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Reactive-sintering”

Kazuhisa Shibue* * and Masaki Kumagai* *

The Ti—47.3at% Al —1.7at%6Mn intermetallic compound was fabricated from the extruded mix-
ture of titanium and Al—3.6at%Mn powders using reactive-sintering processing.

The microstructures of the extruded mixture and the reactive-sintered materials were investi-
gated using TEM observation and X-ray diffraction. The extruded material had the fine mixed
microstructure of titanium and Al—3.6at%Mn with an AL:Ti interface.

The extruded material reacted exothermically in the solid state at 833K. The reacted products
were a2, 7 and ALTi. When the extrusion was reactive-sintered during HIP at 1573K, the duplex
microstructure consisting of the lamellar grains and the 7 grains was obtained and the pore

formation was suppressed.

1. Introduction

Titanium aluminide (TiAl) is an ordered
intermetallic compound Llo structure which
has an excellent potential for high tempera-
ture structural material because of a combi-
nation of low density and good elevated tem-
perature strength”. However, the TiAl has not
been put into practice due to two main rea-
sons. First, the fabrication of the TiAl in-
cluding melting, casting and forming is very
diffcult. In this field, precision casting or iso-
thermal forging techniques have been investi-
gated in order to obtain the near net shape
parts. Second, the ductility of the TiAl is very
poor at ambient temperature. Much effort
has been made to modify the ductility in al-
loying”® and controlling microstructures®’.
The addition of Mn®, Cr® is suggested to be
an effective way to improve the ductility.

The powder metallurgy technique is another
choice to shape the materials that are hard
to form such as TiAl. Recently, one of the au-
thors has developed the reactive-sintering pro-
cess for the Ti— Al system in order to fabri-

* The main part of this paper was originally pre-

sented in Proceedings of International Symposium
on Intermetallic Compounds Junel?, 1991.
Technical Research Laboratories, Metallurgical
Technology Department

cate fully densified TiAl intermetallic com-
pound parts®®. In this processing, the mixture
of titanium and aluminium alloy powders is
consolidated by using an extrusion method to
obtain the fully densified mixture material.
Moreover, the as extruded material is ductile
enough to be formed into various shapes via
an ordinary plastic working process such as
forging. The shaped material without being
encapsulated is reactive-sintered during hot
isostatic pressing (HIP) to transform it into
TiAl. Moreover, the manganese addition was
found to be an effective way to suppress pore
formation during reaction.

It is very important that the microstruc-
tures before and after reactive-sintering are
clarified in order to obtain the microstruc-
ture — properties relationship and improve
ductility and strength. However, little system-
atic investigation on the microstructure of the
extruded material and the reactive-sintered
material has been done.

In the present work, the microstructural
change on reactive-sintering for the extruded
material prepared from titanium and Al—3.6
at% Mn powders is characterized using opti-
cal and TEM observations and X-ray diffrac-
tion analysis.
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2. Experimental procedure

The sodium-reduced titanium powders sup-
plied from Nippon Soda Corp. and the Al—3.6
at%Mn alloy powders prepared by the helium
atomized technique” were screened under 149
um. The scanning electron micrographs of
both powders are shown in Fig. 1. The shape
of titanium powder is irregular and that of
Al—3.6at%Mn powder is nearly spherical. The
titanium and Al—3.6at%Mn powders were me-
chanically mixed in air by a V-type blender
to obtain the nominal composition of Ti—47.3
at% Al —1.7at % Mn. These powder mixtures
were compacted into a cylindrical shape by
cold pressing. The compact was encapsulated
in an aluminium container in order to vacuum-
degass at a temperature of 723K for 10.8ks.

The degassed compact was extruded at an
extrusion ratio of 15 into the round bar mate-
rial. The extrusion temperature was 673K. The
extrusion bar was scalped in order to remove
the aluminium container material and then cut
into specimens of 10mm diameter and 50mm
length. Some specimens were HIP’ed at a tem-
perature of 1573K for 7.2ks in argon gas at a
pressure of 152MPa in order to reactive-sinter.
Some HIP’ed specimens were heat-treated at
a pressure of 1.3 X107 *Pa for 86.4ks to ho-
mogenize. The chemical composition of the as-
HIP’ed material is listed in Table 1. In addition,
an as-extruded specimen was heated in air in
order to investigate the starting temperature
of the reaction and the microstructural change.
The X-ray diffraction measuerment was car-
ried out for various samples to clarify the

Fig. 1 Appearance of as-prepared.
(a) : Titanium, (b): Al—3.6at%Mn

phases. The microstructures were observed
using an optical and transmission electron
microscope. The TEM specimens were pre-
pared by electro-polishing in an electrolytic
solution of H.SO. : CH:OH=3 : 17.

3. Results and discussion

3.1 Microstructure of the extruded

material

The as-extruded microstructure of titanium
and Al—3.6at%Mn alloy powder mixture are
shown in Fig. 2. The white field corresponds
to a -Al containing the AlMn and the dark
one dose to a -Ti. Both fields are plastic-
deformed and obviously elongated to the ex-
truded direction.

The transmission micrographs of the as-
extruded material are shown in Fig.3. The
dispersed AlsMn particles are observed in «a -
Al matrix. The dispersoids are precipitated
during gas-atomizing, degassing and extrud-
ing. The dark layer in Fig.3 (a) is identified
as ALTi by diffraction analysis. The layer is
considered to be formed by a reaction between
the titanium and aluminium during extruding.
However, the extruded material essentially has
a mixed structure of titanium and Al—3.6at%
Mn because the exothermic heat is so slight
that the ALTi layer is thin.

Tablel Chemical composition of the as-HIP’ed specimen.

(mass%)
Ti Al Mn Na Cl ¢}
63.5 33.5 2.4 0.04 0.05 0.15

200um

Fig. 2 Microstructures of as-extruded materials.
(a) : Transverse section, (b) : Longitudinal section
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Fig. 3 TEM photos of as-extruded material from titanium and Al-3 6at%Mn alloy powder
mixture. (a) : Bright, (b) : Diffraction patterns from the region containing AlsTi O3pm,

E. G. Colgan reported that the reaction be-
tween titanium and aluminium prepared by
evaporation would begin on the interface at
temperatures from 623 to 673K®’. Also, the
reaction progressed entirely at 773K and the
reaction product was only Al:Ti. It is reasona-
ble that the extruded material reacts on the
interface because the extrusion temperature
is 673K. Even if the extrusion temperature is
lower, the reacted layer may be formed due
to the heat of working.

3.2 Reaction of the extruded material

The appearance of the extruded material
under raection in air is shown in Fig.4. As
soon as the reaction started from the right
end that was heated by a gas burner, the re-
action was propagated spontaneously towards
the left end. The reacted zone was enlarged
slightly because of the pore formation.

The temperature change for the extruded
material during heating in air is shown in Fig.
5. The temperature increases linearly up to
833K and rapid temperature increase is meas-
ured at 833K. In this specimen, the maximum
temperature is measured to be over 1200K.

Fig. 4 Appearance of the extruded material under

reaction in air.

This rapid temperature increase corresponds
to the exothermic reaction between the titani-
um and aluminium. The formation entalpies
of a: (TiAD), 7 (TiAl) and ALTi are calcu-
lated to be —39, —69 and —39kJ/mol, respec-
tively”. When the specific heat of the tita-
nium aluminide is on the order of 8x10%J/
(kg*K), the maximum temperature for TLAL
ALTi and TiAl would be estimated to reach
1100K, 1200K and 2000K in the adiabatic state,
respectively. In the present study, it is diffi-
cult to estimate the exothermic heat because
the reaction products are the mixture of TisAl,
TiAl and ALTi. The reaction is considered to
start in the solid state of the titanium and al-
uminium because the reaction temperature is
lower than aluminium melting one. The ex-
truded material that reacted in air is known
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Fig. 5 Temperature change for the extruded
material during heating.
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to be very porous because of the Kirkendall
effect and,“or the flow of the aluminium ma-
trix.

The X-ray diffraction patterns are meas-
ured for the Ti—47.3at%Al—1.7at%Mn in the
various states to clarify the reaction prod-
ucts. The results are summarized in Table 2.
The as-mixed powders are the extruded mate-
rial of titanium and Al—3.6at%Mn alloy con-
sists of a-Ti, a-Al and AlMn. The ALTi is
co slight that the phase cannot be detected in
the extruded material in spite of observing the
AlTi layer by TEM. On the contrary, the ex-
truded material that reacted in air has a -Ti,
@: phase, 7 phase, ALTi and AlsMn as shown
in Table2.

The distributions of the constituent elements

Table2 Summary of X-ray diffraction analysis for the
various state of Ti-47.3at%Al-1.7at%Mn.

State Identified phases

powder mixture a-Ti, a-Al, AlgMn

as-extruded a-Ti, a-Al, AlkMn

TisAl(a@y), TIAL(Y)
AlLTi, a-Ti, AlkMn

as-reacted in air

as-HIP'ed TiAl, TiAl

as-homogenized TiAl, TiAl

(0220400

after reacting in air are shown in Fig. 6. The
black region (A) is considered to correspond
mainly to pure titanium, and the light dark
one (B) is the Ti—Al alloy which may consist
of a: 7 and ALTIi. In the dark region (O, al-
uminium and manganese are mainly detected.
Region (C) may consist of AlsMn remaining
after the reaction. The white spots (D) are
considered to be pores occurred due to the
Kirkendall effect. The surface on the as-pre-
pared powders is covered with oxide film that
prevents the elements from diffusing during
sintering'”. The AI(OH): layer exists on the
surface of as-prepared aluminium powders,
and the layer is known to transform into the
brittle Al:Os during high temperature degass-
ing. Also, the powders are in contact with each
other at the metallic surfaces because the
plastic-deformation during the extrusionmakes
the oxide films break down. This breakdown
causes the extruded material to react in the
solid state.

3.3 Microstructure of the reactive-sintered

material

The optical microstructures of Ti—47.3at%
Al—1.7at%Mn obtained by two different heat
treatments are shown in Fig. 7. One is the HIP
treatment at 1573K for 7.2ks, and the other is
the homogenization at 1273K for 86.4ks after

Fig. 6 EPMA images of Ti-47. 3A1-1.7Mn reacted in air.

(a) : SE image, (b) : Al-Ka, (¢) : Ti-Ke,

4

(d) : Mn-Ka
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Fig. 7 Microstructure of Ti-47.3A1-1.7Mn alloy reactive-sintered. (a) . as-HIP’ed at 1573K for 7.2ks (transverse),
(b) : as-homogenized at 1273K for 86.4ks after HIP (transverse), (c): as-homogenized (longitudinal)
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Fig. 8 Transmission electron micrographs of the Ti-47.3at% Al-1.7at%Mn alloy reactive-sintered in HIP at

1573K for 7.2ks. (a) : Bright field of y grains,

the HIP treatment. In the as-HIP ed material,
there are little pores in the cross-section be-
cause the pores can be suppressed by gas
pressure during HIP’ing. Both the as-HIP’ed
and as-homogenized materials have duplex
microstructures consisting of lamellar and 7
grains,

Typical transmission electron micrographs
for the 7 grains and lamellar grains of the
as-HIP’ed material are shown in Fig.8. The
7 grains often have twinning. On the other

(b) . Diffraction pattern from y grain, (c): Bright
field of lamellar grain, (d) : EDX spectra from y phase,

(e) : EDX spectra from a2

hand, the lamellar grains have the layered a-
and 7 phases. The exact ¢/a ratio of the 7
phase was not measured in this study. How-
ever, the ¢/a of the 7 phase in the lamellar
grains can be compared with that in the ¢
grains from the diffraction analysis. The lat-
ter is larger than the former. The ¢/a increase
corresponds to the tetragonality increase
meaning that the aluminium concentration
may be in excess from the equiatomic compo-
sition of the 7y phase™.
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Fig. 9 Schematic structural change on reactive-sintering of Ti— Al system.

The schematic microstructural change on
the reactive-sintering in the present study is
shown in Fig. 9. The mix state is in the mix-
ture of the as-prepared powders which are the
sponge titanium and helium-atomized Al—3.6
at% Mn. In this case, the aluminium alloy
powders contain AlsMn dispersoids in a -Al
matrix. The extruded state is essentially in the
mixture of the consolidated powders. Howev-
er, two microstructural changes occur. First,
the AlsMn may be precipitated and, or coarsed
during degassing and extruding at the rela-
tively high temperature for the Al—Mn alloy.
Second, the thin AlTi layer at the interface
between a-Ti and « -Al exists because tita-
nium and aluminium react partially during
extruding.

The overall reaction for the extruded mate-
rial can occur at a temperature of 833K which
is lower than the melting temperature of the
Al—3.6at% Mn alloy. The reaction starts in
the solid state of both the titanium and the
Al—3.6at%Mn because the interface might be
in metallic contact owing to breakout of the

powders surface film during the extrusion.
As soon as a part of the extruded material re-
acts, the reaction can be propagated to the
neighborhood owing to the exothermic reac-
tion. Also, the reaction products are ALTI, a-
and 7. Moreover, when the fully densified
TiAl is required, the reaction can occur under
higher pressure, preventing the material from
forming pores bykthe Kirkendall effect. Such
pore closure by pressure can be easily made
using the HIP treatment. When the tempera-
ture of HIP treatment is high, the equilibrium
phases can be obtained”. In the case of 1573
K, the duplex microstructures consisting of
the lamellar grains and the 7 grains are ob-
tained. When the Ti—47.3at% Al—1.7at% Mn
alloy is treated as Ti— Al binary system, the
reaction will progress to the equilibrium state
of a-Tiand 7 at the HIP temperature of 1573
K with ALTi and ALTi disappearing. The Al
Mn may be dissolved into both @ -Ti and 7
phases because manganese is detected in all
grains from EPMA. As the alloy is cooling
down from the HIP temperature, the eutectoid
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reaction, a -Ti—>a:+ 7, occurs at the tem-
perature of 1398K. The 7 phase in the lamel-
lar grain has a nearly equiatomic composi-
tion owing to formation from the eutectoid
reaction. However, the v phase in v grains
still has the richer aluminium concentration
after the present heat treatment.

4, Summary

The sturctural change during reactive-sin-
tering of the Ti—47.3at% Al —1.7at% Mn alloy
prepared from the titanium and Al—3.6at%Mn
alloy powders mixture has been investigated
using optical and TEM observations and X-ray
diffraction analysis.

The following results were obtained:

(1) The as-extruded material has the mixture
structure of titanium and Al—3. 6at%Mn with
an interface of the slight ALTi layer.

(2) The reaction in the extruded material
starts exothermically in the solid state at 833K.
The reaction products are AlLTi, TiAl and
TiAl with residue of «a-Ti and AlsMn.

(3) After the HIP treatment at 1573K for 10. 8
ks, the pore-free material of duplex structure
containing the lamellar grains (a:.+ 7 ) and

the 7 grains was obtained.
(4) The ¢”a of the 7 phase in the 7 grain
is larger than that in the lamellar grain.
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Practical Thermomechanical Treatment to
Produce a Superplastic 7475 Alloy
Sheet and Its Properties

Hideo Yoshida

It has been well known that superplasticity occurs when grain size is fine. Rockwell Internation-

al (RD)’s thermomechanical treatment is one of the grain refining methods. However, the RI’s

process has several difficulties in a commercial production. Therefore, from a practical point of

view, a new process was investigated. As a result, the process which has intermediate heat treat-
ment (IHT) of a hot coil, cold-rolling and rapid heating of a cold-rolled sheet has been success-
fully developed. The conditions to obtain fine recrystallized grains with less than 20 um are as
follows : first, the cooling rate of THT is less than 26K/h from 673K or over, in which condi-
tion large second-phase particles precipitate and dissolved solute elements decrease during slow
cooling, secondly, the reduction of cold-rolling is more than 709, and finally, the heating rate of
the cold-rolled sheet is more than 10K/s from room temperature to 753K. Particularly, in the re-

duction of 909, very fine grains with less than 10 um were obtained. In even such a heavily reduc-

tion, edge cracks did not occur during cold-rolling because interactions between dissolved solute

elements and induced dislocations were reduced and restoration occurred easily around the large

second-phase particles. The sheet with such fine grains showed more than 6009% elongation at
773K, which was due to the inhibitation of cavitation.
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Fig. 1 Tensile testing conditions of measuring cavities.
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(a) Water quenching in intermediate heat treatment
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(b) Furnace cooling in intermediate heat treatment

Fig. 3 Effect of natural aging after intermediate heat treatment on workability in cold rolling.
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Analysis and Design of Honeycomb
Welded Structures

Koichro Okuto*, Keizo Namba**
Hideo Mizukoshi*** and Yujiro Hiyama™***

When brazed aluminium honeycomb panels are welded each other or to plates and shapes, they
form honeycomb welded structures. The report is to deal with structural analysis and design of
complicated honeycomb welded structures. A set of FEM analyses is newly developed to cope
with the complication in detailed design. The method is evaluated by some test results. It is veri-
fied that the extremely high out-of-plane specific rigidity allows to design superbly large width-

to-thickness ratio of the honeycomb panel. The procedure of designing honeycomb welded struc-

tures is to use the effective thickness method in preliminary and basic design, follwoed by de-

tailed analysis and design utilizing Solid FEM.

1. Introduction

Unlike glued honeycomb panels, the newly
developed Brazed Aluminium Honeycomb Pan-
els are weldable. When welded each other or
to the shapes and plates, they form welded
structures. Because the brazing is one of the
welding methods®, these structures are called
honeycomb welded structures. The author
has been engaged in fabricating and testing a
few samples of honeycomb welded structures
to be used in aerospace, marine, railroad, au-
tomobile, civil and architectural industries.
One of the samples is an SCM (Super Conduc-
tive Magnets) supporting frame running at
present on the Miyazaki test line of mag-
netically levitated trains developed by RTRI
(Railroad Technical Research Institute of
Japan)?.

The fabrication requires detailed design,
which, in turn, must be proved by analysis
and experiments on the strength and rigidity
of honeycomb welded structures. In the field

* Technical Research Laboratries, Brazed Panel
Development Department.

** Technical Research Laboratries, Aplied Techno-

logy Department, Dr. of Eng.

Technical Research Laboratries, Aplied Techno-

logy Department.

Engineering Business Division, Urban Products

Division, Designing & Engineering Department.
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of glued honeycomb panels, some researchers,
specifically aerospace engineers, have carried
out structural studies®~®. Since welded (also
brazed) joints can be treated as rigid joints,
the analysis of welded honeycomb structures
may be easier than those of glued ones whose
joints are less rigid. However, welded honey-
comb structurcs are more complicated in three
dimensional shape, and external loads are
transferred through various paths. To deal
with such complications, a couple of reliable
finite element methods (FEM’s) of analysis
have been established. Some of the results of
analysis have shown good agreeent with those
of structural testings??. The new FEM analy-
ses are compared through several computa-
tions in the present report with the conven-
tional Equivalent Thickness Method which is
often applied to designing glued honeycomb
panels in the aerospace field.

2. Brazed Aluminium Honeycomb Panels ;
Structural members

Brazed Aluminium Honeycomb Panels are
made of aluminium brazing sheets (JIS Z
3263 and equivalents). The processes to braze
panels are illustrated in Fig.1. The vacuum
brazing method which requires no fluxes is
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(D Corrugating (@ Assembly of cores

® Brazing of cores

and face sheets @ Completed panel

Fig. 1 Brazing processes of honeycomb panels.

employed. The brazing metal melts at about
600°C, and fill up any gaps due to the capil-
lary effect of liquid. When cooled down, it
solidifies to form weld-bead-like joints and
fillets. Fig. 2 shows cross-sections of brazed
joints. Sample panel ranges are tabulated in
Table1l. The maximum width and length of
the panel as brazed so far are 1.2 and 4.2
metres respectively, but when welded, here
are no limitations of the width and of the

length.

In addition to weldability, the panels can be
easily saw-cut, drill-holed and roll- or press-
bent. A sample of roll-bent panel ( 1 m wide,
2 m long and 15mm high) is shown in Fig. 3.
Parent metal of the brazing sheets (Alumin-
ium alloy 6951) is quenched during cooling,
so that tempering to 6951 —T6 1s desirable for
general use of honeycomb welded structures.
Tempering is usually done after weldings.
Typical strength values of 6951 —T6 are shown
also in Table1.

Fig. 3 A roll-bent honeycomb panel.

Fig. 2 Cross-sections of brazed joints.

Tablel Brazed Aluminium Honeycomb Panel.

Material ; Brazing sheets 404576951 (JIS Z 3263)

The sample panel ranges

Typical strength values

Panel heigt 15 to 200mm
Face plate thickness 0.8 to 6bmm
Cell size 10 to 50mm
Core thickness 0.15 to Imm

In—plane ; Tensile 220N/ mm?
Compressive 170N/ mm?
Shearing 140N/ mm?
Out— of —plane bending ;
Static 170N/ mm?
Fatigue +60N/mm?
do (welds) +50N/mm?

16
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3. Development of finite element methods
(FEM’s)

3.1 Shell FEM and solid FEM

3.1.1 Initial analysis

The finite element method is a powerful
method for analysis of stresses and strains
in complicated structures, such as honeycomb
welded structures. However, if each of honey-
comb cells is divided into finite elements,
memory over-flow results in in most of the
computers. Honeycomb panels, therefore, are
converted into uniform materials, one into
orthogonal plates (Shell FEM), and in anoth-
er, sandwiched honeycomb cores are con-
verted into a tri-axially un-isotropic solid
(Solid FEM). Initial analyses are to deter-
mine elastic constants of these uniform mate-
rials. A sufficiently smaller panel, Fig.4, is
treated as three dimensionally arranged plates
and analysed by conventional finite element
method. Results, one of which is Fig.5, are
recalculated to determine the constants’ ma-

t =0.4 CQUAD4

Fig. 5 An example of initial analysis.

17

trices'”, referring to a number of experimen-
tal tests carried out in the past™. The honey-
comb panel in Fig’s.4 and § is of 1omm in
height, 1 mm thick face plate, 0.2mm thick
core and 19.1mm In cell size, and these are
the particular dimensions used in the example
computations throughout in the present re-
port.

3.1.2 An example reference to a test result

Obtained numerical values in Fig. 5 are com-
pared with experimental result reported in
Ref.11). Bending moment acting in the analy-
sis is 1484 N » mm, and resulting deflection is
0.00582mm, so that, the rigidity EI is as fol-
lows.

El= MP/28 = 4.186 X 10®N « mm’

Dividing by the width, 66mm, the rigidity per
unit width is 6.343 X 10°N « mm. On the other
hand, the panel of the same dimension whose
width is 0.6m and the length 1.2m gives the
results, E[=3.97X10°N » mm?®, and the rigidity
per unit width, divided by 600mm, 6.617X10°N «
mm, which tells,

Experiment,”Analysis = 6.617,76.343 = 1.04
Both are almost equal, the analysis gives 4 %
safer value, and it is also noted that the panel
is properly modelled.

3.1.3 An example determination of elastic

constants

Young’s modulus in x-direction (L-direc-
tion in Ref.11)) of the sandwiched honey-
comb panel converted into tri-axially un-iso-
tropic solid is to be determined. The model in
Fig. 4 extends 0.0lmm, when the tensile load
of 1334 N is applied in the x-direction. The
cross-sectional area of face plates is 2X57.3=
114.6mm?, and that of the core is 13X 57.3=
744.9mm?. Since Young’s modulus of the face
plate is 7X10‘N/mm?, the tensile load which
face plates bear is

F=A+E+¢e=1146 X 7 X 10'x(0.01,766)

= 1215N.

Hence, the tensile load which the core bears
is 1334—1215=119N, and the core’s Young’s
modulus should be (119,7744.9) x (66,70.01) =
1.05 X 10°N/mm?. The elastic constants’ matri-
ces thus deterimined are tabulated in Tables 2
and 3, for the orthogonal plate and tri-axi-
ally un-isotropic solid, respectively.
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Table 2 Elastic constants of orthogonal plate. (Shell FEM)

Elastic constant

Tensile Ey 1.097 X 10* N/mm’

E, 1.061 ”
Bending E, 3.19 ”

E, 3.105 ’”

E, 0.195 ”
Shearing Gyy 0.403 ”

G 0.057 ”

Gy, 0.040 ”
Poigson’s ratio  x—loading v,=049, v,=0.13

y—loading v,~=0.39, v,=0.10

z—loading v=v,=001

Table3 FElastic constants of tri-axially un-isotropic
solid. (Solid FEM)

Elastic constant

Tensile E, 0.0105 X 10° N/mm?

E, 0.0087 o

E, 0.0195 ”
Shearing Gy 0.0049 ”

Gy 0.0056 ”

Gy, 0.0040 ”
Poisson’s ratio  x—loaging v,=1.00, v,=0.15

y—loading v,=0.57, v,=0.11

z—loading v,=v,=0.01

3.2 Analysis and experiment of honey-
comb welded box girder

3.2.1 Configurations of the box girder

A 1.2m long, 530mm high and 200mm wide
box girder was fabricated, using honeycomb
panels of the dimension used in calculation of
Fig.5. The cross-section of the girder is
shown in Fig. 6. Small extruded sections are
located at four corners; the corner sections
with 17mm radius. One milli-metre thick inner
face plates of the panels are welded each other
at the corner from the outside first, then the
corner sections are placed and fillet welded
to the outer face plates which are also lmm
thick. After carrying out extensive computa-
tions by newly developed FEM’s, whose two
examples are shown in Fig.7, several struc-
tural testings are performed using this box
girder as a specimen. An example of the test
set-ups are shown in Fig. 8. Test results are

o
T
w0
- 3 17
T 174
) ~ ~
: A T R =~
15HP — 0| ]
24 NG
15
Staggered y—p——
13 11

530

200

Fig. 6 The cross-section of the box girder.

(a) Torsion

(b) Strong axis bending

Fig. 7 Two examples of box girder analysis.

18
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Fig. 8 The box girder test set-up.

compared with those obtained by analysis.
Sets of interesting phenomena are observed
both in experiments and analyses.

3.2.2 Experimental and analytical results

As seen in Fig.8, one end of the specimen
box girder is fixed to a rigid base block. Inner
and outer face plates and all four corner sec-
tions are welded to a thick plate, which is then
bolted to the base block, thus assuring the
fixed end. Several loadings are applied on the
other end, as a cantilever beam of the box
girder; two shear forces in strong and weak
axes and a torsional force along the axis of
the beam. Finaly, the specimen is subjected to
a repeated loading (the combination of bend-
ing and torsion which is photographed and
shown in Fig.8) for over a million cycles,
when a crack on the weld bead of corner sec-
tions at the fixed end was observed.

Experimental results are re-calculated to
evaluate the cross-sectional moments of iner-
tia on three axes, and compared with analyti-
cal values as shown in Tabled4. It is seen
there that both experimental and analytical
results coincide very well. Among analyses,
the solid FEM consistently gives a slightly
smaller value than the experiment, while the
shell FEM indicates a higher I in strong axis.
When the rigidity, EI, in strong axis is com-

( |

30
200 170
Outside Inside
Experiment . )
______ Analysis Unit : N/mm

Fig. 9 Shear stresses in torsion test.

pared with the analytical (8.428 X 10"N « mm’
of solid FEM), the experimental value (8.47 X
102N » mm?) is almost the same, or only 0.5%
larger.

Fig. 9 illustrates the comparison of experi-
mental and analytical (solid FEM) shear
stresses in torsional loading. Here also, both
experimental and analytical values agree fair-
ly well. This means that the solid FEM is quite
a reasonable tool to analyse stresses and
strains of honeycomb welded structures. It is
noted in this torsion test the cross-section of
the box girder does not alter even at a heavi-
er loading, say at the yield load. If one sup-
poses the box girder of 530X200mm large sub-
jected to torsional load, made up with 2.4mm
thick plates (the same weight as honeycomb
panels) it is easily imagined that the cross-
section of such a girder starts to distort at a
very low level of loading. In the bending tests,
and tension in analysis, it is also noted that
no shear lag phenomena are observed, because
face plates are supported densely by honey-
combs. In designing honeycomb welded struc-

Table4 Cross-section’s moment of inertia.

Experimental Solid FEM Shell FEM
I, (Strong axis, mm?*) 1.21 X 108 1.204 x 10% 1.236 % 10°
I, (Weak axis, mm® 0.21 x 10° 0.193 x 108 0.204 x 108
J (Polar, mm*) 0.58 x 10° 0.571 x 108 0.570 x 108
A (Tensile area, mm®*) - 3.815 x 10° 3,603 x 10°

19
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tures, quite a high width-to-thickness ratio of
the brazed honeycomb panel can also be
allowed when the equivalent mass thickness
(2.4mm) is inserted in the denominator.

3.3 Sandwiched panels for pressure vessels

3.3.1 Hoop stresses of circular cylinders

Pressure vessels of circular cylinder purely
sustaining internal pressure, made up as hon-
eycomb welded structures, must have dimen-
sions shown in Fig.10. Letting face plates’
Young’s modulus be E, cores’ in W— and R—
directions be E, and E., next six equations
hold true, due to equilibrium and to Hooke’s
law.

te0o+ t.0.+ L0 = pr {1
oc.=FEe,=Edr./(r + t) (2)
og.=FE.e.=E,@Ari+dr.)2(r + t./2) (3)

(@)

®) : t

P r
o
k
c
Fo Fi dri dfo
[Reaction] [Deflection]

Po !
ro

(d)

Fig. 10 Hoop stresses of sandwiched vessel.
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O'i:EEi:Edri/ﬁ (4)
Lo = po(ri + &) (5)
Po = Er [ El“(dr] - dro)/tc (6)

Solving these simultaneous equations, 0., 0;
and 0. could be obtained.

3. 3.2 Example computations for a

circular cylinder

One example of hoop stress computations
is shown below, and the results are compared
with the hoop stress of a single wall vessel of
circular cylinder whose weight is exactly the
same as the vessel made of honeycomb panels.

Let figures be, p= 1 MPa (ca. 10 ata) and
r: =50mm, then for panels of Table 3,

0o, =18.91N/mm? o, =0.27N/mm?and ¢; =
27.1TN/mm?®,
Since t. =2.364mm, o.=pr.,/ t.=21.15N/mm?,
and ¢:/0.=1.285 or 0./ 0:=0.778. This
means that, for the same internal pressure
level, the vessels of sandwiched panel (their
inner face plates) are stressed 30% higher
than the vessels of single wall of the same
weight. Or, for the same stress level, the ves-
sels of sandwiched panel can sustain 209 less
pressure than the single wall vessels. It is not
a recommendable practice, therefore, to de-
sign circular cylinder of sandwiched panel for
pressure vessels which simply contain pres-
surized fluid. The honeycomb panel cylinders
may be used effectively when, in addition to a
slight internal pressure, other loadings such
as overall bending and torsion are to be borne.
Aeroplane fuselages and high speed railroad
coach bodies are structures subjected to such
loadings. And, since sandwiched panels are
very stiff against out-of-plane bending, they
are quite efficient (they do not buckle easily)
when used in vessels like submarines subjected
to external pressures.

3.3.3 Rectangular cylinder under pressure

When high speed trains come into and out
of tunnels, their coach bodies are subjected
to external and internal pressures, respective-
ly. To simulate this situation, in order to find
out stresses and strains under these circum-
stances, the box girder used in experiments
of Fig.8 is analysed by solid FEM against a
slight internal pressure. An example of results
is shown in Fig. 11. Numerical values obtained
are detailed in Fig. 13 later.
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Fig. 11

A rectangular cylinder analysed for internal
pressure.

4. The effective thickness method

4.1 Material constants

If one considers that cores do not exist, but
that the distance between two face plates does
not alter under any loadings, honeycomb pan-
els can be treated as isotropic plates of the
effective thickness (Fig.12). Having dimen-
sions as shown in Fig. 12, and letting effective
Young’s modulus and shear modulus be E’
and G’ respectively, three rigidities (tensile,
bending and shearing) are equated as in Eq’s.
(7), (8) and (9).

Tensile 2&E =1t E’ (7)
Bending {(& + 2t0* — ¢} /12E;

= /12F (8)
Shearing 2tG: = t'G’ (9)

By solving these simultaneous equations, t’, £’
and G’ are given as follows.

£ = V3tZ + 6tit. + 4t = V3(t.+to) (10)
E =tE/t {1
G = thGF/t’ (12)

4.2 Stress conversions

Stresses computed by the equivalent thick-
ness method are extra-ordinarily smaller than
the reality, simply because honeycomb panels

Unit square

H=t+2t, t'Fy

Fig. 12 Equivalent thickness method.
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are quite stiff against out-of-plane bending (¢’
is quite large). Thence, the conversion is re-
quired to attain the real stress values, using
Eq’s. (13, (4, (15 and (6. When computer soft-
wares of plate and shell analysis are used,
conversion statements are added right before
the post processing programme.

or=F/t — o0r=F/ 2 (13
ou=6M/"&)Y — ou=M/Z

= 6MH,~{(t.+2t)° — &} (4
0= 0rLO0un (15)
Tow =Se/t — T4 =38, 2

(16)
4,3 Some comparisons with solid FEM
4.3.1 Honeycomb welded box girder
The strong axis rigidity of honeycomb

welded box girder analysed in Fig. 7 are calcu-

lated by the equivalent thickness method and
the result, 8.218 X 10¥ N « mm®, is compared
with the one given by solid FEM, 8.428 X10" N «

mm?, before. These values are almost similar

each other, and the equivalent thickness meth-

od gives 3 % safer value than solid FEM.
4. 3.2 Hoop stresses of a circular cylinder
In solving hoop stresses of pressure vessels
in Fig. 10 by equivalent thickness method, next
conditions, Eq.07, hold true in Eq’s. (1) through
(6).
dri=dr.=dr and E.,=0 )
This simplifies Eq’s. (1), (2) and (4), and when &
=t =1,
dr = rp/{Et(1 1. + 1./ 10} 19)
For numerals used in example computations
by sollid FEM (whose 0 ,=18.91N/mm’ and
0;=27.17N/mm?®), the equivalent thickness
method gives

0. =21.93N/mm? and o: = 28.07N/mm”

The same results are given by solid FEM (Eq’s

(1) through (6)), under the condition where E,=

0 and E.=o. Here again, both methods give

similar results, and for o specifically, the

value by equivalent thickness method is about

3 % safer.

4.3.3 Rectangular cylinder under pressure

When the cross-section of the rectangular
cylinder analysed in Fig.11 lies far enough
away from the end plate at the left end of the
same figure, that section deforms under the
plane-strain condition. This simplifies again
the computaions by the equivalent thickness

method, whose results are shown in Fig. 13
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F M
g —
%__/6”’ :
[]]]]M]/]]ID w
t_ 90.5
9 W=0.011MPa
Tel
N
g’ X ! ! AL(')
P, S —
10
Hm 17.9N-mm/mm
13.4N-mm/mm
18.0N-mm/mm
13.7N/mm2(FEM12.5) 0.57mm
(FEMO0.50)

Fig. 13 Solutions by equivalent thickness method.

where the comparisons are also made with
results of solid FEM. The equivalent thickness
method here, where honeycomb panels are
bent out of their plane, gives the results some
10% safer, different from two examples above
where panels are stressed in-plane. Honey-
combs sandwiched seemingly are less stiff
when panels are loaded in-plane than bent
out-of-plane.

5. Conclusion

Honeycomb shell and solid FEM’s are newly
developed. They give a fairly good estimation
of stresses and strains of honeycomb welded
structures. The analyfical results also com-
pare well with experimental results of a box
girder. The equivalent thickness method is em-
ployed to evaluate the new FEM’s. It seems
that the portion of load carried by sandwiched
core is somewhat larger (10%) in out-of-plane
bending than in in-plane loading (3 % for ex-
ample). Circular cylinders made up of sand-
wiched panel are discussed. It is not recom-
mendable to make cylinders by sandwiched
panels for pressure vessels subjected to inter-
nal pressures only. Honeycomb panels are ef-
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fective when used for vessels subjected not
only to slight internal pressures but also to
over-all bending and torsion. The superiority
of honeycomb panels to simple plates is their
very high specific rigidity against out-of-plane
bending. In addition, it is recognized that the
face plates do not buckle easily, because they
are supported by honeycombs rigidly in
Brazed Aluminium Honeycomb Panels, more
rigidly than their glued counterparts. The
shear lag phenomenon is not observed in
bending test, nor in tensile analysis of a
girder. Larger effective width can be allowed
in designing honeycomb welded structures.

The design procedures of honeycomb welded
structures can be summarized as below.

(1) The preliminary sizing of the height
and face plate thickness is done by the beam
theory of the strength of material, using the
equivalent rigidity.

(2) The equivalent thickness method is used
to calculate overall deformation and strength
of the honeycomb welded structures.

(3) The detailed design employs solid FEM
to evaluate the detailed stresses and strains
of zoomed up portions. Boundary conditions,
say displacements, are computed in the stage
(2) above.
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Organic Chlorinated Solvent and Formicary
Corrosion in Copper Tube

Takao Hamamoto and Masaya Imai

Recently, unusual type of corrosion has been experienced in copper tubes. This type of corrosion
was named as “formicary corrosion” because its shape showed a complicated microscopic caverns
of porous oxide connected by the tunnel. Corrosion Committee of Japan Copper Center, which has
the membership of national research centers, national universities and copper tube manufacturers,
has been researching the causes, the mechanism and the countermesure of this corrosion since
May 1988. In several cases among 64 failures which were listed by the Committee, some kinds of
organic chlorinated solvent was considerd to be closely related to the corrosion medium of formi-
cary corrosion.

In this study, four kinds of organic chlorinated solvents in both reagent and commercial use
were analysed after hydrolysis. The results of analysis showed that acetate was detected only for
decomposition of 1,1,1-trichloroethane. Amounts of acetate decomposed increased with heating
time and,”or added water in the hydrolysis. For organic chlorinated solvents in the commercial
use, amounts of acetate and the other decompositions were different every manufacturer due to
the chemicals which was added to prevent the degradation of solvents. The corrosion tests in the
decomposed products of various organic chlorinated solvents showed that the formicary corrosion
was reproducible only for 1,1,1-trichloroethane. In conclusion, the acetate produced by hydrolysis
in 1,1,1-trichloroethane was the main medium for the formicary corrosion of copper tube.
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2. £ B FH & Tablel Condition of ion chromatograph and
21 Bt U R AR gas chromatograph.
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1395~999 DEHE 13 L BEFETH B,

(1) LLL-by2erzsy [CHOCL B 14
2 ryzorzFLy  [CHCl=CCl] HEEAH
8 AFLvrioSAF [CH:Cl:] ”
4) Fr327orzFLy [CCL=CCL] ”

2.1.2 WROTEREZRRBREH

— RSB OBilE « Peir I KB s h 3 TEH
ERRERAERNIC IS @B EHIET 57D Ic&HE
DEFEHIBIEMENTV B, Th 5 OBRILIERIZ, B
HBHRIVDELD, ARINTVEYL, T0d, Bk
BRI OE R BRI RUE T R AN B i, T
REN TV B Tt TSR BRIARZITKEL,
PR AT Lo

M 11,1-+yzeonrzy v 54 (A BCD,E
@ ryszorzFry 3% (B,D,E)
B 2Fvvsoi4r 2# B
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Fig.1 iR3 3B 4 MW T, KEFI100cm® 1Z10cm® ©
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TEe#H L T/KEA20em® & Uio

2.3 HHHE
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SHrciE, Dionex #8447 u< b 757 (2020159
Wi, pH RUBRIERI A 7 2BHREKVEHSE

- Cooling water

Cooling water ==

Distilled water

Organic solvent

/4

-

Mantle heater

Fig. 1 Apparatus for hydrolysis.
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1. Ion chromatograph (Dionex 2010 1)

A : Organic acid

Eluent 10mmol HC1
Flow rate 0.8ml/min
Separator column HPICE/ASI]
Suppressor column Ag Column
Detector Conductivity

B : Commomn anion
Eluent 2mmol NasCOs + 2mmol NaOH

1.4ml/min

HPIC/AG—4, AS—4

Fiber suppressor

Flow rate
Separator column
Suppressor column ’

Detector Conductivity

2. Gas chromatograph (Hewlet Packard 5890A)

Column DB Wax0.25 um, $0.239mm* 30
He, Split ratio 1/98
FID

Initial temp. 40°C

Carrier gas
Detector

Oven program

Initial time 0 min
Program rate 10°C/min
Final temp. 200°C
Final time 5 min

BEMEIC X - THE L 1.

LIl-r Y7o g Yt oW TRERARIa< Mo 5
T EITY, BIFIOLE 2T o /e 147 0= b
757 RUHAT 0I5 7 D %MH% Tablel i
R

2.4 BEHER

2.4.1 BEE

B &TEAF QMK 2 RRT% DR, 0.19% DFERR
W00l %R, RUEEKERERSE L,

2.4.2 HEBEE

B AsERIC 13 Fig. 2 IR TRAREL000cm® D 45 2 &Y

Sealed glass (G 7
bottle (1000cm®) ™\ &
O Copper tube

| Glass test tube

[

Heater

Fig. 2 Apparatus for corrosion test of sealed glass bottle.
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Table2 Results of analysis of four kinds of organic chlorinated solvents after hydrolysis.

Solvent CH;3COO™ (ppm)| HCOO™ (ppm) Cl™ (ppm) pH E-cond. (uS/cm)
1,1,1-Trichloroethane(CHs;CCLs) 211 <1 238 2.1 3110
Trichloroethylene(CHCl=CCly) <1 <1 10 4.3 28
Methylenechlolide(CH,Cly) <1 <1 <1 6.2 9
Tetrachloroethylene(CClo=CCly) <1 <1 <1 6.2 61
Distiled water(Blank test) <1 <1 <1 5.7 4

Hydrosis condition : Added water 10cm®, Heating time 86.4ks

Table 3 Results of analysis of 1,1,1-trichloroethane under four kinds of hydrolysis condition.

Added water(em®) |Heating time(ks) [CHsCOO ™ (ppm)| HCOO™ (ppm) Cl™ (ppm) pH E-cond. (uS/cm)
10 86.4 211 <1 238 2.1 3110
10 21.6 43 <1 69 2.8 484
1 86.4 16 <1 23 3.2 128
1 21.4 6 <1 19 3.2 89
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Table4 Results of analysis of 1,1,1-trichloroethane for commercial use after hydrolysis.
Solvent maker | CH;COO™ (ppm) Cl™ (ppm) pH E-cond.(uS/cm)
A 40 75 2.8 610
B 41 60 2.8 580
C 41 54 2.9 480
D 45 103 2.6 930
E 43 101 2.6 900
Hydrolysis condition : Added water 10cm®, Heating time 43.2ks
Maker Maker
o A o A
e B e B
A C 400+ a C
A D A D
o E
_200p O E
£
8 ~ 300F
' 3
S g
Q |
T &}
© 100} 200}
100}
0 . . \ 2
0 50 100 150 200
0 ) | |
Heating time (ks) 0 50 100 150 200

Fig. 3 Relation between the heating time of hydrolysis
and the quantity of CH3;COO~ for 1,1,1-tri-
chloroethane of commercial use.
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E#OBRIOEBRED » T,
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k75 A% Fig.5 1287, Fig. 5 lcB8WVWT, REERH
2.1min £ O FE LA B CHREFERS.5min £FE D %43 13
Br@icBiEgEan s, LrL, ZOMOESIC2VT

Heating time (ks)

Fig. 4 Relation between the heating time of hydrolysis
and quantity of CI= for 1,1,1-trichloroetane
of commercial use.
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Table5 Results of analysis of trichloroethylene for commercial use after hydrolysis.

Solvent maker| HCOO™ (ppm)| CH2CIC00™ (ppm) | CHCI2C00 ™ (ppm) | CClsCO0™ (ppm) | Cl™ (ppm) pH E-cond. (1S/cm)
B 0.05 <0.1 <0.1 0.8 48 7.2 347
B 0.06 - - 1.3 48 7.3 338
D 0.27 0.50 0.50 0.7 75 7.5 506
E <0.02 0.21 <0.1 0.6 6 4.5 21

Hydrolysis condition : Added water 10cm®, Heating time 43.2ks

(*) : Copper plate immersed
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Solvent maker : A Solvent maker : D
0 5 10 0 5 10
Retention time (min) Retention time (min)
Solvent maker ; B Solvent maker : E
I:“JU LLJ-LJ . — | il | L_.Jl : 1 _
0 5 10 0 5 10
Retention time (min) Retention time (min)
Solvent maker : C
YR i
0 5 10
Retention time (min)
Fig. 5 Gas chromatograms of 1,1,1-trichloroethan for commercial use.
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Hydrolysis condition : Added water 10cm®, Heating time 43.2ks.
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Table 7 Results of corrosion tests.

Hydrolysis condition L
Solvent : Corrosion
Added water|Heating time| morphorogy
(em® (ksg)
10 86.4 FC
” 21.6 FC
1,1,1-Trichloethane
1 86.4 FC
(CHsCCls)
” 21.6 N
0 0 N
Trichloroethylene 10 8.4 N
(CHC1=CClp) 0 0 N
Methylenechlolide 10 86.4 N
(CHCl) 0 0 N
Tetrachloroethylene 10 86.4 N
(Cl? = CCIz) 0 0 N
0.1%acetic acid 0 0 FC
0.01%hydrochloric acid 0 0 GC
Distilled water
(Blank test) 0 0 N

(%) N : Not corroded, FC : Formicary corrosion,
GC : General corrosion

Upper position

(b) Cross section

Fig. 6 Copper tube tested for 40 days in 1,1,1-trichloro-
ethane(hydrolysis condition;added water of lem?,
heating time of 86.4ks).

R BT, MRS EZTNEL 72, 378 B EM
KOGBOZWELE, Ao, MEVEREROEWE S, &
<, BEERBORIRE B HEND - T,

Upper position

ummln D T s

(a) Surface condition

(b) Cross section

Fig. 7 Copper tube tested for 40 days in 1,1,1-trichloro-
ethane(hydrolysis condition ;added water of 10cm?,
heating time of 21.6ks).

Upper position

o

(b) Cross section

Fig. 8 Copper tube tested for 40 days in 1,1,1-trichloro-
ethane(hydrolysis condition;added water of 10cm?,
heating time of 86.4ks).

[EE 1 ElER L 7o fth o 3 R 0 i A < 1 i o b
THETOEOBED o, BREAD SNEb -7,
F o, MUKSRRIOER LK TRVThoEE
SEEREEOMEEIRE Y SN Y, REgHIoRHE A
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Upper position

(b) Cross section

Fig. 9 Copper tube tested for 40 days in 0.1% acetic acid.
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Upper position

Cross section

Fig. 10 Copper tube tested for 40 days in 0.01%
hydrochloric acid.
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Strip Crown and Flatness Control
in Aluminium Hot Rolling”

Akio Sugie® *, Hiroshi Kimura

* k ok

and Masaki Hashizume* * * *

A new strip crown and flatness control system installed in a hot rolling tandem mill has been
investigated. Features of the system are (1) appropriate preset control by WRB (Work Roll Bend-
ing), VC-roll, TP-roll and CVC-mill and feedback control by WRB, (2} non-interactive control
over exit strip crown and flatness at each stand. By the application of this system to a three-stand

hot rolling mill, an exit strip crown ratio of less than £0.2%9 deviation from the objective value

and acceptable exit flatness at each stand are achieved. After installation of a CVC-mill stand as

the first stand in the present rolling line and the development of a flatnessmeter, the control sys-

tem will be completed and better strip crown and flatness will be achieved.

1. Introduction

With the growing demands in recent years
for better gauge accuracy in rolled aluminium
strips, it is becoming increasingly necessary
for hot rolling mills to improve the accuracy
of the strip thickness profile in the direction
of width (strip crown). In order to attain a
good strip crown, efforts for the improvement
in both hardware (actuators) and software
(control principle) are being continued.

Sumitomo Light Metal Ind. (SLM) has in-
stalled VC (Variable Crown)-rolls in a hot
rolling finishing mill seven years ago", and
has also installed TP (Taper Piston)-rolls in
both a roughing and finishing mill this year.
A CVC (Continuous Variable Crown) mill
stand is going to be installed in this line in
1992. The object of this paper is to describe
the outline of the new crown and flatness

This paper was presented at the International
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Engineering of Light Metals, 13—16 Oct.,1991,

Sendai, Japan
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nology Department
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control system and its application results in
the present three-stand hot rolling mill.

In this paper, the strip crown ratio and strip
flatness are defined as follows:
(Strip crown ratio)

S=(h.—h.) /h. X100 (%) (1)

he, h. : strip thickness at the center and at
40mm from the edge, respectively
(Strip flatness) € =(.—1L). /1. X100 (%) (2)

L, L : elongation of the strip at the center
and at 40mm from the edge, respectively

Exit strip flatness at each stand is deter-
mined by the strip crown ratio change at the
corresponding stand. Therefore, it is impor-
tant to be able to control strip crown and
flatness simultaneously.

2. Crown and flatness control actuators

The arrangements of the strip crown and
flatness control actuators and sensors in the
SLM hot rolling line are shown in Fig.1 (a)
(at the end of 1990) and Fig.1 (b) (at the end
of 1992).

Fig. 2 shows the outline of the actuators
used in this line. WRB (Work Roll Bending)
is a most conventional device and it works
simultaneously with the other control devices
such as the VC-roll, TP-roll and CVC-mill.
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deviation from the present value.
ASi:Ci'ASi,+ ﬂi’ASi—l (
AEi:Ei'{ASi_(AS;—l—Aﬁi—x)} (
AS? =6 (AV, AT, AC, AB, (
it ni=1 {
AS, AS-1: Exit and entry strip
crown ratio at No.i stand,

Ae,, Aei-r: Exit and entry strip flatness

at No.i stand,

AS/ : Strip crown ratio under uniform
rolling force distribution at No.i
stand,

¢ : Imprinting ratio,

7 : Crown heredity coefficient,

£ : Flatness-disturbance coefficient,

suffix i : Stand No.

f1 (X, X, - , X.) : Function of X,~X,

AV, AT, AC, AB: Setting values of the

VC-roll, TP-roll, CVC-mill andWRB,

AS/ is the calculated strip crown ratio with

the assumption that the rolling force distribu-

tion across the width is uniform. AS’ can be
obtained by the calculation of roll elastic de-
formation, while material deformation is not
considered in this calculation. The effect of
material deformation is considered by the
parameters {:, n.and &;.

3.2 Configuration of the control system

In order to achieve the objective exit strip

crown at F3 stand while maintaining good
strip flatness, an on-line crown and flatness
control system has been developed. The con-
trol system consists of a preset control sys-
tem and a feedback control system. A flow
diagram of the system is shown in Fig. 3.

3.2.1 Feedback (FB) control system

The setting values of WRBs are changed by
the feedback signals from the profilemeter
and the flatnessmeters during rolling. This
system is based on the idea of non-interactive
control over the exit strip crown at the F3
stand and the exit strip flatness at each stand.
This system consists of two blocks ; @ the
control loop for the exit strip crown at the
F3 stand (Fig. 3 block [A]) and @ the control
loops for the exit strip flatness at each stand
(Fig. 3 block [Bj)). If one flatnessmeter is not

available, the corresponding control loop is -.

skipped but the other control loops can be
used.
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Fig. 3 Flow diagram of feedback and preset control system.
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(a) At the end of 1990 Finishing mill
Roughing mill F1 F2 F3

©

I

1 OO

(b) At the end of 1992 (Future plan)

FO F1 F2 F3
! $ ! S IS 2 $ o)
6 a | |
. Profilemeter . . WRB '
" (scanning type) @ - - Flatnessmeter T (Work roll bending)

~
~

Fig. 1 Arrangements of crown and flatness control actuators and sensors.

WRB VC—roll TP—roll CVC—mill
Tapered piston rings
|
SIeeVe i chamber / Sleeve N
v 7 Arbor \%\\ J’ﬁﬁ' Arbor
I T <4‘7T-\ T T T
Hydraulic pressure Hydraulic pressure <;:>
(Used as backup roll) (Used as backup roll)

Fig. 2 Schematic diagram of the crown and flatness control actuators.

Generally, the TP-roll and CVC-mill have a For the construction of the crown control
larger control capacity than the VC-roll and system, it is important to take into considera-
WRB, but the setting values of these devices tion the features of each control device.

can not be changed during rolling — that is,
they are available only as preset control de-

vices. On the other hand, the setting values of 3. Crown and flatness control system
the VC-roll and WRB can be changed during 3.1 Relationship between strip crown ratio
rolling with a quick response, so they can be * and strip flatness in the tandem mill
available for both preset control and feed- Fundamental equations are shown below®?.
back control. All variables in these equations indicate the

31
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As for block [A], during every scan of the
profilemeter, the setting values of WRBs at
each stand are decided in order to attain the
objective strip crown (= S°) without chang-
ing the exit strip flatness at each stand. In
this paper, we assumed that the exit strip
thickness at the F0 stand is so large that the
flatness-disturbance coefficient ( £.) at the
FO stand equals zero. This means that the
exit strip crown ratio at the FO stand can be
controlled without changing the strip flatness.
By solving egs. (3)~(6), under the condition in
eq. (7), the relationship in eq. (8) and the desir-
able setting values of the WRBs (eq. (9)) are
obtained.

AS = §° — S*

(S : measured value) (7-1
Ae, =0 (fori=0~3) (7-2)
ASY = AS = AS’ = ASY = 4ASs (8)
AB = f, (A83>
(for i = 0~3 ; 2 : function) (9)

As for block [Bj|, when a measured exit strip
flatness at No.j stand is beyond the accepta-
ble range, the setting values of the WRBs at
each stand are decided to put this flatness
into an acceptable range without changing
the exit strip flatness at the other stands and
the exit strip crown at the F3 stand. By solv-
ing eqs. (3)~(6), under the condition in eq. (10},
the desirable setting values for the WRBs (eq.
(11) are obtained.

ASs =10, Aeg; = g/ — ¢ or
ers— egf Ae; =0 (for i # j) {10
AB = {3 (A 8;)
(for i = 0~3 ; fs : function) (1

3.2.2 Preset control system

Based on the longitudinal change of meas-
ured S* in a coil, preset values of VC, TP,
CVC and WRB for the next coil are decided.
Preset values of VC, TP and CVC are decided
by S, and those of WRB are decided by S.
As shown in Fig.4, S is the average value
of the measured exit strip crown in a coil,
and S is the average value of the measured
exit strip crown for the first two scans of the
profilemeter in a coil.

In Fig.4, since S is larger than S°, preset
values of VC-rolls (or TP, CVC) for the next
coil are decided to decrease S, and since ST
i1s smaller than S:° the preset values of WRBs

33

S A SANTA
3 /V\(

S0
o #
Scan timing
l/ Next coil

Effect of WRB FB
& VC (TP, CVC) preset

Effect of
WRB preset

/ A\
R N S N

Scan timing

Fig. 4 Principles of preset control system.

for the next coil are decided to increase Si".
In calculating these values, it is considered to
put the exit strip flatness at each stand into
the acceptable range. As a result, for the
first two scans of the profilemeter in the next
coil, the objective strip crown is achieved by
the preset control of the WRBs. After the
third scan, feedback control by WRBs works
effectively.

4. Application results

The application results of the preset and
feedback control system in the SLM hot roll-
ing mill at the stage shown in Fig.1 (a) is
described below. VC-rolls and WRBs were
used as the actuator, and only the exit profile-
meter was used as the sensor.

Fig. 5 shows an example of the longitudinal
change in the exit strip profile of a coil. The
strip crown ratio of less than 0.5% is achieved
from the first scan to the last scan in the coil.

Fig. 6 clearly shows the effectiveness of the
control. With the feedback control, WREB sett-
ing values were changed at every scan of the
profilemeter and the exit strip crown ratio
was controlled within almost less than £0.2%
deviation from the objective value (=0.7%).
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First

e aulin

} _
Center

Io.s%

scan

—M/*"'/'\/\F\

Last scan

100mm

Material : Al—Mg alloy
Thickness . 4mm ; Width : 1600mm

Fig. 5 Example of exit strip profile.

1 call
1.2k ;

Moreover with the preset control, a strip
crown ratio of less than +0.2% deviation was
achieved from the first scan in the coil.

In the future, by using the TP-rolls, CVC-
mill and flatnessmeters shown in Fig.1 (b)),
both the average value and deviation of the
exit strip crown ratio will be still smaller.

5. Conclusion

A new principle of strip crown and flatness
control in a hot rolling tandem mill has been
investigated. This system consists of a preset
control system and a feedback control sys-
tem. By the application of this system to the
three-stand hot rolling mill, an exit strip
crown ratio of less than *£0.2% deviation
from the objective value was achieved from
the first scan to the last scan of the profile-
meter in a coil.

After the installation of a CVC-mill stand
and the development of a flatnessmeter in
this line, the control system will be completed
and better strip crown and flatness will be
achieved.

1.0—No.1 2

3 4

S3(%)
o
®

el ¥
hd k']

T ed

Objective strip crown ratio (=0.7%)
li

B3 (kN)
)
S
o)

afn

Lk

F

Rl

Y T e A T T Y WA T T
'SJ u H Lr Lm 1] é o éj Uu o T o

FB control (WRB)

. OFF FB control (WRB)
Preset control (VC, WRB) : OFF

Preset control (VC, WRB) : OFF

:ON FB control (WRB) :ON
Preset control (VC, WRB) : ON

Fig. 6 Application results of feedback and preset control system.
(Setting values of the actuators on F1 and F2 stand are omitted in the Fig.)
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On the Coated Aluminium Fin Stocks
for Air Conditioners

Akihiro Kiyotani, Tsukasa Kasuga,
Tadashi Nosetani and Yoshio Sato

Precoated aluminium fin stocks are required to improve the efficiency of air conditioner. High-

ly anti-corrosive and hydrophilic coatings on aluminium fin stocks have been developed, and are
coming into practical use. CC535 and CC347 in Silica Type group, which is coated with hydro-
philic polymers with colloidal silica, show significant capabilities for press forming with volatile
lubricant. CC503 and CC513 in Silicate Type group, which is treated with alkaline silicate with
adding polymers for binder, have good press formabilities with using volatile lubricant and good
properties remaining untarnished while heeting. CC343, CC345 and CC349 in Non-silica Type
group, which is coated with hydrophilic polymer without any addition of colloidal silica, entirely
solve the problem wearing of forming tools. CC349, our newly developed coated fin stock, also
shows high performance of press forming with volatile lubricant. The more highly hydrophilic
coated fins lead to the more reduction in air pressure drop under indoor dehydrating conditions,

and the more decrease of retained water in heat exchanger under outdoor defrosting conditions.
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Corrosion of Thin Film Magnetic Disk

Zen-ichi Tanabe

Cobalt based thin films on magnetic disks, which are coming into the use for high density

magnetic strage, have significantly lower chemical stability than the previously used magnetic

iron oxide films. The purpose of this review is to summarize briefly the their corrosion behaviour

reported in literatures.

Corrosion of thin film has been studied using a quartz crystal oscillator microbalance, a tor-

sion balance magnetmeter and electrochemical techniques.

Atmospheric corrosion of cobalt is discussed, ranging from the nucleation of water to the in-

door corrosion rates. Corrosion rates for cobalt are linearly and,” or exponentially dependent on
relative humidity. The partial pressure of SO., Cl: and NH; significantly influences cobalt corro-
sion.

In the low humidity, the corrosion rate of cobalt film has higher than that of its coupon.

Corrosion rates of film of cobalt-passive metal alloys, such as CoNi, CoCr, CoPt, etc., are
inversely proportional to the additive contents.

Thin film magnetic disks are usually coated with a layer of carbon or silica to improve electro-
chemical properties, enhance flyability and reduce environmental degradation of the underlying
metal layer. In the case of carbon coating, since the magnetic layer is galvanically coupled with
the carbon overcoat, corrosin of its layer is due to the overcoat defects caused by processing
parameters. On the other hand, a silica coated disk which is free from galvanic coupling, shows

an excellent corrosion resistance.
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Surface Treatment for Adhesive Bonding
of Aluminium Alloy

Tsutomu Usami

This review describes present situation and future trend in research and development on surface

treatment for adhesive bonding of aluminium alloys.

The recent studies about conventional surface treatments (FPL etching, phosphoric acid anodiz-

ing and chromic acid anodizing) and several new methods are summarized.
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