oxidation Behaviour of
TiAl—Mn Intermetallic Compound”

Masaki Kumagai**, Kazuhisa Shibue*** and Makoto Yonemitsu****

Excellent oxidation resistance of reactive-sintered titanium aluminides was reviewed and the for-

mation mechanisms of protective Al:O; film were studied. Ti—33.5mass%Al—2.5mass%Mn con-

taining more than 200 mass ppm chlorine from raw titanium powder showed very little mass gain

after oxidation from 1173 to 1398 K in air. It was clear, in particular by surface analyses, that chlo-

rine existed in TiO; near oxide/metal interface in the early stage of oxidation and decreased oxygen

ion vacancies in TiO:. Then, TiO: growth was interrupted and protective Al:O; scale was formed on

the titanium aluminide.

1. Introduction

Intermetallic compounds in the Ti— Al sys-
tem are lightweight and heat-resistant materi-
als with high temperature strength which are
close to industrial applications. Especially,
near 7 — TiAl base intermetallics have been
actively investigated to apply for the parts
such as engine valves and turbine blades.
However, the oxidation resistance of v—TiAl
intermetallics decreases above 1100 K in com-
parison with other heat-resistant materials.
Improvement of the oxidation property is one
of the most important subjects for the practi-
cal use of y—TiAl intermetallics.

The oxidation behaviour of the intermetallic
compounds were reviewed by Aitken”, Meier?,
and Taniguchi®. According to Taniguchi, TiAl
intermetallics did not form any protective
alumina scale in air in spite of high aluminium
content because of the following reasons : (1)
the little difference in free energy of the oxida-

*

The main part of this paper was published in
Intermetallics, 4 (1996), 557.

No.4 Department., Research and Development
Center, Dr. of Eng.

* %

No.l Department., Research and Development
Center.

**** No.3 Department., Research and Development
Center.

(Present address : Sumikei Memory Disk, Ltd.)
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tion between aluminium and titanium, (2) the
larger oxidation rate of titanium than that of
aluminium, (3) the high solution content of
oxygen in TiAl, (4) the small diffusion rate of
aluminium in TiAl, and (5) the internal oxida-
tion tendency of aluminium in TiAl. The addi-
tion of molybdenum, silicon, phosphorus or
niobium was effective to improve oxidation re-
sistance of TiAl intermetallics®™”. Several
coating methods such as heat-treatment under
a low oxygen partial pressure®, pack-
cementation®, and spray coating'® have been
developed. These methods are used to form
protective Al:Os films. However, these films are
not stable enough to survive oxidation for a
long period.

Recently, TiAl—Mn intermetallics by reac-
tive sintering from elemental powders were de-
veloped'. The full dense shaped mixture was
changed to TiAl intermetallics by sintering in
a hot isostatic press by the reaction of Ti+ Al
— TiAl. Manufacturing by this solid-state
process, impurity chroline in raw titanium
powder was introduced in TiAl intermetallics.
It has been clear that impurity chlorine was
effective in improving the oxidation resistance
of TiAl—Mn intermetallics®~'" ; however, the
mechanisms of the chlorine effect have not
been made clear. The role of chlorine in the
early stage of oxidation was investigated to
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clarify the reasons of the superior oxidation
properties of the reactive-sintered TiAl inter-
metallics.

2. Experiment

2.1 Specimens

In this work, titanium aluminides were pre-
pared by using the reactive sintering process.
Titanium powders with a particle size of less
than 149 um containing two different chlorine
contents were used in order to study the chlo-
rine effect. One was sodium reduction powder
with a chlorine content of 1000 — 1500 mass
ppm. The other was so-called hydrogenizing-
dehydrogen (HDH) powder with chlorine con-
tent of 20—100 mass ppm which was obtained
from sponge titanium reduced by magnesium.
Compositions of titanium powders used are
shown in Table 1. Al—7 mass% Mn alloy pow-
der was prepared by helium gas atomizing
process. The compositions of the aluminium
alloy powder with a particle size of less than
149 pm is shown in Table 2. Manganese was
added because it improves sintering charac-
teristics'™® and ductility™® of titanium alu-
minides. Procedure of manufacturing reactive-
sintered specimens are shown in Fig. 1.
Compositions of specimens for changing chlo-
rine content are shown in Table 3. Specimen
RCH from the sodium-reduced titanium pow-
der contained the largest amount of chlorine.
Specimen RCL from HDH powder contained a

Table 1 Compositions of titanium powder.

Manufacturing Powder sz Cl Na Mg 0 Ti

Process  (um) (mass%) (mass%) (mass¥%) (massd%) (mass¥)

Hunter <149 0.10~0.15 0.08~0.12 <0.001 0.08~0.14 bal.
HDH <149 0.002~0.00 <0.001 0.001~0.005 0.30~0.40 bal.

Table 2 Compositions of aluminium powder.

Manufacturing Powder size Mn 0] Al
Process (pm) (mass%) (mass%) (mass%)
H
cgas <149 7.0 0.14 bal.
Atomization

smaller amount of chlorine. In this study, the
specimen IM was prepared by using plasma-
arc melting to obtain a material of low chlo-
rine content. Typical microstructures of the
reactive-sintered and the cast TiAl—Mn are
shown in Fig. 2. The reactive-sintered TiAl—
Mn consisted of a duplex structure of lamellar
(TiAl+Ti:AD grains and 7 (TiAl) grains. The
volume fraction of lamellar grains was about
0.6. The cast TiAl—Mn consisted of only large
lamellar grains of 100 —200um. A small amount
of very fine pores with NaCl particles was ob-
served in specimen RCH as shown in Fig. 2.

2.2 Oxidation test

Test pieces of 4 mm diameter and 5mm
length were cut from the reactive-sintered and
arc-melted specimens. Isothermal oxidation
tests were carried out from 1073—1473 K in a

- Al-Mn
<149 um Ti Powder
Powder
Mass ratio . ixi l
16:9 MlTng
Density 70% l CIP ‘
Container i Capsulation I
$92mmX2mmt s |
723K X 10.8ks ‘ Degassin l
(1.3x107%Pa) i ' :
673K, Ratio 50 l Extrusion ‘
1573K X 7.2ks I HIP |

(Ar, 152MPa)

Fig.1 Procedure of manufacturing reactive-sintered
specimens.

Table3 Compositions of TiAl-Mn specimens for
oxidation test.

. Ti Al Mn Cl Na Mg 0]
Specimen

(mass%) (mass%) (mass%) (mass%) (mass%) (mass%) (mass?)

RCH bal. 335 25 0.05 0.04 <0.001 0.14
RCL  bal. 335 25 0.005 <0.001 0.001 0.20
IM bal. 335 2.5 <0.001 <0.001 <0.001 0.08
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Fig. 2 Microstructures of specimens.

platinum crucible in an air atmosphere. The
specimens were heated with a rate of 3.33 K/s
by using an infrared heater to avoid oxidation
during heating below the test temperatures.
Mass gain of specimens during the oxidation
test were measured with a microbalance. After
oxidation tests, specimens were analyzed for
observing the construction of the oxide scale
by scanning electron microscopy, energy dis-
persion X —ray spectroscopy, secondary ion
mass spectroscopy, Auger electron spectros-
copy, and X —ray photoelectron spectroscopy.

3. Results

3.1 Oxidation behaviour of TiAl—Mn

The isothermal oxidation test results for
RCH and IM materials are shown in Fig. 3.
There is a large difference in mass change be-
tween RCH and IM specimens. The mass gain
of specimens IM and RCL increase gradually
with holding time. On the other hand, the mass
gain of specimen RCH is fixed at very small
quantity. Fig.4 shows the relationship be-
tween mass gain and test temperature. The
difference between specimen RCH and speci-
men IM becomes distinct at 10731400 K. The
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Fig.3 Oxidation curves of Ti-33.5mass% Al-2.5mass%Mn
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Fig.4 Relationships between oxidation temperature and
mass gain of Ti-33.5mass% Al-2.5mass%Mn speci-
mens oxidized at various temperatures for 86.4ks.

continuous protective Al:Os film was formed
on the surface of reactive-sintered TiAl— Mn
even at a high temperature of 1223 K as shown
in Fig.5 (After oxidation, the oxide surface
was nickel-plated for protecting from peeling
off during polishing). A continuous protective
film was formed on the surface of the reactive-
sintered TiAl—Mn even at a high temperature
of 1223 K.

The protective oxide film on the reactive-
sintered specimen consists of only Al:Os, and
its thickness is 2—3 pm. A titanium rich layer
of 4—5 pm thick is formed under the ALO; film.
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On the other hand, the oxide scale of the cast
one consisted of a mixture of TiO: and ALOs as
indicated in a previous study'®. There are dis-
continuous plate-shaped internal oxides at the
oxide/metal interface of the cast TiAl —Mn.
The oxide scale of the cast TiAl—Mn was thick
and easy to crack at the corners. It is evident
that the excellent oxidation resistance of the
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- 60 Ti Al
©
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s 9w 0
o
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Q
© 0
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Fig. 5

scale

Ti-rich
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reactive-sintered TiAl—Mn is due to the exis-
tence of the thin protective AlLOs film.

3.2 Analysis in the early stage of

oxidation

Fig. 6 shows AES maps of the surface of
specimen RCH and a SEM image of specimen
IM after oxidation at 1098 K for 1.2 ks. The
surface of specimen RCH is covered with fine

§ 100 EPMA Interface
@ 80 Matrix\LOxide
g Ti
- 60
=i
s 40 Al
5
2 0
o
© 0
-§ -6 -4 -2 0 2 4 B
Distance from interface (um)
M

Cross sections of oxide scale on Ti-33.5mass%Al-2.5mass%Mn specimens after oxidation at 1223 K for 86.4ks.
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whiskers of titanium oxide crystals on alu-
minium oxide ground. It is due to selective ad-
sorption of oxygen to nuclei of titanium oxide.
Specimen IM is fully covered with large col-
umns of titanium oxide crystals. Fig. 7 shows
SIMS depth profiles for surfaces of specimens
RCH (high chlorine content) and RCL (low
chlorine content) after oxidation at 1098 X for
1.2 ks. In the early stage of oxidation, titanium
and aluminium oxides seem to be formed to-

gether. In both specimens, oxide scales near
the surface and oxide/metal interface are
poor in aluminium. In the case of specimen
RCH, a large amount of chlorine —about 600
mass ppm—as well as in base metals exists in
the oxide scale near the interface, and a small
amount of chlorine — from 100 to 200 mass
ppm —exists in the middle of the oxide scale.
In the case of specimen RCL, chlorine is con-
centrated in the oxide scales near the interface

Fig. 6 SEM Images and an AES map of the surface of Ti-33.5mass?%Al-2.5mass%Mn after oxidation at 1098 K for 1.2ks.

22
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Fig. 7 SIMS depth profiles of the surface of Ti-33.5mass%
Al-2.5mass%Mn after oxidation at 1098 K for 1.2ks.

with a content of 150 —350 mass ppm. It was
difficult to determine concentration as a func-
tion of position in oxide and matrix of speci-
men RCH. Then, an AES analysis near the ox-
ide/ metal interface of specimen RCL was
tried. Fig. 8 shows an AES depth profile only
near the oxide/metal interface of spécimen
RCL in detail. The analysis was carried out,
after most of the oxide scale was removed by
mechanical peeling. It is more clear that chlo-
rine existed in the titanium oxide near the in-
terface. In addition, an aluminium oxide is
formed under the titanium oxide layer. Fig. 9
shows the result of XPS analysis of chlorine in
the titanium oxide near the interface of speci-
men RCL. | Accdrding to the reference of

23

Binding energy (eV)

Fig. 9 A result of XPS analysis of chlorine in oxide scale
near oxide/metal interface in specimen RCL after
oxidation at 1098 K for 1.2ks.

binding energy of various chlorine ions'™, the
result indicates that chlorine exists mostly as
Cl- ions rather than ClO: and ClOs ions in the
titanium oxide. It is considered then that chlo-
rine was dissolved in titanium oxide near the
oxide/metal interface.

4. Discussion

4.1 Influence of chlorine

Excellent oxidation resistance of the reac-
tive-sintered TiAl—Mn was due to an effect of
a small amount of chlorine introduced from
impurity chlorides in titanium powder'™. The
oxidation resistance was maintained at a cy-
clic oxidation, because the oxide film had a
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Fig. 10 A relationship between chlorine content and
mass gain of Ti-33.5mass%Al-2.5mass%Mn
after oxidation at 1223 K for 86.4ks.
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Fig. 11 Disappearance of oxygen ion vacancies in TiOs
by the exsistence of chlorine.

self-mending property*®.

Fig. 10 shows the relationship between mass
gain and chlorine content in reactive-sintered
TiAl—Mn oxidized at 1223 K for 86.4 ks, mass
gain considerably decreases between 100 and
200 mass ppm chlorine, and becomes independ-
ent of chlorine content even to the range of
1600 mass ppm™. It was made clear that influ-
ence of the oxygen content in the matrix on the
oxidation property is small®. It was also re-
ported that effects of metallurgical factors,
such as the grain size and fraction of the
lamellar grains, on oxidation of TiAl inter-
metallics are small® *. Thus, to clarify if the
excellent oxidation resistance of reactive-
sintered TiAl—Mn is solely due to chlorine, an
isothermal oxidation test of cast TiAl — Mn
was carried out at 1223 K in a flow of air con-
taining 200 ppm chlorine gas. Even cast TiAl—

24

Mn consisted of large a:+ 7 grains formed a
protective ALQOs film?®. From these results, the
excellent oxidation resistance of reactive-
sintered TiAl—Mn seems to be only due to the
effect of chlorine. From Figs. 8 and 9, it is as-
sumed that chlorine dissolves in titanium oxide
and binds with titanium. Chlorine ions substi-
tute oxygen ions In titanium oxide and de-
crease oxygen ion vacancies as shown in Fig.
11. The disappearance of oxygen ion vacancies
in titanium oxide obstructs oxygen supply to
the oxide/metal interface and lowers the oxi-
dation rate of titanium. Then, Al:Os; formation
becomes easy.

One more mechanism should be proposed
for this phenomenon. It is suggested that
ALO:s film is easy to form because of increased
aluminium content at the surface of the matrix
by selective chlorination of titanium. This hy-
pothesis has to be clarified by experiment or
studying phase equibrium?.

4.2 Limitations of chlorine effect

According to the previous work®, where
mass gains of TiAl — Mn with different
aluminium contents oxidized at 1223 K for 86.4
ks were measured, mass gains of both
reactive-sintered TiAl — Mn and the cast
sample decreased with aluminium content.
However, mass gain of the reactive-sintered Ti
Al—Mn was remarkably different from that of
the cast sample in the region of 23 to 37
mass% Al corresponding to @.+7 and 7 re-
gions in the Ti— Al phase diagram. According
to Wagner’s theory®, the lower limit of
in titanium aluminide
where oxidation mode changes from internal
oxidation to external oxidation depends on
oxygen solubility and oxygen diffusion rate in
the matrix phase. In the case of existing chlo-
rine, these values are decreased by the reduc-
tion of oxygen partial pressure at the oxide/
metal interface due to the dense oxide scale
containing chlorine formed in the early stage
of oxidation. This is the reason for shifting the
lower limit of aluminium content to form con-
tinuous external oxide scale toward the
aluminium lean side.

aluminium content

Moreover, the chlorine effect was obvious
above 1100 X ; however, it disappeared above
1400 K. Even the reactive-sintered TiAl— Mn
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with an a .+ 7 structure is oxidized cata-
strophically above the eutectoid temperature,
1398 K. It is due to the eutectoid reaction giv-
ing rise to the appearance of an a —Ti solid
solution which exhibits much inferior oxida-
tion resistance to the a:phase.

5. Conclusions

(1) Reactive-sintered Ti—33.5 mass% Al—2.5
mass% Mn containing 200 — 1600 mass ppm
chlorine exhibited excellent oxidation resis-
tance in comparison with the cast sample. A
protective Al:Os film was formed on titanium
aluminides containing chlorine.

(2) Chlorine existed in TiO: near the oxide/
metal interface in the early stage of oxidation.
Chlorine ions substitute oxygen ions and de-
crease oxygen ion vacancies. Oxygen supply to
the oxide/metal interface is obstructed and
thus a protective ALOs; film forms easily.
Existence of chlorine decreases the limit of
aluminium content to form a continuous exter-
nal oxide scale.
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Control of Aluminium Hot Rolling Mills*

Ikuya Hoshino* *, Yoshihide Okamura*** and Hidenori Kimura****

Abstract-This paper presents a new approach to the tension control of aluminum tandem hot
mills. The emphasis of this paper is on the application of the synthesis method based on a distur-
bance observer to an actual plant. Results show that the new system is very applicable for a large

variety of small quantity production runs and is easy to tune during actual implementation.

1. Introduction

To improve the tension control accuracy of
aluminum tandem hot mills especially at strip
threading time, a new system using both a ten-
sion meter and hydraulic looper equipment
has been developed. The applied synthesis
method has been developed by Kimura® based
on the design theory of output regulators es-
sentially due to Wonham?. This method has al-
ready been applied to the thickness and
flatness control of aluminum cold rolling mills
and its effectiveness has been demonstrated
during actual plant operation®*®. But the ten-
sion control system using looper equipment is
more complicated than the thickness control
and flatness control of the cold rolling mills.
This paper describes the results that the ob-
server based synthesis method has been suc-
cessfully applied to the tension control of
aluminum tandem hot mills and this method is
very applicable for a large variety of small
guantity production runs.

2. Outline of tension control

Two types of conventional tension control
systems are in popular use. One is the system
using looper equipment and the other uses a

* This paper was presented at CDC’96 (December
11-13, 1996, Kobe) of IEEE.

* No.2 Dept., Research & Development Center ;

Dr. of Eng.

No.2 Dept., Research & Development Center

***+ The University of Tokyo ; Dr. of Eng.

* k%
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tension meter.

2.1 Tension control using looper

equipment

The tension control using looper equipment
manipulates the torque of the hydraulic rotary
actuator to get the target tension and manipu-
lates the roll speed of the upper stream stand
to get the target looper angle. By raising the
looper quickly at strip threading time, the
strip tension can be rapidly obtained. But, be-
cause of the mutual interaction between the
looper angle control and the tension control,
the controller gain could not be set high
enough and the responsibility of the distur-
bance compensation and the stability of the
angle control could not be sufficiently ob-
tained.

2.2 Tension control using a tension meter

The tension control using a tension meter
manipulates the roll speed of the upper stream
stand in order to get the target tension. This
system does not need to. control the looper

l.ooper &
Tension meter

Torque
reference

Motor

Angle
control

Speed
reference

Mutual interaction
compensation

Tension
control

Tension

Fig.1 Tension control using looper equipment and
a tension meter.
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angle, so high tension accuracy can be ob-
tained. But, the control can be easily out of
order because of a sensing error when a loop
or wave in the strip especially occurs at strip
threading time.

2.3 New tension control

Therefore, we concluded that using both
looper equipment and a tension meter, as
shown in Fig.1, is needed to produce a high
performance control system. The basic ideas
of the new system are as follows.

(1) Quickly rise the looper at threading time
and rapidly obtain the strip tension.

(2) The strip tension is measured by a ten-
sion meter to obtain high tension accuracy.

(3) The strip tension and the looper angle
are simultaneously controlled by manipulating
the torque of the hydraulic rotary actuator
and the roll speed of the upper stream stand
that compensates for the mutual interaction
between the looper angle control and the ten-
sion control.

Some systems using both a looper and a ten-
sion meter have already been presented. As
the synthesis method, the static decoupling
method using a cross controller and optimal
regulator have been applied® ™. The controller
designed in addition to a cross controller
using H” theory has also been proposed®.

The decoupling method makes it easy to de-
sign the main controller, but static decoupling
could not make the main controller gain suffi-
ciently high. An optimal regulator, which deals
precisely with dynamic mutual interaction,
gives high performance but results in a com-
plex feedback structure and leads to serious
difficulty during actual implementation.

The controller designed using H® theory
shows the high performance of disturbance
compensation but it requires numerical calcu-
lation during the synthesis procedure which
makes the relation between the controller and
the plant model unclear and difficult to tune
the controller during actual implementation.

In the meantime, as the looper angle control
response becomes high, the system is close to
the tension control using only a tension meter
and can easily be out of order because of the
strip loop. Therefore, it is desirable that the
response of the looper angle control and

27

tension control be independently adjusted es-
pecially during actual implementation.
Therefore, in this paper, the observer based
synthesis method developed by Kimura has
been applied. This method can deal appropri-
ately with the mutual interaction between the
looper angle control and the tension control.
Moreover, the parameters of the controller
are analytically determined by the plant model
parameters and the internal structure of the
controller is clear which makes it easy to tune
the controller during actual implementation.

3. Plant Model

The basic equations of tandem hot mills are
as follows.
(1) Interstand tension.
4 T:A%AE
AT interstand tension variation,

A cross section area,

ey

E  Young’s modulus of strip,
L distance between stands,

de  longitudinal strip strain between
stands.

(2) Longitudinal strip strain between
stands.

de=Aey+1,46 @

Adey strip strain variation by speed
difference between upper and
lower stand,

460  looper angle variation,

L, transfer coefficient from looper
angle variation to strip length
variation between stands.

(3) Strip strain variation by speed
difference.

%Ae\,:% %AT— (4V+dy) 3

Vo roll speed of lower stand,

H, entry thickness of lower stand,

oh/0T influential coefficient between

exit thickness and entry tension
of lower stand,
A4V roll speed of upper stand,
dy  speed disturbance
(deviation from appropriate
speed ).
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Fig. 3 Speed control responce. Fig.4 Torque control responce.
(4) Looper angle dynamics. Ty time constant of the roll speed
d* d control,
J A0+ D 40=dr+d —LeAT AV speed reference.
(6) Looper torque.
oL, d
J inertia of the looper equipment, K¢ transfer coefficient from looper
D  damping factor, servo current to looper torque,
4t looper torque variation, Al looper servo current variation,
T, tension reference, d, servo current disturbance,
L, transfer coefficient from tension K, transfer coefficient from looper
to looper torque, angle velocity to looper torque,
d. torque disturbance, 46 looper angle velocity variation.
(deviation from a appropriate (1) Looper torque control.
torque), Aly=K () (47— 47) (D
0L, deviation of L 47 torque reference,
g .
00 K.(s) transfer function of the torque
Ky transfer coefficient from looper controller.
angle to looper weight torque. (Constructed using an analog
(5) Roll speed control dynamics. circuit)

(Supposed to be first order delay)

The block diagram of the plant is shown in
Fig. 2. Fig. 3 and 4 show the step responses of
the speed control system and the torque

d

Ty AV=—dV+4v™

(5)

28
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control system, respectively. As the response
of the torque control is much higher than that
of the speed control, the dynamics of torque
control could be neglected and the state equa-
tion of the plant is derived as follows.

deyl [ a ap a;y 071 dey
d |4V 0 a, 0 0|4V
el 46| |0 0 0 1] 46

49 46

Lay 0 ag ay

a;, 0
4 V’ef] 0 0 [dv}
ref +
L4t 0 0 |Ld,
0 by 0 by
The outputs, 4T and 40, are as follows.

de,
l:dT:i_l:Cn 0 cy 0} A4V
48 0 01 0

Here,

40

40
Ve Oh B

A= or AT

(8)

(9

812: _1

ajg=ay Ly, ap=—

Ly . E T,
an= AT L
D K, 1 1
=y =——_ b =
T IR T, P
E
CH:Af’
Fig. 5 shows the simulation and the actual
results of the looper angle response. The
looper angle response of the simulation result

is similar to that of the actual result.

A= —

Ciz=cyLy
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4. Synthesis of control system

4.1 Synthesis Procedure

The synthesis procedure is composed of the
following three steps.
Step1 Improve the response characteristics
by state feedback.

(Internal Compensation)
Compute the feedforward control
input to counterbalance the distur-
bance. (Feedforward Control)
Implement the feedforward control by
feedback control based on the estima-
tion of the disturbance by an ob-
server. (Feedback Realization)

4.2 Internal Compensation by State

Feedback

Consider the next feedback control.

AV =w,dV+ Uy (10)

AT =0, A0+ w49+ U, an
Here, wy, w, and w; are the state feedback
gains. Uy and U, are the additional inputs for
the actuators which counterbalance the dis-
turbance. The state feedback shown as equa-
tion (10) adjusts the response characteristics
of the speed control, and the state feedback
shown as equation (11) adjusts the response
characteristics of the looper angle dynamics
shown in Fig. 2 The response of the strip ten-
sion dynamics shown in Fig. 2 is subject to the
parameter a, . Here, the relation la;|>)0
shows that the response of the strip tension
dynamics is sufficiently high and no adjust-
ment is needed. Using the relation |a,|>>0, the
characteristic equation (C.E.) of the plant
without the state feedback can be approxi-
mated as

Step 2

Step 3

C.E.=(s—ay)(s*—ays—ag+a,ay/a,),

(12)
and that with the state feedback can be ap-
proximated as

C.E. = (s_azz_bZva).

{s*— (ay+byuws)s—agtagas/a;—anwe

(13)
4.3 Feedforward Control
The additional inputs, which counterbalance
the disturbance in the steady state, are given
as follows.
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Uy=—{1—wy)dy (14) p AQ 0 1 0 AQ 0
U[:_dr (15) E Aé = 343 a,M b42 Aé + 3.41 A&V
From equations (10), (11), (14) and (15), d, 0 0 0]ld, 0
AV =0 dV—1—wy)dy (16) 0 K
ref __ AH_ 12
At™ = w46+ wed0—d, . (1 | by, A7+ Ky, e, (24)
4.4 Feedback Realization 0 K
22

(1) dy estimation observer and 4V™

From the assumption ddy/dt=0 and using
the first and second rows of equation (8), the
dy estimation observer is obtained as follows.

A&y (a, a, ap||4éy 0
é% 4? =10 ay 0 40 +| by, |4V
dv] L0 0 o0lldy 0
Ky [a,
+|ky |ep+| 0 |40 (18)
K L0

Here, 4&y, 4V and dy are the estimates of
Adey , AV and dy respectively. &1 is the estima-
tion error given as
er=dT— 4T, (19)
where 47T is the estimate of 4T and given from
the first row of equation (9) as
A&,
AT=T[c, 0 01| 4V |+c,46.
dy
Substituting the state variables to the esti-
mates in equation (16) gives the speed refer-
ence as

20)

AV =wedV—(1—wy)dy. 21
From equations (18), (19) and (21),
A€
7=
dt| .
dy
a;—kycy djy aj déy
—kyCy  aptbywy bylwy—1) || 4V
—kgCyy 0 0 sz
ky —kjCtag
+ k21 AT_*_ —k21C13 AQ. (22)
Ky, —KkgCy3
From equation (21), 4V is given as
AVY=[0 wy (wy—1)1| 4V |. (23)
dy

(2) d, estimation observer and 477

From the assumption dd./dt=0 and using
the third and fourth rows of equation (8), the
d. estimation observer is obtained as follows.

30

Here, 40, Aé and d, are the estimates of 46,
46 and d, respectively. &, is the estimation
error given as

g,= 40— 48, (25)
where
40
46=[1 0 01| 46| (26)
d,

From the first row of equation (9), dey can
be expressed by the detectable values, 4T and
40, as
:_4_7.1__ (27)

Cn

Substituting the state variables for the esti-
mates in equation (17) gives the torque refer-
ence 47 as

L1 40

dey
Cn

Ar'ef-——wodé—%—a)édé—c?r. (28)
From equations (24) - (28),

p 497 —k, 1 0
dar 4{9 =lag—KpTbpw, aytbuwy bp—Dby,
d, | —Kg 0 0

A@ 0 K,
40 |+|ay/cy | AT+ | ky—aguca/cyy |40 (29)
d. L 0 Kgp

From equation (28), the torque reference
47" is given as
a0
477 =[w, w; —11| 46 |.
d.
Equations (22), (23), (29) and (30) give the
final form of the controller.
One of the most significant features of the ob-
tained controller is that the controller pa-
rameters are analytically derived from the
model parameters. This feature makes it easy
to tune the control system for a large variety
of small quantity production runs.

(30)

5. Gain setting method
5.1 State feedback gains (wv, wy, wg)
Using tuning parameters Ty, w, and &, the
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state feedback gains are given as follows.
o <—_1_ a )L
ATy

1 2 al
— 3
8 b n 43 41 u

b_42< 28w, (31)

The plant characteristic equation is then ap-
proximated as (s+1/T) (s*+2fw,s+w?) from
equation (13). Here, 1/Ty shows the dynamics
of the speed control, while w, and & show the
dynamics of the looper angle variation.

5.2 Observer gains

Using tuning parameters wy, and 7, the dy
estimation observer gains are given as follows.

[OF B 8.44).

1
k= (311+277an>:
Ci

ky =0,
2
g == (32)
a15Cyy
The characteristic equation of the dy estima-
tion observer then becomes (s—ay) °

(s’ +2nwy,s+w?,). The estimation error equa-
tion of the dy observer is constructed by ten-
sion variation as shown in equation (19).
Therefore, the response of the dy observer is
changed to adjust the response of the tension
control.

Using tuning parameters Ty, wy, and ¢, the
d, estimation observer gains are given as fol-
lows.

1 —+2wy,tay,,

k 2= TL

1
22:2&0%71?“"" (U%/n tayktay,
L

11,

by T,
The characteristic equation of the d, estima-
tion observer then becomes (s+1/T.) »
(s*+ 28wy, s+ w%,). The estimation error equa-
tion of the d, observer is constructed by the
looper angle variation as shown in equation
(25). Therefore, the response of the d. ob-
server is changed to adjust the responsibility
of the looper angle control.

kgp= (33)
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(c) New control using looper equipment and
a tension meter

Fig. 6 An example of the practical results which compare

the new control with the conventional ones.
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Fig.7 An example when the new system was in trouble.

6. Practical Results

Fig. 6 shows an example of the practical re-
sults which compare the new control with the
conventional ones. The tension increase speed
of the new control is more rapid than that of
the conventional one using a tension meter,
and the tension and looper angle variations
are smaller than that of the conventional one
using looper equipment especially during strip
threading time.

Fig. 7 shows an example when the new con-
trol system was in trouble during actual im-
plementation. In this example, a large speed
presetting error caused the strip loop and rap-
idly increased the looper angle at first. Before
the looper contacted the strip, the torque vio-
lently fluctuated. After the looper contacted
the strip and the tension was raised, the
looper angle control rapidly decreased the



32 SUMITOMO LIGHT METAL TECHNICAL REPORTS

April 1997

looper angle, which caused the looper remove
from the strip and the torque again fluctuated
violently. To prevent this problem, the mutual
interaction between the looper angle control
and the tension control must be completely
compensated. For this purpose, the model
must be extremely precise which is difficult in
actual practice. In the new system, this type of
trouble is prevented by simply setting the
looper angle response slower than the tension
response. To be more specific, the state feed-
back gains that tune the parameters which
show the dynamics of the looper angle varia-
tion have been set small and the estimation
speed of the torque disturbance has been set
lower than that of the speed disturbance.
These gain settings make it difficult to remove
the looper from the strip. The ease in which to
cope with such troubles during actual imple-
mentation is one of the most salient features
given by the synthesis method described in this
paper.

7. Conclusions

This paper described the new tension control
system based on the disturbance estimation
observer. The new system, using both a looper

32

and a tension meter, makes the tension arising
rapid especially at strip threading time and
the tension variation smaller than that of the
conventional ones.

By applying the synthesis method based on
the disturbance estimation observer, the re-
sponse speed of the looper angle and the ten-
sion variation can be independently tuned and
the internal structure of the controller be-
comes clear which makes it easy to cope with
troubles during actual implementation.
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An Experimental Study of Condensation
Heat Transfer of Refrigerant HCFC22
in Aluminium Extruded Flat Tubes

Yoshio Sato, Akihiro Kiyotani and Tatsumi Takahashi

The effect of inner micro-channel number of extruded aluminium flat tubes on condensation heat
transfer and pressure drop was studied. The channel number of test tubes (16mm in width and 1.7
or 1.8mm in thickness) was varied from 8 to 19. The heat transfer coefficients showed a linear in-

crease with the channel number, and its increasement ratio was larger than that of inner surface

area of the tube. The refrigerant pressure drop also increased with the channel number. The

increasement ratio of the pressure drop with mass velocity of the refrigerant, however, was gradu-

ally diminished with the channel number.
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Fig.1 Serpentine and new type condensers.
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2.1 HERE

WAL LB AREEONEB% Fig. 2, #ETHEZE
Table1 1ok Lo HEZ I WEFNb 7 VI =9 48T,
U & 8 L, HoERE 16mm, HER
1.7mm & L < i3 1.8mm TH v, ENALEREK ISFREE
KoM HEENTVS, B8, BOWHicsWT
EHORDBEOTVBRICRZ 2 2 Eh OB RE LTI
NTW5, AFETR, BEEICXD 19, 16 XU 8K
HEENEEEER L, ThofiilE cl, REBoH
TN PE - THIBWTIRELED L, AEE (BhigR

Fig.2 Test tubes.

Tablel Geometries of extruded flat aluminium tubes.

Number of rectangular channels 19 15 8
Number of internal membranes 18 14 7
Tube width Wlmm]| 16.0 16.0 16.0
Tube thickness H{mm]| 168 1.69 1.76
width of a channel blmm]| 054 0.79 1.52
Height of a channel h{mm]| 0.97 0.96 0.98
Outer wall thickness ti lmm]| 0.36 0.37 0.39
Partition wall thickness t; [mm]| 0.23 0.22 0.35
Refrigerant flow area Flmm?}| 1061 | 1150 | 12.31
Wetted perimeter Ulmm]| 5833 | 52.26 | 40.38
Equivalent diameter* D{mml{ 0728 0.880| 1.219
Symbol O A ]
¥ D=4-F/U
bt
[ | i
T -
] | ] aF
W

34

EEMLTWVW3, £, FMERI/NS T ->TVS,
1B, EEEREAKE BEERRRICS B,

2.2 HBEE

SRERSERE O RN (HCFC22 ESUTHENE — 8>
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Fig. 3 Shematic diagram of experimental apparatus.
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Fig.4 Test section.



Vol.38 No.l

T =y AREARTENIC B 5 HCFC22 OBV 35

HREAREENREEH LA TTRHELZYY, TO
HHg, 7=y 250 BOBSIEFMEREIC L -
TEAT 2HEEFH L0 TH O, HEAEICESHK
W L RETESIENEZEL, FPHRHDTBVL
EERE S EOBIUERI OB R, BESHEIC ST
BERREERDE D TH B, 12771, BHEREROD
BRid, SLEUETNEORE R 2 BEE ARk
B (E—~y 2By, 2okw, 1HELSCH L THE
BAHMEPIES 27— 2[EL, 20EEL LY
B CEMBETH B, 7, APRTHOEERE
TN =y LBITH B, BEHKCEDERBED
BRIEFOELBE LR T v, i< vic, ek
HEAEICBFRMEO 7 o4 — MUBEAERE L 72, 708, R
BEOBIIEIOAZREST 5 1mic, RS SRS
Fro & oS & IBEHICHE L 72,

2.3 HBREGRURBEEEOEE

EREeME & Table 2 1R T, HAEALTHAHE LB
BZEKORETHA L, HOTI@AHIRDREETHEH
EN b, RETR, #OMicsi 3 EEREERONE
T o te BEEH ald, N (D~@) 2HVT, Kl
RO ASHEE, HEEOAD, HOcE T 34

VAR, ERERE, EoRBERE» SBEHIL
2o
Q .
a=—c -+ 107° o
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n Tt—Tr
Tt—Tr,
a : BdmEg (kW/(m*K)]
S EinAmE [m?]
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Cp : B [J/(kg*K)]
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Tr . ¥R A S Fn iR R [K]
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Table2 Test conditions.
Refrigerant HCFC—22
Inlet refrigerant pressure 1.67 [MPal
Saturation temperature at 1.67MPa 6 [TC]
Inlet superheat temperature 20 [°C)
Outlet subcool temperature 5 [°C]

Refrigerant mass flow rate
Water flow rate

Water temperature

100~400 [ kg/h ]

240

[kg/h]

40~42 [C]
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Sumitomo Light Metal Technical Reports, Vol. 38, No. 1 (1997), pp. 37-43

Development of High Strength Al—Mg —Si—Cu
Alloy for Aircraft”

Hidetoshi Uchida, Hideo Yoshida, Hirohito Hira and Takumi Amano

A new high strength Al—Mg—Si—Cu alloy has been developed. The alloy has tensile strength
equivalent to 2024 —T3 and greater than 6013—T6, while exhibiting intergranular corrosion resis-
tance similar to 6061 — T6. Reducing the number of Al — Mn dispersoids can decrease the
intergranular corrosion susceptibility of the alloy. Resistance to fatigue crack growth of the alloy
was the same as that of 2024 —T3. The alloy also has higher temperature strength than that of
2024—T8. The new alloy is expected to be a candidate material for aircraft structures.
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%1 WEELEORDOREELOIERS (massk) %2 WEELEORDOREELE B
441 S Fe Cu Mn Mg Cr Zn Ti Al A =4
1 o6t 016 088 029 1.04 <001 001 0.03 bal N T4 T6
9 | 107 016 089 030 1.05 <00l 0.01 003 bal. BEms W M BEERES WA MO
3 |07 016 130 030 103 <00l 001 0.03 bal (MPa) (MPa) (%) | (MPa) (MPa) (%)
4 | 070 016 092 062 1.07 <00l 0.0l 0.03 bal ! 3% 186 27 39 8% 15
5 | 068 016 089 031 146 <00l 0.0l 008 bal 2 3% 28 30 a9 w7 14
6 | 050 015 092 029 099 001 <00l 0.03 bal 3 %L 206 27 423 3l 16
7 lo71 014 048 029 103 001 <001 003 bal 4 B0 208 2 00 3 15
8 1072 015 089 <00l 1.08 <0.01<0.01 0.03 bal. 5 B 18 2 88 a0 16
9 | 073 015 090 029 062 00l <0.0L 0.03 bal 6 2 1B 28 50 292 17
10 | 195 017 1.2 081 101 00l <00l 0.03 bal 7 s 1M 28 Bl 14
11 | 1.30 018 124 030 058 001 <00l 0.03 bal 8 35 1M 28 s 8l 16
12 1197 017 092 030 059 001 <00l 0.03 bal 9 6 172 21 318 320 15
13 | 0.82 016 130 030 058 001 <00l 0.03 bal 10 w202 2 a7 3 16
14 | 121 017 132 030 125 000 <0.0l 0.03 bal 11 B 29 7 3 18
15 | 165 018 092 030 100 0.01 <0.01 0.03 bal L R .
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Sumitomo Light Metal Technical Reports, Vol. 38, No. 1 (1997), pp. 44-52

Properties of Hollow Extrusion of High Strength
Al—Mg—Si1—Cu Alloy for Aircraft

Hideo Sano, Shin-ichi Tani, Hideo Yoshida, Shin-ichi Komazawa,
Toshio Iwakami and Yasuaki Yoshino

A newly developed Al—Mg—Si1—Cu alloy has almost the same strength as 2024 — T3, and also has
good formability and corrosion resistance of the 6000 series alloys. The extrusion limit determined

with surface cracking and pressure of extrusion press was investigated, and it was confirmed that
the extrusion limit of the new alloy was much wider than that of 2024. Moreover, it was confirmed
in production that 2024 could not be extruded, but the new alloy could be extruded to a hollow sec-
tion. The new alloy —T6511 had a tensile strength of 420N/mm?® and a yield strength of 390N/mm?
which satisfied 2024 —T3 standard in MIL—HDBK —5. In the extruded hollow section of the new
alloy, no weld seam was observed in the metallographic cross-section of the profile, and no failure

in the weld region occurred during the tensile test. Corrosion resistance of the new alloy —~T6511 was

superior to that of 2024 —T3. When an airplane’s window frame consisting of an assembly structure

using rolled sheets and solid extrusions was compared to a single structure of the extruded hollow

section, a 72% cost saving is estimated.
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Sumitomo Light Metal Technical Reports, Vol. 38, No. 1 (1997, pp. 53-71

The Trend of Aluminium Alloys for Automobiles

Hideo Yoshida, Hiroshi Ikeda, Kazuhisa Shibue and Yoshihiko Nishimura

The trend of wrought aluminium alloys for automobiles in Japan were reviewed. In this decade, the

demand of aluminium in automobiles has grown up to 6 or 7% of the automobile raw materials. In

particular, the use of wrought aluminium alloys has increased. The aluminium alloy sheets were ap-

plied for body panels, such as hood, trunk rid, doors and so on. Extrusions were used for bumper re-

inforcements, ABS and forgings for air bags and various arms. In heat exchangers, condensers and

evaporators for air conditioners were almost made of wrought aluminium alloys now. Hereafter,

the demand for radiators or heater-cores are expected to increase rapidly. In new aluminium mate-

rials, rapidly solidified powder metallurgy alloys, superplastic aluminium aloys, aluminium hon-

eycomb panels are noticed respectively in high resistance for heat or wear, in integrated forming

and cost saving, in high rigidity and lightweight. In future, it is predicted that the aluminization

in automobiles will develop because of fuel cost, environmental problems and recycling.
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Corrosion after 3.5 years’ Service of
an Aluminium Boat Using 6951 Alloy Brazed

Honeycomb Panels and 6N01-T5 Alloy
Extrusions on Her Main Hull Structures

Osami Nagata, Hiroshi lkeda and Katsuzi Takeuchi

Up to now, most of the shipyards around the world have mainly used 5000 series aluminium

alloys for hull materials due to the characteristic of uniform pitting corrosion in sea water.

On the other hand, 6000 series alloys have rarely used for that purpose, anxious about the

property of intergranular corrosion extending to piercing holes.

As an actual example of 6000 series aluminium ship, a 14m long, 6m wide seawater survey ship

was constructed, specially authorized by the government and has been in service for 3.5 years.
Her hull was built using aluminium 6951 brazing honeycomb panels and 6NO1-T5 alloy extruded
sections for connecting frames, keel, gunnel and chine. This paper describes the result of

corrosion survey of the ship after 3.5 years’ service and suggests the future prospects of

application of 6000 series aluminium alloys on hull structures owing to a sound coating and

sacrifice anodes.
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TECHNICAL REVIEW

Recent Progress in Spray Forming
of Aluminium Alloys”

Naoki Tokizane* *, Yoshimasa Ohkubo** and Kazuhisa Shibue**

This paper describes the recent progress in the spray forming (SF) of aluminium alloys at
Sumitomo Light Metal Ind., Ltd. (SLM).

For the alloy development program, various high performance materials have been obtained
using SF technology. PB420 (A1-20Si-Cu-Mg) shows excellent wear resistance which is suitable for
applications at room temperature such as VTR cylinders. In the case of PB405 or PB416, the addi-
tion of transition elements like nickel or iron to a hyper-eutectic Al-Si alloy has realised supplemen-
tal properties such as the high elastic modulus and the low thermal expansion in addition to the
original wear resistance. PB105 (Al-8Fe-V-Mo-Zr) is expected to be used as a replace for the conven-
tional heat resistant alloys like 2618.

In the process improvement, cost savings have been given the first priority. Reducing the atomising
gas consumption is expected by lowering the gas to metal flow rate ratio (G,/M ratio), and the in-
duced deterioration of mechanical properties can be compensated with an increase in gas velocity.
The deposition yield on spray forming can also be increased by lowering the GM ratio. To im-
prove the overall material yield, various technique to utilise “over spray powder (OSP)” are also

under consideration.

1. Introduction

Spray forming (SF) is regarded as one of
the most prospective alternatives to conven-
tional powder metallurgy (PM) with its vari-
ous advantages such as being a simpler
process and producing a fewer inclusions. The
general concept of the process is shown in
Fig. 1. A stream of molten metal is broken up
by impingement of an atomising gas (gener-
ally nitrogen) and the droplets fly toward the
“collector”, rapidly losing their heat. The
“spray” impacts and sticks on the radius of
the rotating collector in a semisolid state and
forms a billet shaped deposit (“preform”),
whose density is greater than 98%. By prop-
erly controlling the collector drawing speed,
the distance from the atomising point to the

The main part of this paper was originally pre-
sented in the proceedings of the Third Inter-
national Conference on Spray Forming, Cardiff,
UK (1996)

No.l Department, Research and Development
Center.

* &
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depositing surface stays constant, and hence,
the preform properties are kept uniform
throughout its length. In short, SF can pro-
duce a large billet as shown in Fig. 2 in a single
step and, moreover, the obtained billet can be
directly used in a subsequent extrusion.

On the other hand, the problem of a rela-
tively high cost arising from the huge gas con-
sumption and low yield has not been
sufficiently optimised, which is preventing the
process from being widely applied.

In aluminium alloys, SF materials are al-
ready in the mass-production stage”. To ex-
pand the range of their application, further
developments are continuously being made in
both alloy design and process refinement.

This paper describes the latest R&D activity
at Sumitomo Light Metal (SLM) on spray
forming of aluminium alloys.

2. Alloy development

There are three guidelines for the develop-
ment of SF alloys, i.e., replacement of com-
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mercial IM (Ingot Metallurgy) alloys, substi-
tution of conventional PM materials, and de-
signing of an entirely new composition.
Among them, entry into the PM market with
the characteristic advantages of SF materials
is most promissing in point that some ensured
applications are already existing.

Table 1 shows some examples of recently de-
veloped SF alloys that exhibit comparable or
better properties versus PM materials for
which the alloys were originally designed.

2.1 Wear resistant materials

It is well known that rapid solidification
technology such as SF allows the compatibility
of high silicon addition and uniform distribu-
tion of fine primary silicon particles, which

Depositing surface

le—— Preform

5 Rotation
e

\ 7/——— Collector

Drawing

Fig.1 Schematic explanation of spray forming.

produce the excellent wear resistance com-
bined with the sufficient workability and
machinability.

PB420 is an Al—20Si based wear resistant
alloy which is suitable for room temperature
applications like VTR cylinders. Micro-
structures of the T6 extrusions are shown in
Fig. 3?. As reported for other hyper-eutectic
Al—Si alloys”, primary silicon particles re-
fined with an increase in the gas to metal flow
rate ratio (G/M ratio) which dominates the
cooling rate of both droplets and the deposits
in spray-forming. On the other hand, compar-
ing Fig.3(b) and Fig.3(f), a lower spraying
temperature (molten metal
proved to result in a finer microstructure

temperature)

Fig.2 Appearance of SF preforms.

Tablel SLM’s high performance SF alloys

. . Tenile Properties
Tensile properties (00°C. aft
, after icati
Desienati Composition Y. M. B D (RT) 100k exposure) Applications
esignation osure ;
& (mass¥) @P)| (g/em®) (potential and
UTS| Y8 | E |UTS| YS. | E actual)
(MPa)|(MPa)| (%) |(MPa)| (MPa)| (%)
PB420—T6 | Al—20Si—Cu~Mg | 88.0 | 83 | 2.65 420 360 1 = - - | VTR cylinder
PB405—T6 | Al—-20Si—-Ni—Cu~Mg| 99.0 | 92 | 2.82 480 440 1 290 200 5 | Compressor vane
PB416—T6 | Al-17Si—~Fe~Cu—Mg| 9.5 | 96 | 2.81 560 470 1 300 205 9 | Comp. vane & rotor
PBI105—T1 | Al-8Fe~V—Mo—Zr| 90.0 | 80 | 2.96 | 480 405 8 310 270 | 18 | Engine parts

Y.M. : Young’s modulus D : Density U.T.S.: Ultimate tensile strength Y.S. : Yield strength E: Elongation
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Fig. 3 Microstructures of PB420-T6 extrusions fabricated from the preforms sprayed with G.”M ratio of
(2)2.9 (0)3.3 (¢)3.7 (D)4.0 ()4.4m*/kg at 770°C and ()3.3m’/kg at 755°C.

when the G/M ratios are equal.

Wear loss for the pin-on-disk test and ulti-
mate tensile strength (U.T.S.) are shown in
Fig. 4 as functions of average primary silicon
size. In good agreement with former observa-
tions?, wear loss showed an inverse correla-
tion to average primary silicon size. At the
same time, the U.T.S. improves with a de-
crease in the silicon particle size due to the in-
crease in cooling rate. Comparing with PM
materials of the same composition and similar

primary silicon size, PB420 proved to exhibit
equivalent properties.

~ 500 10

i

= U.T.S. PV/M
D R [

= &>
§7 £
S 300 16 &
o 2
® o
‘@ 200 14 <
s Wear loss @
- z
© 100+ PM -2

E 4

5 : 0

0 15 2 2.5

Av. primary Sisize (um)

Fig.4 Relation between mechanical properties and
average primary Si size (T6 extrusions of SF
and PM material).
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2.2 High strength and wear resistant

materials

The addition of iron, nickel and/or other
transition elements to a hyper eutectic Al—Si
alloy produces high strength and stiffness be-
sides wear resistance. Because of these re-
markable properties, together with the low
coefficient of thermal expansion (CTE), Al—
Si—X alloys have been eagerly developed, fo-
cusing mainly on automotive applications®*?,

PB405 is an Al —20Si— Ni based alloy origi-
nally commercialised in PM as the material
for compressor vanes in automotive air condi-
tioners. The nickel addition is effective in im-
proving tensile strength and wear resistance.
SF material of the same composition is still
under development but has found to possess
equal or better quality in various aspects com-
pared with PM.

PB416 is an alloy of similar composition (Al
—17Si—Fe—Cu—Mg) to the material used for
automotive compressor rotors”. With its con-
siderably high strength at elevated tempera-
ture, PB416 is expected to be applicable not
only for compressor parts but also for engine
parts such as connecting rods or pistons.

For PB405 and PB416, the CTE and specific
elastic modulus are shown in Fig. 5 and Fig. 6,
respectively, in comparison with a conven-
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Fig.5 Comparison of coefficient of thermal expansion
between SF alloys and other materials.
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Fig. 6 Comparison of specific elastic modulus between
SF alloys and other materials.
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Fig.7 Relation between tensile properties and extrusion ratio in Al—8Fe binary alloy.

tional aluminium alloy (IM7075) and some
non-aluminium materials. Both of the SF al-
loys proved to exhibit as low a CTE as that of
stainless steels and, at the same time, a much
higher specific elastic modulus than not only
IM 7075—T6 but also carbon steels and tita-
nium.

2.3 Heat resistant materials

The Al—TFe system is a typical heat resistant
alloy series used in the rapid solidification
field.

For the SF and PM Al-—8Fe binary alloy,
their variations of U.T.S. and elongation are
shown in Fig. 7 as functions of extrusion ratio
9 PM extrusions fabricated from nitrogen
atomised powder of 80um average diameter
are expressed as PM-coarse, while the others
from a 40pm powder are designated as PM-
fine. The extrusion ratio of 0 stands for the
“as sprayed” SF preform, and the 1 means the
“hot-pressed” state.
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As shown in Fig.7(a), the SF material at-
tained a high elongation with an extrusion
ratio of 2 while PMs require that of 5. Also,
for maximum elongation, although it gener-
ally has a negative correlation to tensile
strength, the SF material showed a perform-
ance exceeding the PM-coarse materials
whose strength was rather low (see Fig. 7(b)).
The superior ductility of SF materials like this
is thought to have some relation to the less
amount of tough oxide, which fully covers the
powder surface of PM materials and requires
a large plastic deformation to break up.
Actually, according to the infrared absorption
measurement after melting in an inert gas, the
oxygen contents of the SF and PM materials
were 0.01 and 0.10 mass%, respectively®.

Regarding the maximum value of U.T.S., the
ST material was not much higher than the
PM-coarse whose cooling rate should have
been rather slow. Nevertheless, there was a
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Fig. 9 TEM image of PB105 extrusion.

similar tendency to the case of elongation
where the SF material attained its intrinsic
performance with an extremely lower extru-
sion ratio, namely, with only hot pressing.

With such an advantage of requiring a low
extrusion ratio, SF can provide extrusions of a
larger cross section compared with PM, when
the billet size is the same. New applications of
large dimensions which are not possible with
the conventional PM process is expected to be
found.

Based on Al —8Fe, heat resistant PB105,
which contains vanadium, molybdenum and
zirconium, was developed®. As shown in Fig. 8,
it showed a higher strength over the whole
range of temperatures compared with 2618 —
T6, a typical conventional heat resistant
aluminium alloy. The superiority of PB105 was
especially emphasised at temperatures higher
than 150°C. In this range, the strength of 2618
rapidly dropped because of the coarsening of
the precipitates. On the contrary, the tensile
properties of PB105 did not show a significant
change up to 250°C due to the high volume
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alloy.

fraction of stable particles finely distributed
as shown in Fig.9. With such a remarkable
performance at elevated temperature, PB105 is
expected to be used in engine parts such as
connecting rods.

3. Process improvement

Although spray forming is an attractive
process, some process improvement for cost
savings is needed to further expand its appli-
cation range. Fig. 10(a) shows an example of
cost evaluation for an SF extrusion at present.
The details of the proportion between each
factor should vary with alloy composition, ex-
trusion shape, required properties etc., but it
is obvious that the key to cost savings is re-
ducing the material and gas consumption.

3.1 Reduction of material cost

When the alloy composition is fixed, mate-
rial cost is determined by the overall material
yield which means the ratio of product weight
to input weight. To improve this value, two dif-
ferent approaches can be considered. One is to
increase the spraying yield, that is to say, to
decrease the undeposited material (OSP : over
spray powder), and the other is to utilise the
generated OSP.

Regarding the restraint of OSP generation,
decreasing the G/M ratio is most effective.
Fig. 11 shows the variation in spraying yield
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Fig. 1l Relation between spraying yield and G/M ratio
in Al—Si—Fe alloy.

on the Al—Si—Fe alloy as a function of G/M
ratio. The problem is that reduction of the G
/M ratio generally leads to a decline in tensile
properties and, therefore, the range of altera-
tion is limited. Consequently, the importance
of OSP utilisation becomes highlighted.

OSP injection into a spray is a basic idea
which was already shown in the early princi-
ples of spray forming'”, but has not been actu-
ally practised. Among the various options for
utilising OSP!, this method is attractive be-
cause the cold injected OSP will work as a
cooling media on the molten metal and, conse-
quently, a reduction in gas consumption
should be attained together with a yield im-
provement. Overall estimation of the OSP in-
jection’s effect on production cost is shown in
Fig. 10(b).

3.2 Reduction of atomising gas cost

A reduction in atomising gas consumption is
simply achieved by lowering the G/M ratio.
Nevertheless, to compensate for the deteriora-
tion in a product’s properties, some modifica-
tion of other process parameters is required,
such as lowering the metal temperature indi-
cated in section 2.1.

Fig. 12 shows a schematic of the U.T.S. on
T6 extrusions for the Al—17Si—Fe alloy as a
function of G/M ratio and the “relative gas ve-
locity” which is defined as a ratio versus the
velocity at some standard spraying condition.
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1 2 3 4

Relative gas velocity

Tig.12 Relation between U.T.S. of T6 extrusions G/M
ratio, and gas velocity in Al1—Si—Fe alloy.

The U.T.S. improves with an increase in the G
/M ratio. At the same time, when the G/M
ratio is constant, the strength improves with
higher gas velocity. These phenomena should
be explained by the increase in kinetic energy
of the atomising gas which causes a finer
droplet size distribution, i.e., higher average
cooling rate. Shortly, at a point of reducing
gas consumption without a drop in tensile
strength, it is desirable to spray with as low a
G/M ratio as possible, and as high a gas ve-
locity as possible. But, it must be noted that as
the spraying condition shifts to the right and
/or upward in Fig.12, the stability of the
spray becomes worse due to a violent gas tur-
bulence. The area left blank in Fig. 12 shows a
nonrealisable spraying condition at the mo-
ment.

3.3 Productivity improvement

Generally, spray forming of aluminium al-
loys is a batch process, because it is necessary
to operate in a fully closed and inert atmos-
phere. Therefore, the productivity of the proc-
ess strongly depends on maximising the
output from one batch and minimising both
the actual spraying time and the lead time
from batch to batch.

As an approach to this problem, the produc-
tion of a larger size preform has been at-
tempted.
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4. Applications and future development

The first application of an SF aluminium
alloy was realised in 1993 as a rotor material
of the Lysholm Compressor developed by
Ishikawajima Harima Industries (IHI) for
MAZDA'’s Eunos 800 (Xedos 9 in Europe and
Millennia in US). Since then, with the tough
economic situation in the automotive indus-
tries, no other application has been found yet.
Nevertheless, it can be said that the largest
potential market for SF materials still exists
in this field, because the requirements for envi-
ronmental consideration are getting tougher
year by year. Moving parts such as pistons or
connecting rods in engines, and vanes or ro-
tors in compressor (Fig.13), are especially
promising with the importance and effective-
ness of weight saving.

The market for electrical parts or sporting
goods is also prospective if the excellent per-
formance of SF materials would be recognised
as worth paying a slightly higher price com-
pared with conventional IM materials.

Fig. 13 Examples of actual and potential applications
of SF materials.

5. Summary
Recent progress in spray forming (SF) of
aluminium alloys at SLM has been described
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with regard to both alloy development and
process refinement.

Various high performance aluminium alloys
have been developed utilising SF technology,
which show characteristic advantages such as
wear resistance, high strength in both ambient
and elevated temperatures, combined with
enough ductility.

The expansion of application for SF materi-
als strongly depends on how the cost savings
will proceed. Although the various improve-
ments described here are being gradually at-
tained, attempts increase
productivity and process yield will be required.

further to
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Performance of the Tin Coated Copper Tube
for Cold and Hot Water Service System”

Tetsuro Atsumi**, Yutaka Yamada™** Jun-ichi Ito**
and Koji Nagata™***

Abstract

To cope with the corrosion problem of copper tubes in plumbing system, the tin coating technique
onto the inner surface of copper tube has been successfully developed by Sumitomo Light Metal.
Performance of the tin coated copper tube have been evaluated under the corrosive conditions where
conventional copper tubes severely suffered from cuprosolvency, pitting corrosion and erosion-
corrosion. The tin coated copper tubes showed high anti-cuprosolvency and excellent corrosion
resistance due to the stable tin oxide film on the coating having the sacrificed effect with less noble
potential. The tin coated copper tubes have been successfully put into practical service and long life
of the tin coating is expected based on the examination results of tubes.

1. Introduction

Because of good corrosion resistance and
ease of joining and fabricating, copper tubes
are widely used in cold and hot water service
system in many countries. Copper tubes have
been satisfactorily used in water service sys-
tem, however, a few corrosion problems of
copper tube, such as the general dissolution of
copper from the tube and leakage caused by
pitting corrosion and erosion-corrosion, have
been experienced mainly because of water
quality and plumbing system. Under soft
water in Japan, corrosion problems of copper
tubes at water side are cuprosolvency, pitting
corrosion analogous to type 2/type 1 and ero-
sion-corrosion in hot and cold water service
system.

Pitting corrosion of soft copper tubes, which
is analogous to type 1, has been recently expe-
rienced in cold and/or once-through hot water
service system especially in the case of using

This paper was presented at 13th International
Corrosion Conference held at Melbourne, Aus-
tralia, Nov. 25-29, 1996
** No.1 Dept., Research & Development Center
**+  No.l Dept., Research & Development Center,

Dr. of Eng.
**+* Research & Development Center, Dr. of Eng.
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well water which is characteristic of low pH
under 6.5 and high free CO: over 15 ppm.

These corrosion phenomena have been stud-
ied by many workers”™® and the countermea-
sures have been proposed”™®. However, these
countermeasures, such as water treatment,
change of plumbing system and decrease of
the flowing velocity, are limited in application
to existing system and anti-corrosion materi-
als developed have not always been enough to
prevent corrosion.

To cope with these corrosion troubles, the
tin coating technique onto the inner surface of
copper tube has been successfully developed
by Sumitimo Light Metal. The first reason
why tin is selected for coating material is that
tin is more stable than copper in the wider pH
range of water'”. The second is that tin is not
regulated in the standard of water quality by
World Health Organization (WHO) and each
country. In addition, tin has been practically
used in food can and/or tableware as plating.
So it is concluded that tin is never harmful for
human body.

The high corrosion resistance of the tin
coated copper tubes, whose tin layer was uni-
form in the thickness of 1 to 2 ym with allow-
able density of pin-holes, was proved by eval-
uation test and those tubes were put into
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practical service™. This paper provides per-
formance of the tin coated copper tubes as
well as service experiences where conventional
copper tubes suffered from
cuprosolvency, pitting corrosion, and erosion-
corrosion.

severely

2. Tin Coating Technique Developed

The tin coating onto inner surface of copper
hard straight and/or soft coiled tube are
achieved as following process :

Pre-treatment — Tin coating —> Washing
& Drying — Inspection

Uniform pure tin layer is obtained by circu-
lating chemical acid solution specially blended
at adequate flow condition. The deposition of
tin particle occurs continuously. during circu-
lating chemical solution and leads to form uni-
form layer. The thickness of tin coating 1is
controlled by the temperature of solution and
the duration of circulating, and the sound tin
coating is obtained by strict control of chemi-
cals concentration in solution. In order to ob-
tain the tin coating with allowable density of
pin-holes, cleaning and activating inner sur-
face of copper tubes are most important at
pre-treatment. Pre-treatment are also
achieved by circulating acid solution under op-
timum conditions, such as kind and content of
acid, flowing rate and so on.

After the tin coating, inner surface of the
copper tube is washed by flowing water and
dried by air blasting. After that measurement

Tablel Standard specification of the tin coated copper tube.

Tube material | phosphorous-deoxidized copper (C12200)

Straight tube (14,000

0OD15.88X T0.71/1.02~0D79.38 X T1.83/2.29

Soft coiled tube (1,600,00max. 125,000 for PE insulated)
0OD15.88%xT0.71/1.02—0D22.22X T0.811/1.14

Tube size (mm)

Temper Hard/Half hard straight, Soft coiled

Thickness of tin coating| 1—2um (C>0.6um)

Adhesion of tin coating | Excellent (confirmed by tape-test)

of thickness and tape test to confirm the ad-
hering quality are applied for inspection of the
tin coating.

3. Properties of the Tin Coated
Copper Tube

Table 1 shows the standard specification of
the tin coated copper tube developed by
Sumitomo Light Metal. The tin coating is usu-
ally applied for conventional phosphorus-
deoxidized copper tube (C12200). Standard
thickness of the tin coating is 1 to 2 pm and
good adhering quality of coating to the sub-
strate is secured.

Table 2 shows the typical properties of the
tin coated copper tube'™®. Corrosion potential
of the tin coated copper tubes is approxi-
mately 300 mV less noble than that of copper
substrate. The sacrificed effect of the tin coat-
ing to the copper substrate is expected based
on the those electrochemical property.
Concentration of copper dissolved from the tin

Table 2 Typical properties of the tin coated copper tube compared with conventional C12200.

Item Tin coated tube C12200 Remarks (test conditions etc.)
Corrosion potential ) i
—400 to —300 —20 Stable potential for tin coated tube.
(mV vs SCE)

Concentration of Nagoya tap water of RT/60C,
copper dissolved less than 0.03 0.5-5.0 pH 4.5—17.0. analyzing water filled in the tubes
from tube (ppm) after 24h standing.
Corrosion depth of Synthetic tap water of Tokyo, 60°C.
type 2 pitting less than 0.01 0.35 HCO5 /S0{™=0.6, R-Cl:3ppm,
corrosion test (mm) pH 6.8—17.0, 6 months soaking.
Corrosion depth of . _

. . Nagoya tap water with 100ppm CL7,
erosion-corrosion less than 0.01 0.15

pH 6.0—6.5, 10m/s (Jet test) for 3 months.

test (mm)
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coated copper tube was less than 0.03 ppm
until low pH of water at 4.5 in standing hot/
cold water test. The tin coated copper tube
shows the high anti-cuprosolvency compared
with conventional copper tube. The tin coated
copper tube also shows excellent corrosion re-
sistance under the water quality with high pit-
ting tendency and highly turbulent flow. In
laboratory test, pitting corrosion of the tin
coated copper tubes has not occurred, while
conventional copper tubes suffered from pit-
ting corrosion in the depth of 0.35 mm after 6
months soaking test. Moreover, the tin coated
copper tube showed the high resistance to
erosion-corrosion under highly turbulent flow
at 10 m/s of Jet test.

The tin coated copper tubes can be treated
with same manner as conventional copper
tubes in joining and fabricating. The tin coat-
ing followed copper substrate in proper bend-
ing, flaring and so on without lack of adhe-
sion. In soldering or brazing, pure tin layer
close to the substrate changed intermetallic
compounds such as 7—CusSns and & — CuwsSn
because of interdiffusion of copper and tin at
elevated temperature. Nevertheless, there are
no Kirkendall voids at the interface and no de-
crease in adhering quality which effects the
corrosion resistance.

4. Experience of the Tin Coated
Copper Tube in Japan

4.1 Anti-Cuprosolvency Property

In the East of Hokkaido, cuprosolvency
problem due to the general dissolution of cop-
per has been occurred in once-through cold
and hot water service system of private hous-
ing. It is related to the seasonal decrease of pH
of water under 6.5. In order to prevent this
problem, the tin coated copper tubes were
plumbed in three private housing for replace.
Plumbing ratio of the tin coated copper tubes
was 60~80% in the total plumbing tube length
of each house. For the evaluation of anti-
cuprosolvency of the tin coated copper tubes,
periodic measurement of pH and copper ion
concentration in tap water was carried out at
those three housing compared with referring
house which system was totally plumbed with
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Fig.1 Variation of pH and copper ion concentration in tap
water in actual plumbing system of private housing.
The tin coated tubes plumbed in each house of A (O),
B (A) and C (CD™. 12200 plumbed in house D ().

conventional copper tubes at the same time.
Fig. 1 shows the variation of pH and copper
ion concentration in tap water through the one
year in each house'™. Copper ion concentration
in tap water of the tin coated copper tube
plumbing system has been less than 0.15 ppm
through the one year at each house regardless
of plumbing ratio and installed position. On
the contrary, that of conventional copper tube
plumbing system was high level in the range of
1.5 to 4.0 ppm through the one year. Metal-
lurgical examination of the tin coated copper
tubes after one year service showed that tin
oxide formed uniformly on the tin coating and
inner surface of tubes was fully sound™. After
these evaluation, the tin coated copper tube
was approved as suitable plumbing material
for this area by Japan Water Works
Association (JWWA).

4.2 Resistance to Erosion-Corrosion

Erosion-corrosion of copper tube in water
service system is well known and many work-
ers studied this phenomenon. Laboratory cor-
rosion test, however, often does not duplicate
operating factor in actual forced circulating
system, erosion-corrosion of copper tube does
not always occur in similar form and condi-
tions to those of actual plumbing system.
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o Return ‘ Fig.3 Changes of maximum corrosion depth of both the tin
- i coated copper tube (&, A) and conventional copper

Storage tank tube (O, tested under 1.5m/s and 3.0m/s in model

plumbing system.
Fig. 2 Schematic diagram of model plumbing system of

forced hot water circulating.

e

C12200

C12200

Fig.4 Appearance of inner surface and cross section of both tubes tested under
(a) 1.5m/s and (b) 3.0m/s for 6 months in model plumbing system of forced
circulating. Test tubes were withdrawn at the portion after elbows.
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Tin coated tube
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C12200 frange
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Tin coated tube

Tin coated elbow

Fig.5 Appearance of inner surface and cross section of test samples after 3 years service
in actual forced circulating system of building. Test samples were the tin coated
tubes fitted with the tin coated elbows and conventional copper flanges.

To evaluate erosion-corrosion resistance of
the tin coated copper tubes, corrosion test was
carried out at model plumbing system as
shown in Fig. 2. The circulating velocity and
temperature of water are controlled at 1.5, 3.0
m/s and 60°C respectively. Fig.3 shows the
change of maximum corrosion depth of both
the tin coated copper tubes and conventional
copper tubes tested for 10 months and Fig. 4
shows the typical appearance of both tubes
tested after 6 months. The tin coated copper
tubes were free from corrosion without any
indication at any portion, while conventional
copper tubes suffered from erosion-corrosion
in the depth of 0.05 to 0.15mm at the portion
after elbow.

As the for erosion-
corrosion of copper tube, the tin coated cop-
per tubes were plumbed in the hot water
forced circulating system of the buildings in
Tokyo. Fig. b shows the examination results of
test tubes after 3 years service. Test tubes in-
stalled were the tin coated hard straight cop-
per tubes fitted with conventional copper
flanges and the coated elbows.

countermeasures

tin
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Conventional copper flanges suffered from
uniform erosion-corrosion in the depth of
0.Imm. On the contrary, the tin coated copper
tubes and elbows were free from erosion-
corrosion with spotty deposit of iron oxide. It
is proved the tin coated copper tubes show the
excellent erosion-corrosion resistance under
the turbulent flow of actual plumbing system.

4.3 Resistance to Pitting Corrosion

Analogous to Type 2

Pitting corrosion analogous to type 2 has
been experienced in the buildings of some
specified area such as Tokyo, Hokkaido and
so on in Japan™. The tin coated copper tubes
were plumbed in hot water service system of
building in Tokyo to prevent pitting corrosion.
Table 3 shows the typical analysis of water
and Fig.6 shows the examination results of
the tin coated copper tube after 2 and a half
yvear service. The tin coating of inner surface
of tube was stable with uniform white scale
and stripe gray one, there is no indication of
pitting corrosion.

In south of Hokkaido, leakage troubles of
conventional copper tubes due to the pitting
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Table3 Typical analysis of tap water in the buildings
of Tokyo where pitting corrosion analogous
to type 2 has been experienced.

Table4 Typical analysis of tap water in south of Hokkaido
where pitting corrosion analogous to type 2 has
been experienced.

Item Value Item Value

pH 7.1 pH 6.7~7.0
Conductivity (uS/cm) 205 Conductivity (uS/cm) 185
Total hardness (CaCO; ppm) 64 Total hardness (CaCOs; ppm) 54
Ca hardness (CaCOs ppm) 50 Ca hardness (CaCOs ppm) 45
M alkalinity (CaCOs; ppm) 30 M alkalinity (CaCOs ppm) 11
HCO; (ppm) 35 HCO; (ppm) 13
S0i~  (ppm) 43 S0i~  (ppm) 100
Cl™  (ppm) 0.8 Cl™  (ppm) 9

Fe (ppm) 0.05 Fe (ppm) 0.05
Si0:  (ppm) 11 Si0:  (ppm) 41
Free carbon dioxide (ppm) 2~4 Free carbon dioxide (ppm) 2~4

(a)

)

Fig. 6 Appearance of (a) inner surface and (b) cross section
of the tin coated copper tube after 2.5 years service in
hot water plumbing system of building in Tokyo.

corrosion analogous to type 2 have been expe-
rienced in the cold and once-through hot water
service system of private housing. The quality
of tap water was classified for high pitting
tendency of type 2 as shown in Table4. To
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Tin coated C12200

C12200

Fig.7 Appearance of (a) inner surface and (b) cross section
of both tubes after 2 years service in plumbing system
of private house at the area where copper tubes has
been suffering from pitting corrosion analogous to
type 2.

solve these troubles, the tin coated copper
tubes were plumbed for anti-corrosion mate-
rial. Fig.7 shows the examination results of
the tin eoated copper tube and conventional
copper tube after 2 years service. The tin
coated copper tube was sound without any in-
dication of pitting corrosion, while conven-
tional copper tube suffered from pitting
corrosion in the depth of 0.3 mm. As excellent
resistance to pitting corrosion, the tin coated
copper tubes were also approved for plumbing
material for this area by JWWA |

4.4 Resistance to Pitting Corrosion

Analogous to Type 1
Pitting corrosion of soft copper tubes, which
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Table5 Typical analysis of well water in the plumbing
system of private housing where pitting corro-
sion analogous to type 1 has been recently ex-

perienced.
Item Value
pH 6.0~7.2
Conductivity (4S/cm) 695
Total hardness (CaCOs ppm) 310
Ca hardness (CaCOs ppm) 160
M alkalinity (CaCOs ppm) 180
HCO; (ppm) 220
S0:~  (ppm) <1
Cl”  (ppm) 56
Fe (ppm) 0.05
Si0:  (ppm) 47
Free carbon dioxide (ppm) 15~50

(b)

Fig.8 Appearance of (a) inner surface and (b) cross section
of the tin coated copper tubes after 1 year service in
once-through hot water service system of private
house using well water.

is analogous to type 1, has been recently expe-
rienced in cold and/or once-through hot water
service system in the private housing espe-
cially in the case of using well water. The qual-
ity of water is characteristic of low pH under
6.5 and high free CO: over 15 ppm as shown in
Table 5. At the off serving in the once-through
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Fig.9 Typical results of X.E.D. line analysis at the cross
section of inner surface for the tin coated copper tube
after 1 year service.

hot water service system, water is stagnant
and its temperature decreases until room tem-
perature. After the confirmation of corrosion
resistance in well water by field tests, the tin
coated copper tubes were plumbed in actual
service system of private housing. Fig. 8 shows.
the examination results of the tin coated cop-
per tube after 1 year service. Sample tubes
were withdrawn at joining portion where sol-
dering was applied. The tin coated copper
tubes and tees were sound without indication
of pitting corrosion.

5. Discussion

It is proved that the tin coated copper tubes
show the high anti-cuprosolvency and excel-
lent corrosion resistance under the conditions
where conventional copper tubes have suffered
from high cuprosolvency and severe corro-
sion. The tin coating onto the inner surface of
copper tube changed to gray and gray-black
color from the silver-like white and was stable
as service period has passed. Fig. 9" shows
the typical results of X-ray Energy Dispersive
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line analysis at the cross section of inner sur-
face for the tin coated tube after 1 year ser-
vice. The tin coating is stable and good
adhering quality to the copper substrate is
maintained. On the stable tin coating, SnO:
was mainly detected by X-ray diffraction
analysis and the potential of the tin coated
copper tubes has been showed less noble than
that of copper substrate. So it is considered
that the corrosion resistance of the tin coated
copper tube consists in the stable tin oxide
film formed on the coating, which maintained
proper adhesion to coating under the corro-
sive condition, and in the sacrificed effect of
tin coating to copper substrate after forma-
tion of stable tin oxide.

The tin coating technique has been applied
for copper tube to prevent corrosion. In the
literature, however, it was pointed out that tin
coating must be pore-free to avoid accelerated
attack of copper because of tin and/or
copper-tin intermatallic compounds being
cathodic to copper'™. So, tin coating technique
has not been applied for copper plumbing
tubes until recent years. It is not able to com-
pare between the present technique and that in
the literature, there are no fact that tin, tin
oxide and copper-tin intermetallic compounds
act electrochemically as cathode to copper in
water. In addition, the conditions of coating
process are strictly controlled in order to ob-
tain the tin coating with allowable density of
pin holes. There has been no troubles with the
tin coated copper tubes in actual cold and hot
water service system.

6. Conclusions

To cope with the corrosion problem of cop-
per tubes in plumbing system, the tin coating
technique onto inner surface of copper tubes
has been successfully developed by Sumitomo
Light Metal. Properties and service experi-
ences of the tin coated copper tubes are sum-
marized as follows :

(1) The tin coated copper tubes, having ease
of joining and fabricating, showed the high
anti-cuprosolvency and excellent corrosion re-
sistance under the corrosive conditions where
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conventional copper tubes suffered from se-
vere erosion-corrosion and pitting corrosion.

(2) The excellent corrosion resistance of the
tin coated copper tube consists in the stable
tin oxide film formed on the coating under
corrosive conditions with proper adhesion to
copper substrate and in the sacrificed effect
with less potential of stable tin oxide film com-
pared with copper substrate.

(3) The tin coated copper tubes has been suc-
cessfully put into practical service and long
life of the tin coating is expected based on the
service experiences.
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