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Effect of Microstructures on Formability in 7475
Aluminium Alloy Sheets

Seiichi Hirano and Hideo Yoshida

Aluminium alloy 7475 sheets were prepared by hot rolling, intermediate annealing, cold rolling

and solution heat treating followed by water quenching and final heat treatment. Annealing or

natural aging conditions were used as the final heat treatment. Equiaxed fine grain structure and

anisotropy of the specimens with different final heat treatment conditions were almost the same.

Formability was evaluated using the Erichsen test and a bend test. Higher post-uniform elongation
and higher reduction in thickness near the neck in the tensile specimen led to the better formability.
Formability was associated with solute atoms and precipitates. Solute atoms restricted the slip de-
formation, and precipitates of 0.2 through 0.5um were good for uniform deformation. Fine precipi-

tates of below 0.1um caused less formability by preventing the dislocation mobility.
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Tablel Chemical composition of a 7475 alloy investigated.
(mass%)

Si Fe Cu Mn Mg Cr Zn Ti Al

003 004 16 <0.001 23 017 57 0.03 bal
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Table2 Final heat treatment conditions for the specimens.

0350 Annealing at 350°C for 6h
0410 Annealing at 410°C for lh
T4 Natural aging for 2 weeks (T4 temper)

Table3 Tensile and formability properties of the specimens.

Tensi ; Bending*’
Tensile Erichsen g
ap T2} € €y |€t-ey

(MPa|(MPa)| (%) | (26| (o6 | P "eiE
(degree) (mm)

Material} direction
R=0tR=1

0 209 90 | 2216 6

0-350| 45 206 91 | 2| 17T] 5 10.4 010

90 209 92 | 22|17 5

0 20718 12017 3
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90 2041 88 | 18| 16 | 2

0 479 1310 | 28 | 22 | 1

T4 45 472 1309 | 26 | 26 | 1 8.4 X 1 X

90 477 | 312 | 24 | 22 | 2

%) O:No fracture
X : Fracture
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Fig.1 Effect of final heat treatment on tensile
stress-strain curves of longitudinal specimens
at a crosshead speed of 10 mm/min.
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Fig.2 The distribution of the sheet thickness near the neck.

Table4d Results of the r-values of the specimens.

Material T 45 ) T Ar
0—350 0.65 0.80 0.65 0.73 -0.15
0—-410 0.58 0.77 0.56 0.67 —0.20

T4 0.70 0.79 0.64 0.73 —0.12
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Fig.3 Relation between n-value and true strain
in the tensile test.
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Fig. 4 Optical micrograph showing equiaxed fine grains
in the L~ LT section after final heat treatment.

Table5 Electrical conductivities for the specimens.
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Fig.5 Transmission electron microscopy (TEM) images of the specimens.
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Fig.7 Scanning electron microscopy images of fracture surface of the
tensile specimens at a crosshead speed of 10 mm/min.
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Effect of Small Amount of Tungsten
on the AC Etching Phenomena of
High Purity Aluminium Foils

Kiyoshi Fukuoka, Masaharu Kurahashi, Shigeaki Sasaki and Atushi Hibino

Capacitance of the high purity aluminium foil after AC etching varies with the regularity of
the sponge structure. An AC etched foil has regular sponge structure and higher capacitance when
the initial pits are distributed uniformly in the foil surface and the pits propagate equally into
the inside of the foil. The distribution of the initial pits depends on the surface oxide film and
the morphology of the sponge structure depends on the etch film formed during cathodic half-
cycle of AC etching. Their peculiarities are changed by the impurities and the precipitates in the
high purity aluminium foil. In this study, the effects of a small amount of tungsten in the high
purity aluminium foil on AC etching behaviour were investigated with respect to the relationship
between the pit initiated place and the precipitate of impurities. Capacitance after AC etching of
5ppm W contained and 523K annealed foil was smaller than that of no W contained and 523K
annealed foil or 5ppm W contained and 723K annealed foil, and pits iniciated partially in the
surface for the former foil. The intensities by SIMS measurement of Si and Fe in the thin surface
layer of the 5ppm W contained and 523K annealed foil were smaller in quantity than that of the
other foils. It was inferred from the experimental results that small segregation in quantity of Si
and Fe at the 5ppm W contained and 523K annealed foil made few defects in the surface oxide
film, so the pits initiated place were limited.
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Table1 Chemical composition of specimens (ppm).
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Fig.1 AC etching cell (Indirect contact current supply) ”

Table 2 Experimental procedure for AC etching.
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® Quartz heater

@ Thermocontroller

3 liter capacity glass bath
® Magpnetic agitator

@ AC power supplyer

@ Temperature controller
@ Specimen

@ Specimen holder

® Graphite electrode

Fig. 2 Apparatus schema for AC etching.
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Fig. 3 Effect of 5ppm tungsten addition in 99.98%aluminium
at various annealing temperature on the capacitance
of AC etched foils in hydrochloric acid at 306K.
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Fig.4 Surface morphologies of non—annealed foil or annealed foils at 523K
or 723K after 450s AC etching in hydrochloric acid at 305K.
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Fig.5 Cross sections of 450s AC etched foils in hydrochloric acid.
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Fig. 6 Scanning electron micrographs of oxide replicas of etched pits
formed in 450s AC etched foils.
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Fig.7 Effect of 5ppm tungsten addition in 99.98%aluminium
at various annealing temperature on weight loss dur-
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Fatigue Properties of Mechanical
Fastening Joints”

Hideo Mizukoshi* * and Hideto Okada* *

Tensile-shear strength and fatigue strength of riveting joints, clinching joints, and riv-bonded
joints for aluminium auto body sheets, GC45—~0 (Al—4.5mass% Mg~ Cu), GC55—0 (Al—5.5mass
%$Mg—Cuw) and SG112— T4 (Al —1.1mass%Si —0.5mass%Mg), have been investigated compared
with those of spot-welded joints. Their corrosion performance has also been investigated. Though

tensile-shear strength of riveting joints was inferior to that of spot-welded joints, their fatigue

strength was superior to that of spot-welded joints. Fatigue ratios of riveting joints were about 0.4

regardless of the base metal, as twice as those of spot-welded joints.

1. Introduction

Recently, the light-weight automobiles have
been required because of environmental pro-
tection. Since material substitution is more ef-
fective for weight reduction, some kinds of
aluminium parts substitute for steel parts, or
an all aluminium automobile, such as Audi A8,
has been mass-produced. Resistance spot
welding has been generally used for automo-
tive applications. Accordingly, the perform-
ance of spot-welded joint had been investi-
gated by many people”, and the study of spot
welding has been continued all the time*®. On
the other hand, mechanical fastening methods,
such as riveting, clinching and with or without
an adhesive, are also effective for aluminium
auto body sheet materials. Mechanical prop-
erties of these joints, especially fatigue
strength, have been also investigated®”.

In this paper, tensile-shear strength and fa-
tigue strength of riveting joint, press clinching
joint, and riv-bonded joint have been investi-
gated compared with those of spot-welded
joint. HENROB “self-piercing rivet” has been
used for riveting joints, and clinching joint has
been made by Tog-L-loc™ applications. More-
over mechanical properties of these joints

*  This paper was presented at the 5th International
Conference of Aluminium Alloys, Grenoble, France,
July 1-5, 1996.

** No.4 Department, Research & Development Center.
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after salt-spray exposure for 2000 hours,
which is prescribed in ASTM B117, have also
been investigated.

2. Experimental Procedure

2.1 Base metals

For the test materials, GC45—0, GC55—-0
and SG112—T4 have been used. They are our
typical auto body sheet materials for closure
panels. Chemical compositions and tensile
properties of these materials are shown in
Table 1 and Table 2, respectively. Thickness of
these materials are 1.0mm for GC45 and GC55,
1.1lmm for SG112, and they are coated with
conventional rust preventive oil, which has
been used at one of the car-makers in Japan,
applied at about 1g/m?

2.2 Joints

Some mechanical fastening joints, riveting
joint, press clinching joint, and riv-bonded
joint, were selected for aluminium auto body
sheet materials. Shape and size of joint speci-
men are shown in Fig. 1, which is fastened at
the center of lapping part. Details of these
joints are described below.

2.2.1 Riveting joint

HENROB self-piercing riveting joints were
made by using two different dies, DR10 and
DRI11, which have different die heights. 5mm
long steel rivet, which is Zn and Sn coated, has
been used.



108 SUMITOMO LIGHT METAL TECHNICAL REPORTS October 1997
Tablel Chemical compositions of test materials. Table3 Tensile-shear test results (kIN).
i Joint
Alloys Si Cu Mn Mg Al oin G5 GCss SGI12
aCts 0.06 0.34 0.17 4.54 bal. method
Goss | 0.04 033 | <0.01L 531 | bal Rivet (DR10) 2.50 2.60 2.45
scle | 116 | 001 | 006 | 050 | bal Rivet (DRI1D) 2.61 2.8 2.75
Riv-bonded 9.65 11.25 >10.35
Table 2 Tensile properties of test materials. Press clinch 1.64 162 167
All Diracti UTs YS Elongation Spot-welded 3.75 4,01 3.89
t
oys eCHOS - \pa) | (MPa) | (%)
L 278 135 31 .
GC45-0 L 08 55 2 2.3 Evaluation methods
2.3.1 Tensile-shear test
GC55—0 L 283 130 8 Test conditions were based on JIS (Japan
12! 3 .
LT 2 9 ’ Industrial Standard) K-6850. Test speed was
SG112—T4 L 234 144 % 5.0mm/min, and all tests were conducted at
LT 228 135 2 room temperature.

|
¥

|

|

|

|

i
40

(mm) ,

Fig.1 Shape and size of tensile-shear specimen.

2.2.2 Press clinching joint

Clinching joints were made by BTM Co.,
USA for Tog-L-loc™ application.

2.2.3 Riv-bonded joint

HENROB self-piercing riveting joints with
an adhesive were made by using 5mm long
rivet and DR11 die. Versilok™ adhesive was
selected because of its room temperature cur-
ing. No surface treatment was carried out be-
fore adhesion.

2.2.4 Spot-welded joint

A single phase AC welding machine and DR
dome type electrode were used. Pressure force
was 2.65kN, and welding currents were ar-
ranged to form suitable nuggets whose sizes
were 0.0mm.

Examples of cross sectional shape of these
joints are shown in Fig. 2. All specimens were
simulated at 443K for 30min as paint-bake
heat treatment before testing. This heat treat-
ment condition is based on the car-maker’s
standard condition in Japan.
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2.3.2 Fatigue test

Tensile-shear type specimens have been used
for axial fatigue test. A servo-hydraulic fa-
tigue testing machine has been used, and tests
have been conducted at room temperature.
Load ratio was 0.1, and cyclic speed was 30Hz.

2.3.3 Salt-spray exposure

All kind of specimens have been exposed in
salt-spray atmosphere for 2000 hours to inves-
tigate corrosion performance. After salt-
spray exposure, tensile-shear strength and
fatigue strength were investigated as well as
before exposure.

3. Results and Discussion

3.1 Tensile-shear strength

Tensile-shear test results, which are the av-
erage of five specimens, are shown in Table 3.
Tensile-shear strengths of riv-bonded joints
show the maximum value, about 10kN or
more, as three times as those of spot-welded
joints and as four times as those of riveting
joints. Riv-bonded joint of SG112 was broken
at the base metal. Tensile-shear strength of
clinching joints show the smallest value, about
1.6kN, regardless of the base materials. All
joint specimens, except riv-bonded joint of
SG112, were pulled out at just around the fas-
tening part.

3.2 Fatigue strength

Fatigue test results are shown in Fig.3.
Fatigue strengths at 107 cycles are also shown
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o Fig. 2—2 Macro structure of each joint.
(1) Riveting joint
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Fig. 2—3 Macro structure of each joint. Fig.3 Fatigue test results.
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Table4 Fatigue strength (Load range at 107 cycles).

Tensile-shear, Fatigue .
Joint Fatigue
thod Alloys strength strength G
ratio
mee (N (4N
Rivet | GCS55 2.88 115 0.40
(DRI1D | sG112 2.75 1.06 0.39
. GCts 1.64 0.71 0.43
;esi GCs5 1.62 0.71 0.44
I sane 167 0.71 0.43
Spot- | GC55 4.01 0.79 0.20
welded | SG112 3.89 0.79 0.20

(d) SG112, Clinch 10mm

Fig.4—2 Failure conditions.

(@) GCB5

(b) SG112 10mm

Fig. 4—1 Failure conditions.

in Table 4. Fatigue strengths of riveting joints
using DR11 die were about 1.1kN, so fatigue
ratio (fatigue strength/tensile-shear strength)
was 0.40, regardless of the base materials.

. . . () SG112, Spot-weld 10mm
Fatigue strengths of clinching joints were —
comparatively low, but fatigue ratios were the Fig. 4—3 Failure conditions.
highest value. On the other hand, fatigue
strengths of spot-welded joints were 0.79kN, other hand, the base metal around the me-
so fatigue ratios were the lowest value, 0.20. chanical fastened part has been work-
All specimens were broken at the base metal hardened. Tensile-shear strengths of spot-
around the fastening part. welded joints, however, were higher than those

For the reason of low fatigue strength of of riveting joints, so stress distribution around
spot-welded joints, it is first considered that the fastening part of these joints would be dif-
the base metal around the spot-welded part ferent. Examples of failure condition of fa-
has been softened by welding heat. On the tigue test specimens are shown in Fig. 4. Tt
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o

(1) Riveting joint

Fig. 5—1 External appearance after corrosion treatment
for 2000 hours.

would be necessary to examine their stress
distribution in detail.

3.3 Mechanical properties after salt-spray

exposure

3.3.1 Tensile-shear strength

External appearance after salt-spray expo-
sure is shown in Fig.5. Remarkable damage
on external appearance was not seen for all
specimens. All specimens were cleaned in boil-
ing phosphoric-chromic acid for 10min, and
offered to tensile-shear test and fatigue test.
Tensile-shear test results are shown in
Table 5. The average tensile-shear strengths of
three specimens after salt-spray exposure are
shown in Fig. 6 compared with the results be-
fore exposure. Tensile-shear strength of riv-
bonded joint for SG112 extremely decreased
after salt-spray exposure, whereas that of
spot-welded joint for SG112 slightly decreased.
Other joints have not shown any strength
change.

3.3.2 Fatigue strength

Fatigue strengths at 107 cycles after salt-
spray exposure are shown in Table 6. Though

(2) Clinching joint

Fig.5—2 External appearance after corrosion treatment
for 2000 hours.

(1) Spot-welded joint

Fig. 5—3 External appearance after corrosion treatment
for 2000 hours.
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Table5 Tensile-shear test results after salt-spray exposure. 12
—_ GCbb
. Strength Strength Z 10 1 Before
Ji?td Alloys B.E* AE** < B After
=
oo S ) > 8
@
GC45 2.50 2.65 B
Rivet o 6
(DRIO) GC55 2.60 2.71 g
SGl112 2.45 2.55 'Cc’n 4
@
Rivet GC45 2.61 2.70 é
(Dg;) GCS5 2.83 2.85 s 2
SGl112 2.75 2.81 0
Rivet Rivet Riv- ) Spot-
C45 9.65 10.00
Riv- 2055 by . (OR10) (OR1) bond MMM el
bonded ’ '
onde SG112 >10.35 6.87 (a) GCS5
p GC45 1.64 1.72 ”
ress GC55 1.62 1.69
clinch —~ - SG112
SG112 1.67 1.62 Z 1 Before
= B After
$ GC45 3.75 3.55 <
t-
p1:1 ; aCss 4.01 3.99 > 8
@
wee SG112 3.89 3.13 £
@ 6
S
*B.E : before exposure. iy
**A.E: after exposure. 'c<{> 4
2
Table 6 Fatigue strength after salt-spray exposure ﬁ 2
for 2000 hours. , ,
- . . Rivet Rivet Riv- . Spot-
Joint Fatigue Fatigue | Difference (DR10) (DR11D)  bond Clinch weld
Alloys |strength 1* |strength 2* *
method
(N &N %) (b) 8G112
Rivet GCB5 L5 0.79 —3l Fig. 6 Tensile-shear test results for exposed joints.
(DRI1D SGl112 1.06 0.79 -25
Press GC55 0.711 0.711 0
clinch SG112 0.711 0.71 0
Spot- GC55 0.79 0.79 0
welded SG112 0.79 0.79 0

*Fatigue strength without salt-spray exposure.
**Fatigue strength after salt-spray exposure.

tensile-shear strengths of riveting joints have
not changed after exposure for 2000 hours, fa- (@) GC85
tigue strengths decreased about 30%, regard-
less of the base materials. The mechanism of
this phenomenon has not been acquired yet. It
is speculated, however, that some oxide corro-
sion products, which generated inside of the
joints, contributed to tensile-shear strength,
and may have been removed during fatigue cy-
cles. Examples of failure condition of riveting
joint fatigue test specimens after salt-spray () 86112
exposure are shown in Fig.7. The initiation
site of fatigue crack is the inside of riveting

10mm

Fig. 7 Failure condition of riveting joints.
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part, so this i1s different from the case without
exposure. Fatigue strengths of clinching joints
and spot-welded joints have not changed after
salt-spray exposure.

4. Conclusion

Tensile-shear strengths and fatigue strengths
of mechanical fastening joints have been inves-
tigated in comparison with those of spot-
welded joints for 5000 and 6000 series alu-
minium auto body sheet materials. Fatigue
strengths at 107 cycles of mechanical fastening
joints are relatively high, so fatigue ratios of
these joints are more than 0.4, which are as
twice as those of spot-welded joints. More-
over, fatigue properties after salt-spray expo-
sure for 2000 hours have been investigated.
Though fatigue strengths of riveting joints de-
creased about 30% with this exposure condi-
tion, they are almost the same as those of

19

spot-welded joints, regardless of the base ma-
terials.

Mechanical fastening joints with or without
an adhesive would be gradually used for auto-
motive applications because of their durability
and low cost.
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Improvement of Ductilities of
Cast Aluminium Brass

Tetsuya Ando and Tetsuro Atsumi

The effect of the addition of a small amount of Zr on grain-refining and on ductilities in the

range of intermediate temperature of cast aluminium brass was investigated. By the addition of

about 100ppm Zr, the grain-refining derived from nuclei formation of Zr compounds was

achieved. As the concentration of Zr increased, ductilities of aluminium brass were improved by

grain-refining. The corrosion resistance in sea water was also investigated from the view point of

application of this material for seawater-cooled condenser tubes. The influence by the addition of

Zr on corrosion resistance in sea water was not recognized.
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F1, MESN TV AEMNER 500ppm YL LEZETH
b, KEEOFHAGD» SFEZT, EMEICRTTRE
BEEEND,

AR T, Zr ZWERML 27 v 3 =9 L HHEE
WO FEER MM LEIR, hiREE I B 3 IEHEIES)
B s oBEERET S LEHNE L, &6
i, EMEEWIEED S, Zr RN KE 7 # K
A~ 0EELHEE L1,

2. ¥ B F &

2.1 HEH

B & JIS C68T1 A& DIEEEMK LB L5 I
E®%, BIFTHEML, RKPToHKAHE
(100mm %), RUhEGEHE (25dmm 8) kiR %
PERIL 720 BASEBRO ISR % Tablel ic, HEFHMO
DIFER%E Table 2 1T/R 9, Zr DRI, VWINOBE
b §5A S DERTICIT - 720

2.2 S/ oBE

Zr TINC & BHEREE R £ LT B 700, HiAGENE
RoEGESR O < 7 oA BE Lk, BASIco
W, Xfiw4s7u7r+544~ (EEP.M.A) itk
Y Ir OFEEREARERE L s,
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Tablel Chemical composition of test alloys
fabricated by top pour casting.

Cu Zn Al St As Zr
No. .
[ mass% ]
1-1 78.1 R 1.94  0.20 0.036 0
1-2 71.6 R 192 0.20 0.042 0.011
1-3 71.7 R 1.89  0.20 0.038 0.021
1~4 78.0 R 197 0.20 0.049 0.033
1-5 77.9 R 1.97  0.20 0.049 0.122
Chem. Comp.
o 76.0 1.8 0.20 0.02
Limits of R
~79.0 ~25 ~050 ~0.06
JIS C6871

Table 2 Chemical composition of test alloys
fabricated by continuous casting.

Cu Zn Al Si As Zr
No.
[ mass% ]
21 76.9 R 1.98 0.26 0.037 0
2~2 76.9 R 1.98 0.26 0.039 0.007
2—3 76.8 R 1.97 0.26 0.038 0.012
hem. R
Chem. Comp. . 18 020  0.02
Limits of
~79.0 ~2.5 ~0.50 ~0.06
JIS C6871
2.3 BlEAER

rhEEIRIC BT 2 EHOWER LT/ R T 5 10,
B IRABETT » 72, FIEEERICE, AR &3
FFEROEH 10mm, FELEFEHEA 50mm OFREBRF %=
EBRIL, BEIFAMNS LA v 2 o v EEREREE
BHELF, RBEEE, 73 =v A5EHORREERE
Mo B VT, EolvMEEZRT 623K & L, #IHAZE
BRI, 1.4X1072s P RUF24X1074s™ & Uiz, 3R
%, BIERENC ST IS W O L SRR 2T - o

2.4 WEMHER

Mo & U<l Zn AR, FimkEax
BRUOEE (Vv b)) BBET-70, BZn BEER
FEE I A RS & L TH Y, ISO 65091981 i
HEL L o FERIC & 0Tt DB, 3MBK IR
N1z 12.7g/1 ® CuCly-2H,0 K 12 30K % 24h 187
%, SRS I X D WEBIE AT - 1o,

75 guitark S B EERIC 1340 952 DM I T T, JIS
CB8T1 AWM & L TOMEM AR /29 & 5 IR LIER %
LM +2Hw A, M 20mm, £ X 70mm, BEX
1.0mm OHRICEIE Lokl %, Bz 1720rpm O
T — & — OENGIC, WREZ REE W & REICEE L,
S EEEAS Tppm &M D LD ICHEL L ALHKPT
0.5 7 AREE & ¥ 7o, SO 31 5 50 — BB
TR DB T 1349 19m/s £ 78 5,

BmE (Vv b)) RBRE, EFHERAEHRY, SRS

21

Fig.1 Macro structure of cast aluminium brass
fabricated by top pour casting with
0~330ppm Zr.

TEXHSBOMIICLY, A 25.4mm, HWE
1.25mm OERRE L, JIS C68T1IKEM & L T Dk
ERET A LS IR A FER L2k, 1~2vol.%
DGR BEAS MK E, NE2mm D/ Ao,
M| NI 8m/s TT HEH Lz, / ANVEE
N & QMRS 2mm & Lo, £7, BEREEROE
Wi~z i, FOENmEREL BV &EBucft
Lo

WFENORBRIC>WT &, Zr REMO JIS C6871 R
ERE s & U L

3. ® B

3.1 <o oiEs

AR O EEE O v s o il BEEE, thEh
Fig. 1, 2ic/Rd, WFNoSHBRIcB VTS, Zr 2R
LI WEAI A SHERENBES N, Zr DTRM
&b, HRRBORESIS S, §iFE Tk 110ppm,
BETI0ppm O Zr 2EHFT A Lk, HRER
EHBEENE B -k, SC R r BFREENS ¥
B, R DM E S - 1,

E.P.M.A.ICED, Zr OFEFELHE L SR %
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Fig.2 Macro structure of cast aluminium brass
fabricated by continuous casting with
0~120ppm Zr.

Fig. 3 1T/R T, Zr KU As 13[E UALEB IS IEHE L THAEL
Tk, IR, BERES%ZEP.M A A0WTH &
KX OiERE NI, T7bb, 7=y AEEIICRN
INfcZrid, FEERE, RABIKRE {, JIS C6871
BEOWERMTHETH 5 As L&Y EER LTV B
EHEHE N B, EE, Ir 2RINLASWVIESICIE, Asid
BEHEL TV B,

3.2 BIEEE

RO BN AR > VWT O, 623K
BT 55 ERRER%E Fig. 4 IK/Rd, 3.1 TZr D%
e & D SRR LT 52 T EER LD, TORKR
RO -1/28cs L, RS BERN, MUkRY
Wit Rk DER I Fe BB I N L T v 3, T AR
WChH T, ZrflRNoBE& s, Zr % 120ppm &6 L
FEAEEEHET S E, MURBKBIIREINS &
FEEhd,

IR OWHMAM 5 E % Fig. 5 KR dT, Zr %
300ppm BE F TEUIBEAOWNIEER, EAHEICH
B, TNTRAEBMTH D, Ir BENOBEA& EF
BOWWIERETH /o LHLEXEDS, BRKIrEBETH
% 1300ppm DFEITIE, BT RR R TR L,

22

Fig.3 Electron probe X-ray micro analysis of cast
aluminium brass fabricated by top pour
casting with 330ppm Zr.

KRNI E T v 7 OEBEPBEES M,

3.3 WEHEHER

Zr 875 1300ppm & TOREB 2H Wiy - 7ot Zn JB
BHPHRE, Fig. 6 10/RT, 3.1 TR~ d, RN
N Zr 55, Cu—ZnZ2G5EolIn EEA2ME 4 28RN
THRTHB As SLEWEERL TV B, BiInfg
ANEAEI N, LALEADS, Zr &FHEH 800ppm
ETOMBIC>VWTE, ZrBRNMEOERAONL
o 770

HoeK R AR O R, Zr 2 800ppm % TD
e, ABER ZrBicdd 2HEEEREL -
Too EREHEIERA 5 10mm OB B T 2 HEE%
Fig. TWWiRd, WiimEk b7/, Zr@BERBIcE 321
H Lo -1,

HAE (Voo b)) BRICBELTCE, BABFREGFERL
fsBRRBIC B W T, Zr B3 330ppm TREME A5 -4
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Fig.4 Effect of Zr addition on grain size

dependence of tensile properties
of cast aluminium brass at 623K.

Zr=330ppm|

Fig.5 Optical micrograghy of specimens of cast
aluminium brass after tensile test at 623K.

Initial strain rate is 1.4x1072s™%,

BN EDDS, EAMEEZEL, HRESTIRE
BWEEED, HEEMT 120ppm UTFoEEIc>LWTD A

Fig. 6 Optical micrography of cross section of
specimens with 0~1300ppm Zr after

corrosion test against dezincification.

T otro RBRBOABIRK A Fig. 8 IZ/R T HEMEIR
Khhbod, IrBickdERLoNEL-T, RE
WEEHELLBEE, WIFhoHBE 80 1lmm BE T
Ho, MEEECELTS, rBi32EEEIA0N0
-1,

4. & -3

4.1 BEREOMBICRITT Zr FNOE

Ty = AEMO R 100ppm D Zr % ERID
TE5T LIk, Ak, EREHESCLIDOT, B
PHAE R A A b T 2500 H 5 T &b o T,
ZritCu tHFERTH B0, CudERiRmani
Zrld, BHEOHBEEE T NITHRBMRICRRT %,
L LEHMHS, 7=y s@iIcikm&Eni ir 13,
WEBRMTTHETH % As LA EERL TV, Th
12, BEOBW Ir{tAY»EET cERLT D L
WHsh 3, &5 (LD, ERbogsizs T
&b, SHMESASBMET 2 b Ll n B,
4.2 IrE&BICk DEMHEHE

Tov Y = v AEEASE O PRI, &K OEEFER
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Zr=120ppm

B W

5mm

Fig. 8 Appearance of specimens with 0~120ppm
Zr after erosion corrosion test (jet-test).
Left sides are as manufactured. Right
sides are after polished with acid.

Fig. 7 Optical micrography of cross section of specimens
with 0~800ppm Zr after rotating corrosion test in
polluted sea water.

623K THIERBMZTT - IR, ZrBE & biciEridK
BIN, SOREZOWMIERER, IrBichhbod
WREWTh > THbDL, WHiEEoEE LT,
RN OB L 20DEEL N D, L LIEAD,
Zr B3 1300ppm DB, WSR2 Tl
, WARIRETZ v /RIEL TVl &n D, Ir
I3 HAN LRI RN O R ES R s i s n B,

AR DZNRAREE T % 1%, As IRV I X 2 T4
PEET - 7o FEICHOSNIZ, BRI 0EEEL
7o $EHD < 7 o it % Fig. 9 ic/Rd, Fig.2icH o h
ok DT, T =Y AT W T Zr B 300ppm
D& EITE, FLOERNOMMLAEESh, L
LD, AsDBIESN TV W Cu—Zn—Al &40
Bai, AROZr 2FMUIKES TS, koM

Fig.9 Macro structure of cast Cu-Zn-Al alloy

fabricated by top pour casting with
ML 5 e Zr % 800ppm EHT A T &ic & 0~800ppm Zr.
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Fig. 10 Tensile properties of cast Cu—Zn—Al alloy
with Zr in the range of 0~550ppm at 623K.

b, FREOREZINE S N, SHSE oMt
H ot

IrBIE ST HERENS BERSS LS oS
B ARG, 7 = v AR ER CEHTEIRERRE
1T-fER%E Fig. 10 1Tk T, T =7 A HHOEE
LRERD, HEMERESCOrPHLT, Iria
HEAIE, EESHEIN, TRV T
FHAREIEE A 1T - 1ofE A Fig. 11 1R T Zr RINEH
TR, Ty =vLEMEER, WIS
THo1o —H, Ir ZELHE I, BETERIIENE
BT h D, BRIy 2dBAR, KA NS
AZLEAELTE ST, MBRRcE, BEHEENY
31w OERESEHEERI NI,

Zr o & AW imaeie & L i, dEREREOR
HTETHESE LTy 7TEHVE, MRERE L
THMHY, TOHENS o FFRHMVENDH B,
ALY Tk B L, ¥ 100ppm D Zr 2EL Cu—Zn &
&7, IrMSE LIy 7T 50, flBHHsh
3, LR As EERIMMIC & A EBRERE, RASOW
ELEBT260TIRS A0, FLFERTRE/RES S
DT,

4.3 TWEEANDE

3.3 Chul~ids, 73 =9 AP Asid, Cu—
In RS A KBS T RT3 L XA L 5B Zn B
BAMET BDICERMENTVS, LHLENS, &/
72 As WIEHBARENOFRE XD 5 5, YEokzE
EZEICAND &, ERMOE» S, 100~150ppm FBE
O 7r i, WEHCEEEEL 5 L, EEET4
CHETAIVRENSLEDEEZL S,

h. &F & )
PlEDfEEAF LDBEERDED TH S,
1) 73 = s EHFOHEERICK 100ppm O Zr % T
md 3 Eickh, EARE, ERSEECLLLT, B

[
0.imm

Fig. 11 Optical micrograghy of specimens of cast
Cu—Zn— Al alloy after tensile test at 623K.
Initial strain rate is 1.4X107%s™1,

BRSEA A R b T AR H 2 T EBH S M &I 5 e,
CO¥RER, ik iR LE b D LEER
SNt

(2) 7oy = LHEEC, #ASEHETH 300ppm O Zr
AT A &icky, PREREBICE T LML, Zr
FRMOBA I 2 fEIcE S N, T HIEREERRL
DUWHLSIRIC L B bDTH » o

(3) Bt Zn BERBRK OHELREKERARICB VT,
Zr B 800ppm  TTHNIF, MERECEEEZEAR
WCEMBSMMET o Foy F 72, Zr B4 120ppm LT
WO WTEERRE LR, ZIr @RNOSE& &E0
T &R L,

@ I3 (2) ofER&EEICER L, AL
UEAEEEZERICANS &, 100~150ppm FBRE O Zr &
mckb, MakcEBgEE2 583, EEzt+0
KHETIHRENH LD EEX 5o
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Erosion Corrosion and its Countermeasure of Copper

*

*

Tube in Hot Water Forced Circulating System

Yutaka Yamada, Kozo Kawano and Tetsuro Atsumi

Erosion corrosion of copper tube is well known and many workers studied this phenomenon.
However laboratory corrosion test often does not duplicate operating factor in actual forced circu-
lating system and erosion corrosion of copper tube does not always occur in similar form and con-
ditions to those of actual plumbing system. In this paper, one hundred nine cases of erosion
corrosion failures were statistically analyzed to duplicate erosion corrosion of copper tube and cor-
rosion test was carried out at model plumbing system. Most of erosion corrosion failures of copper
tubes have occurred at the nearby joints, especially elbows of return tubes in the hot water forced
circulating system. Erosion corrosion of copper tube has been duplicated at model plumbing system
in similar form and conditions to those of actual plumbing system. As regards the erosion corro-
sion of copper tubes, importance of two factors must be stressed ; one is the supersaturated dis-
solved oxygen of water which forms the tiny gas bubble, and the other is fluid dynamic condition
which mechanically breaks down the protective film on the tube surface. In addition, erosion corro-
sion resistance of tin coated copper tube, which has been developed as an anti-corrosion material,
was evaluated. Tin coated copper tubes showed the excellent erosion corrosion resistance under the
turbulent flow of model plumbing system.

*

1. ¥

7oy, fEkE, BEEEZCEHAIA TV ARIE
HROBHITEBRIRE ~ 2 7 4 OWMEMEHC Y~ HERIRE
Lltk, HE LT PECERs TV D, REE Y
27 MRS NEEICBVT, BRICK 3RETEK
DEEBREN D, BRERICSWVWTI, £ OHHEZ D
KWEDEBKRAONTEY, INSER2RICERR
BT 2 HENTHE LD oND, BaE ot
£+ & LT Knutsson® & OB FAERICE S X ERNRE LS
m/s PIFW/RENTWAEY, REOEETHEIC IYEN
R EALFENBRSEE L, BiE IR BE, wRS
(BB ST R B I F B A R
R vy — B8, THEEL
wrx GIERARE v 7 — B
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* &
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WEEZE(L, BBk pH, REEERS, &4 4 v RUHE
BRAaOBMERBFoNbE, UL, EEHRETTE,
ERNFES 1m/s LT THE-TOEENEELTEH
Dy, ChETCOMRIERERANCERL, BRFEE
BRAFSICHESHICLEBDEREZLL W,

— RIS RIS S v R 7 & SEEKAE, RIS
s, A%, BERVEEED» RS, BAKEITA S
MK EE WV T IR E S N BT B %
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BREOLZRELE-> CTHUOTEMICR2, 2L T, K
B E NI, SAKED & BRI S A
INB, BE, KPOBRERZEILEE T 8ppm §ifk T
bo, KBOEREESIFOBREDT B, LhLE
D5, WEIEEEGE Y 2 7 & Tl SIS E S S HH Y
OENMPEHABITEHE AR SN %, BERREL



122

T R 8 &£ B B R

October 1997

10~20ppm IZHEINE 2 C EASRENTWV B, TNET
DR TII IO & D BEHE v X 7 L R UKD OBEERR
REBL IO,

AW TRERIC X 2 RAFROEFAFEEEL L L,
EoKkhOBEFRZACER L CEEEEBER L5
MIERBREELRE L, WEOEABHFIC O VTHN
too Fz, PR THEENED S OXIEE E L TNE X R47E
8 DR B & <7,

2. % B B/ &E

1993 4 5 1995 EF T 3 # R FELLERICLS
RS 109 Y oW THEE B -, Fig. 12
BBy 27 LB ORBHEERT, WEOFEAE L1 109
DR 90 HAGRHIERRE Y 27 2 Th Y, —iBXE
BFRIBRI Tt ke, RAEM18M4H 255, M
HfERAE Y R F o TSN EBELNEEDTH -
foo oI, WMEIELHES > R 7 & THA LU o E i
BREINCHT B E, BEMNL2 M, BN S, KRB
D30 ¢ & B b LT W,
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Plumbing system

Fig.1 Satistics on the number of copper tubes failures
by erosion corrosion on plumbing system.

Fig. 2 iR A Bl o452 /R L, Fig.3 KR &
5 REER O—Pl2iRT . BABITIRE & v R RF
B dF — RBFEEES LB TRESR ML, T
WM OMEL (LR, #FEHELTLT) TORMA 80
HEmbEL, ROTHERD20HTH -/, i,
MFIBC BT 2 80 roEBFHIcB VT, #HFoX
AR E TE->TVWEVWLDO, BEESFEELT
Wiee T oHEFIFAEPS, REFFARES BT 28B4
FHREERGE Y 2 7 L OBEOMPLH CHRE LBV
ZEPEBER N,
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Fig. 2 Satistics on the number of copper tubes failures
by erosion corrosion on leaky parts.

Fig.3 Erosion corrosion of copper tube in actual
plumbing system.

3. £ B A

3.1 REREE

Fig. 4 L = 7 VECERBRABRESEE R4, HEW
500 £ DEZIKIE, 500 ¢ DESMBGH AR EE, A
#4l.omm ORKELE, HE, BE BRERU4RK
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OHERERE» 572 5, EEKME AT B E
BirL 0 b 16m BOEYORE FickE, KEEHEKRE
& 0 BEARIT AT 2K U THUKIBINE L f2, I &
D BEEE RS LERE B L, BEE2E- TH
UBBHEIcbE3d oIt Lk, #5Ukiz 1 H, 1EEEK
L, SZUKHEX O BEFICKEMA L, BRE Y 73
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Cold water L supply Fig.5 Variation of dissolved oxygen in both test solution
supply
and Nagoya tap water.
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Fig. 4 Schematic diagram of model plumbing system
of hot water forced circulating.

BEMCEET 35| XAy 7R BA LT, £, &
FiR O SR E LB IE~NE & 13 5000mm & L7z,

3.2 HHE

LR I AR 15.88mm X AE 0.71lmm  (FES R 15A,
M 54 7)) RUAE22.22mm X BW/E 0.81mm (FEUR
20A, M %4 7) OWHEODY BEIE (JIS H3300,
C1220—H) RUBWE D) v HEEHAEICEE 2um O X X
BRIk & & 7o PN 2 AHREE (LI&, P R X8
BE L) AV, F£/, MF 1T 15A KU 20A
Oz v FERFE (JIS H3401, 1FE90EA) EH Wi,

3.3 EBREMH

RBUKEZ R FKEER L, SEMFEHEAT
335K I RFEFL, HREMIC R 1.5m/s R U 3.0
m/s THEEREE L o, ZAEBRH ko iER %
Table1 1</Rd o BERZKIE 200 £/d OEIGTRHEL,

Tablel Typical analysis of Nagoya tap water.

- Conductivity |Total hardness| M alkalinity HC03—1SO42" Cl™ |810;
P wS/cm)  [(CaCOs ppm) | (CaCOs ppm) (ppm)
6.5 70 30 1 13 I 6 ’ 10| 10

Fig. 5 1Z/RT & 5 K EWRIC BRI BN OB EBR R
BERELT, RBUEEE CAERZRDY 15ppm Hi
% EBEAFIRETHES T 3 C S AR L, B, B
T RENIT 713 1.3kg/cm? T - 7z, HEIZ 10 2 B
Ml Ziw, HREE» 53 » Bk, 6 » AR URR
BRTRICHEABEEREE U TEaRiE#H A~

29

EWFE 1.6m/s TIEBHEE L o408 o 2 BRI
B AWNERCHTEIRD % Fig. 6, BRI 3.0m/s
TIRREE L 7256 O NI Kk CBHHR I % Fig. 7 iR
T BNEE 1.5m/s TREBES L 7% AR 3
7 A THFREFE RN OBEAPRONAEETH » 10
HERIR 6 » Hicis 5 SRR IV INIERNS S,
RRM 10 » Bt 2 EHICEASEIT LTV, &
RRH 3.0m/s CTEBEE L -MECcIHBRIM3 » A
TR S HOMNIBERORESBEE S, Z0
%, BEBoBBE L BICBEBAMEITL TV, ok
FEFEOERBFRETIFEERATEL, BERIEL
BIEREOBETBIr— VB EL, ZOTEBE{RHO
BEEBESAER L TOi, MEEHLREERS, L
U BRFAEE L FR R ERIIRNE T, BRREEIhL
o 7’:0

—7, EENEE LT Lo R KR 15
BRI EsE L, A, RAGHZVEELER S —
RZELEERAEZEL, WIFNOBERICBLTHEAEDOH
HEB SN -, BROZERAMIC Y 2 BKE
BESHIERZRE% Fig. 8 ItR T, BHNWE 1.5m/s &0
b FH 3.0m/s DA BE ISR R - 712,

5. & =

5.1 BRORE

KEE 2 L e P VERERBREE c CTHE LK
BIIBEEOMFIEICEL, HOWHE1.5m/s THHEA
BELTED, +OREELEEL TVE0TH -1,
BaEFEHEO RS TV A ENEEE 1.5m/s
DFET > T3 Knutsson® & OfER & ARBEERED
He#% Table 2 1279 RABRSHCHESZZRL TV
QKD DOBEFEBHHFETH 5, ABBROMEIZ 1.5m/s
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(b) Tin coated copper tube

1100 pm

Fig. 6 Surface appearance and cross section of copper tubes and tin coated copper tubes tested for 3to 10
months at flowing rate of 1.5m/s. (a) copper tube (b) tin coated copper tube

THERANSEE XN, -7 Knutsson 5D EFN L H HEL
fEEV. 2L T, ARBROFPEAOETIEL, HE
CRAETRERT & L CREL D KB OBEFRREOE
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Ez 5L, BAREOTERE L CBMIIATRENER
DT NETIC X »> TRELL, BRE & bR
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Table 2 Comparison of test results between this study
and Knutsson et al.

Temperature| Dissolved | during |Flowing)Corrosion
pH oxygen rate rate
X (ppm) |Gmonth)| (m/s) |(mm/y)

1.5 0.06
This study| 6.5 338%5 15 6
3.0 0.18
Knutsson 1.5 <0.03
6.5 338 2 12
ot al. 3.0 | <0.03
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Fig.8 Variation of maximum corrosion depth of both
copper tubes and tin coated copper tubes tested
in flowing rate of 1.5 and 3.0m/s.
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Fig. 9 Corrosion rate of copper tubes failed by erosion
corrosion in actual plumbing system.
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Properties of Gamma Titanium Aluminide
Fabricated by the Reactive-sintering Process
Combined with Powder-extrusion®

Kazuhisa Shibue* * and Tsutomu Furuyama**

The reactive-sintering process combined with powder-extrusion was developed for y—TiAl based

alloys about ten years ago by Sumitomo Light Metal Ind., Ltd. In this paper, the characteristics of

the alloys and the reactive-sintering process were reviewed. The valve testing results and the pro-

duction cost were also shown to clarify the possibility of commercial application. These results are

summarized as follows:

(1) The reactive-sintering process is promising for fabricating the y—TiAl alloy because of the fol-

lowing reasons:1) it has balanced mechanical properties and good oxidation resistance,

2) there is a small composition deviation, 3) the pre-sintered materials can be worked easily to

make a shape, and 4) characteristic microstructure is fabricated.

(2) The engine valves of this alloy can offer the advantages such as better fatigue strength.

1. Introduction

Titanium aluminides have many advantages
such as high strength at elevated tempera-
tures, high modulus and low density, which
allow the aluminides for potential use in high-
temperature structural applications. A lot of
fabrication processes have been tried and de-
veloped in order to synthesize titanium alu-
minides technically as well as economically. As
a result, many high-performance alloys have
been developed via attractive processing
routes”. Reactive-sintering having unique
characteristics is expected to be one of the
promising candidates. For example, when the
reactive-sintering is applied to the synthesis of
the 7 —TiAl alloy, the following advantages
are reported”. Firstly, the reactive-sintering is
free from melting. Because the 7—TiAl alloys
are synthesized under the melting point, and
the obtained alloys have less contamination
from the environment such as the crucible and
atmosphere. In addition, it is easy to control

*

The main part of this paper was originally presented
at 4" International Conference on High-Temperature
Intermetallics, San Diego, USA (1997).

** No.l Department,Research and Development Center.
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the chemical composition due to avoiding the
evaporation of the constituent elements.
Secondly, it is easy to shape by using the
reactive-sintering because the plastic defor-
mation is in the state of the mixed material of
titanium and aluminium. Finally, some prop-
erties are clarified to be advantageous by re-
cent studies®™™. For instance, the 7 — TiAl
alloys fabricated by the reactive-sintering
process have an excellent oxidation resistance
due to the chlorine effect®®.

Sumitomo Light Metal Industries, Ltd. has
been developing the 7—TiAl alloys by using
the reactive-sintering technology for ten
years. As a result, promising 7 -TiAl alloys as
well as process improvement in the reactive-
sintering have been proposed?. In this report,
fundamental properties of the developed al-
loys and valve testing results are reviewed.

2. Processing

Fig.1 schematically shows a reactive-
sintering process. This process is divided into
two parts ; one is from the raw materials to
extrusion in order to make a shape, and the
other is a part of the hot isostatic pressing to
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Al alloy

( Hot lsostatic Pressing J

Fig.1 A schematic flow of reactive-sintering process
combined with powder extrusion.

synthesize the y—TiAl alloys.

The staring materials are titanium powders
and aluminium alloy powders. HDH (Hydride-
Dehydride) titanium powders, which originate
from sponge titanium, are prepared as raw
powders. On the other hand, the aluminium
alloy powders are prepared by the gas-
atomization method that is popular for mak-
ing them. Both powders are mechanically
mixed, and then the mixture is encapsulated
and vacuum-degassed at the relatively low-
temperature of about 450°C to eliminate the
absorbed water and hydrogen. The degassed
materials are consolidated and extruded
below 450°C and kept in the mixed state.

Microstructures of the extrusions are
shown in Fig. 2. The extrusions consist of the
finely mixed fiber-structure of titanium and
aluminium. When the shaped materials such as
an engine valve are required, forging is avail-
able by using a conventional forging press.
However, the forging conditions have to be
carefully controlled in order to make a near
net shape. If the forging stocks are forged at
a higher rate and/or a higher temperature, the
stocks are spontaneously synthesized into
TiAl intermetallic due to the heat of working
so that the stocks become porous. Fig.3
shows the temperature-dependence of the ten-
sile properties of pre-sintered material, that

34

Fig. 2 Microstructures of extrusion consisting a mixture
of titanium and aluminium.
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Fig. 3 Temperature-dependence of tensile properties of
pre-sintered material that is extrusion bar?.

is, the forging stock. The stock had low
strengths and high elongation so that it could
be forged by a conventional method.

Next, the shaped materials are reactive-
sintered to synthesize the v — TiAl alloys
under high pressure at high temperature. High
pressure is required not to form the porosity
in the sintered materials caused by the
Kirkendall effect®. Hot isostatic pressing is
utilized for this heat-treatment. Moreover, it is
emphasized that the pre-sintered materials
are hipped without encapsulation in the
reactive-sintering process due to the fine
microstructures as shown in Fig. 2. This non-
encapsulation the reactive-
sintering process technologically as well as
economically.

Several samples obtained by the reactive-

characterizes
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sintering process, combined with powder-
extrusion and hipping with non-encapsulation,
are shown in Fig. 4.

3. Composition

It is well-known that the addition of a third
element to the y—TiAl alloys remarkably im-
proved its properties such as elongation,
creep, and oxidation resistance as well as
strength”. For example, manganese is found
to improve the room temperature ductility®.
Moreover, manganese enhances the reactive-
sintering characteristic so that the Ti— Al —
Mn ternary alloy is chosen for development

(@) Fully lamellar
(Hipped at A)

Extrusion direction is up and down.

(b) Duplex
(Hipped at B)

sequence”,

The proper aluminium content is investi-
gated based on the room temperature tensile
properties as shown in Fig. 5°. With increasing
aluminium content, the elongation increases.

800

700

600 -

500 -

400 -

Proof strength, ©../MPa
Ultimate tensile strength o./MPa

300

15

1.0

Elongation, 8/%

38 40 42 44 46 48
Al content/mol %

Fig.5 Aluminium content dependence of tensile properties
at room-temperature.
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Fig. 6 Microstructures of the reactive-sintered Ti—45A1—1.6Mn, and Ti— Al phase diagram.
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However, the proof strength decreases gradu-
ally up to 43%, and rapidly over 43%. Based on
the balance of the elongation and the strength,
two alloys are chosen;one is the higher
strength alloy (Ti—43mol%Al—1.6mol%Mn),
the other is the higher elongation alloy (Ti—
45mol%Al—1.6mol%Mn).

The mechanical properties of the 7 —TiAl al-
loys strongly depend on the content of
aluminium and its microstructures, so that the
aluminium content and process parameter
such as heat-treatment temperature must be
strictly controlled. The aluminuim content in
the reactive-sintering process is controllable
in a very narrow range because of the non-
‘melting process. For instance, a small window
in the phase diagram as shown in Fig.6 is in
the range of production in order to obtain the
expected properties by the reactive-sintering
process.

The reactive-sintered 7 — TiAl alloys have
impurities such as oxygen, magnesium, and
chlorine. The contents of oxygen, magnesium
and chlorine are 0.lmass%, 0.04mass¥% and
0.04mass%, respectively. The oxygen comes
from both the titanium and the aluminium
powders. However, the oxygen hardly in-
creased during the processing because of suf-
ficient degassing. Moreover, the oxygen
mostly comes from the titanium so that the
oxygen content can be reduced when the oxy-
gen content in the raw titanium powders is
lowered. Magnesium and chlorine as a MgCl
particle come from the titanium powders pro-
duced using Mg-reduced titanium sponge. The
contents of magnesium and chlorine are con-
trolled by the titanium powder production
conditions. Finally, MgCl: particles are finely
dispersed in the reactive-sintered 7 — TiAl
when the extrusion of the pre-sintered mate-
rial is performed.

4. Microstructure

Two typical microstructures of the y—TiAl
alloys are reported ; one is a lamellar micro-
structure consisting of alternative 7 and a.
laths, and the other is a duplex microstructure
consisting of 7 and lamellar grains. The 7—

TiAl alloys fabricated by the reactive-

36

Extruding direction

Frequency

o LS
0 10 20 30 40 50 60 70 80 90
8 (degree)

Fig.7 Typical aligned lamellar microstructure of the
reactive-sintered 7 —TiAL

sintering process can realize both micro-
structures by using the proper heat-
treatment.

According to the phase diagram as shown in
Fig. 6 (¢), the lamellar and duplex phases can
be obtained after the heat-treatment of the a
region and a + 7 region, respectively. These
typical microstructures are shown in Figs. 6
(a) and (b). The colony size of the lamellar de-
pends on the heat-treatment conditions such
as temperature, time, and pre-sintered micro-
structure as shown in Fig.2 as well as the
composition. The grain or colony size can be
varied from 10 to 1000pm by controlling these
conditions. It is noted that a fine full-lamellar
microstructure can be simply obtained by
heat-treating under the condition of 1390°C for
3hr.

Recently, it is expected to utilize the anisot-
ropy of the lammellar structure like the direc-
tional casting of Ni alloys. In the case of
reactive-sintering, the lamellar structure de-
pends on the pre-sintered structure. When the
pre-sintered structure is fibrous as shown in
Fig. 2, the lamellar structure of the sintered
material is directionally formed. This direc-
tionality is caused by the formed texture-
structure of the titanium by plastic-working®.
Fig. 7 shows a typical aligned microstructure.
This method is expected to obtain the con-
trolled lamellar structure.
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Fig.8 Temperature-dependence of tensile properties of the reactive-sintered 7 —Ti—45A1—1.6Mn.
5. Properties Tablel Physical properties of the reactive-sintered 7 —TiAl.
5.1 Physical properties Density | Specific heat |Thermal conductivity| Young’s modulus
The physical properties of the y—TiAl alloys (kg/m® | (J/kg/KD (W/m/K) (GPa)
are indicated in Table 1. The density of the al- RT |3.9%10°| &M 146 157
. . 94 % 10° . L.
loy.s 18 apprommately 3 94. }0 kg/@ Wthh. is povy ol %59 B
a little higher than a stoichiometric y— TiAl
alloy because of both the Ti-rich composition )
10

and Mn addition. The thermal conductivity -
and the coefficient of thermal expansion are - TiAl (d=100um)
nearly equal to the titanium alloy values.

5.2 Mechanical properties

The temperature-dependence of the tensile
properties of Ti—45A1—1.6Mn is shown in
Fig. 8. With increasing temperature, the proof
strength gradually decreased up to 800°C, and
rapidly went down above 800°C. On the con-
trary, the elongation gradually increased up
to 700°C, reached a peak at 700°C, and dropped
above 900°C. Moreover, the deviations at room

Udimet 700

J

Specific strength/MPa/g+cm™

TiAl (d=50um) / /A

temperature and 800°C were very small be- Waspaloy  Udimet 500
cause of the narrow deviation of composition 10" , l . . [ ,
and homogeneous microstructures. 21 22 23 24 25 26 27 28
The creep strengths of Ti—45A1—1.6Mn and Larson Miller Parameter/P =T (20+Iog 1)
Ti—43Al—1.6Mn are shown in Fig. 9 and com- T:temperature (K), t:rupture time (h)
pared with those of heat-resistant alloys. The Fig. 9 Creep rupture strengths of the reactive-sintered
creep strength of both y—TiAl alloys were not 7 — TiAl compared to the conventional
high due to the fine grain size marked in Fig. 9. heat-resistant alloys.
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However, these strengths were enough for use
to as engine valves which currently utilize
steel™.

Fig. 10 shows the fracture toughness as a
function of the grain size of Ti—43Al—1.6Mn
having the full lamellar microstructure. The
alloy with a grain size of 100um as well as 1000
um had a high fracture toughness.

The engine valves require high wear resis-
tance under severe operating conditions so
that the steel valves utilized currently are
surface-treated to improve their wear resis-
tance. The wear resistance of the y—TiAl al-
loys depends on the counterpart as well as the
operating conditions. Fig. 11 shows the wear
test results using a pin-on-disk wear test ap-
paratus’. In the case of the as-machined
state, the 7y —TiAl alloy was worn severely
versus the steel counterpart. Therefore, the
v—TiAl alloy parts need the surface treat-
ment for wear resistance when the 7 —TiAl
alloy parts are assembled with steel ones. By
the way, the protective Al:Os film, naturally
formed at high temperature on the surface of
the 7—TiAl alloy with chlorine (mentioned
later), is a candidate surface-treatment to im-
prove wear resistance. Fig.1l also indicates
the wear test of the y—TiAl alloy covered with
the oxide film. The 7—TiAl alloy had an excel-

October 1997
E 40 Coarse-grained TiAl
by reactive sintering
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Fig. 10 Fracture toughness as a function of grain size of the
reactive-sintered 7 — Ti —43Al — 1.6Mn with full
lamellar microstructure.

lent wear resistance versus the steel counter-

part so that the oxide film was suggested to be

available for valve application'.

5.3 Corrosive properties

5.3.1 Oxidation

The oxidation resistance of y—TiAl alloys is
reported to degrade over 800°C because tita-
nium in the alloys preferentially oxidized to
form the porous oxides. Therefore, it is impor-
tant to improve the oxidation resistance of the
v—TiAl alloys for high-temperature applica-
tion. The addition of elements is one of the
fundamental methods to improve the oxida-

tion resistance of alloys. In the case of the 7—

800
Pressure (2MPa)
700+ l
Lubricating oil (373K)
600 - m
L Pin

£ 500 <Material:TiAl or SUH35
3 Shape:  5X 8mm
SO 200+ Sliding rate:
. 1000mm/sec
g Heater
= 300}

200 1

wb ! e

o Disk A
0 el Material:chromium molybdenum Rotation
Material TiAl 1 TiAl ‘ SUH35 steel >
- ) Shape: & 60 X tbmm
Surface treatment None 'Omdatlonl None

Fig. 11
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Wear test result of the reactive-sintered 7 —TiAl by using a pin-on-disk wear test apparatus'®.
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Fig.12 Comparison of oxidation mass gain of the v —TiAl

prepared by both the reactive-sintering process and

casting process®.

TiAl alloys, Nb, Si, Mo, and Cl are reported to
be effective'?. Especially, Cl is available to im-
prove the oxidation property of the 7 —TiAl
alloys as shown in Fig.12”. The reactive-
sintered v—TiAl alloy containing Cl showed
less mass gain resulting from oxidation up to
1100°C than the cast y—TiAl alloy without Cl
did. The reactive-sintered 7 — TiAl alloy was
observed to be covered by the protective oxide
film which was analyzed as the ALOs formed
during the initial stage of oxidation. This pro-
tective oxide film is effective against further
oxidation of this alloy. On the other hand, in
the case of the Cl-free gamma alloy, the Al:Os
film was broken down due to the rapid growth
of porous TiO: film. However, the chlorine in
the v—TiAl alloy prevents TiO: from growing.
The chlorine is a gaseous element at room-
temperature so that the chlorine is introduced
into the y—TiAl alloy as a chlorine compound
such as MgCl: during the reactive-sintering
process. On the contrary, the fabrication
process via melting can hardly introduce chlo-
rine in the 7—TiAl alloy because the MgCl: is
evaporated during the melting of the alloy.
The chlorine content-dependence of mass
gain after oxidation of the reactive-sintered
v—TiAl alloy is shown in Fig.13". The mass
gain sharply decreased up to 0.02mass of
chlorine. The mechanisms of the chlorine ef-
fect are proposed in order to clarify the phe-
nomenon of dramatic oxidation resistance of
the reactive-sintered 7—TiAl alloy. If the Cl
ion replaces the oxygen ion in the TiO:. lattice
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Fig. 13 Chlorine content-dependence of oxidation mass gain
of the reactive-sintered'” Ti—47.3A1~1.7Mn.

having a valence of —1, the oxygen vacancy
will be decreased according to the valence-
control rule. This will finally decrease the oxi-
dation rate. Another suggested mechanism is
the vaporization of titanium chloride, because
it will enrich Al in the surface layer.

5.3.2 Corrosion properties of PbO and

sulfidation

The engine valve is heated to high tempera-
ture in an atmosphere of exhaust gases con-
taining sulfite and / or Pb
Therefore, some valve materials are required
to be resistant to these exhaust gases™.

Fig. 14 indicates the mass loss after remov-
ing scales formed on the specimen surface by
holding in PbO at 920°C. The y—TiAl alloy had
a slightly higher loss than the SUH35 which is

compounds.
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Fig. 14 Results of PbO corrosion tests”,
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Fig. 15 Appearance of tested valves ; (a) TiAl (b) steel®.

High frequency induction
hardening

the representative steel for exhaust valves in
automobiles.

The corrosion due to sulfidation was investi-
gated at a temperature of 870°C for 80hr in the
salt of CaSO:+30mass%BaSO.:+10mass%Nas
SO«+5mass%C. The sulfidation resistance of
the y—TiAl alloy was estimated to be equiva-
lent to that of SUH35. These corrosion tests of
the 7—TiAl alloy resulted in having an ade-
quate resistance for Pb and
against combustion gases.

sulfidation

6. Valve testing

Generally, a weight reduction in engine
valves can provide a higher engine speed be-
cause the inertia weight of the valve train sys-
tem, consisting of valves, valve spring retainer,
valve springs and rocker arms, is a dominant
factor in determining the upper limit of engine
speed at which the valve motion follows the
cam, in other words, the valve “jumps”.
Therefore, the y—TiAl alloy is promising can-
didate for engine valves because it is a light-
weight heat-resistant alloy.

The conducted by
Fukuhara et al. in order to confirm the dura-
bility of the reactive-sintered Ti—45A1—1.6Mn
exhaust valves compared with the hollow stem
steel ones as shown in Fig. 15", The fatigue
property and durability were investigated by
using an engine with an electric motor driven
crankshaft.

valve testing was

40

Ti—45A1—1.6Mn exhaust valve

Tl &
/

Hollow stem exhaust valve L

Maximum tensile load/N

10°
Cycles to failure

Fig. 16 Fatigue test results of exhaust valves of
Ti—45A1--1.6Mn alloy and steel®.

The fatigue tests of the exhaust valves were
carried out at room temperature to evaluate
fatigue strength of the valve stem region and
the valve spring retainer lock groove region'.
Tensile load was cyclically applied to the
valves with the load ratio of 0.1. The fatigue
test results are shown in Fig. 16. The fatigue
strength, defined as the maximum tensile load
measured at 10" cycles, of the y—TiAl alloy
valve exceeds that of 1its counterpart.
Moreover, the crack initiation of the 7—TiAl
alloy valve was observed near the groove re-
gion. On the contrary, in the case of the hollow
valve, the fatigue failure initiated in the fric-
tion welding region.

The durability of the y—TiAl alloy valves
coated with the oxide film was investigated by
using an in-line 4-cylinder engine. The coated
v —TiAl alloy valves were found to possess
enough durability for automobile engine use.

The effect of weight reduction in valves on
engine speed is indicated in Fig.17°.
Increasing the speed, the valve suddenly
jumped. The rate of occurrence of these jumps
limits the valve utilization. The 7—TiAl alloy
valve could increase the upper limit of engine
speed by approximately 300rpm.

7. Cost estimation

Cost is one of the important factors for
large-scale commercial application.
In this report the production cost based on
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Fig. 18 Cost analysis result of reactive-sintered TiAl
alloy valve.

the prerequisites as shown in Fig. 18 was esti-
mated. Fig. 18 shows the result of the produc-
tion cost analysis. The total cost of the y—Ti
Al valve was about $8 higher than that of the
typical steel valve. The cost of raw titanium
powder, forging, heat-treatment (HIP) and
machining mainly contributed to the total
cost. The titanium powder cost depends on the
production method. Though the HDH titanium
powders used in this analysis are expensive, it
is said that so-called sponge fines, which is the
by-product coming from the Hunter process,
are cheaper than the HDH powders. If the
sponge fines are available, the total cost could
be reduced. Hipping is well-known to be a
higher cost process. However, it is effective to
use larger equipment to reduce cost. Further-
more, if pressure-less reactive-sintering is de-
veloped, the cost of heat-treatment could be
dramatically reduced. This will require the
control of the microstructure of the pre-
sintered material as well as the chemistry and
heat-treatment conditions. However, pressure-
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less reactive-sintering is expected as a cost-
reduction method.

8. Summary

The 7 —TiAl alloy has been developed by
using the reactive-sintering process combined
with powder extrusion. The characteristics in-
cluding microstructures, mechanical and cor-
rosive properties of the obtained alloys were
reviewed. Moreover, the valve testing and the
cost estimation were performed to clarify the
possibility of commercial application. These
results are summarized as follows :

(1) The reactive-sintering process is promis-
ing for fabricating the yv—TiAl alloy be-
cause of the following reasons ; 1) it has
balanced mechanical properties and good
oxidation resistance, 2) there is a small
composition deviation, 3) the pre-sintered
materials can be worked easily to make a
shape and 4) a characteristic micro-
structure is fabricated.

The engine valves of this alloy can offer
the advantages such as better fatigue
strength.

@
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Dimensional Change of TiAl (Mn) Intermetallic
Compound during Reactive-sintering

Kazuhisa Shibue and Tsutomu Furuyama

The dimensional change of 7 —TiAl during reactive-sintering was investigated to clarify the char-

acteristic change. The powder mixture of titanium and aluminium alloy was prepared using powder

extrusion process with various extrusion ratios. The materials with extrusion ratios over 5.4

showed a volumetric shrinkage. These materials, however, exhibited anisotropic dimensional

change. The materials showed the expansion for the paralled direction to extrusion and the shrink-

age for the perpendicular direction. This anisotoropy is due to the fibrous microstructure developed

by extrusion.
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TFig.4 Optical micrographs of reactive-sintered TiAl (Mn) as a function of extrusion ratio.
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Fig.3 Variation of interlayer spacing of the extruded
mixture as a function of extrusion ratio.
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Influence of Various Factors on the Strip
Wandering in Aluminium Hot Finishing Mills*®

Yoshihide Okamura, Ikuya Hoshino and Akio Sugie

Strip wandering in rolling processes is an unstable and rapidly growing phenomenon. Strip wan-

dering is a serious problem because it leads to strip tearing in the extreme case, and moreover, it
significantly reduces productivity. When the strip crown is reduced to improve the thickness accu-

racy, strip wandering easily occurs, and it is caused by various asymmetric factors such as mechani-

cal asymmetry of the mill. In this paper, first, the influence of various factors on strip wandering,
and the importance of preventing deterioration of the parallel mill modulus are discussed. Second,
the parallel mill modulus control method using the roll bending force is discussed, and the effective-
ness of this method has been recognized in the application in an actual plant.

1. &
WIS HAT 2, RN EFREN 5 REER I
—BFeAT 5 L EHICET L, BA L TN
BOIABED b 5 TNFE LI 0 EFEEAE L PHET
Bz, HERELD ZOPFIEHESELRF s TETH
B0, MmN, HEHo —~ V¥ v v PN TOERM
BhEEZICRR L CRET 200 TH D, [T H
WICEAIENTRTH 2 IBE0, LA OBEBEEEL SO
RIS o 2 OIFEAHERIC L 5|2 sh b, L
e oT, o DA BERPETRNICED & I8
ERIETOEFHET AT LB, WEhEETS> ETHE
BTH b,
7z, EREM OWERSE o6 kG, THEE T E
TR -TETBY, EFAFALZTTRAEAEOD
WEIC>WTbH—bd 2 EMNHENBH, FHAHBOD
WEZE—LL LD ET 2 ERBNABTELPTLULS

* BEEF2580, WEFRMAL TR
o WRERAFEE 5 — TR

WrgthasE v v v — BIER, Tl

woex ZEBERETREEEITER

i}

* kK

a7

TERICHONTVE, &7 59 VI LOL S,
IEH B O ERME 2 &0 P T, BARTo
O E LT 2 RTIBETH 5, SHITMIE GBHD
EXRINAFHMESET T2 0550, WENRE
T DR WEESTEIC g 82, Lad-1T, T
D& 5 ISR T, SEITRIM: 2 BRI HIE LR D
EMEIT BT EMNNEE B,

ZTITARR TR, TEEOEEIESIREESZE L 7o)
HhoBREFveAVT, SHEOBERMEFENHZ T
BOZ 528> W 21T - 7oo F 72, RGN
BHTH BETRIMEOEIEAEE LT, oy iE
Az THRE L, ORI oW THREE
Lo

2. RRNFEEDFEE
BRI &3, FERECHA 3 vduie SRS RIS h
W LHEITT ZIRED I ETH B, WEnER, v -0
ERNeBI 2RO Eo—LhLEDFRBTERS L
b, WRNBHZ AR L2 d D% Fig. 1 IR 7,
TR, W& g — A T I A



142 T R 8 ¢ B B & October 1997
ENTVEHIERLTV S, COHE, EHEDIVAY ©s) D) (08)
Yy ST BINCENEL, v DTSR L :
CEHOEAE TR, EEgARcsoT L Rolener [ ][]
B OREENLE L By TR ED, HEHEEFERD/N t T T\
SOMIcHT AL, 0 - VOBEEHAL, %o Mo Vst | vos| .

—P < Off center '

O—WEp 9w 7ESSIEFEIEERZ, TOXIIT,
MEOBTNAE T ETHITT 2BRBHENTH D,
WHRNMBAEL LB E, BWUNPKYIAAELG ST
4, Fig. 212, WHENEFISEITEEAONSTERLE
WAER Ui, BB, MhoEEDESOBHRIECRITRY
EBDTH B,

—F, BRNOERIZ o — VL T itk - THE
T2 EMS, AT N LT EEESHEE T NI,
RN O 5N 5B T & & B, T OFEBEOH
XX OISENTETRIEEY, & 5 O IRFEITHIEREY &
iEh Ty, Fig. 30X KEFEIhb, §EbDL,
SEAFRIMEASE W I EAR RN T LEES 78 5,

3. WANBREOHEKEF I

WHEhBEEE IR EF VI, Fig.d TREN 5,
KEFIVIE, FEMOLELIENTEEZZERLICER S v
FEBoEFLTHY, FOEMMEIT>WTRIEY I
Lo TGS NTH D, TR TORRNER
EERICEMT A C ESTRETH B, HREROEE
i, Bl VEBRIEBERRS L e - ¥ v v T
DEAZENE Sy, SpDPEEND, 75 vo— Uy
Wio pHT kB EABEEREGE E, HEBRE OP/oh O
EELD,

AEFOUREERIEO 7%, Mt o L TR
B BRI R & v KRS T o 2 ERIE &G
& T L5 EY % Fig. 5 10" g aTBEEE LT
BIAE S NEENE 20mm 2HEL, ARy v
DO WTREMPTEREVDOT, ERICELLELHE
B, 91b50%K%Y, £0.2%D3&5&HE L, Al
v Iy YOREILLORFNERENT 24, EEICE
L LB 3 HH O EHERCEBORRNERIEENTS
D, WRADPEHICKRE T 2 EEEER—BL TV 5,

4, BEBEROWRANCRIITEE
4.1 FR@FE

Fig. 2 TR LASBERIC> VT, WHRNCRIETE
e Fig. dDEFNVERVWTHEHMULL, TCT, KM
FR D BRERUEIC > VT IE, ERICE(L LB S EEA
SNAMEEL, WENEE, EEHMBIREIERX s v
FERITTHONMFER Y v FEKRITBETOM (o v
FHEESE=4.9m) 1 TT ARARETEML 2. £ 1,

HECH W YT A — 7 {HAETable 1 IT/R L 72,

48

Strib center

Roll gap : Os=Ds Roll gap : 0s<Ds
(Os) : Operator side, (Ds) : Drive side
ves : Operator side entry strip velocity
vos : Drive side entry strip velocity

Strip center

TFig.1 A phenomenon of the strip wandering.

. U ckup roll -
NUpper work roll ___ .

wlo-w

S | Ha, ta, hn W U, ts, | Seo

[ Lower work roll =777

= ]
Lower baplrup roll
==

®

pper ba

5 Yeo

(1) Difference in roll gap : Sa# Ss

(2) Difference in friction coefficient: ua# s

(3) Difference in strip temperature distribution : ta# te
(4) Strip wedge : A he

(5) Off center rolling : ye

(6) Deterioration of the parallel mill modulus
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Mill center

Upper backup roll

Upper work roll

Lower work roll

Lower backup roll

yc_": :<-'—
Strip center

Paralle! mill modulus : Ki= M/ 88 = Pe-y./(Eh/b)
Parallel mill modulus coefficient : M,= 8P/8h

Fig. 3 Definition of the parallel mill modulus.
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Fig.4 Block diagram of the strip wandering model.

Load off of the
current stand

(Actual)

&
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Calculation results: @ ((‘3)

Time

(1) : Strip wedge=0%
(2) : Strip wedge=+0.2%
Tablel Model parameters. (3) : Strip wedge=—0.2%

A1050, exit thickness=5.6mm, width=1930mm,

P 700 (9.8kN) rolling speed =100m/min, off center =20mm.
1 (=)
Fig.5 Model accuracy.
v 50 (m/min)
b 1400 (mm)

{Various factors)

Ku 1000 (9.8kN) Difference in friction
coefficient (0.05)
Kr 3000 (3.8%N) Difference in
Kw 2000 (9.8kN) roll gap (0.10mm)
Difference in strip tempe-
s 3302 (mm) rature distribution(10deg)
Ir 2286 (mm)
Strip wedge (0.4%)
h 8.0 (mm)
H 12.0 (mm) Off center (10.0mm)
oP/oh —175 (9.8kN/mm) Wandering(relative numbers) =0
OP/0H 175 (9.8kN/mm)

: 50% deterioration of the parallel mill modulus
[T 1: No deterioration of the parallel mili modulus

Fig. 6 Influence of various factors on the strip wandering.
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—
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I

C : contact length
B : roll face length

Fig. 7 Definition of the contact length between
the work roll and the backup roll.

6

8h/b (X107

—6

B Case A
O Case B

—600 —400 -—200 0 200 400 600
Strip off center {mm)

Diameter of the backup roll=1386mm,

Diameter of the work roll=733mm,

Roll face length=2286mm,

Rolling load =800(x9.8kN), Strip width=1000mm.
Case A : C/B=0.70(in Fig.7)

Case B : C/B=0.35(in Fig.7)

Fig. 8 Measurement result of the relation between
strip off center and Sh/b.

Roll gap control device

I Upper backup roll I

Upper work roll

Strip | I
Lower work roll .-

1]}

Lower backup roll

Bending
Fig. 9 Actuators of

Table 2 Measurement

force control device
the parallel mill modulus control.

results of the parallel mill modulus.

Test case C/B Parallel mill modulus
A 0.70 1.29%10° (9.8kNmm)
0.35 0.87x10° (9.8kNmm)
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A5182, exit thickness=2.0mm, width=952mm, rolling
speed =300m /min, disturbance=difference in roll gap
0.02mm at 0.5s.

Fig. 10 Simulation results of the parallel mill modulus
control using the bending force difference.

160
- (122.5)
e 120
E
: |
3 wp j??? (70.0)
o
= L
2
= a0} %
L (30.0) (30.0
Without control I With control ‘
Fig. 11 Test results of the parallel mill modulus control
using the bending force control device.
v : FESERE A T DB
ArB SRS OBEAER, BRE % & T IRTE
Sao»Seo A=V F vy THIHE
4¢ DU Iy IREAL
dhpdhy - AR = o v
AHy dHy 2 MUY = v ¥
b - HRNE
P, P, - A ST E
D P : MU O BT IR B T B
P : FERER B
Ky NPT e F gy JEOES N FER
Kp : WR « BURRIRE < 3 B8
Ky DO =N RRTOWREE N 2B
Ig © A TR e TR A
Iy o= VRE
h ;AR
H : ARIARE
OP/0H  : BERHK
s T 575 RAET



146 F R &« B & 8 October 1997

-

1) L LIES, KERFORS, =R, EdER, AR,

JLIRIEE: | 09BN Ty v R &, (1987), 63.

2) BA W, Hohis, JEHEE, S8 W PEER,

TREm¥EsE . CAMP-ISI, 5 (1992), 1511
3) HASMNS  WEEOEREER, (1984), 224
4) ARREW, HINER : BIFFR, 65 (1983), 115,

52

5) Bk, RERE, sk KRS R
HINER : B TEFEMES, (1980), 61

6) Hifdfse, MARRSE, REFSE, BIIBR | ABREFAR
56111075 (1981).

T) RERERIE, BEARY A, 37 (1996), 172,

8) FfaeE, BEFARSR, LEPNA--BS, FVEEERS, K3 §
BEARIELT, FUEH— : FrriR, #82575585% (1996).



Reprinted from  SUMITOMO LIGHT METAL TECHNICAL REPORTS  (Title No.R-452 )

Sumitomo Light Metal Technical Reports, Vol. 38, No. 2 (1997), pp.147-160

TECHNICAL REVIEW

The Trend of Wrought-Aluminium Alloys and
their Applications for Automobiles in Japan

Yoshio Baba

FrBE&B LERKSAMERE VT —



Sumitomo Light Metal Technical Reports, Vol. 38, No. 2 (1997), pp.147-160

TECHNICAL REVIEW

The Trend of WroughtAIuminium Alloys and
their Applications for Automobiles in Japan”

Yoshio Baba**

The aluminium industry is expected to contribute to weight reduction through automobile

aluminization by developing aluminium alloys and their application technologies. In Japan, the use

of aluminium in automobiles is growing steadily, and aluminium and its alloys constitute 6.0% of

the automobile raw materials. However, 839 of that is aluminium alloy castings, and most parts

which are replaceable by the castings have already been aluminized. Therefore, the role of wrought

aluminium alloys will become more important than before in promoting further aluminization.

This paper reviews the situation of the research and development of wrought aluminium alloys and

their application technologies for automobiles in Japan and discusses problems that need to be ad-

dressed. The items to be discussed are (1) body sheets and their application technologies, (2) heat

exchanger materials, (3) extrusions and forgings, and (4) advanced materials.

1. Introduction

Aluminium alloys offer many inherent ad-
vantages such as light weight, high strength to
weight ratio, durability, corrosion resistance
and recyclability, and are used in many fields.
Fig. 1? shows changes in domestic aluminium
demand, aluminium demand for automobiles,
and annual car production over the past 25
years in Japan. The domestic aluminium de-
mand had steadily increased over the past 20
years and was 3.85 million tons in 1995.

Aluminium for automobile demand has in-
creased due to a rapid increase in car produc-
tion and automakers’ interest in aluminization
and reached 1.18 million tons in 1995. The ratio
of the automobile demand to domestic alumin-
ium consumption has risen from 20% in the
1970s to 309 in the 1990s. The auto industry is
now the biggest customer for aluminium pro-
ducers. Fig.2 ? shows how much aluminium
has been used for automotive raw materials.
Its percentage increased gradually from 2.8%
in 1973 to 6.3% in 1995. Fig. 3" shows the in-
crease in demand for aluminium categorized

*  This paper was presented at FISITA '96 16th
Congress held at Praha, Czech Republic, June
17-21, 1996.

** Senior Managing Director, Dr. of Eng.
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Fig.1 Changes in domestic aluminium demand, aluminium
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Fig. 3 Ratio of castings to aluminium demand
for automobiles.

by products. Although castings represented
95% of the demand in the 1970s, their share
has decreased to 82% in the 1990s. The role of
wrought aluminium alloys will become more
important than before in promoting further
aluminization.

2. Body sheets and their technologies

2.1 Body sheets

Though at present (1995) there are 17 car
models in production by seven auto companies
using aluminium alloy body panels in Japan,
their productions are limited, and the number
of these cars produced each month is about
20,000. The weight reduction is about 50% by
adopting aluminium. Aluminium alloy body
sheets are used not only for hang-on parts
such as hoods, sun roofs, and fenders but also
for all-aluminium monocoque body construc-
tion like the body of Honda NSX. It is a big
difference from Europe and the U.S. that the
5000 series alloys are used exclusively for all
hang-on parts with the exception of the outer
body panel of the NSX for which the 6000 se-
ries alloy is used. There are three reasons for

this trend. The first is that the 5000 series al-
loys have better formability. The second is
that both Japanese automakers and end users
demand high corrosion resistance, especially
cosmetic corrosion resistance. The last is that
in Japan the baking temperature has been
lower than that in other countries and at that
temperature the conventional 6000 series al-
loys do not harden sufficiently. Table 1 shows
body sheets produced by Sumitomo Light
Metals (SLM) and their typical mechanical
properties®.

A 5000 series alloy, GC45, is generally used
for Japanese cars. It contains a small amount
of copper compared with AA 5182 for better
formability, resistance to stress corrosion
cracking,
GC55 which contains 5.5 mass % magnesium is
used for some cars for increased formability.

and zinc phosphatability. Alloy

With an increase in magnesium content, not
only elongation increases, but also large n-
values are stably obtained even in the higher
strain region. On the other hand, alloys con-
taining 6% and more of magnesium are not
desirable, because of their poor productivity
and sensitivity to stress corrosion cracking.
When 5000 series alloys are used for outer
panels, surface defects called stretcher-strain
markings often occur after stamping and
painting. These defects can mostly be pre-
vented by keeping the grain size suitably large
with temperature control during hot rolling
process and by applying a light cold reduction
after the final annealing process.

Two 6000 series alloys, SG112 (copper free
alloy) and SG08 (similar to AA 6111), have
been developed?. Although the merit of using
6000 and 2000 series alloys is to take full ad-
vantage of the bake hardening effect during
the paint baking cycle, alloys produced by the

Table1l Typical mechanical properties of body sheets.

Alloy Alloy Og To2 8

name series MPa) (MPa) (%) n-value r-value
GM245 Al—4.5Mg—Mn 270 130 28 0.30 0.80
GC45 Al—4.5Mg—Cu—Mn 275 140 30 0.30 0.72
GC55 Al—-5.5Mg—Cu 280 120 35 0.31 0.80
SG112 Al—-Mg—Si 240 135 32 0.28 0.55
SG08 Al-Mg—Si—Cu 280 150 28 0.23 0.70
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Solution heat treatment
550°C — W.Q.

Reversion treatment
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5—40°C
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Fig. 4 Schematic process of reversion.
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Fig.5 Paint bake response of SG112 with reversion.

conventional process did not show enough
bake hardenability by the typical paint bake
cycle (e.g., 170°C for 30 minutes) employed by
Japanese auto makers.

Recently, special manufacturing processes—
a reversion process or a pre-aging process—
have been invented, and aluminium alloy
sheets with large bake hardenability can be
produced in SLM. Fig.4 shows a reversion
process schematically, and Fig.5 shows the
paint bake response of SG112 alloy with rever-
sion® 9. In the reversion process, GP zones
which have been formed while keeping the
alloys at room temperature are decomposed
and clusters which will be the nuclei of precipi-
tation during the paint baking cycle are
formed by the heat from the reversion proc-
ess. In the pre-aging process, the clusters are
formed by heating at about 100°C for 24 hours
after quenching” , and the same effect as the
reversion treatment can be obtained. When
6000 series alloys are used for outer panels,
such surface defects, so called high ridges or
paint brush lines, are often observed after

90
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Fig. 6 Relationship between tensile strength and elongation.

stamping and painting. These defects are pre-
vented by controlling the temperature of the
hot rolling process.

The relationship between the tensile
strength and elongation of typical aluminium
alloys in comparison with those of steel is
shown in Fig. 6®. The mechanical properties of
GC45, GC55, and SG112 which have been devel-
oped for use in automotive body panels are su-
perior to those of conventional aluminium
alloys but inferior to those of steel. Stamping
lubricants and stamping methods are being in-
vestigated to compensate for this fault.

2.2 Stamping

A stamping factory for cars usually applies
a low viscosity oil to a sheet at the entrance of
a press machine for the purpose of washing,
lubrication and rust prevention. A supplier of
aluminium alloy sheets applies the same oil or
some similar oil on the surface of the sheets in
advance. Dry type lubricants are also under
development to meet more severe formability
requirements. Dry type lubricants (DL300 and
DL1000) can improve formability further, but
their resistance spot weldability is poor and
their cost is greater than that of liquid types.

There are several stamping methods such as
hydraulic counter pressure forming, variable
blank holding force forming, warm forming,
and hot forming which are expected to im-
prove formability. However, only forming with
hydraulic counter pressure is actually applied
to aluminium alloy sheets on a mass produc-
tion basis. The limiting drawing ratio of the
GC45 alloy, which is 2.0 by the conventional
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Fig.7 Resistance spot welding properties.

deep drawing (counter pressure, Pc=0 MPa),
has been raised to 2.3 by the forming with hy-
draulic counter pressure (Pc=19.6 MPa). This
value is larger than that of cold rolled steel by
the conventional deep drawing (Pc=0 MPa)®.

2.3 Resistance spot welding

One of the problems when aluminium alloy
sheets are used for auto body panels is the
poor resistance spot weldability, i.e., the
shorter interval for dressing electrodes than
that of cold rolled steel. Aluminium alloys re-
quire larger current in a shorter welding time
than steel because their heat and electrical
conductivities are larger than those of steel.
Therefore, the damage to electrodes in spot
welding of aluminium alloys is more severe
than that of steel. For aluminium alloys, it is
difficult to maintain the formation of normal
nuggets for a long period of time.

To solve this problem, decreasing heat gen-
eration at the contact surface between the
electrode and the aluminium alloy sheet is nec-
essary. The Cu— Ag — O electrode (STAR
Electrode™, which is a trademark of SLM)
which has high electrical conductivity and suit-
able hardness at elevated temperature has
been developed and is used already in practice
by some customers. The results of consecutive
spot welding tests with both STAR™ and con-
ventional Cu—Cr electrodes are shown in Fig.
710)'

2.4 Conversion treatment

Chromate 1is generally used as a pre-
treatment before coating of aluminium alloys,
and it is also applied to the aluminium alloy

panels of cars in some cases. However,

56

Fig. 8 SEM micrographs of zinc phosphate
precipitation on 5000 series alloys.

because the zinc phosphate treatment is ap-
plied to the steel panels in the car industry, it
is not desirable to apply the chromate treat-
ment only for aluminium alloy panels from the
viewpoint of investment and running costs.
Therefore, it is desirable to apply a zinc phos-
phate treatment to both steel and aluminium
alloy panels simultaneously.

As a countermeasure from the conversion
treatment chemicals, a fluoride is added into
the zinc phosphate bath in order to enhance
the etching ability of aluminium alloy panels
and to discharge the dissolved aluminium ions
as precipitates such as cryolites or elpasolites
from the zinc phosphating bath . On the
other hand, the following countermeasures
are put into practical use from the material
side:

(1) Addition of copper into the Al—Mg series
alloys accelerates the reduction of hydrogen
ions between the cathode area and the solution
interface, resulting in the improvement of
phosphatability 2.

(2) Acid cleaning process to remove the sur-
face oxide film, mainly MgO, promotes the
uniformity of phosphating which is shown in
Fig. 8.

However, differences in the natural elec-
trode potential between steel and aluminium—
or between 5000 and 6000 series alloys —occur
during zinc phosphating when they are used
coupled, and as a result the differences in po-
tential disturb the fine and uniform deposition
of zinc phosphate on the less noble metal or
alloy. To solve this problem,



Vol.38 No.2 The Trend of Wrought Aluminium Alloys and their Applications for Automobiles in Japan

151

(3) Zincate conversion coating on aluminium
sheets prior to zinc phosphating contributes to
accelerate the reaction and to deposit a fine
and uniform zinc phosphate film, resulting in
good corrosion resistance'.

The same problem as aforementioned oc-
curs, however, on repaired portions of not
only acid-cleaned but also zincate-coated
sheets where defects are repaired using a
grinder or sand paper™.

3. Heat exchanger materials

Aluminium alloys are used in large quanti-
ties for automobile heat exchangers due to
their light weight, good corrosion resistance,
heat conductivity and brazeability. Down-
sizing and worldwide usage of aluminium heat
exchangers have been achieved based upon
many innovations in unit design, brazing proc-
ess, and materials. Fig. 9 shows the trend of
the average weight per unit in condensers,
evaporators and radiators. The weight reduc-
tion of heat exchangers is about 30% by re-
placing brass or modifying the design.

3.1 Unit design

The design of condensers and evaporators is

Skived fin

Serpentine tube

shown in Fig. 10. The condenser design for air-
conditioners changed from the skived-fin type
to the serpentine-tube type, and it is changing
further to the parallel-flow type. In the evapo-
rator, the design changed from the plate-fin
type to the drawn-cup type through the
corrugated-fin type. As for radiators, alumin-
ization 1s progressing with the tube and
corrugated-fin types.

3.2 Brazing process

The conventional flux brazing process
changed to either a fluxless brazing process
such as vacuum brazing or the VAW process,

Serpentine type

Condensers |Parallel fiow type}

Modified paralle
flow type

Serpentine type
Evaporators
Drawn cup type

Brass
Radiators
Aluminium

1000 2000 3000 4000 5000

Design Weight per unit (g)

Fig. 9 Trend of average weight per unit in heat exchangers.

Parallel flow

Condenser

Plate fin

Corrugated fin

Gdawn cup

Evaporator

Fig. 10
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Design of condensers and evaporators.
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(1) Serpentine-tube

(2) Parallel-flow

Fig. 11 Cross section of condenser tubes.

or the Nocolok™ process using non-corrosive
flux. Major condensers are produced by the
Nocolok ™ process, and evaporators and ra-
diators are produced by both the vacuum
brazing and the Nocolok™ processes.

3.3 Materials

3.3.1 Fin stocks

A sacrificial anodic fin has been developed
and used to improve the corrosion resistance
of tubes by means of cathodic protection. Zinc
is added in the cases of Nocolok™ and VAW;
indium or tin for vacuum brazing is added to
the alloy in order to make the potential of the
fin stock less noble than that of the tubes'™.
Also, processing were improved to prevent sag
resistance during brazing'”.

3.3.2 Tubes for a condenser

Though multi-port tubes for a serpentine-
tube type condenser are produced by an extru-
sion process, those for a parallel-flow type
condenser are produced by one of the follow-
ing processes as extrusion, Conform process,
or welding with inner fins. Some examples of
the tubes in the market are shown in Fig. 11.
The size and wall thickness of tubes for the
parallel-flow type condenser are smaller than
those for the serpentine type.

Tubes for a condenser should have good
self-corrosion resistance and a more noble po-
tential than sacrificial anodic fin stocks. The
tube stocks containing both manganese and
copper, which contents are from 0.1% to 0.5%,
respectively, were developed to meet both re-
quirements . Because the corrosion-preven-
tive effect of sacrificial anodic fins cannot be
expected at the bent parts of serpentine type
condensers, a sacrificial anodic layer is made
by spraying molten zinc on the surface of
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Fig. 12 Effect of Ti addition on corrosion depth of
Al—Mn series alloys.

tubes immediately after extrusion™.

3.3.3 Evaporator materials

In the case of the serpentine type evapora-
tor, corrosion is prevented by causing an ade-
quate sacrificial anodic reaction between the
fins and the tubes in the same way as in the
case of the condenser . In the case of a
drawn-cup type evaporator, galvanic corro-
sion which may occur on a core of a cup due to
the potential difference between the brazed
filler metal and the core of a cup is prevented
by adding copper to the core alloy in order to
make the corrosion potential of the core more
noble®. Furthermore, a material which has a
small amount of titanium in its core alloy is
used in order to set up corrosion morphology
from pit to lamella, resulting in good penetra-
tion corrosion resistance as shown in Fig. 12*"
2 Tn a drawn-cup type one, erosion easily oc-
curs during brazing on the low reduction parts
formed locally during a press-forming proc-
ess. To solve this problem, the manufacturing
conditions to control the dispersion of precipi-
tation suitably in the core alloy are estab-
lished ®.

3.3.4 Radiator materials

In Japan, aluminization of radiators had
been slow-paced in comparison with that in
Europe and the U.S., because the makers had
suspected corrosion on the inner side of the
tube. A full-scale mass production of alumin-
ium radiators started in 1987 using an Al—2Zn
series alclad on the inner side of the tubes as a
sacrificial anodic layer by the Nocolok™ proc-
ess®. Recently, gauge-down of radiator mate-
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Fig. 13 Trend of gauge-down in radiator tube stocks.
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necessary strength.

rials are progressing rapidly with customizing
of alloys having high tensile strength by add-
ing magnesium to inner anodic clad and im-
proving inner corrosion resistance by opti-
mizing inner clad thickness ®. Fig.13 shows
the recent gauge-down and customization of
materials for radiator tube stocks.

3.4 Subjects to be developed

The subject of future material development
will be how to reduce thickness without sacri-
ficing necessary characteristics for a unit such
as corrosion resistance and strength. The re-
lationship between the thickness of typical
parts and the necessary strength required is
estimated schematically in Fig. 14%.

59

3.4.1 Fin stocks

Because the countermeasures for improving
corrosion resistance corresponding to each
brazing process seem to be almost completely
studied, the subjects of fin stocks involve
down-gauging by developing higher strength
alloys, improving of heat exchange character-
istics by applying higher heat conductive al-
loys and improving of brazeability of thin
gauge fin stocks.

The strength of an Al—Mn alloy fin stock
was improved to about 140 MPa by controlling
solidification and precipitation of iron and sili-
con compounds®™. As a result, the high
strength of the alloy has proved the possibility
of reducing the thickness of fin stocks to 0.08
mm from the conventional range of 0.10 mm to
0.12 mm. In further reduction of thickness,
higher strength of fin stocks will be required.
In that case, the addition of magnesium is in-
evitably necessary, and then the improvement
of brazing processes for magnesium contain-
ing materials will also become indispensable®.

3.4.2 Condenser tubes

The subjects of the condenser tube are how
to reduce its size and wall thickness. The de-
sign change from the serpentine to the parallel
flow is one solution. The further reduction of
the size and wall thickness, and the increase of
port numbers for condenser tubes will require
several improvements in manufacturing tech-
nologies. In the case of shapes by either extru-
sion or Conform process, such technological
improvements in dimensional tolerance, pro-
ductivity and die life are important in order to
achieve wall and pillar thickness less than 0.3
mm. In the case of welded tubes with inner
fins, improvement of both brazeability of fins
which constitute multiport passages in the
tube and welding technics will be necessary
when the thickness of the fin and tube stock
will reduced less than 0.07 and 0.25 mm, re-
spectively *.

3.4.3 Evaporator materials

For reducing the thickness of drawn-cup
type evaporators to 0.4 mm, the strength of
the core material should be improved to 200
MPa, and at the same time better corrosion
resistance is essential. Not only the improve-
ment of the conventional sacrificial anodic fins
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Table 2 Alloys and their properties for bumper armatures.

Alloy JIS Mechanical properties (TS5, T6) Corrosion resistance® Weld- Bend-
TS(MPa)  YS(MPa) E) General ScC ability  ability(T4

1633 6063 230 200 14 A A B A
1658 6N01 280 245 14 A A B A
2618 6061 310 280 16 B A B A

SG109 Al—-Mg—Si 365 345 15 B A B A

ZK 460 7003 343 295 16 B B A B
ZKAT TN01 380 320 16 B B A B
ZK55 Al—Zn—Mg 460 410 15 B B A B
ZK10 Al—Zn—Mg 490 450 15 B B A B

* A : excellent, B : good

but also a new countermeasure for preventing
corrosion such as a surface treatment will be
necessary ™.

3.4.4 Radiator tubes

For reducing the thickness of radiator tubes
to 0.2 mm, tensile strength beyond 200 MPa
will be necessary. In adopting alloys contain-
ing high amount of magnesium to improve the
strength, development in the brazing process
is expected, because such materials cannot be
brazed with the current mainstream process
such as vacuum brazing and Nocolok™®, Also
many breakthroughs are required in many
fields, such as material development maintain-
ing corrosion resistance of tube, welding tech-
niques for fabricating tubes, designing to
prevent units from being damaged by water
pressure, thermal and vibrational shock, and
the development of an alloy which contains
high magnesium.

4, Extrusions and forgings

Aluminium alloy extrusions are used in
many automotive parts such as bumper arma-
tures, fuel delivery tubes, ABS housings, en-
gine or body mounting brackets, several types
of rails, connectors and rubber hose joints for
heat exchangers, and multi-port tubes for con-
densers, by utilizing their design flexibility of
the section size and shape by allowing the use
of varying wall thickness. Demand for them is
likely to increase in the future as more space-
framed cars are manufactured.

4.1 Bumper armatures

Some examples of cross sections of bumper
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armatures on the market in Japan are shown
in Fig.15. There are 15 car models adopting
aluminium alloys for bumper armatures.
Although the weights of most armatures are
about 4 kg per meter, some light-weight arma-
tures of about 2 kg per meter are also used™.
The weight reduction is about 70% by adopt-
ing aluminium alloys. Alloys of the 6000 or
7000 series are used for bumper armatures be-
cause of their strength, bendability, corrosion
resistance, and extrudability. The mechanical
properties, corrosion resistance, weldability,
and bendability of aluminium alloys for
bumper armatures in SLM are shown in Table
227)'

Alloy SG109 has the highest yield and ulti-
mate tensile strengths among the 6000 series
alloys. Alloys of ZKb5 and ZK70 show higher
yield and ultimate tensile strength than mild
steel. Although high strength 7000 series alloys
usually show higher stress corrosion cracking
sensitivities, ZK55 and ZK70 have good resis-
tance to stress corrosion cracking because of
suppressed recrystallization and improved
microstructure by controlling manufacturing
conditions and the amounts of additional ele-
ments®. From the position of the bumper ar-
mature manufacturer, the establishment of
both methods for the most cost and mass ef-
fective design and more precise bending are
necessary ®. From the position of the ex-
truder, both technologies, to produce precise
and high productive thin wall and high
strength hollow extrusions, and to extend the
die life, are greatly in need ™.
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Fig. 15 Cross section of bumper armatures.

4.2 Frames for space framed cars

Various concept cars whose weights have
been significantly reduced have been an-
nounced, and the space-framed car is one of
the promised solutions. Many space-framed
concept cars have been produced and dis-
played in Japan®. The same 6000 and 7000 se-
ries alloys used for the bumper armatures are
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used for the frames of the space-framed cars
because of their good balance of strength, cor-
rosion resistance, bendability, and weldability.

The influences of cross sectional dimension
on energy absorption characteristics in axial
collisions have been investigated *. According
to the calculation, the effect of modulus of
elasticity on the average crushing loads is
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| Front cylinder block
(ADC12)

(Al—Eutectic Si Alloy—T6)

i Front valve plate I

Hemisphere shoe

| Rear cylinder block |

SUJ2) (ADC12)
Gasket
gl (SPCC)

(A2017P—T3)

)

Shaft seal

| Rear valve plate |

| Front housing |
(ADC12)

(A2017P—T3)

| Rear housing |
(ADC12)

Swash plate

(A390—T6)

:[shows aluminium parts

Hatched parts show aluminium forgings

Fig. 16 Aluminium forging used in swash-plate type compressor.

comparatively small, and consequently,
aluminium is a suitable metal for the frames
even though the modulus of elasticity of
aluminium is smaller than that of steel.

4.3 Drawn tubes

A large number of aluminium drawn tubes
are used for the transport of air, fuel and
other fluids in automotive applications. In air-
conditioning lines, 3003 and 6063 alloys drawn
tubes having a range of from 8 to 20 mm in
outer diameter and from 0.8 to 2.0 mm in wall
thickness are mainly produced. In particular,
6063 — T83 drawn tube was developed for a
rubber hose joint which requires high strength
and high formability. This alloy tube has ten-
sile strength of more than 230 MPa and elon-
gation of more than 14%. The demand of the
drawn tubes will be enlarged in power steer-

ing, brake and fuel lines.
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4.4 Forgings

Although the uses of forged aluminium
products are limited because of cost, their
uses in heat exchanger compressors, suspen-
sion arms, air-bag inflators, wheels, and oth-
ers are increasing gradually. Fig. 16 shows the
construction of the swash-plate type compres-
sor . An Al —eutectic Si alloy similar to
AA4032 is used for the piston, A390 is used for
the swash plate, and AA2011 is used for the
service flange. They are all produced by hot
forging extruded or continuous cast bars.

For suspension parts such as upper and
lower arms, hot forged AA6061 is used be-
cause of strength, fatigue strength, ductility,
and corrosion resistance requirements. When
the shape is complex, the product tends to
have lower yield and increased production
cost. For the material, an Al—Mg—Si— Cu
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alloy, GS310, registered by Sumitomo Light
Metal®, which has higher tensile and fatigue
strength than AA6061 was developed. The ten-
sile and yield strength of Alloy GS310 are 390
MPa and 360 MPa, respectively. This alloy is
expected to replace 6061 in the future and to be
used more widely, because it has similar
forgeability and corrosion resistance to 6061.

5. Advanced materials

5.1 Rapidly solidified aluminium alloys

The high-performance aluminium alloys
with improved heat and wear resistance,
higher elastic modulus and lower coefficient of
thermal expansion are required to automobile
engine parts. However, the alloy development
by wusing the conventional manufacturing
process may be limited not to satisfy these re-
quirements. The rapid solidification technolo-
gies such as powder metallurgy or spray
forming have been developed to break through
the technological limits. These processes make
it possible to obtain fine grain structures, be-
cause a much greater amount of alloying ele-
ments can be added in comparison with
conventional process. Consequently, the char-
acteristics of alloys improve greatly.

Typical physical and mechanical properties,
and the main applications of these alloys are
shown in Table 3. These alloys are applied to
automotive parts such as compressor vanes,
rotors of car air-conditioners, and rotors of
the Lysholm compressor shown in Fig. 17%%,
For example, the PA406 alloy shows the high
strength at elevated temperature and the high
modulus as well as the low coefficient of ther-
mal expansion required as the rotor for the
Lysholm compressor. These high-performance

Fig. 17

Rotors of Lysholm compressor.

aluminium alloys are expected to increase the
application to automobile parts when the pro-
duction cost is reasonable.

5.2 TiAl intermetallic compounds

TiAl intermetallic compounds are expected
as a candidate material for high-temperature
applications because of their low density (3.9
g/cm®) and superior tensile strength at ele-
vated temperatures. The applications of this
material to exhaust engine valves ®, turbine
rotors of turbo-chargers® and brake disks ™
have been evaluated. The cost competitive pro-
duction technology as well as the proper me-
chanical properties and reliability must be
developed in order to put into practice the
compound as an industrial material.

v — TiAl alloys based on the reactive-
sintering process in combination with the pow-
der extrusion technology with the elemental
powders (titanium and aluminium powders)
have been developed in SLM *®. These alloys
have excellent high-temperature strength and
corrosion-resistance compared with the steel
for in Table 4.
Moreover, the wear resistance of the alloys is
improved due to the controlled oxidation
treatment. The oxidation surface of the 7—

engine-valves as shown

Table3 Typical physical and mechanical properties and main applications of rapidly solidified aluminium alloys.

) Coefficient of Tensile
Alloy Chemical Modulus .
o . thermal expansion strength o
and composition of elasticity oo Application
of n (x107%/°C)  (MPa)
temper (mass%) (GPa) . .
[RTto200C] RT 200C
PA405—-T6  Al-20Si—Ni—Cu—Mg 99 16.4 490 294 Vane
PA406—T6  Al—17Si—Fe—Cu—Mg 99 17.2 539 290 Rotor for Lysholm compressor
PA421-T1 Al—208i—5Fe—Zr 95 17.0 373 250 Piston for racing
PDE01-T5  Al—Si—Mg/SiCIMMC) 71 23.9 363 Rim for mountain bike

63
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Table4 Physical and mechanical properties of reactive-sintered 7—TiAl and SUH35.
Properties TiAl (RS303)*!  TiAl (RS505)*2 SUH35
Microstructure Duplex Fully Lamellar -
Grain size (um) 30—50 80—120 e
Density (kg/m®) 3.9%10° 3.9%x108 7.8%10°
Thermal conductivity (W/(m*K)) 15.7 14.5 13.4
Coefficient of thermal expansion 11x107¢ 11%1078 17%1078
XD [RT to 200°C ]
Modulus of elasticity (GPa) 1.7%10°? 1.7%10? 2.1%10?
Mechanical properties: temp. (°C) RT 800 RT 800 RT 800
Tensile strength (MPa) 530—740 530580 720 640 1100 380
Yield strength (MPa) 430—-610 380—450 600 480
Elongation (%) 1.3—1.8 14-25 13 9
Fracture toughness, Kg L-R R~-L L-R R-L L-R R-L
(MPa-m"? 2% 16 25 20
Creep rupture time (h) [ 98MPa, 800°C ] 120 500 100
Oxidation mass gain (g/m? [ 900°C, 100h ] 16 17 21

*1: TiAl (Mn) alloy *2: TiAl (Mn) +TiBz alloy

TiAl valve is contributed to the wear resis-
tance. It is reported that the 7 —TiAl valve
prepared by the reactive-sintering process can
reduce the weight by 40% compared with the
steel ones and can increase the high speed ca-
pability of the exhaust valve trains by more
than 300 rpm through the use of steel valves®.
In addition, the fatigue strength of the 7-—
TiAl at high temperature get the enhancement
of 30% compared with the steel.

5.3 Aluminium honeycomb panels

Many concept cars using light weight and
high rigidity aluminium honeycomb panels for
their floors in order to improve their body ri-
gidity have been produced and exhibited in
Japan. For example, light weight concept cars
such as Mazda Convertible in 1987 *

Fig. 18 Aluminium honeycomb parts of AZ550
(shown by hatching).

Daihatsu TA—X80 in 1987 *®, Mazda AZ550 in
1989 Toyota AXV—4 in 1991* and Kyocera
SCV -2 in 1992* were produced. Figs. 18 and
19 show the aluminium honeycomb parts of
Mazda AZ550 and Toyota AXV —4.

Fig. 20 shows the fundamental constitution
of a honeycomb panel ®. The aluminium hon-
eycomb panel consists of honeycomb cores
and aluminium face plates. There are two

Three-dimensionally
formed Rear Floor

=]
2
-----
555 LD

R

formed Side Sill

Fig. 19 Aluminium honeycomb parts of AXV —4
underbody (shown by hatching).

Sheet
I,ll Face Shee

Honeycomb Core

Fig. 20 Fundamental constitution of honeycomb panel.
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Table 5 Rigidity comparison.

Items Honeycomb panel Aluminium plate Steel plate
Thickness (mm) 26.6 2.7 1.0
Width (mm) 900 900 900
Length (mm) 1800 1800 1800
Unit weight (kg/m?) 7.3 7.3 7.9
Bending rigidity, EI (X 10*N+m? 1.95 0.01 0.002
Torsional rigidity, GJ (X10*N+m?/rad) 5.92 0.03 0.005

(Honeycomb panel) Thickness of face plater : 1.0mm, Thickness of core : 0.2mm, Core size : 1I9mm
Table 6 Weight comparison.

Items Honeycomb panel Aluminium plate Steel plate
Thickness (mm) 26.6 15.6 10.8
Width (mm) 900 900 900
Length (mm) 1800 1800 1800
Bending rigidity, EI (xX10*N+m? 1.95 1.95 1.95
Unit weight (kg/m?) 7.3 42.1 86.4

types of honeycomb panels according to the
joining method: (1) adhesive honeycomb panel
and (2) brazed honeycomb panel® . Both of
them have the same characteristics of light
weight, high rigidity and good energy
absorptivity in a collision. Table 5 shows the
rigidity results of brazed
aluminium honeycomb panel, aluminium alloy
plate and steel plate having almost the same
weight. Table 6 shows the weight comparison
results for them at the bending
rigidity *.

The use of brazed honeycomb panels is in-
evitable in welding the floor to the side sills,
because adhesive honeycomb panel cannot be
welded.

Although the honeycomb panel is usually
used in the flat plate condition, two or three
dimensionally formed honeycomb panels hav-
ing a devised configuration of cores® are used
in the case of Toyota AXV —4%,

comparison

same

6. Conclusions

This paper has reviewed the research and
development status of wrought aluminium al-
loys and their application technologies used
for automobiles in Japan. Most of the difficul-
ties in the car applications of wrought
aluminium have been cleared away due to the
many research results introduced here, and
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consequently, wrought aluminium is becoming
a more useful and essential material for auto-
mobiles. However, technical problems still re-
main unsolved as stated in this paper, and
more technical and economic problems such as
the difficulties of promoting recycling and re-
ducing metal costs remain to be addressed. To
solve these problems, a closer partnership not
only between aluminium manufacturers but
also between aluminium users and manufac-
turers than Dbefore seems necessary.
Fortunately, in these several years, Japanese
aluminium manufacturers have been entering
actively into technical cooperation contracts
with the U.S. and European aluminium manu-
facturers in order to 1) exchange existing
technologies, 2) promote joint research, and 3)
establish global supply agreements on car-
related materials and technologies. The ad-
vantage of the materials and technologies
stated here will be of any use in reducing the
weight of cars.
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Recent Progress in Phosphating Process
for Auto Body Aluminium Alloy Panels”

Tsutomu Usami and Chian-Tang Su

Instead of chromating process zinc phosphating process is widely applied at present in auto manu-

facturing industry to improve the service life of surface coating due to its compatibility both with

steel and aluminium alloy. Aluminium alloy exhibits inferior phosphatability, so many efforts

have been spent to improve it.This review outlines the recent progress in zinc phospating process for

aluminium alloy panels. The effects of pretreatment, alloy composition,fluoride ion concentration
and ultrasonic stirring in the phosphating solution on phosphatability are mentioned. Additionally,

we also mention the corrosion behaviour of zinc coated aluminium alloy panels and galvanic effects

during phosphating process.
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Corrosion Test Methods for Aluminium
and Aluminium Alloys

Yoshifusa Shoji

This paper gives an outline of corrosion test methods of JIS, ASTM and ISO standards for
aluminium and aluminium alloys. Test methods for salt spray testing, immersion testing and at-
mospheric corrosion testing are explained. Preparation of test specimens, evaluation of test results
and electrochemical mesurements in corrosion testing are described. From a practical point of view,

corrosion test methods for automotive parts and automotive heat exchangers are summarized.
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Heat Treatment of Aluminium Alloys

Hidetoshi Uchida and Hideo Yoshida

Aluminium and aluminium alloys need proper heat treatment to obtain required properties. In

this review, standards for heat treatment of aluminium alloys are introduced and the significance

of the heat treatment is described. New heat treatments, such as retrogression and reaging (RRA)
and thermomechanical treatment (TMT) for aircraft, have been developed. The RRA process im-
proves the resistance of stress corrosion cracking in high strength 7XXX alloys which have the same

strength of T6 temper. The TMT process in which fine grain microstructures are achived on some

aluminium alloys improves strength, fracture toughness, fatigue properties and corrosion resis-

tance. Finally recent industrial equipments for the heat treatment are introduced.
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