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It has been known that a high strength aluminium alloy, Al=Zn—Mg—Cu~Cr, with a fine grain
which size is below 20,.m diameter, has superplasticity at high temperature. A fine-grained sheet
is obtained in this study by a thermomechanical treatment including at least three steps, that is,
precipitation, cold rolling and recrystallization. The mechanism of grain refinement is as follows.
Large second-phase particles (AlCuMan, MgsZnsAls, MgZns, ~1,m in diameter) which have no
coherency with matrix precipitate during aging at high temperature or slow cooling in the first
step. The matrix is homogeneously deformed by multiple slip in the presence of large particles.
Therefore dislocation networks or cells are formed during deformation. The precipitation of super-
saturated solute atoms formed by quenching make the sub-structure stable during heating. In high
temperature, the precipitation of chromium inhibits the migration of grain boundaries. The grain
size is determined by competition between the recovering rate of a deformed structure and the pre-

cipitating rate of solute atoms.

1. Introduction

A fine-grained high strength aluminium alloy has
superplasticity at high temperature and is now go-
ing to apply to the superplastic forming in struc-
tural components of aircrafts. This fine-grained
structure (grain size is below 20um) is obtained
by a thermomechanical treatment (TMT).

Several kinds of TMT have been developed to
improve the mechanical properties in high strength
aluminium alloys’?. In the conventional process
to produce a plate, a cast structure is elongated

in the rolling direction and dynamic recovery oc-

curs within the elongated grains during high tem-
perature deformation . The boundaries of elongated
grains are corresponding to that of original cast
grains where the seggregation of impurities occurs.
This is why the fracture toughness and ductility
of plates decrease. Especially, intermediate TMT
(ITMT) which has a new concept in ingot proces-
sing improves these properties. The original cast
grain boundaries are eliminated by a recrystalliza
tion step prior to a conventional working process.

+  Contribution to 4th Japan Inst of Metals Inter. Symp. (JIMIS—4)
on Grain Boundary Structure and Related Phenomena held in
Minakami Spa, Japan on 25~29 November 1985.

«»  Technical Research Laboratories, Metallurgical Technology
Department

*+x Technical Research Laboratories, Dr. of Eng.

This ingot processing involves homogenization of
ingots followed by furnace cooling, then warm working
(followed by rapid cooling), and finally, recrystalliza-
tion by rapid heating. This processing produces
fine grains by discontinuous recrystallization. The
above mentioned method of grain refinement was
designed to convert a conventionally processed plate
into a fine-grained sheet, primarily for superplastic
forming applications, by Wert et g}349,

The purposes of this investigation are to discuss
the mechanism of grain refinement by TMTS.

2. Experimental

A 6 mm thick plate commercially produced by
conventional process was utilized for all of this ex-
perimental work. A high purity Al-Zn-Mg-Cu alloy
(registrated as 7475 in Aluminum Association) was
usually used. The chemical compositions of this
alloy are presented in Table 1. The three dimen-
sional microstructure of a 7475 plate solutionized
at 753 K for 0.3 ks WQ is shown in Fig. 1.

The TEM in this study has a four-step sequence
shown in Fig. 2, that is, solution treatment, precip-

Table 1 Chemical compositions (wt. %).

Si Fe Cu | Mn | Mg | Cr Zn Ti

7475 | 0.04 | 0.04 | 157 {<0.01] 2.37 | 0.20 | 558 | 0.05
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Fig. 1 Three dimentional microstructure of a hot-

rolled plate followed by solution treatment
at 753K for 0.3ks WQ.

itation, cold rolling and recrystallization. In the
solution treatment at 753 K for 0.3 ks followed by
quenching into water (WQ), the particles which precip-
itate during homogenizing or hot working are so-
lutionized to produce a standard initial condition.
In the next step, aging was carried out at high tem-
perature from 633 to 753 K for 3.6~57.6 ksfollowed
by WQ or furnace cooling (7 X 10~3 K/sec) to con-
trol the size and volume ratio of second-phase par-
ticles and the content of supersaturated solute atoms
(Zn, Mg, Cu) in the matrix.

800+

700

6001

Temperature (K)

5001

400
300

(1) Solution treatment
(11} Precipitation

{1m) Cold rolling
(V) Recrystallization

Fig. 2 Thermomechanical treatment in this
investigation.

The above second-phase particles are solutionized
above 733 K in this alloy. In the third step, the
reduction of thickness are varied from 50~90%.
In WQ, the period from quenching to cold rolling
is within 1.8 ks because of natural age hardening.
In the final step, the cold rolled sheets were recrys-
tallized at 753 K for 0.3 ks in a salt bath and quenched
into water.

The effect of heating rate in the recrystallization
process on grain size was investigated by heating
in an infrared furnace with a program controller.
Grain size was measured in accordance with ASTM
E-—-112.

3. Results and Discussion

3.1 Grain size

The effect of precipitation on grain size in recry-
stallized sheets (cold-rolling reduction of thickness,
90%), is indicated in Table 2. The same results were

Table 2 Effect of precipitation process on grain size (zm) in L—LT cross section of recrystallized sheets'?.

Precipitation process
Solution treatment Aging Aging time (<3659

temperature 1 2 1 4 \ ) 8 1 16 1 1 2 4 1 8 ‘ 16

&) Water quenched Furnace cooled
633 — - 111 9.5 95| — - 19 19 16
653 — - 8 8 8 — -3 16 16 13
673 - 8 8 6.5 65| — 11 11 11 11
753K % 0.3ks WQ 693 - 95| 95| 8 65| ~— 11 11 11 11
713 — 95| 951 95 | 11 - 11 11 11 11
733 - 11 11 - - - 11 11 - -
753 — 115 - - - 11 11 — - -
673 15 - - 8 - - - - 11 -
o 753 - |15 - - - - 11 - - -

(1) Reduction of thickeness in cold rolling : 90%
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Fig. 3 Typical microstructures in a L-LT cross-section of recrystallized sheets (aged at 673K x
28.8ks and 753K x 7.2ks followed by cold-rolling at the reduction of 90%)
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Fig. 4 Effect of heating rate on grain size in L-LT & A .
cross-section. % A TTA-———A
. . . . w30k y. . —
obtained in other reductions of thickness, 50%, 70% V\‘\v_\‘ L
but the higher the reduction is, the finer the grain e
size becomes. Table 2 shows that the process of
k o . : 00 633K
§olutlon treatmen.t beforg pr§c1p1tatloq has htt-le Before cold ol & g aon
influence on the final grain size. The finest grain -~ @ fter cold roling vy 71K
occurs in aging at 673 K X 28.8~57.6 ks WQ. In (Reduction 509) B 0 753K
WQ), the grain is the smallest in this aging tempera- 20 ! 5 2 : s
ture. This result agrees with the Wert’s experiment. o .
. . Aging time (% 3.6ks)
On the other hand, the almost same grain size are ' o
obtained in furnace cooling from 673 K or over. Fig. 5 E;ecmc?; COE@“C“V“i mezsur?d be}fore and
. . . . t t %.
Fig. 3 shows the typical microstructures in a L— ater cold rolling at the reduction of 50%
LT cross-section. at 10 K/sec or over.
The grain size is also influenced by heating rate
in recrystallization process shown in Fig. 4. It is 3.2 Electrical conductivity and microstructures
found that grain size becomes constant by heating The electrical conductivity measured before and
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after the cold rolling (50% reduction) is shown In
Fig. 5. This figure exhibits that the cold working
increases the electrical conductivity n water-quenched
materials and decreases it in furnace cooled ones.
This suggests that supersaturated solute atoms formed
by quenching into water precipitate on the disloca-
tions or their networks introduced by cold working.

and after cold working (90% reduction). Large
second-phase particles, which diameter is on the
order of 1uym are observed except 753K X 7.2ks
WQ. These particles, identified as (AlCuMgZn),
(MgsZnsAly) and (MgZnz) phase by EDX and SAD,
precipitate during aging at high temperature or
furnace cooling and have no coherency with matrix.
Another particles which size is 0.1~0.2um In diam-

Figs. 6 and 7 show the effects of typical precip-
itation process on micro- and TEM structures before eter are observed in every condition in Fig. 6. These
Microstructure (L-ST) 50m
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Fig. 6 Effect of typical precipitation process on microstructures before and after cold working.
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particles are known as E-phase (AlisMgsCrz) and
precipitate during homogenizing and hot working
of a ingot. '
Heterogeneous deformation, particularly, shear
bands are observed in the micro- and TEM struc-
tures only in cold working of the water-quenehed
materials. Shear bands observed in L—LT cross
section occur perpendicular to the rolling direction.
The higher the quenching temperature is, the

severer the shear bands becomes.

‘On the other hand, in furnace-cooled plates, the
deformed structure becomes homogeneous. In TEM
structures shown in Fig. 8, cell structures are ob-
served in as cold-rolled sheets.

In heterogeneously deformed structure, disloca-
tion density is altered. Consequently, the recovery
of the deformed structure occurs heterogeneously.

Fig. 9 shows structural changes during heating
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Fig. 7 Effect of typical precipitation process on TEM structures before and after cold working.
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Fig. 8 TEM structures as cold-rolled. (Aged at 673K x28.8ks FC and 753K % 7.2ks FC followed by cold rolling.)

633K x0.3ks

Fig. 9 Structural changes during heating in a sheet
aged at 753K X 7.2ks WQ followed by cold
rolling (90% reduction).

613K x 1.2ks

of a heterogeneous deformed structure. It is shown
that the rate of recovery is different according to
the dislocation density. The region with high dis-
location density is slowly recovered because of the
precipitation of supersaturated solute atoms.

The thermal stability of deformed structures 18
reflected into the exothermic curve of DTA or DSC.
Table 3 shows the temperature of the exothermic
peak in DTA curves.

This peak, influenced by heating rate, shifts to
higher temperature when the heating rate Increases.
In water-quenched materials followed by cold roll-
ing, two peaks appear during heating. The first
peak (lower temperature) corresponds to precipi-



Vol. 27 No. 3 Grain Refinement of a High Strength Aluminium Alloy Sheet 133

Table 3 Temperature of exothermic peak in DTA curves.

Temp. of exothermic peak (K)

Solution treatment Precipitation Process
50 K/min | 200 K/min | 400 K/min
673K x 28.8ks WQ 490 | 636 | 539 | 658 | 568 | —
673K x 28.8ks FC — 1633 — | 671 — | 68
753K X 0.3ks WQ
753K X 7.2ks WQ 492 | 671 | 546 | 691 | 568 | 703
753K X 7.2ks FC — | 63| — 675 — | 687
tation and the sepond one (higher temperature) does 4. Mechanism of grain refinement
to recrystallization. The temperature of the second
peak in 753K X 7.2ks WQ is higher by 20~40K The mechanism of grain refinement in the typi-
than in other conditions. This result corresponds cal precipitation process is discussed in the following.
to the slow recovery of a heavily worked region The finest grain in this study is obtained in 673K
shows in Fig. 9. X 28.8ks WQ. In this condition, the large second-
¥ S 783K - 7 2ks FC 673K 285ks WO
T2k WA (=673K - 288ks FC) PR ca s
Ky
+
',g
=
3
5
Cr
Grain Suze
Large Fine

Fig. 10 Schematic diagram of grain refinement in an Al Zn-Mg-Cu-Cr alloy.
(1) Solution treatment (I1) Precipitation
(i) Cold rolling (V) Recrystallization
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phase particles and supersaturated solute atoms co-
exist in the matrix prior to cold rolling. The large
second-phase particles which have no coherency
with matrix make the deformation homogeneous
shown in Figs. 6 and 7. This means that multiple
slip occurs during deformation. The multiple slip
promotes the formation of sessile dislocations and
dislocation networks. While the supersaturated atoms
precipitate on the dislocations and their networks
during cold rolling or heating. Further, in high tem-
perature, the migration of boundaries of grain or
subgrain is inhibited by precipitation of chromium.
This is why the finest grain is formed. In slow heat-
ing, the migration and annhilation of dislocations
becomes easier because of coagulation of precipi-
tates which are pinning the grain boundaries at
comparatively low temperature. This results in grain
growth. When only supersaturated solute atoms
exist and large particles are absent like 753K X
7.2ks WQ, the dislocation density becomes hetero-
geneous in the deformed structure. The grain size
in this condition is controlled by the recovery of
region with high dislocation density where super-
saturated solute atoms precipitate, and therefore
may be correlated with the spacing of shear bands.
When supersaturated atoms do not exist like 753K
X 7.2ks FC or 673K X 28.8ks FC, multiple slips
caused by large particles produce cell structures
during cold working. Then subgrains or fine grains
are formed at comparatively low temperature and
grain growth occurs gradually during heating. The
grain size is determined by competition between
the recovering rate of a deformed structure and
the precipitating rate of solute atoms. Schematic
diagrams of grain refinement described in the above
is shown in Fig. 10.

5. Conclusion

A thermomechanical treatment was applied to
grain refining of a high strength aluminium alloy
sheet. This process has a four-step sequence, that is,
solution treatment, precipitation, cold rolling and
recrystallization. The conclusions obtained in this
investigation are as follows:

(1) The solution treatment of a hot-rolled plate
has little influence on grain size in recystallized
sheets. The finest grain is obtained in aging at 673K
X 28.8ks followed by quenching into water in the
precipitation step. High reduction of thickness in
cold rolling and rapid heating in recrystallization
are effective to grain refinement.

{2) To obtain the finest grain, the coexistence
of large second-phase particles which have no co-
herency with matrix and supersaturated solute atoms
1s required prior to cold rolling. The matrix with
large particles is deformed homogeneously by mul-
tiple slip. Cell structures produced by multiple slip
are stabilized by precipitation of supersaturated
solute atoms at comparatively low temperature..At
high temperature, the precipitation of chromium
inhibits the migration of grain boundaries. The grain
size is determined by competition between recov-
ering rate and precipitating rate.
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Temperature Calcuation in Hot Rolling of Aluminium

Computer Control of Hot Rolling of Aluminium, II

by Hiroshi Kimura

Fundamental experiments on air cooling, spray cooling and hot rolling of aluminium were per-

formed for determining the heat transfer coefficients in hot rolling process. And using these heat

transfer coefficients, the temperature change of aluminium strip in hot strip mill line was calcu-

lated by the method of finite differences. The calculation results show that except in the roll gap,

there is almost no temperature difference between the surface and the cross section center of the

strip in case of aluminium, unlike in case of steel.

Therefore, for computer control, temperature model for calculating the mean strip temperature

1S necessary.
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Table 1 Conditions of air cooling tests.

Specimen Initial temp. of | Velocity of wind
Thickness X Width X Length specimen for air cooling
(mm) (c) (m/min)
2 X350 X350 420~430 0
5 X350 X350 " 0, 100, 200, 300
10X 350X 350 n 0
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Fig. 1 Schematic diagram of experimental apparatus
for spray cooling.
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Fig. 2 Schematic diagram of measuring temperature
(T4 and Tp) and time (A and B).
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Fig. 3 Schematic layout of the hot strip mill line of
aluminium.

Table 2 Conditions of spray cooling tests.

Specimen Initial temp. of Coolant
Thickness X Width X Length specimen Temperature Flow rate of spray
(mm) () 10% emulsion (C) (£ /min/nozzle)
10X 350 %X 350 420~430 54~72 15.8, 27.0, 35.0

Table 3 Physical properties of material® and heat transfer coefficients used in the calculation.

Material Specific heat Density Thermal conductivity Emissivity
(kcal/kg/C) (kg/m?) (kcal/m/hr/C) (=)
Aluminium 0.22 2,700 175 0.06
Steel 0.11 7,830 46 0.79

Heat transfer coefficients (kcal/m/hr/C)

Free convection Forced convection

Spray cooling Hot rolling of aluminium

Equ. (10) Equ. (11)

Equ. (13) Equ. (14)

11
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Table 4 Examples of measured temperature and time.
Material Inlet thickness| Outlet thickness| Reduction | TA® | A® | Ty0 | T | BY | To" \Mean temp.| Temp. drop, Lubricant
a
(mm) (mm) (%) (C) | (sec) | (C) | (C) | sec) | (C) | Tw(C) | Ta(T)
1050 2.023 1.344 34 390 | 6.2 ] 378 | 179 | 3.9 183 281 195
1.987 1.375 31 291 7.3 276 149 | 3.7 152 214 124
10%
3003 1.988 1.340 33 380 | 7.0 | 360 | 184 | 2.9 | 187 274 173 )
emulsion
1.991 1.343 33 545 | 6.0 1 527 | 248 | 3.0 | 252 390 275
5052 1.536 1.173 24 352 | 6.0 | 339 181 2.8 186 263 153
1050 2.023 1.444 29 350 | 6.2 | 338 | 186 | 3.7 191 265 147
3003 1.988 1.504 24 .353 1 5.9 | 344 195 | 4.0 | 205 275 139 None
5052 1.536 0.977 36 330 | 5.5 | 318 | 190 | 3.0 193 256 125
(1) Refer to Fig. 2.
Table 5 Examples of calculated temperature at the exit of roll gap.
Inlet | Outlet | Rolling | Forward| Friction [Surface tempEntry temp. Exit temp.
No. |Material|thickness | thickness| force slip coeff. of roll measured | aaaured | calculated| Lubricant
(mm) (mm) (kgf) (%) (=) (C) (T) WC) | ToC(C)
1 1050 2.023 1.344 7080 4.6 0.10 59 378 183 182
10%
2 3003 1.988 1.340 6300 0 0.04 63 360 187 184
emulsion
3 5052 1.536 1.173 12085 2.4 0.07 63 339 186 179
4 1050 2.023 1.444 10816 7.7 0.64 53 338 191 175
5 3003 1.988 1.504 11413 6.6 0.64 49 344 205 185 None
6 5052 1.536 0.977 37072 10.1 0.64 51 318 193 234
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Experimental Study for Phase Steered Ultrasonic

Circle Array

by Nobuyuki Takahashi

Recently, ultrasonic testing is one of the most effective and reliable nondestructive test method
to meet the demand of quality for heat exchanger tubes. But there are some problems awaiting

solution in ultrasonic testing.

This paper discusses the sound field characteristics of circle array in term of the design param-

eters of phase steered element numbers, element width and element spacing, and the artificial flaw

detection sensitivity in trial circle array. The principle is based on phase steered ultrasonic linear

array technology.

Experimental values by the circle array are equivalent to theoretical ones in the sound field char-

acteristics and it is estimated that the circle array is the same to a line focus transducer in the

artificial flaw detection sensitivity.
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Experimental Study for Phase Steered Ultrasonic

Circle Array

by Nobuyuki Takahashi

Recently, ultrasonic testing is one of the most effective and reliable nondestructive test method
to meet the demand of quality for heat exchanger tubes. But there are some problems awaiting

solution in ultrasonic testing.

This paper discusses the sound field characteristics of circle array in term of the design param-
eters of phase steered element numbers, element width and element spacing, and the artificial flaw
detection sensitivity in trial circle array. The principle is based on phase steered ultrasonic linear

array technology.

Experimental values by the circle array are equivalent to theoretical ones in the sound field char-
acteristics and it is estimated that the circle array is the same to a line focus transducer in the

artificial flaw detection sensitivity.
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Frequency, f(MHz) 5
Element width, w(mm) 1.1
Element spacing, p(mm) 14
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Mechanical Properties of Hot Isostatic Pressed
Al-Si-Cu-Mg P/M Alloys

by Kazuhisa Shibue and Shigenori Yamauchi

It has been widely accepted that hot isostatic pressing (HIP) cannot provide excellent mecha-
nical properties for the consolidated aluminium powder alloy because it is not effective in
breaking up the surface oxide film on the aluminium powder particles.

In this study, the effects of following factors on the mechanical properties of Al-20%Si-2%
Cu-1%Mg powder alloy by HIP was investigated: (1) atomization gas, (2) degassing condition
before HIP, (3) temperature and (4) period of HIP. And mechanical properties of HIPed powder
alloy were compared with those of extruded powder alloy.

Results obtained were as follows:

(1) Mechanical properties of HIPed powder alloys were comparable to those of extruded one.

(2) Optimal temperature of HIP was from 450 to 525°C. At 550 °C, Si particles were coarsened,
and at 400 °C, the mechanical properties were inferior to that of extruded alloy.

(3) Period of HIP had no effect on the mechanical properties of HIPed alloy. 10 min at 500 °C
was enough to get excellent properties.

(4) Neither atomization gas nor degassing condition had effect on the mechanical properties of
HIPed alloy. Air atomized powder was available for HIP as well as argon gas atomized
one. As degassing condition, 107* Torr at 495 °C was useful.

In conclusion, HIP is considered to be available to consolidate Al-20%5i-2%Cu-1%Mg
powder alloy. :
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Table 1 Chemical composition of experimental alloys. 2.8
Chemical composition (wt. %)
Alloy | Atomization gas
Si Cu Mg Al 27
A Air 21.2 1.9 0.97 Bal. — "
5 — -
B Argon 20.3 1.8 0.95 Bal. o0
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Fig. 2 Microstructures of A alloy consolidated by HIP at 400~550°C (T6).
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Fig. 3 Vickers hardness vs. temperature of HIP of
A alloy.
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Fig. 4 Tensile strength vs. temperature of HIP of
A alloy.
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Tensile strength (kgt/mm?)

Table 2 Effect of atomization gas and degassing condition on the mechanical properties of Al—-Si—Cu—Mg powder

alloys consolidated by HIP.

N Atomization | Degassing Heat Tensile strength (kgf/mm?) Vickers hardness
o. ..
gas condition treatment Room temp. 950°C (1 (10kg)
1 F 25.1 10.8 90
A alloy air
2 4957C, T6 40.5 11.8 156
3 103 Torr F 24.5 9.9 87
B alloy argon
4 T6 39.9 111 150
5 F 24.2 9.9 83
A alloy air
6 4957C, T6 39.9 11.4 153
7 10-5Torr F 24.3 10.0 86
B alloy argon
8 T6 40.2 11.3 151

Keeped for 100hr

(b) 500°C 10em

Fig. 5 SEM fractographs showing fracture surface of tensile test specimens of
A alloy consolidated by HIP at 400°C and 500°C (F).
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Fig. 6 Tensile strength vs. peviod of HIP at 500C
of A alloy.
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Fig. 7 Microstructures of alloys (T6).

Rl

(@ HIP ed at 500°C (A alloy) () Extruded at 400°C (A alloy) (10,

Fig. 8 Cross sectional microstructures of fractured surface of tensile test specimens (T6).

Table 3 Mechanical properties of powder alloys consolidated by HIP or extrusion process. (A alloy)

) o Heat | Lensile strength (kgf/mm?) | Vickers | Charpy impact test (kgf/cm?) Fatigue strength®
No. | Consolidation| hardness ; A
treatment Room temp. 250°C D (10kg) U-notch V-notch 107 (kgf/mm?)
1 HIP F 25.1 10.8 90 0.6 0.5 —
2 Extrusion F 25.9 12.0 90 0.6 0.5 —
3 HIP Té6 40.5 11.8 156 0.3 0.2 20.0
4 Extrusion Té 40.9 11.5 158 0.3 0.2 20.5

W Keeped for 100hr 2 Rotating-beam fatigue test, 1,750 rpm.

3.4.2 MY 4. % £
Table 3 (= HIP BEA & 1 H SO ) B2 % 7% T, TV I = AAEWEROFETIC IE LR
T, FHMEKT6 Mo notad, HIP BEH O] 1T 2 720502, HIP BOE Tl 155 2 B v g :

VEAE S L
SRE, By h— AW, e LVE BB L O R TVE AT, 50z, HIP B0 &ATH <, i

L, MHEREMOL DO LY TH -T2, o8 A/ N S OB AT R BRI s Rl X e
T, MEEIEH O 450°C 12 BT & @iy kR S o WO BRI AT B & D H57091 (Al-Zn-Mg-
W id 224 1.3kgf/mm?, 0.6kgf/mm? Tdh -7, Cu-Coda %), Al-8%Fe-4%Ce M1} Al-6%Fe~-6%Nié:

26



Vol. 27 No. 3

HIP sz L 72 Al-Si-Cu-Mg P/M 4 4 0 B b 1 8 153

BIEDOTHEENTEY, Lo L, A¥EBRICE VT
HIPBC & - T4 M & S o Behk e v A5 15 &
iz, KRHEETIE AI-Si-Cu-Mg &84 HwTsY, =
DD TEL T O L ) 1cHMT 225 TE 5,

~fi2, HIP Bl mm,..fui MR, 70
-/%éunﬂw&mw@fur L-THENE?, Zo
5%,%%%Muiénm%ﬁiL B B
ORI B3NS D HEE X 1B,

Dyierg = [(1 —Do)P/l.BGﬁ-Dg]“g """""" (1)
T Dyiera @ 8I:25 0212 ”%"&*ﬂjf)f’;ii
AR - ¥H)=0 mwaﬂ).u
Do NES N R e
P DA (HIPH )
Oy CHIPIRE COMELE G
NV
AR BT, Do=0.8, P=10kgf/mm?TH Y, *

72, 450°CIZ BT 2 KE G DI F7120.6kgf/mm2 % 0 T,
ZOfE o, E LT DD 5 Dviena® KD B &, Dyjera> 1
ek, ZHud, HIP WBLEE KOS o BhET S Pl
BN L D AT L, BUEEEICIIEET B &

CHEZLNA, o TIORMMEIZIC LY, BERER O
LD h B RSB 2 N, ZOBOBEIIEET L LD
Hffi' 145,

, AEBRIC BT B Kol 7 HIP MLBLIE 1213450~ 525
CT%U,AP&%*'AémdmmMHMLm (400
CCHIMEYY) L 02 D v, Z iz, kB
WIEICHEL, BRELOBEAEVREI N TR LD EH
ZbHiLs, 400°CI2 BT 5 HIP MBE i3tz b 722
LD, HHREATDTCh-2Z b5, EilicslT
5 HIP WMED B RKDBEAICKE CHYH L EAHEN
Ens,

S 51T, KR A3

Al P TOIHAREDY Al 0 B OISR L D Lk E W8,
2D LR O KR ECTCEALSRICEEN T
&, HIP H s 5T, By SET Lz, BEE
T DWHATEIICE L, TR, BARREEL
WHEZ LIS,

U lkoZdrREd st L, R46%R7108H

TUIZHIP BT & » T L M H B & WS Bning g
75“‘?%’%11% FR%EZLizdnsFzosns,

MROMB (=T =T A XETANTLHAT =
A X)) RUBER DR Z8E (1073 Torr & 105 Torr) 13,
HIP BUEH OB MR 8 % MUT S e 512, =7
=7 b oA T EROEBILBII I A 2T F =4 2k

K TH W BEORNITEIL,

27

DLEDOLY LR NVECD 12 s T, ZowBrmb
NG00, FlDEREEH BRIEEMTZLD
T%%ﬁotﬁt,ﬁwt 2, SHICHEEinz
ZEDNVETH DL,
/l\ Bk b, KA HIP WL o) 5 b1
4%~M5Cf%étzﬂﬁﬂLé 400°C Tl AT+
LEDTHG 508 H L, £72, 550°C I2BWT
SH%\'!‘AJ’ VL CHURIE L . BudrtBlE ko 4 2
I BDTHITH~NETH S, HIP MIEEIE 500°C
125 THE 10~ 120min DWW T HTEH Ly,

DWW

iz
oy
Tid

5. #

Al-Si-Cu-Mg #6: Ro> HIP B &
(G RA

(1) 2 HIP BRI IS 450~525°C Td - 72, 550
CLLETIZ ST L CHIMEL, £72400°C Tk
BRE L DBEDAAGTTH - 72,

£h
R

vy, Ro#ER

(2) 500°CIZ 35> C HIP LB (10~120min) (3K
T DBERROO M A B % T & e 72,

(3) =TT I, ZWKRET LT HAT I\‘?/f e
BROWCTIOEA L, HIP M OB 121313
W%T%otoit,Mﬁ%mn%"@MHm%ﬁu&

Hr 12,
(4) HIP B OB MR M BEH & S T
272,
B, HIPHIZIZBIL €, ZHEL Wb - 7ol
%I%&WF%W?IfW%%%W%@%Emm% fiy
IRFIRIC R L WME 2 %35,
& £ X K
1) EYrsYs, R, IUNERE, AL ¥ AREE 26
(1985), 215,
2) C.F.Dixton and H.M. Skelly : Int. J. Powder. Met.,
(1965), 2

3) W B, H A Gl o7 433,

49 (1985),

Jut*jm:ﬁé,
231.

g, i E—

e

4) F.H.Froes and J.R. Pickens : J. Metals, 36 (1984), 14,

5) T.E.Tietz and L G. Palmer . Advances in Powder Techno-
logy (Edited by G. Y. Chin), ASM (1981), 189,

6) Y. W. Kim, W. M. Griffith, and F. H. Froes . J. Metals, 37
(1985), 27

7 ) A.S. Helle, K. E. Easterling, and M. F. Ash by : Acta
metall., 33 (1985), 2163,

8) CPEH-— &), 31 (1981), 206,

9) G. Staniek : Aluminium, 60 (1984), 768.



Reprinted from SUMITOMO LIGHT METAL TECHNICAL REPORTS  (Title No. P-389)

&b

X

Joining of Bi-metal Tube of Aluminium Alloy and Titanium
to Titanium Tube Plate by Welding Process.

by Keizo Nanba* and Yoshihiko Sugiyama**

R &R T2 bk 2 &+ Bl BF 52 B



2

3L

Joining of Bi-metal Tube of Aluminium Alloy and Tltamum
to Titanium Tube Plate by Welding Process.

by Keizo Nanba* and Yoshihiko Sugiyama**

The bi-metal {(duplex) tube composed of aluminium alloy and titanium will be applied to heat-
exchangers such as condenser of power plants and apparatus for OTEC (Ocean Thermal Energy
Conversion) system in order to make a good use of each characteristic of the dissimilar materials.
However, the joining process of such a bi-metal tube to titanium tube plate has still been left in-
sufficient in points of corrosion-resistance, leak-tightness and strength of the joint.

"~ The objective of the present study is to produce the high quality of joint by using tubular tran-
sition joint (T]) of aluminium alloy and titanium made with friction welding process.

Firstly, the study was carried out on producing the T] by friction welding process and secondly
on joining the TJ to aluminium alloy tube and titanium tube plate by inert gas arc welding.

The results obtained are as follows.

(1)

2.7mm thickness were obtained by friction welding process. The welds had satisfactory mechan-

Sound welds between 6063 aluminium alloy and titanium tubes with 26.9mm diameter and

ical properties and the formation of diffusion or alloying layer was not observed at the interface.
(2)
titanium tube plate tbrough the TJ produced from the friction weld mentioned above. The strength
of the joint had a similar value to that of 6063 —0 aluminium alloy and the interface at friction
weld of the joint seemed not to be affected by the arc weld thermal cycle used in this study.

Reliable joints were made with TIG welding process between 6063 aluminium alloy tube and

Therefore, it is expected that the tubular TJ of aluminium alloy and titanium made with fric-

tion welding is put to practical use.

1. Introduction

In order to apply each characteristic of dissimi-
lar materials effectively, many attempts to join dif-
ferent ones have been studied and carried out. The
typical example is found in the application of bi-
metal (duplex) tube composed of aluminium alloy
and titanium to obtain high thermal conductivity
and corrosion-resistance, respectively, to heat ex-
changers such as condenser of power plant and
apparatus for OTEC (Ocean Thermal Energy Con-
version) system.

Both flaring of tube and inert gas arc welding
processes are considered to join such a bi-metal
tube to titanium tube plate in constructing the con-
densers, but these processes do not always guar-
antee corrosion-resistance, leak- tlghtness and strength
of the joint.

The objective of the present study is to produce
the high quality of joint by using tubular transition

» Technical Research Lahoratories, Applied Technogy Dept.
»+ Technical Research Laboratories, Planning & Managing Dept.
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joint (T]) of aluminium alloy and titanium made
with a friction welding process.

Firstly, the study was carried out on producing
the TJ of aluminium alloy and titanium tubes by
a friction welding, and, secondly, on joining the TJ
to aluminium alloy tube and titanium tube plate
by inert gas arc welding.

2. Friction welding of aluminium alloy and
titanium tubes

2.1 Experimental procedures

There are few reports on the friction welding of
aluminium and titanium, especially, aluminium alloy
and titanium tubes. Therefore, as a preliminary
test the study was carried out to get the proper
conditions for friction welding of pure aluminium
and titanium bars, and then those of aluminium
alloy and titanium bars. By referring to these re-
sults, suitable conditions for aluminium alloy and
titanium tubes were investigated.



Vol. 27 No. 3

Joining of Bi-metal Tube of Aluminium Alloy and Titanium to Titanium Tube Plate by Welding Process.

155

The materials used in these experiments are shown
in Table 1, where wall thickness of the tubes was
selected above one-tenth of the diameter because
of friction weldability of tube to tube combination.

The faying surface was finished smoothly and then
degreased by acetone.

The friction welder used for this study are shown
in Table 2.

The welding sequence are schematically repre-
sented in Fig. 1. The friction welds were made by
holding a non-rotating workpiece of aluminium in
contact with a rotating workpiece of titanium.

Friction welding process parameters investigat-
ed are as follows : total upset length of work-
pieces U(mm), friction pressure Pi(kgf/cm?) and
time during friction phase Ti(sec), upsetting pres-
sure Pa(kgf/cm?) and time during upsetting phase

Table 1 Test materials and their tensile properties.

Tensile properties
Meterials Yield Tensile Elongation
strength strength %)
(kgf/mm?) | (kgf/mm?) ¢
1050—H112 6.5 11 33
Bar®V 6061 —H112 7.5 16.4~16.5 29
TB49—-0 44 56 30
6063 — 183 22.3~22.7 24.8~25.2 18~21
Tube®?

TTP49—0 45.7 61.4 36

W Diameter : 28mm ¥ Diameter : 26.9mm  Thickness ; 2.7mm

Table 2 Friction welder.

Type FW30U

Maximum load | at friction phase 4,000
(kgf) at upsetting phase 10,000
Capacity(for steel bar) (mm) 10~30
Rotational speed (rpm) 2,400

Ta(sec), and time to stop rotation of a workpiece
NL(sec). These parameters are, also, shown in Fig. 1.
Specimens were welded, and then the welds were
examined by bending, tensile and flattening tests,
metallography and EPMA analysis.

2.2 Experimental results and discussion

(1) Friction welding of bars

Friction welding conditions for pure aluminium
and titanium bars investigated are shown in Table
3. Welds obtained under No.l condition showed
good quality, though amounts of weld upset formed
remarkably on the aluminium side. Therefore, in
order to decrease the amount (which are shown in
Table 3 as U) mainly, experiments were carried
out under Nos.2 to 4 conditions. Typical appear-
ances, bending tested specimens and results of ten-
sile test of the welds are shown in Figs. 2 to 3 and
Table 4, respectively. Good quality of welds were
obtained similarly under Nos.2 to 4 conditions.

Friction welding conditions for 6061 aluminium
alloy and titanium bars were investigated under
No.61 condition in the range obtained in Table 3,

Upsetrng
pressure, P,

Rotationai speed (rpm)

Total
upset
length, U

Friction pressure. P,

Pressure Burn off length, U,
I

¥

Upset length (mm), Pressure (kgf/mm¥)

Upsetting

Friction time, T, time, To

Time (sec)
Fig. 1 Schematic representation of variation of the
process parameters during friction welding.

Table 3 Friction welding conditions and quality of welds.

Welding conditions
Materials Friction phase Upsetting phase Quality of
(Bar) No. u NL welds
(mm) Py T Us P, T, (sec)
(kgf/cm?) (sec) (mm) (kgf/cm?) (sec)
1 17.8 28 10 2 60.5 4 0.3 No crack
2 15.2 20 10 2 40 4 0.3 No crack
1050+ Ti 3 14.8 20 10 1 40 4 0.3 No crack
4 11.0 20 10 1 40 4 0 No crack
Ranges for bar| 10~15 20 10 1~2 40 4 0~0.3 —

29
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and under No.62 condition, where NL was changed
into —0.3 sec in order to decrease U, as shown in
Table 5. No crack occurred at welds under No.61
condition in any tests, but micro-cracks were ob-
served at the interface of welds under No.62 con-
dition in tensile test though the strength was not
lower than that under No.61 condition, as shown
in Table 6. Therefore, the suitable condition for
those materials is No.61 as shown in Table 5.

(2)  Friction welding of tubes

Friction welding conditions for 6063 aluminium
alloy and titanium tubes were investigated by re-

No.3

No.4

Ti 1050

Fig. 2 Appearance of friction welds.

No.3

No4

Ti 1050

Fig. 3 Appearance of bending tested specimens.

Table 4 Results of tensile test of friction welds.

No. | Tensile strength(kgf/mm?) Position of fracture

ferring to results mentioned ahove. The results
are shown in Table 7. Under No.11 condition P»
was so high that 6063 aluminium alloy tube buckled.
Therefore, P2 was decreased to 33 or 20kgf/cm?
so that the buckling might not occur. The results
are shown in Table 7 as Nos.12 and 13.

No crack occurred at joints under both Nos.12
and 13 conditions in tensile and flattening tests as
shown in Table 8 and Fig. 4, respectively. Under
No.12 condition the tensile strength was approxi-
mately 3kgf/mm? higher than that under No.13 con-
dition, but the greater amount of weld upset was
observed due to higher P, as shown in Fig. 5.

The micro-structure at friction weld interfaces
and the results of EPMA analysis are shown in
Figs. 6 and 7, respectively. These are the specimens
friction welded under No.12 condition, since simi-
lar results were obtained under No.13 condition.
Under both conditions, any weld defects such as
lack of fusion and cracks are not observed at the
interface. In additions, diffusion and alloying lay-
ers are not microscopically observed over the in-
terfaces in all specimens. The interface between 6063
aluminium alloy and titanium is clear. The effect
of P, was not observed at the metallographic ex-
aminations.

Hardness distributions of friction welds are shown
in Fig. 8. In both conditions, the hardness is about
86(Hv) at the 6063 base metal side and it lowered
near the interface because of frictional heat. Such
a hardness distribution suggests that the weld is
hardly work-hardened at friction and upset phases,
and that alloying layer between aluminium and ti-
tanium is not observed, though it might be squeezed
out from the weld at upset phase, even if it were
formed at the interface. On the titanium base metal
side, the hardness is about 190(Hv) and it does not

Table 6 Results of tensile test of friction welds.

No. | Tensile strength(kgf/mm?) Position of fracture

2 8.0 1050 base metal 61 13.9 6061 hase metal
4 8.2 " 62 13.9 6061 base metal and weld
Table 5 Friction welding conditions and quality of welds.
Welding conditions
Materials Friction phase Upsetting phase Quality of
(Bar) No. U NL welds
(mm) Py Ty Ui Py T: (sec)
(kgf/cm?) (sec) (mm) (kgf/cm?) (sec)
61 10.1~10.3 20 10 1 40 4 0.3 No crack
60614 Ti 62 45~72 20 10 1 40 4 —0.3 Micro—cracks
Ranges for bar| 10.1~10.3 20 10 1 40 4 0.3 —
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Table 7 Friction welding conditions and quality of welds.

Welding conditions

Materials Friction phase Upsetting phase Quality of

(tube) No. U NL welds

(mm) b T Us b, Te (sec)
(kgf/cm?) (sec) (mm) (kgf/cm?) (sec)

11 23.5 20 10 1 39 3 0 Buckling

12 12.6 20 10 0.5 33 3 0 ;
6063+ Ti No buckling,
13 6.7~7.6 20 10 0.5 20 3 0 No crack

Ranges for tube| 6~13 20 10 0.5 20~33 3 0 -

Table 8 Results of tensile test of friction welds.

No. | Tensile strength(kgf/mm?) Position of fracture
12 214 6063 base metal
13 17.8 "
No.13
25/1”’]
Fig. 6 Micro-structure of friction weld interface
No.12

(As friction welded).

. -— 6063
Ti 6063

Fig. 4 Appearance of flattening tested specimens. -—— Interface

{Jamnnnnunn
Samnple current image  25um

Al Ka
No.13

No.12

0020400 2030480400
Mg K Si Ke

Fig. 5 Appearance of friction welds and their cross- Fig. 7 EPMA analysis at friction weld interface
sectional views. (As friction welded).
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change till the interface, that is, neither softening
by frictional heat nor hardening by friction and
upset phases are observed.

By comparing hardness distribution of weld under
No.12 condition with weld under No.13 condition,
a similar tendency was recognized, but the softened
zone at 6063 base metal side resulting from fric-
tional heat was wider under the latter than under
the former. It may come from the lower upsetting
pressure under No.13 condition, so that frictional
heated zone might not be squeezed out and be left.
The lower strength shown in Table 8 seems to re-
sult from the wider softened zone as shown in Fig. 8.

3. Arc welding of transition joint(TJ) to al-
uminium alloy tube and titanium tube plate

3.1 Experimental procedures

Whether the TJ obtained by friction welding
mentioned above is applicable or not was investi-
gated by the simulated test where joints were made
with TIG welding process between aluminium alloy
tube and titanium tube plate through the TJ.

The materials used in this experiment are shown
in Table 9, where aluminium alloy tube and titani-

120 T 2
6063—-*—— Ti 20

S— 200

180

160
T,

220

Ti

Vickers hardness {100gn)
Vickers hardness (10kg)

200

() No.13

!

7 T4 g0

40 £
Distance from friction weld interface (mm)

Fig. 8 Hardness distribution of friction welds,
where loads for 6063 and Ti sides are 100g
and 10kg respectively.

um tube plate are 6063 —T6 and TP49—0, respec-
tively, and tensile properties of the former are
noted below the table. The TJs were made from
the specimens friction welded under Nos.12 and
13 conditions in Table 7.

Edge preparations and dimensions of TJ, 6063
aluminium alloy tube and titanium tube plate are
shown in Fig. 9 (a),(b) and (c), respectively.

T] was machined to 40mm long so that the fric-
tion weld may be included within a tube plate whose
minimum thickness used commercially is about 50mm.
In addition, the friction welds are located at three
different distances from the centerline of TIG arc
weld between TJ and 6063 aluminium alloy tube
or titanium tube plate in order to examine the ef-
fect of welding thermal cycles on properties of
the friction welds. They are shown in Type A, B
and C of Fig. 9 (a).

The welding conditions are shown in Table 10.
The welding processes used were AC—TIG and
DCSP—TIG welding for aluminium alloy side of
TJ and 6063 aluminium alloy tube, and titanium
side of TJ and titanium tube plate, respectively.

The examples of thermal cycles obtained during

30°,,2.5
Al alloy <T]
Tim ﬁz A aloy AT
4 ¥ T
Friction-weld Friction-weld LFriction-weld
e - —
10+ 20— Yy
40 L 40 —n —
(i) Type A (i) Type B (i) Type C
tay TJ -
30° 2.5 1
— LES
I = =
X
L 120 J
by 6063 tube ,._,._l.g’_.-———l

(cy Titube plate
Fig. 9 Schematic representation of edge preparations and
locations of friction welds at TJ.

Table 9 Test materials.

Dimensions
Materials Outside diameter| Inside diameter | Wall thickness Length
(mm) (mm) (mm) (mm)
Transition-joint by Al alloy | 6063—T83 26.9 215 2.7 100
friction welding,
TJ Ti TTP49-0 n " 50
Al alloy tube 6063 —T6V 26.4 224 2.0 125
Ti tube plate TP49—0 52.0 27.1 15.0 -

@ Yield strength : 19kgf/mm?, Tensile strength ! 22kgf/mm?, Elongation : 27%
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Table 10 Arc-welding conditions.

. . . Weldi ing ¢ as
Welding Welding process Welding rod elding current | Welding ';.peed Ar gas fl(.>w rate
(A) (ecm/min) ({/min)

Welding between Al

alloy of TJ and 6063 AC-TIG 4043 — ¢ 1.6mm 55~60 11.3~12.8 12

aluminium alloy tube

Welding between Ti .

of TJ and Ti tube DCSP-TIG - 60 24 12
Metal—run

plate

450
400
/ \ Distance from weld
\Kcenter!ine. D=10mm
300
2 D= 30mm \ D=20mm
3 =
E: L—\
=
&3
a2 Start of
£ 200 \ welding ]
2
100 \ -
10sec \
==
0
Fig. 10 Weld thermal cycles by AC-TIG welding.

AC—TIG welding of TJ and 6063 aluminium alloy
tube are shown in Fig. 10. According to the result,
it becomes clear that the friction welds in A, B and
C types of TJs are subjected to such a thermal
cycle that heats to them about 400°C at maximum
temperature, or hold them for 50sec in maximum
period at least about 250°C (though such a long
holding time is not depicted in Fig. 10).

3.2 Experimental results and discussion

(1) Appearance of joint

During welding of both TJ—6063 aluminium alloy
tube and TJ —titanium tube plate, neither fracture nor
cracking were observed in all types of TJ, which were
made from the specimens under Nos.12 and 13 con-
ditions of Table 7. The example are shown in Fig. 11.

(2) Structure of weld in joint

Fig. 12 shows the cross sectional view of a joint.
The sound welds are obtained in both welds of T]J
—6063 aluminium alloy tube, and TJ—titanium
tube plate. It is also clear that any defects are not
observed at friction welds. It is necessary to keep
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Fig. 11

Appearance of joint.

Ti tube plate
——

i Friction-weld

I TJ 6063 tube

Fig. 12 Cross sectional view of joint.

6063

Ti

)
25,um
LR

Fig. 13 Micro-structure of friction weld interface
(Weld thermal cycled).

the reinforcement of back-bead at the weld be-
tween T] and 6063 aluminium alloy tube as little
as possible in order to make a titanium tube ad-
here to the inside of T]J sufficiently.

Fig. 13 shows the typical micro-structure of fric-
tion weld in the joint (Fig. 12). Any difference is
not observed in the structure even if the structure
is compared with as friction welded one in Fig. 6.
Growth of diffusion layer, formation of alloying
layer and defects such as micro-cracking are not
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recognized microscopically.

Distributions of elemehts such as Al, Ti and Si
at friction welds of the joint were analyzed by EPMA.
However, the influence of arc welding on the dis-
tributions were not still observed and a éimilar

Ti

6063 |

Ti

Ti Ke >25#m

Fig. 14 EPMA analysis at friction weld interface of TJ
(Weld-thermal cycled).

{a) Weld between Al alloy of TJ and :
6063 aluminium alioy tube

(i)  Weld metal

(b) Weld between Ti of TJ and T
tube plate ‘

(i) Weld metal

result to as friction welded one was obtained. Figs.
14 and 15 show the typical results of EPMA analysis.
In Fig. 15 the distributions are compared between
weld thermal cycled and as friction welded interfaces.

In these examinations there were no differences
among types or specimens of T]Js.

Fig. 16 shows the micro-structures of the TIG
welds shown in Fig. 12. The sound welds are ob-
tained both in TJ—6063 aluminium alloy tube and
in TJ—titanium tube plate, and they do not have
any weld defects such as crack and lack of fusion.
In the case of titanium weld, hydride and nitride
which are often formed resulting from insufficient
shielding during welding are not also observed.

(3) Mechanical properties of joint

Fig. 17 shows the hardness distribution in the
joint. At the aluminium alloy side of the TJ, the

—
100r 100
Ti Al Ti rﬁw
s 2
= 50t 50
10um 10um
A J
(i) Weld thermal cycled (i) As friction welded

Fig. 15 EPMA analysis at friction-weld interface of T].

s :
d %{{ AT 3

(i) Weld bond

100m . )
[ (i) Boundary between Ti of TJ

and Ti tube plate

Fig. 16 Micro-structures of TIG-welds at joint.
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120 - e R— 220
L l B Ti tube plate
= 100 .\/\/ 200 Al alloy tube Al alloy Ti
80 180

60 \“ : 160

‘
'

H ;
40 TIG, weld melal~~ Friction weld 140

- . interface -
60 40 20 0 20 40 60 0

Vickers hardness {5k
Vickers hardness {Dkg)

Distance from center of TIG weld metal (mm)
Fig. 17 Hardness distribution at joint.

Table 11 Results of tensile test of joints.

Type of T]| Tensile strength(kgf/mm?) Position of fracture

A 14.7~16.3 6063 base metal
B 15.1~15.7 "
C 14.3~15.3 "

hardness becomes below about 50(Hv) and a little
lower than that of as friction welded specimen due
to arc welding of TJ and 6063 aluminium alloy tube.
While at the titanium side of the TJ, a similar hard-
ness to that of as friction welded specimen is ob-
tained.

In hardness examination of the joint, the re-
markable increase was not recognized both at fric-
tion weld interface and at arc weld of titanium
part in TJ, and this fact suggests that growth or
formation of diffusion or alloying layer at the former,
and that of hydride and nitride at the latter do
not occur.

Tensile strengthes of the joints shown in Fig.
11 are listed in Table 11. The fractures occurred
at the base matal of 6063 aluminium alloy tube in
all specimens and any failure was not observed over
the TJ though these results seem to be mainly due
to the difference of wall thickness of materials which
compose of the joint. The tensile strength is in the
range of 14.3~16.3kgf/mm?, which nearly equal to
that of 6063—0 aluminium alloy.

From these results, it seems that the friction weld
of TJ with dimensions used in this study is not af-
fected by the arc weld thermal-cycle which is applied
here. And there were not any differences between
specimens of Nos.12 and 13 and those among A, B
and C types shown in Fig. 11. Therefore, it is ex-
pected that the tubular TJ of aluminium alloy and
titanium made with friction welding is put to prac-
tical use from the point of view of welding process,
as shown in Fig. 18.
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Transition joint

=4

Friction weld

N Arc weld

Fig. 18 Joining process.

4. Conclusions

The bi-metal (duplex) tube composed of aluminium
alloy and titanium will be applied to heat-exchangers
such as condenser of power plants and apparatus
for OTEC (Ocean Thermal Energy Conversion) sys-
tem in order to make a good use of each charac-
teristic of the dissimilar materials. However, the
joining process of such a bi-metal tube to titanium
tube plate has still been left insufficient in points
of corrosion-resistance, leak-tighthess and strength
of the joint.

The objective of the present study is to produce
the high quality of joint by using tubular transition
joint (T]) of aluminium alloy and titanium made
with friction welding process.

The study was carried out on producing the TJ
by friction welding process, firstly, and, followed
by joining the TJ to aluminium alloy tube and tita-
nium tube plate by TIG arc welding.

The results obtained are as follows.

(1) Sound welds between 6063 aluminium alloy
and titanium tubes with 26.9mm diameter and 2.7mm
thickness were obtained by friction welding pro-
cess. The welds had satisfactory mechanical prop-
erties and the formation of diffusion or alloying
layer was not observed at the interface.

(2) Reliable joints were made with TIG welding
process between 6063 aluminium alloy tube and ti-
tanium tube plate through the TJ produced from
the friction weld mentioned above. The strength
of the joint had a similar value to that of 6063—0
aluminium alloy and the interface at friction weld
of the joint seemed not to be affected by the arc
weld thermal-cycle used in this study.

Therefore, it is expected that the tubular TJ of
aluminium alloy and titanium made with friction
welding is put to practical use.
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To meet the demand to increase speed and safety in transport with minimal energy, aluminium
alloys have been increasingly used by Japanese transport industries. This paper reviews the state
of the art of aluminium alloys and related technologies. In the automobile industries, in addition
to the main established uses, castings for engines and engine parts, there are other important es-
tablished uses. These are heat exchangers for automobile air conditioning units made by brazing
fins and multi-pore tubes and fabricated or cast car wheels. Use of aluminium alloy body shells
for rolling stocks has increased steadily. Main alloys being used are standard and/or modified Al—
Zn—Mg and Al—Mg—Si alloys. Thermo-mechanical process to manufacture aircraft stringer ma-
terials of 7075 of modified properties has been developed.

Among the varieties of P/M products of aluminium alloys under investigation, high silicon alu-
minium alloys are going to be used commercially due to their excellent wear resistance. FRM pis-
tons have been developed successfully, in which ceramic fiber is embedded at top ring portions.
The modificatinos of present technologies and the applications of new technologies are key fac-

tors for future growth of aluminium in transports.

1. Introduction

All the transports have common and eternal re-
quirements to enhance the speed, the safety and
the comfortability with minimal energy and cost.
Aluminium alloys can meet these requirements.
Statistical data, Fig. 1V, on the consumption of alu-
minium in Japan in ten major field of application
reveal aluminium consumption for transport became
number one last year and it’s annual growth rate
in average during these ten years was highest (7.8%
in transport vs. 4.8% in the total average).

2. Automobile

It is reported that the total amount of aluminium
alloys in one Japanese car is about 40kg excluding
that for wheels. Majority of the applications is the
castings for engines which include pistons, cylinder
heads, cylinder blocks and intake manifolds. These
aluminium alloy castings have already been regarded
as being standard materials and are supplied by
mass production system.

+ This paper was presented at 1985 Fall Meeting of European
Material Research Society on Advanced Material R&D for
Transport, Strasbourg, France, Nov. 26 ~28, 1985.

++ Technical Research Laboratories, Dr. Eng. Sci.

36

As for the use of wrought aluminium alloys in
automobiles, varieties of trials have been made but,

3.0
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Total

Aluminium consumption (108 ton)

Civil & building | x~
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’

] L i i 11 i
1974 1976 1978 1980 1982 1984

Year

Fig. 1 Annual change of aluminium consumption in
Japan, 1974 —1984Y.
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except some limited cases mentioned bellow, most
of them have not necessarily been successful in
establishing the positions of standard materials.
For example, aluminium alloy bumpers made by
extruded 7021 had once been used in one Japanese
car model but they could not keep their position
due to the cost disadvantage compared to steel or
reinforced plastics bumpers.

Aluminium heat exchangers used for condensers
and evaporators of car air conditioning units have
been developed in this decade and being used ex-
clusively. They are manufactured by brazing of
extruded multi-pore tubes with corrugated clad fins.
Selection of alloys for tubes and fins are made
taking into consideration the requirements for cor-
rosion resistance, strength and fabrication cost. In
the course of developmental works particular em-
phasis was placed upon the sophisticated combina-
tion of alloys of tubes and fins to guarantee the
corrosion resistance of tubes. In the process of man-
ufacturing, flux (chloride) dip brazing, vacuum braz-
ing and innert gas brazing (VAW process) are ap-
plied and fluoride flux brazing is also being tested.

In case of development for mass production of
evaporators of car air conditioning units by vacuum
brazing, co-operation between a manufacturing com-
pany and an aluminium company has been con-
ducted. Extruded flat multi-pore tubes were bent
in serpentine shape and vacuum brazed with corru-
gated fins as shown in Fig. 2. Factors considered
in alloy selection were the suitable mechanical prop-

(@) Multi-pore tube

(b) Evaporator

Fig. 2 Aluminium evaporator for automobile
air conditioning unit made by vacuum
brazing.

erties, the production cost of tubes and fins, the
ease and reliability in vacuum brazing and, partic-
ularly, the corrosion resistance of tubes in combi-
nation with fing?3%. Alloys designated were as
following,

Tube : Extruded multi-pore tube, Al—0.3%Mn—

0.15%Cu (MC03)

Fin : Brazing sheet cladding on both side,

core . Al—1%Mn—0.04%Sn
clad : 4343 (Al—7.59%Si)

Corrosion potential of alloys for tubes and fins
are shown in Fig. 3 and 4 respectively®. Fig. 3
shows that the addition of copper and manganese
to aluminium raises the corrosion potential, where-
as, Fig. 4 shows that the addition of tin lower the
corrosion potential. It is clear from both data that
the tubes (MC03) in an evaporator are expected to
be protected by the fins because the tubes are cath-
odic to the fins. In order to maintain satisfactory
corrosion resistance, one of the essential points in
the practice of vacuum brazing is to cool the evap-
orators rapidly after passing the hottest zone of
furnace. Rapid cooling is useful to prevent the precip-
itation of tin in the fin core and the increased amount
of solutionized tin is essential for the fin to play
the role as the active anode.

Furnace brazing under inert gas atmosphere (VAW
process) is also used to manufacture aluminium
heat exchangers. As core material of brazing sheet
for VAW process, zinc containing aluminium alloy
is useful because of freedom from vaporization (de-
zincification) problem. This alloy fins are efficient
to protect tubes from corrosion as sacrificial an-
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Fig. 3 Potentials of Al—Mn—Cu alloys in
3% NaCl aq. pH3%.
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odic members in heat exchangers.

Aluminium wheels can provide with the fashion-
able design and the appreciable reduction of the
unsprung mass. Total number of aluminium wheels
produced in Japan was 8.5 million pieces in 1984.
More than half of them were made by single body
castings. Casting processes are low pressure casting,
conventional gravity die casting, pore free (oxygen)
die casting and squeeze (high pressure) casting. As
non casting type aluminium wheels, so-called fab-
ricated wheel of two piece type and three piece
type are also widely used. During the five year
period, the market share of two piece wheels® has
greatly expanded. A two piece type wheel is fab-
ricated by welding a disk (mostly by casting) with
an aluminium alloy sheet rim which is roll formed
from a ring made by flash-butt welding. In flash-
butt welding the rim, rectangular AC current is
preferably applied rather than conventional (sine
curve) AC current to obtain sound weld. Alumi-
nium alloy used for rim is strength modified 5454
and that for disk is AC4C (Al—7%Si—0.3%Mg
casting) or 5454 (press formed). Welding of the disk
to the rim is made by MIG using 5356 electrode
wire. Advantages® of two piece type wheel over
casting type wheel are (1) weight saving of 15—30%,
(2) reduction of moment of inertia by 20—30%, (3)
reduction of unbalanced mass by 70—80%.

Recently, the use of aluminium extruded hollow
shapes is increasing for frames of autobicycles. In
selecting alloy for hollow shapes, factors taken

38

into account were such properties as mechanical
strength, extrudability, anodizing and welding and
JIS 7NO1 and 7003 were selected. The average
amount of use of aluminium alloys is 10— 15kg per
one autobicycle.

Much efforts had been made by aluminium man-
ufacturers and by automobile companies toward
the commercial application of aluminium auto body
sheet. First application of aluminium alloy sheet
has been realized since mid of 1985. Body sheets
being used are Al —4.5%Mg — 1.5%7Zn"” (T4 tem-
per) and are used for inner panels, outer panels
and stiffeners of engine hoods of high performance
luxury cars. This body sheet is called as 30—30
since it has 30kgf/mm? in tensile strength and 30%
in elongation. Chemical composition and mechani-
cal properties of 30—30 alloy sheet are shown in
Table 1. Additional cases of commercial uses of
aluminium alloy body sheets are expected to come up.

As far as aluminium radiator concerns, Japanese
automobile industry had been more conservative
than either European and United States industres.
It seems, however, automanufacturers have started
to shift from conventional radiators to aluminium
radiators and now aluminium radiators are installed
in several models. It is expected that a big market
for aluminium alloys for radiators which is esti-
mated to be some ten thousand ton of alloy per
year will be created. In selecting alloys for car ra-
diators, one of the key factors should be corrosion
resistance. The long experiences of aluminium heat
exchangers for air conditioning units will be most
valuable in this evaluation. Manufacturing process
of radiator being applied is to join the tubes made
by high-frequency induction welding of coil with
the corrugated fins by furnace brazing. Furnace
brazing processes being applied are vacuum brazing,
inert gas (nitrogen gas) brazing (VAW process)and
fluoride flux brazing. Cross-fin type radiator (Sofica
type) is also being applied.

Table 1 30— 30 alloy, chemical composition and typical mechanical
properties of auto-panel sheet (Typical value)”.
1) Chemical composition (wt. %)

Si Fe Cu Mn | Mg Cr Zn Ti Al
0.06 | 015 | 0.19 |<0.01] 44 | <001} 15 0.01 |Balance
2) Mechanical properties, (T4 temper)
Tensile strenght| Yield strength | Elongation | ' value | n value | “'r value WLDR.
(kgf/mm?) | (kgf/mm?) | (%) (mm)
30.5 14.7 30 9.7 0.29 0.68 2.14

() E : Erichsen test cup height, n : Strain hardening exponent,
r : Average plastic strain ratio, L. D. R. : Limiting drawing ratio
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3. Rolling stocks (Rail vehicles)

In Japan, the debut of first all aluminium rail
vehicles (trains) was in 1962 and total number of
all aluminium trains already manufactured is about
3200. During these periods, developments in tech-
nologies including alloy developments, designs, man-
ufacturings and weldings have been achieved. It is
well known that the Committee on the Aluminium
Rolling Stocks sponsored by Japan Association of
Rolling Stock Industries and by Japan Light Metal
Association (1970- ) has made a lot of contributions
which are well documented in a report published
in 1984%. In 1969, in order to produce the extruded
shapes of large cross sectional area for structural
purposes, Light Metals Extrusion Development Com-
pany equipped with a giant press of 9,500 ton was
founded by a joint venture of major Japanese alu-
minium companies.

Aluminium alloys being specified in JIS and used
for frames of train bodies are 5083, 6N01, 7N01,
7003. Their chemical compositions and mechanical
properties with and without welds are shown in
Table 2%. Alloy 6N01, known as a medium strength
alloy, is excellent in corrosion resistance, in weld-
ability and also in extrudability and often used for

Table 2 Aluminium alloys of extruded shapes used for frames of
train bodies specified in JIS H 4100%.
1) Chemical compositions (wt. %)

Alloy Si Fe Cu Mn Mg Zn Zr

5083
6NOL
7NO1
7003

<0.40 <040
0.40-0.9 <0.35
<030 <0.35
<0.30 <0.35

<0.10
<0.35
<0.20
<0.20

0.40-1.0 4.0-49 <0.25 -
<0.50* 0.40-0.8 <0.25 -
0.20-0.7 1.0-2.0 4.0-5.0 <0.25(0.15)
<0.30 0.50-1.0 5.0-6.5 0.05-0.25

* Mn-Cr <0.50
2} Mechanical properties of extruded shapes

Alloy Temper Tensile strength Yield strength & Fatlg}le strfngth
. cles)
(kgf/mm?) (kgf/mm? (%) (gf /mm
5083 HI112(340~410C) 32.6 18.2 18 13.5W
6NO1 T5(170~180T, 8hr) 27.8 24.3 13 12.0¢0
7NOI T5(120°C, 24hr) 39.1 32.6 16 15.50
7003 T5(150~160°C, 8~16hr) 35.0 29.6 15 11.3®

3) Mechanical properties of MIG butt welded joints with beads.

Alloy Temper Filler metal Tensile strength  Yield strength Fat]gle streingth
(kgf/mm?) (kgf/mm?) (kgﬁ;ﬁrﬁi
5083 H112 5356 30.0 15.5 7.00
6N0O1 T5 5356 19.7 134 6.7
7N01 T5 5356 34.0 24.6 7.00
7003 T5 5356 31.8 22.1 9.22%3

W axial load, S. R. =0, gmax
3 Beads off

@ Plain bending, S. R. =—
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hollow shapes. Alloy 7N01 is a standard weldable
Al—Zn—Mg alloy for structural application ap-
proximately equivalent to that developed in Europe.
Alloy 7003 is a intermediate strength Al—Zn—Mg
alloy developed in Japan with excellent extruda-
bility and is suitable for large extruded shapes of
thin wall. In this alloy, the modification of chemical
composition, which includes the replacement of
some magnesium with zinc and the addition of zir-
conium, makes this alloy ease in extrusion with
minimal detrimental effects in strength and in sen-
sitivity to stress corrosion cracking.

The aluminium car body shells manufactured in
Japan are classified in three types as shown in Fig.
51— A. Car body shells of conventional design
made by spot welding of frames (extruded shapes)
and plates, B. Car body shells made by longitudinal
welding of thin large extruded shapes, C. Airtight,
increased stiffness and large sized car body shells
made by spot welding of extruded shapes and plates.

New bullet trains of the 200 series were designed
by type C as shown in Table 3 and Fig. 6P, in
which extruded shapes of 7N01 and 7003 were used
for main frames and plates of 5083 for outer sheath-
ing. It is reported that one of the most remarkable
merits of aluminium car body shells designed by
longitudinal welding of extruded shapes (type B)

™
%%

e

al

Mi?éi “PpEEreEe
A B C

Fig. 5 Aluminium alloy car body shells!?,

A : Spot welding ‘of frames and plates,

B : Longitudinal welding of large extruded shapes,
C : Airtight, increased stiffness and large sized.
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Table 3 200 series bullet trains used for Tohoku- Jyoetsu lines!V.

Start of operation October 1980
Plates : 5083, 7N01

Shapes : 7N01, 7003, 5083, 5052, 6063

Aluminium alloys

Length, width, height { 24,500, 3,380, 4,000 (mm)
Total weight 56.5 (ton)
Weight of body shell 7.5 (ton)

A7003S ABOB3P A7003S A5083P

A7003S

A7NO1S

AS0835

P : Plate
Fig. 6 Structure and alloys of 200 series car body shells
used for Tohoku— Jyoetsu bullet trains'®.

S : Shape,

over type A is in the appreciable reduction of la-
bour cost for welding. For example, the total length
of welding and the total number of spot welding
for a car body shell by type A compared to type B
were reported to be 357 m vs. 1,021 m and 3,716
vs. 516, respectively. Remarkable reduction of num-
ber of spot welding in type B means significant
labour cost saving. Hence, car body shells by type
B are expected to be used much more for rolling
stocks in the future.

4. Aircraft

It seems growth of Japanese aircraft industry
has not been fast but steady. Japanese aluminium
industry has not necessarily been perfect supplier
to aircraft industry. Economical difficulties caused
by limited demand, but a wide variety of required
products, have been major problems. As important
aluminium alloys for future aircraft materials, alu-
minium— lithium based alloys are much interested.
Two basic investigations for the industries are going
on under some financial support by Japanese gov-
ernment. One is the basic investigation for process
and properties of Al—Li based alloys and another
is for novel process for production of high purity
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Table 4 Modification of manufacturing process of 7075 (0) for

aircraft stringer materials!?1,

Original process Modified process
Homogenizing | 470°C X 30hr 470°C x 30hr
Hot rolling 4007C, 300mm-6mm thick. | 400°C, 300mm-+>6mm thick.
Cold rolling | 6mm—3mm thick. 6mm-—3mm thick.
Annealing (1) | Slow heating (05~1C/min), | Rapid heating (215°C /min),
420°C X 2hr, cooling(257 /hr) 4507 X 3min, rapid cooling (50~1001C /min)
Annealing (2) | 235°C X 6hr, air cool 300°C x 1hr,
(re-heating) cooling (300°C—200C, 20°C /min)
Finishing Taper rolling, solution treatment {460~499°C, water quench),
roll forming, cutting, aging (120°C X 24hr)

Table 5 Results of modification of 7075 sheet for aircraft stringer
materials!'?. T6 . 120°C X 24hr after 20% cold rolling.

Original process | Modified process
0 T6 0 Té6
Grain size (zm) 250 — 40 —
Tensile strength (kgf/mm?) 22.3 56.2 23.6 58.1
Yield strength (kgf/mm?) 10.8 51.3 11.6 52.9
Elongation (%) 18 13 19 16
Fatigue strength®, (107 cycles)  (kgf/mm?) - 14.6 - 16.4

M Plain bending, S. R =—1

Al—Li master alloys.

In this paper, an introduction is made on the
innovation of the manufacturing process of 7075
stringer materials used for longitudinal stiffeners
of large passenger aircrafts. The original process
and the innovated process are shown in Table 41213,
In the original process, preferential grain growth
occurs during the solution treatment at the portions
of small reduction in taper rolling. Grain growth is
very detrimental to strength and ductility. In the
innovated process, grain growth during the solution
annealing is prevented by uniform distribution of
stabilized precipitated particles which are controlled
by heating/cooling patterns during annealing proc-
ess. Mechanical properties of stringer materials
made by original and innovated process are shown
in Table 5.

5. Powder metallurgy

Rapidly solidified aluminium alloy powder exhib-
its unique merits of having fine microstructure and
extended alloy range much beyond the solubility
limit. Consequently, P/M processes using rapidly
solidified aluminium alloy powder are attractive
enough to develop advanced materials of heat re-
sisting, of wear resisting and of high strength. Based
upon the investigations made on P/M of several alloy
series, hyper eutectic Al—Si alloy modified with
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Fig. 7 Microstructures of extruded hyper eutectic Al—Si
alloys by I/M and P/M processes!®,

the addition of some transition elements has been
selected as the compressor sliding vane material
for car air conditioning units and is being used suc-
cessfully. In comparison with conventional materials
such as I/M A390.0 (Al—17%S1—4.5%Cu—0.6%
Mg, as extruded), P/M hyper eutectic alloy is much
superior in wear and heat resistance and in decreas-
ing thermal expansion. Microstructures of I/M and
P/M of hyper eutectic Al—Si alloy are shown in
Fig. 74, As far as Japanese market concerns, ap-
plications of aluminium P/M are expected to be
pioneered by the automobile industries in which
connecting rods, forged pistons and miscellaneous
engine parts would be next in line after the sliding
vane.

6. FRM

Though FRM of aluminium has been being in-
vestigated in recent years, it’s practical uses are
limited. As a successful example, commercial pro-
duction of high performance pistons with FRM was
reported by Toyota Motor Co. as following!®. Alu-
minium alloy AC8A (Al—122,Si—1%Cu—1%Mg—
1.194Ni) is casted under high pressure into mould
in which a ring of preformed ceramic fiber is set-
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Table 6 Fiber reinforced aluminium alloy pistons used for diesel
engines by Toyota Motor Co!®.
(1) Fiber

Chemical composition | Al:O3 : 51%, SiO:2 : 49%

Dimension Average diameter : 2.8,m
Density 2.6
Tensile strength 1300MPa

(2) Pistons

Position of fiber
Volume ratio of fiber
Matrix alloy

Top ring groove
6.6%
ACBA (Al-12%Si—1%Cu—1%Mg—1.1%Ni)

tled at the portion of top ring groove. Table 6 pres-
ents the data on fiber and FRM pistons. Cross sec-
tion of FRM piston is shown in Fig. 8. Preformed
ceramic fiber is soundly filled with cast metal and
embodied at the top ring portion. FRM pistons have
been used in diesel engines of automobiles. Com-
paring with the conventional pistons in which Ni—

Resist rings are embodied, FRM pistons are reported

to have following merits;

1) enough wear resistance equivalent to Ni—Re-
sist embodied pistons.

2) low thermal expansion and excellent wear re-
sistance resulting in fuel saving and noise reduc-
tion.

3} low density and high strength permitting small
mass.

4) superior thermal conductivity making low tem-
perature and high duty operation possible.
Connecting rods reinforced by fine stainless steel

wire are reported to have been adopted in high per-

formance engines by Honda Motor Co.'®. New

FRM connecting rod contains 50,000 bundled stain-

less steel wires, each 0.025mm in diameter, in pres-

sure casted aluminium alloy. In comparison with

a steel connecting rod, the FRM connecting rod is

reported to save 30% in mass resulting 5% in power

increment and 5—10% of fuel saving.

7. Conclusion

Though, until ten years ago, aluminium alloys
had enjoyed the monopolistic position in light weight
materials for transport, their position is now being
challenged by new comming materials such as FRP.
This situation, however, does not mean the matu-
rity of aluminium alloys for transport. Continuous
and ever increasing demands for weight saving ma-
terials in transport need the new and/or modified
aluminium alloys under the competitive condition
with other materials.

It is considered that two approachs are available
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Fig. 8 Toyota's FRM piston!®,

for R&D of new and/or modified aluminium alloys
in transport. One is the modifications of alloys as
well as of process technologies being motivated by
the experiences of application of aluminium alloys
in the transport industries. Another is R&D of new
aluminium alloys and of process technologies based
upon the new concepts, such as rapidly solidified
P/M, lithium containing alloys and FRM.

Acknowledgements

The author wish to acknowledge Prof. Dr. W.G.].
Bunk, Director of Material Lab. of DFVLR and
Prof. Dr. Y. Murakami of Kansai Univ. for their
encouragements to present the paper to the E—MRS
Meeting. Acknowledgements are also due to several
colleagues of Technical Research Lab. of Sumitomo
Light Metal Ind., in particular to Dr. K. Takeuchi
and Dr. Y. Baba for their assistance during this
work. Mr. E. Morrice, consultant, is also acknowl-
edged for his useful suggestion in preparing the
paper in English.

42

3)

4

5)

7)

8)

9

10)

12)

13)
14)

References

Keikinzoku Digest, 1985—7—1

S. Terai, Z. Tanabe and T. Fukui : Japanese Patent 1,128,153
(1982), 1,128,154(1982).

Z. Tanabe, Y. Baba, T. Fukui and S. Kimura : U.S. Patent
4,244 756(1981).

Z. Tanabe, Y. Baba, T. Fukui, H. Ikeda, T. Miura and

T. Sugiura : U.S. Patent 4,317,484(1982).

Z. Tanabe and M. Hagiwara . Pre Prints for 32nd Annual
Meeting of Japan Society of Corrosion Engineering, (1985), P486
—488.

K. Yoshihiro and M. Izumitani : J. Japan Inst. Light Metals,
34(1984), 198.

T. Uno, Y. Baba and T. Amitani : SAE Technical Paper
Series, 800348 “New 5xxx—Series Aluminium Alloy for Auto
Body Sheet” (1980).

Light Metals Rolling Stock Committee : Report of Light
Metals Rolling Stock Committee No. 4 (1978~ 1983), 1, Japan
Association of Rolling Stock Industries and Japan Light Metal
Association (1984).

ibid., 3.

A. Sakaguchi and T. Kinoshita : J. Light Metal Welding

and Construction (Japan), 22(1984), 363.

H. Ohnishi and 1. Kawanishi : 8) 175.

Y. Baba, T. Uno and H. Yoshida : Sumitomo Light Metal
Technical Reports, 23(1983), 120.

Y. Baba, T. Uno and H. Yoshida : U. S. Patent, 4,410,370(1983).
S. Inumaru and S. Yamauchi ;| Sumitomo Light Metal
Technical Reports, 26(1985), 57.

T. Donomoto : J. Soc. Automobile Engineers of Japan, 37
(1983), 884.

Nikkei Sangyo Shinbun (News Paper), Jan. 11, (1985).



Reprinted from SUMITOMO LIGHT METAL TECHNICAL REPORTS  (Title No. R-3114)

i & #

Modernization of Aluminium Melting Process for
Saving Fuel Consumption*

by Toshihiko Uehara**, Katsuaki Masaki***, Norifumi Hayashi****

A % G R T3 #k X &+ Bl BF 22 B



B & #

Modernization of Aluminium Melting Process for
Saving Fuel Consumption*

by Toshihiko Uehara**, Katsuaki Masaki***, Norifumi Hayashi****

The modernest aluminium melting process has been developed for improving heat efficiency and
productivity. The process consists of a tower type continuous melter and a box type main melter
with the effective combination of convection and radiation type burner, under which an electro-
magnetic stirrer is equipped. Fuel consumption was saved about 40% and melting cycle was short-

ened by about 20%. Total fuel consumption of the melting process including heat recovery by waste

gas boiler was about 850 BTU/Ib.

Introduction

A modern melting and casting installation was
constructed in 1983 at Sumitomo Light Metal In-
dustries (S.L.M.) Nagoya Works, and various novel
technical challenges were made for the efficient
production of slabs for rolling. A large melting in-
stallation made up of a main melter and a tower
melter, the core of the plant, was built with the
following objectives:

1) Slab production capacity of 11,000,000 Ib/month

2) Higher thermal efficiency and lower metal loss

3) Higher productivity

4) Relatively small melt lots and suitable for fre-
quent alloy changes
For the achievement of these objectives, a new

concept of melting furnace and various forms of

advanced technology were adopted, which, coupled
with S.L.M.’s accumulated knowhow of aluminium
melting, permitted the completion of a highly mod-
ernized melting furnace. The entire system illus-

trated in Fig. 1.

The features of the new furnace (F34 melting
complex) can be summarized as follows:

1) Composed of a sub-melter for ingot melting and
a main melter chiefly for scrap melting.

2) The main melter has a burner system with both
convection and radiation burners, and EMS at
the bottom.

3) Waste heat is recovered as steam by means of

* This paper was presented at a Aluminum Industry Energy
Conservation Workshop X” Washington, D. C,, U. S. A,
held Apr. 8—9, 1986.
++ Nagoya Works, Casting and Planning Department
+++ Nagoya Works, Engineering and Maintenance Department
=++x Technical Research Laboratories, Process Technology Department
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a waste gas boiler.

(As the plant is located in a densely populated

area, clean recovery systems were selected to

avoid NOx increase from a recuperator).

Compared with a conventional melter, the total
system uses up to 40% less energy. The combina-
tion of the sub-melter (we call it “tower melter”)
and main melter enabled not only energy saving
but also a high melting rate, without increasing
the melting loss. It also reduced the charging time
and operation. In addition, the EMS simplified stir-
ring and dross removal operations of the main melter,
resulting in the reduction of the overall melting cycle
by more than 20%.

About one month actual operations recently showed
a mean thermal efficiency of as high as 59.6%. The
fuel consumption with a reduction of the waste
heat recovery is 844 BTU/Ib. The main concepts
of the tower and main melters, and the results of
energy saving effect are described below.

2. System of new furnaces

2.1 Tower melter

The tower melter is an epoch-making highly ef-
ficient melting furnace, which, as a sub-melter, con-
tinuously melts ingots and supplies the hot melt to
the main melter. The development of this unique
furnace has realized automated charging, waste
heat recovery by pre-heating ingots, and high thermal
efficiency by continuous melting — all being al-
most impractical with conventional melting furnaces.

During the course of the development, the three
types of furnaces illustrated in Fig. 2 were discussed,
based on a concept of the shaft furnace for copper
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Stack
Stack
Waste gas
Preheat boter
Ingot ———4  Tower melter Main melter
R A r=——"3 r-———7= n
1 ! o ! . !
Scrap ! Holder ey fiter o Castng
SOW N 4 | SR | Lo e — J

EMS

Fig. 1 Total system of new furnaces, F34.

8

Burner

(a) (b i
Fig. 2 Three types of sub-melter.

) 920

@
740} Push 1l

560

Push 11

D . Damper 3 : Melting burners

() : Exhaust gas port @ : Holding burners Push 1

Fig. 3 Total system of tower melter.

melting.(a) and (b)differ in pre-heating systems, and
(b)and (c¢) differ in melting systems. As a result of
several experiments and analysis using model de-
vices, it was confirmed that (b) was the most effec-
tive for melting bundled 99.7% aluminium ingots.

The total system is illustrated in Fig. 3 After
ingots are placed on the conveyor by an operator,
all processes from weighing and charging to melt-
ing and holding is performed automatically and
matched with a given melting rate.

Ingot pre-heating temperature (°F)

200FL

2.1.1 Pre-heating in the horizontal flue 0 I ! 1 . . ; ;
About three bundles of ingots are charged onto
the wear-resistant SiC floor by an ingot pusher.
A damper ig installed to prevent hot gases from Fig. 4 Pre-heating characteristics of ingots in tower melter.

Time (min)
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blowing through between the inside wall of the flue
and the ingots (1 bundle=2,200 1b). The ingots are
pre-heated up to about 750 °F (see Fig. 4).

2.1.2 Pre-heating and melting in the shaft

The ingots pushed out of the horizontal flue are
turned over, thus breaking into the most efficient
shapes for pre-heating by combustion gases. The
section of the shaft is oval in shape to enhance
pre-heating efficiency. About three bundles stay in
the shaft and the ingots are uniformly heated up
to near melting point, and are quickly melted on
the dry hearth by impingement heating with the
high-momentum burners.

Molten metal is held in the holding chamber, and
after the temperature is raised, it is supplied to
the adjacent main melter through a laundry. All
combustion gases are used for pre-heating the ma-
terial, which is eventually exhausted to the stack
through a waste gas port near the lower part of
the charge port. The waste gas temperature at the
waste gas port is very low, or around 570°F, as
shown in Fig. 5. This evidently shows a high ther-
mal efficiency of the tower melter.

The design specifications and actual operation
data are shown on Table 1. The heat balance as

1652
(900)

)

F(C

Metal temperature

14721
(800)

1112
(600}

752 |
14003

Exhaust gas temperature

Metal & exhaust gas temperature (°

392
200!

~—— Time

Fig. 5 Actual operation data of exhaust gas and metal
temperatures in tower melter.

illustrated in Fig. 6 gives a very high efficiency
of 77% for a continuous operation. A rough esti-
mate of the efficiency distributed to each portion
of the tower melter is as shown in Fig. 7.

2.2 Main melter
Recently there has been a remarkable trend to-
Exhaust loss
& storage
el 17.7% Effective heat
o
5 89 76.5%
{a) Continuous
operation
Exhaust loss
& storage
27 5%
Wall
foss Effective heat
5 1% 67 .4%
by One month
operation

Fig. 6 Heat balance of tower melter.

(1,112°F)

[

Wall los 5 8% €] 13.3%

1
I
;
(1) .
I

t
i
(1,427 =——(1.220 1(1,220~(1.112°F)
°F) iR

|
Yo

7.99% : 30.2% Exhaust foss 17.7%
(V) | (1)
|

1 : Preheat zone {If © Melting zone

11 : Preheat zone IV Superheating zone

Fig. 7 Estimated thermal efficiency of each zone of
tower melter.
(Condition : Ambient temp. 68°F)

Table 1 Design specifications and actual operation data.

Design value
Melting capacity (Ib/hr) 7,700
Fuel consumption (BTU/Ib) 696
Molten metal temp. CF) 1,382
Flue exhaust gas temp. (WY 878
Thermal efficiency (%) 73
Metal loss (%) 0.5
Dry hearth area (FT?) 16.1

Continuous operation One month operation
8,400 7,700
669 763
1,427 1,427
482 ~662 482 ~662
76.5 67.4
- 0.2~0.3
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ward convection melting using high-velocity com-
bustion gases for aluminium melting furnaces. The
advantages of convection melting have been inves-
tigated in our Nagoya Works based on the actual
operation data compiled since the installation of
the C.R.I. (Holland) melting furnace in 1980. It was
found that convection melting gives a high thermal
efficiency for initial heating of cold charge, but is
not sufficient for the heating up of molten metal.
As a result, it was decided that an efficient combi-
nation with radiation heat transfer is required.

2.2.1 Type of furnace

The new furnace was laid out as an extension
of the existing furnaces, and due to space limita-
tions, a side-charge type rectangular melting fur-
nace with a capacity of 65 tons was selected. It is
similar to but smaller than the existing maximum
capacity furnace. '

2.2.2 Type and layout of burners

As mentioned above, two types of burners, high-
velocity burners for convection heat transfer and
long-flame burners for radiation heat transfer were
mounted. The former employs low maintenance
LNG and the latter uses LS heavy oil with highly
luminous flames. The layout is shown in Fig. 8.
It was expected that the luminous gas from the

Burner
(HV750) 5

(HV600) 6

Bloom -
1023 9)
(HV1000) 8=

Charging door

Burner

—— (Hv8!750>

= oom
@ 3 (Jools 12

— 0 (HVB00)

=1 (HV1000)

Charging door

3.7 Long flame burner
1.2.4.5 6, 8 : High velocity burner

Fig. 8 Burner layout.

High velocity  High velocity Long flame High velocity

Flue side
Charging door side

f

U
NG 1\3 e

Fig. 9 Flame configuration observed by monitoring
camera.

long flame burners is-swirled by turbulent jet streams
of the high-velocity burners, giving effective com-
bustion gas flows.

2.2.3 Monitoring camera in the furnace

A heat-resistant monitoring camera was mounted
in the furnace so that the inside of the furnace could
be continuously monitored. The conditions of the
furnace are displayed on the TV screen in the control
room. The behavior of burner flames observed by
the camera is shown in Fig. 9. Clearly demonstrated
is the process in which the long-flame burner flames
are swirled by turbulent jet streams of the high-
velocity burners. This was exactly what we had
intended to achieve in arranging the burners.

2.2.4 Electromagnetic stirring system (EMS)
The system was installed at the bottom of the

Flue
[ I
EMS | G
————————-9 N iy
f
© Measuring point 12t
®C e®
N AN I
Door Door
T\- Y
3 |
He) = | 2B
NN

e ——

a)  EMS location and measuring points of
molten metal temperature.

1.562

EMS ON
. —>
B3
1,472+
C2
g B2
L
g
B 1.382
@
Q.
&
2
2
=
1.292+
Ci
B1
1,202+
0 5 10 15 20

Time (min)
b) Effect on uniform temperature
distribution of melt by EMS.

Fig. 10 EMS location and its effect.
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furnace to eliminate temperature differences across
the depth of molten metal, to improve accuracy of
controlling molten metal temperatures, and to achieve
the homogenization of the alloy components. Fig.
10 shows the position of the EMS and the effect on
the uniform temperature distribution of the melt.

It was confirmed that the temperature distribu-
tion of molten metal of over 300°F can be reduced
to 40°F or less within a few minutes of the EMS
operation, with the burners being turned off. In
addition, as shown in Fig. 11, actual operations
demonstrated that the difference of molten metal
temperatures at the completion of each melting
became less, excessive heating was prevented and
the variations of melting cycles and thermal effi-
ciency became less.

Although a quantitative evaluation of these effects
is difficult, energy saving effect due to prevention

Without EM.S. With EMS.

F
292
310
.328
.346
.364
382
400 |
418 _J
1.435

1,454
1 I L 1,472 L 1 1
15 10 5 0 0 5 10 15

Sample number

Sample number

Fig. 11 Molten metal temp. variation at melting

of excessive heating may be estimated to be about
36 BTU/Ib. Moreover, the EMS won popularity
among the operators since molten metal flows caused
by the EMS brings the dross together, resulting in
easy skimming. It was expected that decreased
temperatures in molten metal surfaces would in-
crease the amount of heat transfer to the molten
metal, but only a slight temperature drop occurs
due to decreasing electromagnetic forces toward
the surface, and thus there is presently no such
remarkable effect.

2.2,5 Operating pattern of the burners

The operating pattern of the burners is an essen-
tial technique that exercises a vital influence on
the melting rate, fuel consumption, and melting
loss rates. To determine the best operating pattern,
many factors are to be considered such as the types
of burners, firing rate, location,and the type and
amount of charging material, etc.

We have developed operating techniques of max-
imum efficiency with a combination of convection
and radiation type burners, based on the observations
with the furnace monitoring camera.

1) The basic principles

1) From the start to the completion of melting,
a burner pattern is determined at each of the three
stages, initial, middle, and final.

ii) For optimum melting the length of time of
each stage may be freely selected according to the
type and quantity of charge, etc.

2) Burner patterns at each stage

1) Initial stage (Illustrated in Fig. 12(a))

completion. Drive hot gases into the spaces of cold charge
Alternate
s H e \ ! | -t \ N H (/’_
— OFF — OFF " ’ OFF
OFF H~— OFF H~— OFF D
- -H L~ - H HoH
(a) Initial stage (b} Middle stage
Alternate
— L= L H—| L < Low firing rate
= H O =K H O H : High firing rate
H H E—— He—————

(c) Final stage
Fig. 12

47

Variation of burner firing pattern.



174 T A 8 & B K ®

July 1986

by positively using the high-velocity burners. Cont-
rol the overall combustion rate, avoid local excessive
heating, and uniformly heat all the cold charges
as much as possible.

ii) Middle stage (Illustrated in Fig. 12(b))

Set all high-velocity burners at high combustion.
Even at this stage spaces are still left between the
cold charges in the furnace so that convection melting
by high-velocity burners is extremely effective.

iii) Final stage (Illustrated in Fig. 12(c))

As melting proceeds, piles of materials begin to
melt down. Set the long flame burners at high com-
bustion and continue melting with added radiation.

With an increase of molten metal, operate the
EMS intermittently to homogenize molten metal
temperatures. The effect of the selected operating
patterns are shown in Figs. 13 and 14. It can be
seen from Fig. 13 that the exhaust gas loss at the
early stage of melting is less in convection heating
than in radiation heating, which indicates that the
former is more effective. Fig. 14 shows that the
thermal efficiency of molten metal in an increasing
temperature stage is improved by the combination
of convection and radiation type burners.

2.2.6 Waste heat boiler

As our plant is located in a densely populated
area, the control of SOx and NOx emission is strictly
enforced. Consequently, it was decided to use LNG
as a main fuel and a waste heat boiler to recover
the waste heat as steam, instead of using recuperators.

The current monthly production of our Nagoya
Works is about 44,100,000 Ib/month of rolled and ex-
truded products, and the resultant steam is being
used for heating hot rolling oil, degreasing coils in

Unit volume exhaust gas entalpy X 100 {

- = from actual
Unit volume fuel calorific value

operation data)

nEx =

60

“r W
e -

T
0k O OO OO e 5

201

Exhaust gas 10ss. nex (%)

O High velocity 100%
High velocity 50%

10 Long flame 50%

® Long flame 100%

0 I i 1 L 1 | |
0 10 20 30 40 50 60 70
Heating start

Time (min)

Fig. 13 Exhaust gas loss characteristics with burner
types at initial stage of melting.

the cold rolling process, and welfare facilities of
the employees.

When one ton of the steam from the waste heat
boiler is effectively used, 2,789,500 BTU of fuel for
the exclusive boiler can be saved. This we evaluate
as the amount of heat recovered.

A heat-insulating cylindrical duct was built in
an underground concrete tunnel to prevent heat
loss in the long flue from the main melter to the
waste heat boiler.

3. Operation results

According to the operation records taken over
the past one month, an overall unit heat consump-
tion for melting of the tower melter plus the main
melter reached 844 BTU/Ib. with the recovered
heat from the waste heat boiler being reduced. In
this case, the thermal efficiency is 59.6%, as shown
in Fig. 15. The overall unit consumption before
the reduction is 1076 BTU/Ib. The average opera-
tional schedule during that period is as shown on
Table 2.

The melting cycle has been shortened by about
20% as compared with that of conventional fur-
naces. The details are shown below.

Charging time 3%
Melting time 14%;
Stirring time 3%

The rate of dross formation was 2.1% per a total

Heat storage to molten metal

T el consumption X Unit volume fuel calorific value X100

35

> o5k . p

20 e O &

Melt bath heat up efticiency. par (%)
,/ D/
7
AY
=
>
@
AN
(f\

Long flame burner 34x 10% [Btu/ft?hr]
15F {High velocity burner 64X 103 [Btu/ft?hr]
*Long flame burner 34 x 10% [Btu/ft?hr]

High velocity burner 37 10% [Btu/ft?hr]
A High velocity burmer 70 103 [Btu/ft?hr]

10 i i
1.472 1.562 1,652

Root temperature (°F)

Fig. 14 Heating-up characteristics of melt bath with
variation of burner type and firing rate.
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Table 2 Oprerational schedule.

Amount of charge
Scrap
Ingot
Alloy

e po

5. Drainage for alloy change
6. Operation cycle
7. Molten metal temp.

13,228,000 1b
60%

40% (T.M. 25%)
1000 series

3000 »

5000 »

28 times/month
5.5hr

1,382°F

45%
35%
20%

charge of the tower and main melters, which is
reduced to 0.98% after recovery of metals from
the dross. The estimated net metal loss is 0.59%.

The later the timing of hot melt charging from
the tower melter in the melting cycle, the higher
the heat efficiency. This relation is shown in Fig.
16. If hot melt is charged in cold charge at an early
stage of melting, the efficiency will drop due to
the immersion of cold charge in the hot melt. In
actual operations, however, a part of the hot melt
is charged at an early stage of melting because of
the limited holding capacity. On the other hand, in
terms of melting loss, it should have a positive effect
by protecting thin scraps from direct burner flames,
but this is a difficult matter to analyze and evaluate.

4. Conclusion

Our technology implemented in the new furnace,
based on experience since 1980 when we started
directing toward convection type melting furnaces
has led to certain achievements. In aluminium melt-
ing, however, there still remain many problems to
be solved. The improvement of operators’ technigues
is also important in increasing the effectiveness of
actual operations. We will endeavor to make steady
progress despite the various existing constraints.



