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Observer-Based Multivariable Control
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and Hidenori Kimura*****

Innovation in thickness control of the aluminium cold tandem mill has emerged from an appli-
cation of modern control theory. Any good control system must deal appropriately with two fun-
damentals of mill operation: 1) The mutual interaction between strip thickness and interstand tension,
and 2) disturbances in the mill environment. In this ﬁaper, a synthesis method of multivariable
control system for the aluminium cold tandem mill is presented based on the theory of output regu-
lation established basically by Wonham and his colleagues (Wonham, 1974; Wonham and Pearson,
1974; Francis and Wonham, 1976). The synthesis procedure is composed of the three major steps.
The first one is to improve the response characteristics by state feedback. The second one is to
compute the feedforward control input to counterbalance the disturbance. The third one is to imple-
ment the feedforward control by feedback control based on the estimation of the disturbance by
observer. The obtained system has been in full commercial operation since 1986, making splendid

accomplishments.

1. Introduction

Improvements in thickness control of cold tandem
mills have been motivated by the demand for in-
creasing thickness accuracy, especially for strip
of aluminium.

Conventional thickness control system are based
on the single input—single output design principle.
The rolling process, however, is a typical multi-
variable system with strong mutual interaction
between strip thickness and interstand tension.
Consequently, a new design strategy is necessary
to overcome the problem of the mutual interaction
for the improvement of thickness accuracy. Fur-
thermore, when the material being rolled is relatively
soft, thickness gauge is crucially subject to the
disturbances such as variation of friction between
the roll and strip, etc.. Therefore it is required to
deal appropriately with the disturbances for syn-
thesis of the thickness control system in aluminium
rolling.

The approaches via decoupling method and optimal
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regulator theory have been proposed to solve the
problem of interaction (Bryant, 1973; Longmuir,
1974; Edwards, 1978; Yamada and Kimura, 1979)1~%,
The approach via decoupling method requires syn-
thesis of main controllers for thickness and tension
control, as well as synthesis of a precompensator
for decoupling. However there is no systematic
method to design the main controllers. The approach
via optimal regulator theory results in a complex
feedback structure with a great number of feedback
loops, which leads to serious difficulty in actual
implementation.

With regard to the theoretical treatment of the
external signals such as disturbances, the approach
by Wonham and his co-workers possesses a number
of attractive features as a design methodology of
regulators (Wonham, 1974; Wonham and Pearson,
1974; Francis and Wonham, 1976)5~7. The salient
features of the design method are as follows:

(1) The obtained controller has physically rea-

sonable structure.

(2) Disturbances are properly estimated and

bealt with.

(3) Synthesis can be calculated by hand, keeping

the design procedure manipulatable.
Since this theory has been established in the state-
space framework, the problem of the interaction
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is solved naturally.

In this paper, authors discribe an application
result of the design theory of output regulators,
which is essentially due to Wonham and his co-
workers, to the thickness control of cold tandem
mills. The obtained system has been in full com-
mercial operation at Sumitomo Light Metal Indus-
tries since 1986.

2. Mathematical model of the plant

A simplified schematic diagram of the plant is
shown in Fig. 1. Output strip thicknesses at each
stand and interstand tension are detectable by the
use of X-ray thickness gauges and tension meter,
respectively. The roll force at each stand also can
be measured with load cell. The primary aim of
the control system is to maintain the mill exit
thickness within the range of specification without
interrupting the satisfactory operation. In particular,
the interstand tension and thickness must be con-
strained to avoid tearing and looping. Manipulatable
variables are roll gaps and roll peripheral velocity.
These are regulated in the use of minor loop con-
trollers, i.e., Roll Position Controller (P.P.C.) and
Roll Speed Controller (R.S.C.).

Load cell
Back-up roll
Work roll
@) ' '
Hydraulic
Pay-off reel cylinder Ia Tension reel

RPC : Roll position controller
RSC : Roll speed controller

Fig. 1 Schematic diagram of the cold tandem mill.

2.1 Symbols

h¥  Qutput strip thickness

0, Interstand tension stress
S®  Qutput value of R.P.C.

V&  OQutput value of R.S.C.

UY  Input reference of R.P.C.
U®  Input reference of R.S.C.
P®  Roll force

M  Absolute mill modulus

Here, superscript (7) denotes stand number.

2.2 Linearized equations

The basic equations of a cold tandem mill are
non-linear based on the rolling theory. Linearization
and normarization of these equations yields the
state space equations for the two-tandem cold mill
as follows: (For their derivation, see Hoshino, Sugie
and Maekawa, 1984.)%

d

"&Ex:AI+Bu+D1d """ (1)
y1:C1I+D2d ...... (2)
yZ:C2x+ Dsd ...... (3)

where

X :[O'I’SE':D’VE:D)SEZZ)]T

u = (UD,UP,UP )T

y1 = (hP,0,hP T

Yy = [P(l)/M(Cl)’P(Z)/M(CZ)]T
d = [dl;dZ)d3)d4yd5]T

—1/Ts My/Ts Ma/Ts Mo/Ts

A: 0 "1/Tsl 0 0
0 0 —1/Tyy O
0 0 0 —1/Ts
0 0 0
B 1/Te: 0 0
O 1/Tv1 0
O 0 1/T52
[ Ms/ T4 0 0 M,/Ts M,/Ts
D | 0 0 0 0 0
! 0 0 0 0 0
|0 0 0 0 0
63 61 O 0
Ci= 1 0 0 0
€4 0 0 €5
C _ 83 81"1 0 O ]
S 0 0 €,—1
0 1 0 €, 0
Dy=| 0 0 0 0 0
0 0 1 0 o
o 1 0 €1 0
D3'[ 0 0 1 0 52—1]

Here, T4, M, s, €14 are parameters which depend
on rolling conditions. Ty, Ty are time constants
of the actuators. The block diagram of the plant
is shown in Fig. 2. The list of typical disturbances
is given in Table 1. These disturbances are charac-
terized from the viewpoint that which manupulating
variables shoud compensate, as shown in Table 2.
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Fig. 2 Block diagrm of the plant.
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Table 1 List of typical disturbances.

3. Synthesis of the thickness control system

3.1 Synthesis procedure

The most crucial factor in the synthesis of the
thickness control system is to deal appropriately
with the disturbance. With regard to the theoretical
treatment of the external signal, the approach by
Wonham and his co-workers (Wonham, 1974; Wonham
and Pearson, 1974; Francis and Wonham, 1976)5~7
possesses a number of attractive features as a design
methodology of regulators.

Though they never described explicitly, their
procedure is composed of the three major steps.
The first one is to improve the response charac-
teristic by state feedback (internal compensation).
The second one is to compute the feedforward
control input to counterbalance the disturbance
(teedforward control). The third one is to implement
the feedforward control by feedback control based
on the estimation of the disturbance by observer
(feedback realization). For a systematic exposition

Disturbance

Classifictation

Stand input thickness variation (Stand 1) di, dy
(Stand 2) di, ds
Mill input hardness variation di, dz, ds
Friction variation (Stand 1) dy, dz
(Stand 2) di, ds
Roll eccentricity (Stand 1) ds
(Stand 2) ds
Mill input tension variation di, da
Mill output tension variation di, ds
Roll wear (Stand 1) d4
(Stand 2) ds
Roll thermal expansion (Stand 1) ds
(Stand 2) ds
Roll gap set-up error (Stand 1) dy
(Stand 2) ds

Table 2 Characterization of disturbances.

Disturbance

Manipulating variables with which the disturbance
shoud be compensated

d; U (Manipulation of stand 1 roll speed)

UW, UL (Simultaneous manipulation of stand 1 roll

da speed and stand 1 roll gap)

ds UP, U (Simultaneous manipulation of stand 1 roll
speed and stand 2 roll gap)

ds U (Manipulation of stand 1 roll gap)

ds U$ (Manipulation of stand 2 roll gap)

of this design method, see Kimura (1985)%. In the
following sections the thickness control system will
be designed according to the above procedure.

3.2 Control objectives

As mentioned earlier, the aim of the control
system is to keep both the stand output thicknesses
and the interstand tension at constant values re-
spectively. Consequently the control objectives are
given as

3.3 Internal compensation and feedforward
control
The poles of the plant (1) are (—1/Ty, —1/Ts,,
—1/T\1, —1/Ts,). Since the absolute value of —1/Ts
is sufficiently large, there is no need to readjust
this pole. In order to assign the other poles, consider
the state feedback

uw :< TSI >S<1> + Tsl U“’ ...... (5)
U&/l) :< 1 — :rrvl >V(1) -+ 'I’I:VI' Ugll) ...... (6)
U£2) .__.< TsZ )S(z) +:II:SZ U(2> ...... (7)

where, U, fji}), U@, are additional inputs. By the
state feedback (5)(6)(7), the poles of the system
are placed at (—1/Ts, —1/Ts)',—1/Tv’, —1/Ts).

Substituting (4) into (1)(2)(5)(6)(7) and considering
the steady state, the additional inputs to counter-
balance the disturbances and accomplish the design
objective (4) are given by
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ﬁén - _L dz—d4 ...... (8) [E{] (h}l) _1?15‘1)) ...... {17
2
op= %1 e dz’*’%z 12 ds—dy e (9) where h{ is the estimated output which is given

Gg):—g];ds_ds ...... (10)

The control law (8) to (10) represent the feed-
forward link from the disturbances to the inputs.

From (5) to (10),
1) — Ts1 Yo Tsl(.._l_ _ >
Usl"(l To >SI+TS{ &%
U&;l):< :II:vl )V(l)
Bl Lo Loa) o

U§Z>=< %§2>sal>+%(—adg~d5>

The first terms in the above equations represent
the state feedback to guarantee the reasonably
high speed of actuator response, where Tg’, Tv{/,
T’ are the tuned time constants of actuators. The
second terms represent the feedforward control
inputs. They exhibit a physically reasonable control
structure, in view of Table 2.

3.4 Feedback realization by observer
The control law from (11) to (13) combine the state
feedback and the feedforward control. Actually,
the states and the disturbances are not directly
available for control. Therefore, authors consider
their estimation by observer.
From equations (2) (3),
dy=PV /ML —(£,—1)SP —

E301—(E1—1)dy

d3=P(2)/M(C2) - (82— 1)8(02) - 840'1 — (82_ l)ds
The relations above imply that the estimates (d,
ds) of the disturbances (ds, ds) are obtained from
the estimates of ds and ds.

(1) Realization of the input U®

In order to realize the input U, the state vari-
able (S®) and the disturbance d; must be estimated.
Assuming that d, is of step type satisfying.

d
dt d4 0 """ (16)

From the second row of (1) and (16, the identity
observer estlmatmg S and d, is obtained as
d ds 0
{S(“

)] ,f__
dt SC 0 T

U+

Ta

from the first row of (2) and the first row of (3) as

ﬁ(fn:[l 1] [%zl)]_,_m_lg_)pm ...... 19

d, and S® are the estimates of d4 and S, (h% —

h) is the estimation error and (ki, ko) denote the
so-called observer gain.

The replacement of ds and S by d, and S,
respectively, results in

(1) — _l§L>‘(1) T51<.__1_ > ......
Usl _< 1 TSI, SC +T51 dz d4 (19)

dy=PY/MP —(,— 1)SP — &30,
"”(81'_ 1 )&4 ...... (20)

Substituting (1§ into (17) and using (19 and @0), the
final from of the input U{ is obtained as
dq
g

ds - —kl —k;
d = 1 1 1
1) = .
at| 80 7| ~ke—pg 2 ke

kl b ki pw
+k2 hf"k2+1 MO

L Tsi &1
0
-+ _1_@ 01 ...... (21)
| Ts1 &
m_| Tl s1 1 [34
Us { Ta & S8
Tsl 1 P T 3 ......
The MO T 6,7 )

(2) Realization of the input U
Similar to the above reasoning, the realization
of the input U is given by

d as ks —ks as
dil é@ 1 (2
de| 5 ko= Tsz 82 ke Te 52 S

+ hZ) Ks P(z)
k6+1 1 M@

— TS
0
+ 1 é 0'1 ...... (23)
| T2 €2
(2) — ng 1 TSZ [a‘B }
US [ Tsz 62 l Tsz 82 SE:Z)
Tsz 1 P T52_€_4 ......
T e M T T &, o (20

where ds and S@ are the estimates of ds and S&,
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and (ks, ke) denote the observer gain.
(3) Realization of the input U
Assuming that d, is of step type just as (16):

d
dt dl O ..... (25)

The observer estimating d, and V® is obtained,
from the first row and the third row of (1), the
second row of (2), and (25), as follows:

Fw —1 Ve 1
adf Yc — vi O N + Tvl US,D
d; 0 0 ldy 0
HN@e—ye) e (26)
ky
where
G =M V& +Msd, + M (SL +dy)
+Mo(S®+ds) e )]
n%aﬁal ~~~~~~ o)

d, and V& are the estimates of d; and V&, and
(ks, k4) denote the observer gain. It is obvious from
the first row of (1) that (§; —y;) is the estimation
error. Substituting equations 27) and (28 in equation
26 and changing variables yield

_(l V(cl)—f-ksTdO'l _ T;%+k3M3 k3M3

dt di +kiT0, L kaMs kaMs
3. 1
vt [T
_dl +k4T0‘01 0
+ 3}(&)_[()1}71 """ 29

Ky Uy
where
fio=M;S® + Mids+MoS@ +Meds oo 30)

U1 —-—ks + < 1 + k3M3>k3TO‘+ k3M3k4TG
T <)

Uz = k4 + k4M3k3TO‘+ k4M3k4T6
From the equations (12) (14) (15),

Ugll)=< ¥V1>V(1)+TVI<M1 1 dz

Tvi\Ms &
M, 1 > ......
MgE ds—d, 32)
aZ:P(U/Mg)_(gl_1)@&1)_*530'1 (&1~ 1)d,
...... (33)
d3=P® /M@ —(£,—1)SP — €,0,—(€,—1)ds
...... (34)

Substituting equations (32) to 34 in @9 leads to the

realization of the input U® as follows:

d VO +keT o0, k3M3 TL/ ksMs—Tlr“
dt vl v1
di +k4T o0, ksMs3 ksM3
\{E:I)JFkBTo‘O-l 1 %z €1€1 1 +ksM; a,
d; +kiTs0; kM,
1 My&Es— 1 M; 1
+ v MS &, +k3M2 d5+ Tvl Mg 81
kaM, 0
1 My 1 W /AW 1 M &1
T Ms 52} [P /M + viMs & +lsMi
0 p@ /M2 ksM,
1 Mpé&—1 &) 1
(/1 M3 82 +k3M2 Sc T/ k4TO‘ T
ksM;3 S@
M &s M&Q>_ __< 1 1 )
<M3 &y + Ms; &, Us Twi T kgT‘f (35
—U,

U =(1- 2 ) (VO + K To02) 2 @ + i To0)

3 Mg%f@—%ﬁ O
o Tot fka oA S~ Lu M),
%—Vll—%l—P“’/M“) +%P‘2)/M‘é”
ST SRR TS s

The observer (29 is equivalent to that of the minimal
order observer derived from the first and the third
row of equation (1), the second row of equation (2)
and equation (25).

3.5 Synthesis result
The equations 1) to (4), 35 and (36 give the final

from of the controller. In vector notation it is writ-
ten as

%ZZFZ'{"Gyl-f—HyZ ...... @7a)

u=Pz+Qyw+Ry, e 37b)
where

z =(ds S, V& +ksTo07,
di+kiTs0,, ds, S@)7

YIZ(h.(fl)) Oly h.(fZ) T:
yzz(P(l)/Mél), P(Z)/Méz))'r

w=UP, UP, UL e o
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Each matrix in (37) is given as follows:

-k —ky 0 0 0
.11 .11
kz TSI, 81 k2 T51/ 82 0 O 0
—1M; &1 —1M & —1 —1 =1 —1 M; €31
F: TV]/ M3 81 +k3M1 Tvl/ M3 81 +k3M1 Tvl/ +k3M3 TVl/ +k3M3 TVI/ M3 62 +k3M2
kM, kaM; kaM3 kaM3 KaM;
0 0 0 0 —ks
1 1
O - - 7
i 0 , _ 0 — 0 ke & T
0 k, 0 0] —k; 0
; L e, el L
ks Te & 0 ke Ta” & 0
—1 M; E,—1 _ 1 M; 1 1 M1
T Ms & +ksMz G 8 x 0 H=| Tw Ms& Tvi' M3 &2
lceM a0 0 0
—ks 0 0 ks 0 — ks
.11 1 &4 11
k6 82 TSZ/ i O Tszl 81 kZ_ i O kﬁ Tsz’ 82 |
- Tsl 1 _ Tsl 1 ]
Ty & 1 T & 0 0 0 0
p= _TvllMlel—l _ Ty Mé&i—1 1 CTwi _Tw _TuMp&—1 Ty Mp&r—1l
Tvi'Ms & Tvi"Ms & Tw’ Tu' TviMs & Tvw Ms &
Te 1 Te 1
0 0 _ 52 _ s2
L 0 0 Ts" €2 1 Tso' €2
I Ts1 &3 1 [ Ta 1 1
0 Ta &1 0 Tsi” €1 0
_ TaM; 1 Ty M1
=l 0 = | Avi My vi M,
Q G 0 REITIM e, T Msés
Te € Ts 1
0 s2 &4 _ 4s2
3 Te €2 0 | L 0 Tso' €2 |
where
_______ Plant
_ 1 1 (Mié€s M &) _
al_Tv1/k4TG Tv1,<M3 51+M3 S Vs :y1
(11 =
(Tvl TVl/>k3TG I[
Qy=—U> 1
. |
a3=—<1 —TVI/>k3TJ+%V"17k4TG __J!
vl vi _
CTuMi&  TwuMé&s 1,
Tw Mz &1 Tuw' Msé&: |
|
The block diagram of the control system is shown I
in Fig. 3. :
|
4. Results i
Authors installed the new thickness control system bL-—------—- == - oo -mm - - ——— — ~ aﬁrae;

to the cold tandem mill located at Nagoya Works.
The conventional control system is consist of the
following traditional PI control loops.

Fig. 3 Block diagram of the control system.
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— control of the output thickness through the roll

gap manipulation.
— control of the interstand tension through the roll

speed manipulation.

Fig. 4 shows the comparison of the practical
results. The observer gains are tuned to locate the
obserber poles at suitable place in the complex
plane. From this result, authors conclude that the
thickness variation caused by acceleration is reduced
much more by the new system than by the conven-
tional one. For 0.32mm delivery thickness the strip
length without tolerance (#0.004mm) is reduced
599% approximately. And acceleration pattern is
also improved in the way that the intermediate
pause of the acceleration becomes unnecessary and
the straight acceleration without pause becomes
plausible by the new system.

5. Discussion

The comparisons of the gain characteristics of
(output)/(disturbance) are shown in Fig. 5. The
vector loci of the characteristic epuations of the
minor system and the main system are illustrated
in Fig. 6. These are calculated under the same
condition as that used for the calculation of the
gain characteristics as shown in Fig. 5. The minor
system implies the system without y; feedback in
Fig. 3 and the main system implies the total feed-
back system shown in Fig. 3. It should be noted
that the conventional control system is also illus-
trated as Fig. 3, though the elements of matrices
(P,Q,R,F,G H) are different from these of the new
control system.

The characteristic equations (c.e.) are as follows.
(The minor system c.e.)= det (I—Hc(s) Qo(s))

221530 (The main system c.e.) = ‘
GEE [ st st det(I—Py(s) (I~ He(s) Qo(s)™" Gel))
ge= [ B0sec | where Po(s)=C,(sI—A)'B, Qu(8)=Cy(sI—A)1B
wE 20 Ho(s)=P(sI—F)'H+R, G s)=PEI-F)1G+Q
2 é = 10 1 . identity matrix of appropriate dimension
Sg7 .
seg O il s : variable of the Laplace transform
S%E3 “;8 The vector loci in Fig. 6 are illustrated over posi-
- , ive f nly.
without tolerance (1) Conventional control without tolerance tl,ve réquency range o _y
2o 153 Since the open system is cleary stable, the total
3Bz . . . .
n @ E
JEE L straight acceleration - system is stable if thg both vector loci of the minor
s3 & o system and the main system do not enclose the
20 origin. If the vector locus of either of the minor
fgey 4 B . .
-85 Ll system or the main system encloses the origin, the
= —~—
£ o total system becomes unstable.
Bt} . . .
CEZE g From Fig. 5, it is concluded that the performance
> QA .
Z 0T 90 of the new control system is better than that of
without tolerance @ New control without tolerance the conventional control system with respect to
Fig. 4 Practical result. the characteristics of almost all (output)/(disturbance)
d do ds da ds
5 g " & g g i
g A = : i e T
_0 1 10 0.01 0.1 . 001 6.1 1 10 0.0t 0.1 1 10 0.01 01 1 : 10
Frequency (Hz) Frequency (Hz) Frequency (H2) Frequency  (Hz)
0l T 4 I
g g i . = g i g =t+H
- 2 i 1 Pi, 2 = t . ﬁ:
SR =i §- 5- &- §-u
. 1 - - 4 D)
0 01 '01 1 10 g 01 01 1 110 00 01 1 10 0.01 [01 1 10 0.01 IOl 1 10
Frequency  (Hz) Frequency  {Hz) Frequency (Hz) Frequency (H2) Frequency  {Hz)
& EI rZauniil E 5o EE E % @ F =
0 T i - ﬁ: - ”____& —40)
0 a1 01 1 10 .01 0.1 1 10 g 01 01 1 10 00t 0.1 1 10 001 01 1 1
Frequency (Hz) Frequency  (Hz) Frequancy  (Hz) Frequency  (Hz) Frequency (M7}

—— New control

Conventional control

Fig. 5 (output)/(disturbance) gain characteristics.
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ima ms the structure of the controller is consistent with
the physical structure, and thus intuitively under-
2 2 standable. This make it easy to tune the control
14 W =0co It W= system.
Y R / Re (2) Mutual interaction between strip thickness and
—3 2 ‘il__\wzl 0 2 3 N E/AE tension is incorporated in the control system in a
/] physically reasonable way.
—2] 72 (3) The disturbances are properly estimated and
—3t wo=0)/ —31 dealt with.
. . The thickness control system described in this paper
(1) Minor loop (2) Main loop . . . .
, has been in full commercial operation since 1986.
— New control ~ ------ Conventional control

Fig. 6 Vector loci.

pairs. Fig. 6 shows that the new control system is
superior to the conventional system with respect
to the stability. Consequently, in order to insure
the same stability margin of the conventional system
as that of the new system, the loop gain should be
lowered and increasingly the gain characteristics
of (output)/(disturbance) is degraded. On the other
hand, in the new design, the enough stability margin
is obtained keeping the high loop gain.

6. Conclusion

In this paper, the new thickness control system
has been developed based on the disturbance esti-
mation observer and its effectiveness has been ac-
tually demonstrated by the results obtained in the
application to the real plant.

The major factors which have brought the effec-
tiveness of the new control system are as follows.
(1) The synthesis procedure is very simple and

In the future the new system will be applied to all
rolling mills in Sumitomo Light Metal Industries.

Acknowledgements —— This project was made by
the leadership of Dr. Okamoto who unfortunately
passed away without obtaining the final result.
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The Effect of Grain Boundary Precipitation
on the Superplasticity of Al—Li Alloys*

Hideo Yoshida**, Seichi Hirano**, Yoshio Baba***,
Takayuki Tsuzuku**** and Akio Takahashi****

The conditions of thermomechanical treatment to obtain superplasticity at high strain rate, ~10-3
s71, in 8090 (Al-—Li—Cu—Mg—Zr) and 2090 (Al—Li—Cu—Zr) alloys were investigated and the
mechanism of superplasticity is discussed from the metallurgical point of view. It is found that

2090 alloy has excellent superplasticity in an as hot-worked condition compared with 8090 one. In

2090 alloy, the elongation in superplastic deformation increases with decreasing the temperature

of hot working to 673K or less, at which temperatures substructures are developed during hot work-

ing by acceleration of precipitation. These substructures result in the formation of fine grains during

superplastic deformation. Whereas 8090 alloy has less superplasticity in an as hot-worked condition.

In this condition, grain growth is apt to occur during heating or superplastic deformation. To ob-

tain excellent superplasticity in 8090 alloy, it is necessary to homogenize at 793K and cold-work

at the reduction of 90% in addition to hot working at a low temperature. This process stabilizes

the substructures and inhibits recrystallization. Fine grains occur during superplastic deformation.

In order to improve superplasticity, it is important to inhibit both the grain boundary precipita-

tion and grain growth after the formation of the above fine grains.

1. Introduction

Al—Li alloys have been expected as aluminum
alloys for 1990s aircrafts since these alloys have a
low density and a high stiffness compared with
commercial aluminum alloys. Recently it has been
known that these alloys have also superplasticity
at a high temperature?. In production of aircraft
parts, superplastic forming contributes not only to
weight saving or reduction of fabrication processes
but also to.increase of the yield rate of materials,
which influences the total cost of an aircraft, since
the Al—Li alloys are now expensive compared with
commercial aluminum alloys?.

The first purpose of this study is to make clear
the conditions of thermomechanical treatment (TMT)
to obtain superplasticity at a high strain rate, ~1073
s in typical Al—Li alloys such as 8090 (Al—Li—
Cu—Mg—Zr) alloy or 2090 (Al—Li—Cu—2r) one.

* This paper was contributed to 4th International Aluminium—
Lithium Conference held in Paris-France on 10—12, June, 1987.

«» Technical Research Laboratories, Metallurgical Technology
Department

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

+++x First Engineering Department, Nagoya Aircraft Works, Mitsubishi
Heavy Industries, Ltd.

Secondly, the mechanism of superplasticity in these
alloys is discussed from the metallurgical point of
view.

2. Experimental

2.1 Materials

To investigate the effect of hot working on super-
plasticity, indirect extrusion process was adopted.
Because the temperature of hot working is kept
nearly constant and the strain rate of hot working
is possible to vary by controlling the extrusion
speed. Billets (68mm in diameter) were homogenized
at 793K for 86.4ks and scalped. These billets were
indirectly extruded into rods with 12mm in diameter.
The speed and temperature of extrusion were varied
to investigate the effect of extruding conditions
on superplasticity. The extrusion was carried out
at strain rate calculated with Feltham’s equation,
0.015~1.5s"1, and at temperatures of 623K, 673K,
723K and 773K.

Particularly, in 8090 alloy, the effects of homog-
enizing temperature and cold working on super-
plasticity were investigated. Ingots made by DC
casting were homogenizsed in an Ar atmosphere



120 A 8 & B K&

July 1987

at 733K and 793K for 28.8ks to investigate the effect
of homogenizing conditions. Homogenized ingots
were scalped and hot-rolled from 30mm to 6mm in
thickness, then annealed in an Ar atmosphere at
673K for 28.8ks followed by furnace cooling. The
reduction of cold rolling after annealing is 809
(1.2mm thick) and 90% (0.6mm thick). The cold-
rolled sheets were rapidly heated in a salt bath at
773K for 0.3ks followed by fan-cooling. The above
processing is the same with the process of producing
superplastic 7475 sheet developed by one of au-
thors®?,

Chemical compositions of 8090 and 2090 alloys
are shown in Table 1.

2.2 Tension test at a high temperature

The length of the reduced section and gauge for
sheet-type specimens are 20mm and 15mm respec-
tively. While those for round specimens adopted
in rods are 15mm and 10mm. Specimens were taken
parallel to the direction of rolling or extrusion.
Tension test was carried out at a constant cross

Table 1 Chemical composition. (mass%)

Alloy Li Cu Mg Zr Si Fe

8090 sheet 2.34 1 1.20 0.59] 0.12 | 0.03 | 0.07
rod 2.42 1 1.15 0.681 0.12 | 0.04 | 0.04

2090 rod 2.21 2.65 [<0.01| 0.12 0.04 0.04
800 — .
Tension temperature
Alloy, Temper | 773K { 803K
= 8090-T1 o ®
\ 2090—T1 A | a
Tension speed
600 4 4.6X107%1 T
Extrusion speed
0.75s7! H
= 0.03
S 015 | L
o
2 400
s
: /
]
200 .\\\ é\
O 1 ! 1 i 1

L M H L M H L M H L hl4 Pl{
623K 673K 723K 773K
Extruding speed and temperature
(a) elongation

head speed.

3. Results

3.1 Effects of hot working conditions

Fig. 1 (a) shows the effects of hot working con-
ditions on elongation at 773 and 803K. The initial
rate in tension test is 4.6 X 1073s! in all specimens.

It is found that the hot working conditions re-
markably influence the superplasticity of as-extruded
2090 rods. High elongations were obtained in the
rods extruded at 673K, 0.75s7! (H) and 623K, 0.03s7!
(L). On the other hand, the elongation of 8090 alloy
rods was not influenced by extruding conditions
and is inferior to 2090 ones. The maximum engi-
neering stress in the above test is shown in Fig.
1 (b). It is found that the maximum engineering
stress decreases when the high elongation is obtained..

3.2 Effects of homogenization and cold
working (8090)

Fig. 2 shows the effect of temperature in tension
test on elongation to fracture. The highest elon-
gation was obtained at about 773K. When the tem-
perature of ingot homogenization is 733K, super-
plasticity was not exhibited at an initial strain rate
of 4.2x1073s™ 1. The effect of initial strain rate at
773K on elongation is shown in Fig. 3. The super-

40 ™
Tension femperature
Alloy, Temper | 773K | 803K
- 8090-T1 o °
2090-T1 A A
30 Tension speed

o

4.6X1073s7!

ara

Extrusion speed

N

20

| \N\

Maximum engineering stress (MPa)

7\

10

0.75s7' | H
0.15
0.03 L

1 1 1 1 1 L t 1 L 1 ! L
L MH L M H L M L MH
623K 673K 723K 773K
Extruding speed and temperature
(b} maximum engineering stress

Fig. 1 Effects of hot working conditions on elongation and maximum engineering stress.
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Fig. 2 Effect of a testing temperature on elongation
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Fig. 3 Effect of an intial strain rate on elongation
of 8090 sheets.

plasticity of 8090 alloy sheet homogenized at 793K
and cold-rolled at the reduction of 90% is superior
to that of sheets fabricated in the other conditions.
In the above condition, excellent superplasticity is
obtained at a high strain rate, ~1073s7! in the order
of magnitude compared with 7475 alloy sheet having
fine grains (~1074s71).

3.3 Superplastic forming

The prototype components, a corrugate bead and
a cross-corrugate bead formed superplastically from
8090 alloy sheet are shown in Fig. 4. This sheet
was manufactured in the above-mentioned process-
ing. It is confirmed that the required time to form

11

Fig. 4 Corrugated and cross-corrugated beads
formed superplastically. (8090 sheet)

a sheet into these components superplastically reduces
to 1/5~1/10 of that to form 7475 alloy sheet having
fine grains.

4. Discussion

4.1 Difference between 8090 and 2090 alloys

Fig. 5 shows microstructures (cross section parallel
to the extruding direction, ED) and TEM structures
(cross section perpendicular to ED) in both alloys.
The size of subgrain and grain decreases and pre-
cipitation increases with decreasing the extruding
temperature. The extruding speed in this study was
not so effective on subgrain size except extruding
at 773K. But it changes precipitated structures. It
is found that the precipitation of 2090 alloy is faster
than that of 8090 one. In 2090 alloy, T1 (Al,CuLi)
phase precipitates easily in the grain boundaries
shown in Fig. 5 (¢) and (e). This precipitation causes
the formation of fine grains during hot working
of billets or superplastic deformation of rods at
high temperature as shown in Fig. 6 (b). This pre-
cipitation also results in reduction of maximum
engineering stress shown in Fig. 1 (b). Whereas
precipitates in 8090 alloy formed during hot work-
ing dissolve easily and the precipitation rate dur-
ing deformation is slow. This causes the grain
growth at a solution temperature. This is a reason
why the superplasticity of 8090 rods is inferior to
that of 2090 ones.
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Fig. 5 Effect of extruding temperature on microstructures and TEM structures of 8090 and 2090 rods

extruded at slow speed (L).

Microstructure (a)—)—(d) : Cross-section parallel to the ED.
TEM structure (e), (f) : Cross-section perpendicular to the ED.
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Fig. 6 Microstructures of 8090 and 2090 rods during superplastic deformation at 773K. (€=0.5)

4.2 Effect of thermomechanical treatment
on microstructures of 8090 alloy

Many insoluble compounds were observed in 8090
sheets rolled from ingots homogenized at 733K.
These compounds, estimated as Al—Cu, Al—Cu—
Li and Al—Cu—Fe phases, exist in rows parallel
to the rolling direction of the sheet, and further in
boundaries of extended grains. During rapid heat-
ing, large recrystallized grains are apt to occur in
the neighbourhood of these compounds as shown in
Fig. 7 (a). Fig. 7 (b) and (c) show the effect of
homogenizing temperature on TEM structures of

12

8090 sheets. In homogenization at 793K, only sub-
grains are observed. This recrystallization is also
influenced by the reduction of cold rolling. Fig. 8
shows that grain growth in the reduction of 809%
is faster than in that of 9094. The sheet with ex-
cellent superplasticity at a high strain rate does
not recrystallize easily at a solution temperature.

4.3 Microstructural change during
superplastic deformation of 8090 alloy
Fig. 9 shows the microstructural changes during
superplastic deformation at 773K and 4.2 X 10371,
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Fine grains with less than 104m in diameter form
at the early stage of deformation. The changes of
(111) pole figure are also shown in Fig. 10. In ho-
mogenizing at high temperature such as 793K, typical
rolling texture is observed and these orientations
scarcely change at the early stage of deformation.
While in homogenizing at 733K, another orientations
except rolling texture are observed before super-
plastic deformation. From microstructures and tex-
ture, the mechanism of this recrystallization is con-
sidered as continuous or in-situ recrystallization. This
is also called as dynamic recrystallization by Grimes
et alP. The size of these new grains is influenced by a
temperature and a strain rate in tension test. To a

RO RO

(a) Homogenized at 733K

limited extent, the grain size decreases with decreas-
ing in the temperature or increasing in the strain
rate in tension test, because it is considered that
precipitation of solute atoms on substructures formed
by TMT is accelerated.

4.4 Grain boundary precipitation during
superplastic deformation

After the formation of fine grains, the precipita-
tion into boundaries of these new grains occurs at
a low temperature or a high strain rate in tension
test. This grain boundary precipitation causes
the reduction of elongation as shown in Fig. 11.
This figure shows the microstructures in the neigh-

() Homogenized at 793K

Fig. 10 (111) pole figure of 8090 alloy sheets during superplastic deformation.

"u:a”':, e i

(@) &€i=4.3X1073"!
E1=1.0X1073s"!
T=723K §=330%

(b) €=1,3X10"%"1
&1=3.2X1073s7!
T=773K

(¢) &=4.2x107%"1
£r=2.0X10"%"

&5=320% T=773K §=490%

Fig. 11 Grain boundary precipitation in the neighbourhood of fracture (homogenizing at 793K, CR=90%).
& : Initial strain rate, ¢&r: Estimated final strain rate
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bourhood of fracture. When the temperature in
tension test is low like 723K (a) or the initial
strain rate is high like 1.3 1072571 (b), a lot of pre-
cipitates in the grain boundaries are observed in
comparison with the test at 773K and 4.2 x 10351
(c). Fortunately, an 8090 alloy has less quench sen-
sitivity than commercial high strength aluminum
alloys and few precipitates occur in the grain bound-
ary during cooling as previously presented by us
in another conference®. Therefore it is considered
that the precipitates observed in Fig. 11 were formed
during deformation. Fig. 12 shows the TEM struc-
tures of these precipitates in the grain boundaries.
It is estimated that these compounds are mixed
with T1 (AloCuLi), & (AlILi) or T (Al;LiMg) phase
from SADP and EDS analyses.

On the other hand, when the dissolution of pre-
cipitates is faster than the precipitation of solute
atoms such as at a high temperature or at a low
strain rate of superplastic deformation, grain growth
is apt to occur. This grain growth increases the
flow stress. This increasing flow stress accelerates
the precipitation. If the substructure is not formed
within the grain, grain boundary precipitation occurs
and causes the reduction of elongation. It is sum-
marized that if the grain size is kept constant during
superplastic deformation as a result of balancing
between precipitation rate and dissolution rate in
the grain boundary, the excellent superplasticity
is obtained.

5. Conclusion

It is summarized that the conditions of thermo-
mechanical treatment to obtain excellent superplas-
ticity at a high strain rate and the mechanism of
superplasticity in 8090 and 2090 alloys are as follows.

(1) 2090 alloy has excellent superplasticity in an
as hot-worked condition by hot working at
673K or less. But 8090 alloy has less super-
plasticity in the above condition.

8090 alloy has excellent superplasticity by
homogenizing at 793K and cold working at
the reduction of 909 in addition to hot work-
ing at a comparatively low temperature.

Stable substructures are developed in 2090
alloy by hot-working at a low temperature.
Fine grains form during heating or superplas-
tic deformation. Whereas grain growth occurs

(2)

(3)

15

D

2)

3)

Fig. 12 TEM structure of grain boundary
precipitates.

in 8090 alloy. The reason of this grain growth
is considered that the precipitation rate of 8090
alloy is slower than that of 2090 one.

(4) 8090 alloy with stable substructures developed
in the conditions described in (2) does not recrys-
tallize easily at a high temperature. Fine grains
form by dynamic recrystallization.

(5) After the formation of fine grains, it is im-
portant to inhibit both the grain boundary pre-
cipitation and grain growth in order to improve
superplasticity further.
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Application of Aluminum Honeycomb Sandwiches
and Extrusions in a Convertible

Part 1.

Design and Performance of a Prototype*

Koji Tobita**, Toshihiro Hara**, Kazuki Fujise**, Yoshiaki Kinoshita**
Keizo Nanba***, Takeaki Baba***, Yoshio Takeshima*** and Hiromichi Sano***

Aluminum honeycomb sandwiches and aluminum extrusions have been applied to a platform for

convertibles. The platform, composed of a dashpanel and floor panels (honeycomb sandwiches) and

a framework (extrusions), has a much more lightweight and rigid structure than other conventional
convertible bodies-in-white. This improves remarkably vibrational behavior and handling charac-
teristics, which deteriorate in a convertible, in the case of a prototype.

1. Introduction

Since automobiles were invented over one hund-
red years ago, they have been manufacturing in
various ways —— from handiwork by craftsmen
to mass production in modern plants. However,
society has been recently diversified, thus persons
and things having been evaluated from their indi-
viduality. Therefore, the production method of auto-
mobiles seems to be changing from mass produc-
tion to diversified small amount production. It may
be a sign of this change that auto manufacturers
have been lately announcing and selling various
versions like convertibles by a small amount pro-
duction. Under the present conditions, however,
most of convertibles on the market are manufactured
as a version derived from a conventional unit-body
structure.

The unit-body structure is characterized by light-
weight and high rigidity through the well-balanced
stress distribution on body components against
external forces. When a unit-body structure loses
its roof structure in deriving a convertible, there-
fore, this structure (hereinafter referred to as a
“roof-less structure”) cannot avoid largely decreased
strength and rigidity because of the collapse of the
well-balanced stress distribution. Although the roof-
less structure is reinforced to recover the strength
and rigidity, a complete recovery is hard to obtain.

+  This paper was presented to the SEA International Congress,

Detroit, February 23—27, 1987.

Mazda Motor Corporation

++» Technical Research Laboratories, Applied Technology
Department

* %

16

This decrease of the rigidity results in deteriorated
riding comfort and handling characteristics of a
convertible. The weight increase for the reinforce-
ment also deteriorates acceleration and fuel econo-
my. Although some body structures are manufac-
tured for convertibles alone, they also have much
less rigidity than unit-body structures, so they also
have similar problems mentioned above.

The purpose of this study is to pursue a light-
weight and rigid body structure to improve vibra-
tion, handling characteristics, acceleration and fuel
economy for convertibles.

2. Body structure and rigidity

The reasons why we have been paying attention
to the rigidity? are as follows:

(1) General body performance, its shake, vibra-
tion and noise is a function of its rigidity.
(2) Generally, if the rigidity repuirement is satis-

fied, the body strength will be adequate.

Our experiments at the beginning of this study
showed that the removal of roof panel and its side
rails from a unit-body structure decreased the bend-
ing rigidity and torsional rigidity of a body to 10
~20 percent of its original one. The torsional rigid-
ity generally decreases more sharply than the bend-
ing rigidity.

Fig. 1 shows finite element models (half-body
models) of a unit-body structure and its roofless
structure. In the FEM analysis, the bending rigid-
ity and torsional rigidity of the roofless structure
proved to decrease to 24% and 12% of that of orig-
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Fig. 1 Finite element models of a unit-body structure and
its roofless structure.

inal structure respectively.

Figs. 2 and 3 show strain energy participation
of principal body components when bending moment
and twisting moment are loaded on the structures
respectively. The strain energy participation is a
contribution factor against external force loaded
on the structures. For recovering the rigidities,
therefore, it is effective to reinforce the body compo-
nents with more strain energy. In the roofless struc-
ture, sidesills are absolutely a dominant component
against the bending moment (Fig. 2). Thus, the
reinforcement to the sidesills is generally one of
the most effective methods for recovering the bend-
ing rigidity. This method permits the bending ri-
gidity to recover to a considerable level.

In the case of torsional rigidity, however, no dom-
inant members to be reinforced exist, so the extent
of the members to be reinforced should be expanded
to the torsional rigidity. However, the extent is
determined by restrictions, such as the target of
weight, body performance, layout, etc.. Therefore
the recovery of the torsional rigidity seems to have
limits of itself.

This is why we lay emphasis on the recovery of
the torsional rigidity as described below in this
study.
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Fig. 3 Strain energy participation of body components in
finite element body models under twisting moment.
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3. Selection of materials

What we pay a great attention to in the body
structure from Fig. 3 is that the participation of
the floor panel decreases in spite of having removed
the roof-structure. In the roofless structure, the
floor panel acts on membrane stress more effec-
tively rather than on bending stress, which results
in little contribution of the floor panels to the tor-
sional rigidity.

Therefore, if the floor panel acts on bending stress
effectively, the torsional rigidity of the roofless
structure will be recovered to a considerable degree.
For this reason honeycomb sandwiches with high
specific strength and high specific rigidity is believed
to be one of the most appropriate materials. It has
been determined that the sandwiches should be
applied to a flat floor panel and a flat dashpanel
in consideration of restrictions on its deformability.
Aluminum alloys are adopted as the materials for
the core and face sheet of these sandwiches from
their high specific strength, cost, corrosion resis-
tance, etc..

Aluminum extrusions are also adopted as the
material of the body framework for holding the
sandwiches from the following viewpoints:

(1) Lightness and rigidity

(2) Formability to the various shape of cross sec-
tions

(3) Corrosion resistance and workability

For the above reason, the development of com-
plete aluminum platform (hereinafter referred to
as “Honeycomb Platform”), composed of aluminum
honeycomb sandwiches and extrusions, was started
to pursue a lightweight and rigid structure for con-
vertibles.

The reasons why we have employed aluminum
honeycomb sandwiches and extrusions include the
following important factors:

(1) Reduction in noise and vibration of the plat-
form is obtainable because of the excellent
damping characteristics of honeycomb sand-
wiches.

Reduction in cost is also obtainable in a small
amount production like convertibles because
the die cost of aluminum extrusions is much
less than for press machine in mass production.

4. Design of honeycomb platform

The platform structure had a condition that the
powerplant and chassis which had been developed
by Mazda could be mounted. The performance tar-
gets were determined to exceed the performance

18

of convertible bodies-in-white on the market as
follows:
Bending rigidity (EI) : 1.0x103 kNm?
Torsional rigidity (GJ) : 0.7 x10° kNm?/rad

Weight 0 100 kg
Natural frequency of
first vertical bending : = 40 Hz

Natural frequency of
first torsion : = 40 Hz

The bending rigidity and torsional rigidity of
convertibles on the market are generally 0.8~0.9
% 10% kNm? (EI) and 0.4~05 X 103 kNm?/rad
(G]) respectively. (Evaluation of the rigidities is
shown in the Appendix.) Since the weight of con-
vertible bodies-in-white equivalent to the platform
are estimated to be 200~250 kg, the targets of
the platform were challenging.

Fig. 4 shows a finite element model for examin-
ing the structure and performance of the platform.

The model is composed of : 192 grid points, 156
beam elements and 114 shell elements. Beam ele-
ments and shell elements express the aluminum
extrusion framework and the honeycomb sandwiches
respectively. The stiffness of the principal joints
among the frameworks is 5 X 105 kNmm?/rad
from our experience and the joints of the panel and
framework are of rigid link.

After various examinations for the platform struc-
ture to fulfill the above targets, the height of hon-
eycomb sandwiches was proved to be a dominant
factor for the torsional rigidity and permits much
lighter weight than other reinforcements in recover-
ing the torsional rigidity. However, the height of
dashpanels was taken to be 30 mm because of the
restrictions on layout in the engine compartment.

Fig. 5 shows the rigidities and weight of the plat-
form versus the core height of sandwiches. An alu-
minum face sheet is 1.0 mm thick, and core height
0 mm means that the floor panel is composed of
9 mm thick aluminum sheet. Fig. 5 also shows that

Beam elernents

Fig. 4 Finite element model for Honeycomb Platform.
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Fig. 6 Strain energy participation of the sandwiches and
framework under bending moment.

the application of honeycomb sandwiches 100 mm
height will enable the platform to fulfill the targets.

Figs. 6 and 7 show the strain energy participa-
tion of the sandwich and the framework when
the bending and torsional rigidities in Fig. 5 are
calculated. While the framework is always dominant
to the bending rigidity (Fig. 6), honeycomb sand-
wiches of more than 50 mm in height contribute
to the torsional rigidity more effectively, as ex-
pected in the previous section.

Although the application of 100 mm high honey-
comb sandwiches was essential to fulfill the tar-
gets, the height was also to be determined in con-
sideration of layout requirements, such as the pow-
erplant and chassis, seats, minimum floor height,
etc.. Final height of honeycomb sandwiches for the
floor was decided to be 100 mm except front area
of a front floor. The height in the front area was
to be taken as 30 mm for a driyer to make pedal
motions.
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Fig. 8 Honeycomb Platform

The calculated result of the final platform struc-
ture is as follows:

Bending rigidity (EI) : 1.09 X 103 kNm?
Torsional rigidity (GJ) : 0.67x 103 kNm?/rad

Weight : 117 kg
Natural frequency of
first vertical bending : 46 Hz

Natural frequency of
first torsion : 38 Hz

Fig. 8 shows a platform structure determined on
the basis of FEM analysis. The detailed produc-

tion process of the platform will be described in
Part 2.

5. Experimental results of Honeycomb
Platform

Table 1 lists the rigidity, weight and natural fre-
quency of Honeycomb Platform obtained from ex-
periments, compared with the targets and the cal-
culated values. The targets are almost fulfilled.
The calculated analyses offer a considerable degree
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Table 1 Technical data of Honeycomb Platform. x 10°
2.0
Target Calculation | Experiment
Bending rigidity
1. . : =
«10° (kNm?) 0 1.09 0.93 5 10}
Tortional rigidity £ 08 Honeycomb Platform
0. i . = - o] Y
%103 (kNm?/rad) 7 067 069 =
= 0.6 ®
Weight 5 - ° °
100 116 117 = ®
(kg) = 04} ¢ °
kS
Natural frequency of g L ®
=4 .
first bending ~ (Hz) 0 46 448 - °
Natural frequency of 0.2+
. .
first torsion (Hz) 40 38 396
of accuracy to the above experiments. 01 1 ‘ l . ‘ .
Fig. 9 shows the torsional rigidity of Honeycomb 20 21 22 23 24 25 26 27
Platform, compared with those of other convertibles Wheelbase (m)

on the market. The higher rigidity of the platform will
be found easily.

The natural frequencies listed in Table 1 have
a close relation with the ratio of the rigidity to
the weight of the structure. While the natural fre-
quencies of bending and torsion in unit bodies-in-
white for small cars are 30~40 Hz and 25~35 Hz
respectively, those in convertible bodies-in-white
on the market are estimated to be 20~30 Hz and
15~25 Hz respectively. In consideration of these
facts, Honeycomb Platform is proved to have a
remarkably lightweight and rigid structure.

6. Technical data of prototype

A prototype was completed by installing plastic
exterior panels and interior parts after having mount-
ed complete powerplant and chassis on the Honey-
comb Platform. The exterior panels were made of
glass fiber reinforced plastic by hand lay-up method.

Fig. 9 Torsional rigidity of Honeycomb Platform compared
with some other convertibles on the market.

Fig. 10 shows a feature of prototype with no
exterior and interior parts. Table 2 lists the tech-
nical data of prototype. The curve weight is 680
kg. Since the prototype has neither equivalent nor
comparable convertibles, it is difficult to estimate
the weight reduction of the prototype. However,
from our past experiments and our experience,
the prototype is expected to have fulfilled weight
reduction of at least more than 100~150 kg.

7. Performance of prototype

7.1 Frequency response in a shaker test

Convertibles are generally apt to have “shaki-
ness” in a low frequency range (10~15 Hz). This
problem is caused by the coupling of body natural
frequencies and the unsprung natural frequency of
suspension (10~15 Hz for a small car) or the pitching

Fig. 10 Prototype with no exterior and interior parts.

20
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Table 2 Technical data of prototype.

Car dimensions and weight

Overall length (mm) | 3720

Overall width (mm) | 1620

Max. height (at curb weight) (mm) | 1400

Wheelbase (mm) | 2300

Wheel track (Front/Rear) (mm) | 1400/1390

Road clearance (mm) | 150

Turning diameter (m) | 8.8

Curb weight (kg) | 680
Drive train

Max. power (kw/rpm) | 47.7/5500

Max. torque (N-m/rpm) | 104/3500

Displacement (cc) | 1296

No. of cylinder 4

Transmission 3-Speed automatic
Suspension

Front Mc Pherson strut type

Rear Trairing arm type

Shock absorber Ajustable shock absorber
Tyres and wheels

Tyre dimension (mm) | 165/70—305

Rim dimension (mm) | 114 <305

motion of a power-plant, especially in front wheel
drive cars. Therefore, natural frequencies of con-
vertibles have to avoid this frequency range.

Fig. 11 shows the frequency response (acceler-
ance) of driving point on the front right side of the
prototype. Modal analysis identified the peaks of
18.4 Hz and 20.5 Hz as first bending mode and first
torsional mode respectively. This means that the
prototype has a high potential to improve “shaki-
ness”.

Fig. 12 shows the frequency responce (acceler-
ance) of a windshield pillar joint in the lateral di-
rection. For comparison, it also shows the frequency
response of the joint of a certain convertible on
the market. As the frequency response of the joint
can be regarded as a measure of “shakiness”, the
prototype proves to improve “shakiness” markedly.

7.2 Road impression

The rigidity and weight of a convertible have a
close relation with vibration and handling charac-
teristics. Therefore, road impression was evaluated

21
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Fig. 11 Driving point frequency response on the front right
side of the prototype in a shaker test.
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Fig. 12 Frequency response of a windshield pillar joint in
the lateral direction in a shaker test compared with
a convertible on the market.

from the viewpoints of vibration and handling char-
acteristics. In the general driving, remarkably im-
provement in “shakiness” of steering wheel, seats
and windshield pillars was recognized in compari-
son with other conventional convertibles. The vi-
bration of floor was hard to feel. The platform
proved to have a good “feeling of solidity”.

When the prototype was handled to change a
lane quickly at a speed of 100~120 kilometers per
hour, the phase angle delay in a yawing motion of
body decreased and the yawing motion converged
quickly in the transient response of handling.

The prototype proved to have much better han-
dling characteristics than we had expected.

8. Summary

The results that were obtained from the applica-
tion of aluminum honeycomb sandwiches and alu-
minum extrusions to the platform for convertibles
can be summarized as follows:

1) Honeycomb Platform has realized weight
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reduction of more than 100 kg and torsional rigid-
ity of more than 50% in comparison with other
equivalent convertible bodies-in-white derived from
conventional unit-body structures.

2) Since the lightweight and rigid Honeycomb
Platform increases the natural frequencies remark-
ably, “shakiness” and handling characteristics have
been markedly improved.
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Appendix

Bending rigidity and torsional rigidity of the body
structures are difficult to express as simple values.
For the convenience of simplification, however,
when the body structures are regarded as a uniform
section beam, the rigidities are calculated as follows:

Bending rigidity (EI) — Concentrated force is
loaded on sidesills as illustrated in Fig. 13. Deflec-
tion is measured on the sidesills and frames between
two supporting points. The average of the values
derived from equation (1) is adopted as a measure
of the bending rigidity.

Torsional rigidity (GJ) — Twisting moment is
loaded at front wheel center (FWC) position of a
frame as shown in Fig. 14. Twisting angle is also
measured on the same points as bending experiment.
Torsional rigidity is also calculated from equation
(2) in a similar way.
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El =W-a-x(?2—a%?-x?)/6ly - 1)
G] =TI1 / g e (2)
Where,
W : Concentrated force
1 : Wheelbase
a : Distance from a supporting point to a load-
ing point

x : Distance from a supporting point to a meas-
uring point

. Deflection

: Twisting moment

: Twist angle between a front axle and a
rear axle

SSEETR s

FWC % Pin joint

Fig. 14 Experiment of torsional rigidity.
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Application of Aluminum Honeycomb Sandwiches
and Extrusions in a Convertible

Part 1.

Design and Performance of a Prototype*

Koji Tobita**, Toshihiro Hara**, Kazuki Fujise**, Yoshiaki Kinoshita**
Keizo Nanba***, Takeaki Baba***, Yoshio Takeshima*** and Hiromichi Sano***

Aluminum honeycomb sandwiches and aluminum extrusions have been applied to a platform for

convertibles. The platform, composed of a dashpanel and floor panels (honeycomb sandwiches) and

a framework (extrusions), has a much more lightweight and rigid structure than other conventional

convertible bodies-in-white. This improves remarkably vibrational behavior and handling charac-

teristics, which deteriorate in a convertible, in the case of a prototype.

1. Introduction

Since automobiles were invented over one hund-
red years ago, they have been manufacturing in
various ways from handiwork by craftsmen
to mass production in modern plants. However,
society has been recently diversified, thus persons
and things having been evaluated from their indi-
viduality. Therefore, the production method of auto-
mobiles seems to be changing from mass produc-
tion to diversified small amount production. It may
be a sign of this change that auto manufacturers
have been lately announcing and selling various
versions like convertibles by a small amount pro-
duction. Under the present conditions, however,
most of convertibles on the market are manufactured
as a version derived from a conventional unit-body
structure.

The unit-body structure is characterized by light-
weight and high rigidity through the well-balanced
stress distribution on body components against
external forces. When a unit-body structure loses
its roof structure in deriving a convertible, there-
fore, this structure (hereinafter referred to as a
“roof-less structure”) cannot avoid largely decreased
strength and rigidity because of the collapse of the
well-balanced stress distribution. Although the roof-
less structure is reinforced to recover the strength
and rigidity, a complete recovery is hard to obtain.

* This paper was presented to the SEA International Congress,

Detroit, February 23—27, 1987.

Mazda Motor Corporation

«+s Technical Research Laboratories, Applied Technology
Department

* %
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This decrease of the rigidity results in deteriorated
riding comfort and handling characteristics of a
convertible. The weight increase for the reinforce-
ment also deteriorates acceleration and fuel econo-
my. Although some body structures are manufac-
tured for convertibles alone, they also have much
less rigidity than unit-body structures, so they also
have similar problems mentioned above.

The purpose of this study is to pursue a light-
weight and rigid body structure to improve vibra-
tion, handling characteristics, acceleration and fuel
economy for convertibles.

2. Body structure and rigidity

The reasons why we have been paying attention
to the rigidity? are as follows:

(1) General body performance, its shake, vibra-
tion and noise is a function of its rigidity.
Generally, if the rigidity repuirement is satis-
fied, the body strength will be adequate.

Our experiments at the beginning of this study

showed that the removal of roof panel and its side

rails from a unit-body structure decreased the bend-

ing rigidity and torsional rigidity of a body to 10

~20 percent of its original one. The torsional rigid-

ity generally decreases more sharply than the bend-
ing rigidity.

Fig. 1 shows finite element models (half-body
models) of a unit-body structure and its roofless
structure. In the FEM analysis, the bending rigid-
ity and torsional rigidity of the roofless structure
proved to decrease to 24% and 12% of that of orig-

(2)
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Fig. 1 Finite element models of a unit-body structure and Fig. 2 Strain energy participation of body components in
its roofless structure. finite element body models under bending moment.
inal structure respectively.
- . P . i 0 1 Q.

Figs. 2 and 3 show strain energy participation . u?“a'” e”e;iy part'c'zaot’on %)40 "
of principal body components when bending moment T ; . : .
and twisting moment are loaded on the structures Roof 7]
respectively. The strain energy participation is a Rear quarter I
contribution factor against external force loaded
on the structures. For recovering the rigidities, pe=——— _

.. . . Unit-body structure
therefore, it is effective to reinforce the body compo- Fioor panels| ]
nents with more strain energy. In the roofless struc-
ture, sidesills are absolutely a dominant component Frames [N
against the bending moment (Fig. 2). Thus, the SidesilsgZ2
reinforcement to the sidesills is generally one of o ]
the most effective methods for recovering the bend- o
ing rigidity. This method permits the bending ri- 0 10 20 30 40 50
gidity to recover to a considerable level. - ' ' ' ' ‘

In the case of torsional rigidity, however, no dom- fames
inant members to be reinforced exist, so the extent Sidesills L2227 27
of the members to be reinforced should be expanded Cross members BRREREE
to the torsional rigidity. However, the extent is gy — Roofless structure
determined by restrictions, such as the target of Joints
weight, body performance, layout, etc.. Therefore Floor panels| ]
the recovery of the torsional rigidity seems to have Others 5
limits of itself.

This is why we lay emphasis on the recovery of
the torsional rigidity as described below in this
study.
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Fig. 3 Strain energy participation of body components in
finite element body models under twisting moment.
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3. Selection of materials

What we pay a great attention to in the body
structure from Fig. 3 is that the participation of
the floor panel decreases in spite of having removed
the roof-structure. In the roofless structure, the
floor panel acts on membrane stress more effec-
tively rather than on bending stress, which results
in little contribution of the floor panels to the tor-
sional rigidity.

Therefore, if the floor panel acts on bending stress
effectively, the torsional rigidity of the roofless
structure will be recovered to a considerable degree.
For this reason honeycomb sandwiches with high
specific strength and high specific rigidity is believed
to be one of the most appropriate materials. It has
been determined that the sandwiches should be
applied to a flat floor panel and a flat dashpanel
in consideration of restrictions on its deformability.
Aluminum alloys are adopted as the materials for
the core and face sheet of these sandwiches from
their high specific strength, cost, corrosion resis-
tance, etc..

Aluminum extrusions are also adopted as the
material of the body framework for holding the
sandwiches from the following viewpoints:

(1) Lightness and rigidity
(2) Formability to the various shape of cross sec-
tions

Corrosion resistance and workability
For the above reason, the development of com-
plete aluminum platform (hereinafter referred to
as “Honeycomb Platform”), composed of aluminum
honeycomb sandwiches and extrusions, was started
to pursue a lightweight and rigid structure for con-
vertibles.

The reasons why we have employed aluminum
honeycomb sandwiches and extrusions include the
following important factors:

(3)

(1) Reduction in noise and vibration of the plat-
form is obtainable because of the excellent
damping characteristics of honeycomb sand-
wiches.

(2) Reduction in cost is also obtainable in a small

amount production like convertibles because
the die cost of aluminum extrusions is much
less than for press machine in mass production.

4. Design of honeycomb platform

The platform structure had a condition that the
powerplant and chassis which had been developed
by Mazda could be mounted. The performance tar-
gets were determined to exceed the performance

18

of convertible bodies-in-white on the market as
follows:
Bending rigidity (EI) : 1.0x10% kNm?
Torsional rigidity (GJ) : 0.7x10° kNm?/rad
Weight 2 100 kg
Natural frequency of

first vertical bending . = 40 Hz
Natural frequency of
first torsion : = 40 Hz

The bending rigidity and torsional rigidity of
convertibles on the market are generally 0.8~0.9
% 103 kNm? (EI) and 0.4~0.5 x 10° kNm?/rad
(G]) respectively. (Evaluation of the rigidities is
shown in the Appendix.) Since the weight of con-
vertible bodies-in-white equivalent to the platform
are estimated to be 200~250 kg, the targets of
the platform were challenging.

Fig. 4 shows a finite element model for examin-
ing the structure and performance of the platform.

The model is composed of : 192 grid points, 156
beam elements and 114 shell elements. Beam ele-
ments and shell elements express the aluminum
extrusion framework and the honeycomb sandwiches
respectively. The stiffness of the principal joints
among the frameworks is 5 X 10° kNmm?/rad
from our experience and the joints of the panel and
framework are of rigid link.

After various examinations for the platform struc-
ture to fulfill the above targets, the height of hon-
eycomb sandwiches was proved to be a dominant
factor for the torsional rigidity and permits much
lighter weight than other reinforcements in recover-
ing the torsional rigidity. However, the height of
dashpanels was taken to be 30 mm because of the
restrictions on layout in the engine compartment.

Fig. 5 shows the rigidities and weight of the plat-
form versus the core height of sandwiches. An alu-
minum face sheet is 1.0 mm thick, and core height
0 mm means that the floor panel is composed of
2 mm thick aluminum sheet. Fig. 5 also shows that

Beam elements

Fig. 4 Finite element model for Honeycomb Platform.
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Fig. 6 Strain energy participation of the sandwiches and
framework under bending moment.

the application of honeycomb sandwiches 100 mm
height will enable the platform to fulfill the targets.

Figs. 6 and 7 show the strain energy participa-
tion of the sandwich and the framework when
the bending and torsional rigidities in Fig. 5 are
calculated. While the framework is always dominant
to the bending rigidity (Fig. 6), honeycomb sand-
wiches of more than 50 mm in height contribute
to the torsional rigidity more effectively, as ex-
pected in the previous section.

Although the application of 100 mm high honey-
comb sandwiches was essential to fulfill the tar-
gets, the height was also to be determined in con-
sideration of layout requirements, such as the pow-
erplant and chassis, seats, minimum floor height,
etc.. Final height of honeycomb sandwiches for the
floor was decided to be 100 mm except front area
of a front floor. The height in the front area was
to be taken as 30 mm for a driyer to make pedal
motions.
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Fig. 7 Strain energy participation of the sandwiches and
framework under twisting moment.

Fig. 8 Honeycomb Platform

The calculated result of the final platform struc-
ture is as follows:

Bending rigidity (EI) :1.09 x 10% kNm?
Torsional rigidity (GJ) : 0.67x10% kNm?/rad

Weight 1117 kg
Natural frequency of
first vertical bending : 46 Hz
Natural frequency of
first torsion : 38 Hz

Fig. 8 shows a platform structure determined on
the basis of FEM analysis. The detailed produc-
tion process of the platform will be described in
Part 2.

5. Experimental results of Honeycomb
Platform

Table 1 lists the rigidity, weight and natural fre-
quency of Honeycomb Platform obtained from ex-
periments, compared with the targets and the cal-
culated values. The targets are almost fulfilled.
The calculated analyses offer a considerable degree
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Table 1 Technical data of Honeycomb Platform. % 10°
2.0
Target Calculation | Experiment
Bending rigidity
X100 (kN 1.0 109 093 g 1o
Tortional rigidity 0.7 0.67 0.69 § 0.8 i o Horeycomb Platform
X103 (kNm?/rad) ’ ’ ’ i 06k
Weight he] L ®
e 100 116 117 = o ° °,
(kg) T 0.4)
ge!
Natural frequency of g L °
=4 ) e
first bending  (Hz) 0 16 148 - ®
Natural frequency of 02k
=4 . ’
first torsion (Hz) 0 58 396
of accuracy to the above experiments. 01 . ”. ‘ . . .
Fig. 9 shows the torsional rigidity of Honeycomb 20 21 22 23 24 25 26 27
Platform, compared with those of other convertibles Wheelbase {m)

on the market. The higher rigidity of the platform will
be found easily.

The natural frequencies listed in Table 1 have
a close relation with the ratio of the rigidity to
the weight of the structure. While the natural fre-
quencies of bending and torsion in unit bodies-in-
white for small cars are 30~40 Hz and 25~35 Hz
respectively, those in convertible bodies-in-white
on the market are estimated to be 20~30 Hz and
15~25 Hz respectively. In consideration of these
facts, Honeycomb Platform is proved to have a
remarkably lightweight and rigid structure.

6. Technical data of prototype

A prototype was completed by installing plastic
exterior panels and interior parts after having mount-
ed complete powerplant and chassis on the Honey-
comb Platform. The exterior panels were made of
glass fiber reinforced plastic by hand lay-up method.

Fig. 9 Torsional rigidity of Honeycomb Platform compared
with some other convertibles on the market.

Fig. 10 shows a feature of prototype with no
exterior and interior parts. Table 2 lists the tech-
nical data of prototype. The curve weight is 680
kg. Since the prototype has neither equivalent nor
comparable convertibles, it is difficult to estimate
the weight reduction of the prototype. However,
from our past experiments and our experience,
the prototype is expected to have fulfilled weight
reduction of at least more than 100~150 kg.

7. Performance of prototype

7.1 Frequency response in a shaker test

Convertibles are generally apt to have “shaki-
ness” in a low frequency range (10~15 Hz). This
problem is caused by the coupling of body natural
frequencies and the unsprung natural frequency of
suspension (10~15 Hz for a small car) or the pitching

Fig. 10 Prototype with no exterior and interior parts.

20
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Table 2 Technical data of prototype.

Car dimensions and weight

Overall length (mm) | 3720

Overall width (mm) | 1620

Max. height (at curb weight) (mm) | 1400

Wheelbase (mm) | 2300

Wheel track (Front/Rear) (mm) | 1400/1390

Road clearance (mm) | 150

Turning diameter (m) | 8.8

Curb weight (kg) | 680
Drive train

Max. power (kw/rpm) | 47.7/5500

Max. torque (N-m/rpm) | 104/3500

Displacement (cc) | 1296

No. of cylinder 4

Transmission 3-Speed automatic
Suspension

Front Mc Pherson strut type

Rear Trairing arm type

Shock absorber Ajustable shock absorber
Tyres and wheels

Tyre dimension (mm) | 165/70—305

Rim dimension (mm) | 114 x 305

motion of a power-plant, especially in front wheel
drive cars. Therefore, natural frequencies of con-
vertibles have to avoid this frequency range.

Fig. 11 shows the frequency response (acceler-
ance) of driving point on the front right side of the
prototype. Modal analysis identified the peaks of
18.4 Hz and 20.5 Hz as first bending mode and first
torsional mode respectively. This means that the
prototype has a high potential to improve “shaki-
ness”.

Fig. 12 shows the frequency responce (acceler-
ance) of a windshield pillar joint in the lateral di-
rection. For comparison, it also shows the frequency
response of the joint of a certain convertible on
the market. As the frequency response of the joint
can be regarded as a measure of “shakiness”, the
prototype proves to improve “shakiness” markedly.

7.2 Road impression

The rigidity and weight of a convertible have a
close relation with vibration and handling charac-
teristics. Therefore, road impression was evaluated
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Fig. 11 Driving point frequency response on the front right

side of the prototype in a shaker test.
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Fig. 12 Frequency response of a windshield pillar joint in
the lateral direction in a shaker test compared with
a convertible on the market.

from the viewpoints of vibration and handling char-
acteristics. In the general driving, remarkably im-
provement in “shakiness” of steering wheel, seats
and windshield pillars was recognized in compari-
son with other conventional convertibles. The vi-
bration of floor was hard to feel. The platform
proved to have a good “feeling of solidity”.

When the prototype was handled to change a
lane quickly at a speed of 100~ 120 kilometers per
hour, the phase angle delay in a yawing motion of
body decreased and the yawing motion converged
quickly in the transient response of handling.

The prototype proved to have much better han-
dling characteristics than we had expected.

8. Summary

The results that were obtained from the applica-
tion of aluminum honeycomb sandwiches and alu-
minum extrusions to the platform for convertibles
can be summarized as follows:

1) Honeycomb Platform has realized weight
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reduction of more than 100 kg and torsional rigid-
ity of more than 50% in comparison with other
equivalent convertible bodies-in-white derived from
conventional unit-body structures.

2) Since the lightweight and rigid Honeycomb
Platform increases the natural frequencies remark-
ably, “shakiness” and handling characteristics have
been markedly improved.
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Appendix

Bending rigidity and torsional rigidity of the body
structures are difficult to express as simple values.
For the convenience of simplification, however,
when the body structures are regarded as a uniform
section beam, the rigidities are calculated as follows:

Bending rigidity (EI) — Concentrated force is
loaded on sidesills as illustrated in Fig. 13. Deflec-
tion is measured on the sidesills and frames between
two supporting points. The average of the values
derived from equation (1) is adopted as a measure
of the bending rigidity.

Torsional rigidity (G]J) — Twisting moment is
loaded at front wheel center (FWC) position of a
frame as shown in Fig. 14. Twisting angle is also
measured on the same points as bending experiment.
Torsional rigidity is also calculated from equation
(2) in a similar way.
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El =W-a-x(12—a2—x2)/6ly ...... (1)
G]=Tye (2)
Where,

W : Concentrated force

1
a

> <

. Wheelbase

. Distance from a supporting point to a load-
ing point

. Distance from a supporting point to a meas-
uring point

. Deflection

. Twisting moment

. Twist angle between a front axle and a
rear axle

}
FWC % Pin joint

Fig. 14 Experiment of torsional rigidity.
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Determination of Carbon Content in Neodymium-Iron
Alloys by Combustion-Infrared Absorption Method

Masahiro Nishio, Mikio Sakakibara

and Yoshifumi Fujio

Rapid, accurate method for the determination of carbon content in neodymium(Nd)-iron(Fe) master
alloys are examined, which are produced as a raw material for Nd-Fe-B magnets by newly devel-
oped process by means of molten salt electrolysis by Sumitomo Light Metal Industries, Ltd..

A commercially available instrument is used, and the procedure involves both combustion under
oxygen gas flow in high frequency induction furnace and measurement of the carbon content by
infrared absorption method, while the combustion-thermal conductivity method and the combus-
tion-coulometric titration method have been widely used.

Absorption intensity of background is very low and calibration curves showed good linear rela-
tionships and stoichiometrical consistency in the carbon content above several ©g. Relative standard
deviations of measured values for the alloys are below 2%, and the accuracy and precision are sat-

isfactory.

Carbon is one of the analytical elements on specifications of the alloys because of having major
effects on the magnetic characteristics and so on.

This procedure is simple, rapid and suitable for routine process control analysis.
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Fig. 1 Approximate dimensions and 6 sampling positions
of Nd—Fe alloy ingot.
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Table 1 Background and its variation. (n=10)
Measured valueV
Run No. Pretreatment of crucible

Ave. SD RSD(%) Range

1 none 0.00052 0.00007 14 0.00022

3 none 0.00044 0.00007 16 0.00025

5 none 0.00046 0.00008 18 0.00025
(Ave.) (0.00047) (0.00008) (17) (0.00030)
2 1000°C X 30min< 0.00044 0.00005 12 0.00014

4 1000°C X30min< 0.00047 0.00005 10 0.00015

6 1000°C X 30min<< 0.00042 0.00006 13 0.00016
(Ave.) (0.00044) (0.00005) (12) (0.00030)

(1) Measured values are corresponded to values with mg unit.
Table 2 Blank and its variation. (n=10)
Pretreatment Measured value
Condition

Crucible Tungsten Ave. SD RSD(%) Range

a none none 0.01230 0.00143 12 0.00434

b none 500°C X 4 min 0.00963 0.00072 7 0.00237

C 1000°C X 30min< none 0.00979 0.00065 7 0.00233

d 10007C X 30min< 500°C X 4 min 0.00764 0.00037 5 0.00105
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Fig. 2 Relationship of carbon content of standard
material to absorption intensity.
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Fig. 3 Top appearances and cross sections of melts
of Nd—Fe alloy sample with accelerator.

Table 3 Influence of accelerator amounts and types on

carbon content of Nd—Fe master alloy.

Accelerator Measured value (n=10), (ppm)
Tungusten Tin Ave. SD RSD(%) R
1.5 0 293 25 8.6 76
3.0g 0 320 9 2.9 30
1.5¢ 0.2bg 338 2.4 29
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Fig. 4 Histogramatic representation of influence of
accelerator amounts and types on carbon content.

Table 4 Influence of cleaning on carbon content of
Nd—Fe master alloy.

Measured value (n=57), (ppm)
Cleaning
Ave. SD RSD(%) R
none 335 5.5 1.7 26
ultrasonic cleaning
with ethylalcohole 331 4.7 1.4 27
with acetone 333 5.2 1.6 30

27
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A IR0 BRFE EHEDTFHEIZ .0 (Fig. 10@®)
E B L THppmU N T—8 L, EH#FE%E (SD) i34 ~6
ppmTh -7z, Thbb, BHROVTNIOEFRICE VT
L HIEENOFIEERE(RSD) I 2 %R Th - 72, 358
@Nv775W7Fiwﬂ73y7mﬁﬁ%%ﬁiét
RFEDRITE GRS A XA —FTIEEAEY
22T, MBEANLE MO RFEIEN LD &Jk%’(
AF D L-HBAERICHEEL TWdh, A—Y 2 BF

10¢

F (a) No cleaning

i
1
1
i

t
i
H
t
!
!

~{b) Cleaning with ethyl

Lalcohole by ultrasonic

L cleaner for 15 min.
1

.

ON RO ON D OO OON OO
T

- i
i !
i
i

Cleaning with acetone by ultrasonic cleaner for 15 min.
i I |

[

_-‘C)

r i

t

§

t H ' t

[ I | t

: : ! : ‘

3 ! | | |
[ ( ! 1 |

310 320 330 340 350
Carbon content (ppm)

Fig. 5 Histogramatic representation of the measured
carbon content.

Table 5 Analytical carbon content and its precision data
obtained with different sampling positions of ingot.

Sampling position Center Outside Ave., Z/n
@ h=27) @ (h=29) D+@ n=56)
Ave.(ppm) 331 334 333
To SD (ppm) 5 5 5
P RSD (%) 1.6 1.6 1.6
R (ppm) 25 24 35
® (n=29) ® (=30) @+ (=59
Ave. (ppm) 330 332 333
. SD (ppm) 6 4 5
Middl
iddle psp (%) 1.9 1.2 1.6
R (ppm) 28 16 28
@ (=30) © (h=26) @+® m=56)
Ave. (ppm) 336 333 335
SD (ppm) 6 4 5
B
otom  pepy (9) 1.8 1.1 1.6
R (ppm) 23 16 25
D+Q+Q h=86) | ®+E+E) =85} | (a=171)
Ave (ppm) 334 333 333
(ppmm) 6 4 5
A
Ve, Z/HRSD (%) 1.9 1.3 1.6
R (ppm) 36 24 36

O~® : Refer to Fig. 1.
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Fig. 6 Histogramatic representation of the measured
carbon content in different sampling position of
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Fig. 7 Auger electron survey spectrum from Nd—Fe alloy
surface after Ar sputtering.
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Electromagnetic Casting, Update and Future

Masahiro Yoshida

Continious casting process for aluminium originated from DC casting of ALCOA and VLW in

1935. Since then many kinds of casting process, for example, hot-top casting, horizontal casting,

strip casting and electromagnetic casting (EMC) have been developed by several factories.

This paper describes the present state, the principle, the analytical methods for magnetic field

in the mold and the future state of EMC including to apply for another metal casting and another

casting processes.
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Al/PVC Composite EMI Shielding Materials

Part 1. Electromagnetic Interference and Regulations

Tetsuo Takatani and Yujiro Saito

It has already passed several years since the electromagnetic interference appeared as a big social
problem.

As a background of the problem, a great amount of digital equipments has been introduced to
homes, offices, transportation, etc., and the requirment of smaller and lighter equipments makes
them more susceptible to electromagnetic interference because of using higher signalv frequency and
of smaller size of parts. There are several methods and parts for preventing radiation noize from
digital equipments, but at present none of them are satisfactory yet.

To improve the situation, we developed the new shielding material under the concept that it is
best to cover the source of noize on printed circuit board completely by smooth shape’s sheilding
shell. The shell is made from aluminium composite sheet laminated with flame resistant vinyl. The
development was done under the cooperation of Sumitomo 3M Co., Sumitomo Light Metal Indus-

tries, Technical Laboratories and Sumikei Aluminium Foil Co.
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