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Effect of Grain Size on Deformation
and Fracture in Recrystallized Ni3Al
Polycrystals Doped with Boron™

Mok-Soon Kim **, Shuji Hanada***,
Sadao Watanabe*** and Osamu Izumi***

Tensile tests at room temperature were performed on recrystallized NsAl polycrystals doped

with boron having grain sizes from 1.6 to 208 um to determine the effect of grain size on the

strength, ductility and fracture. Both yield and flow stresses depend on grain size in agreement

with a Hall-Petch relation when the specimen size effect is taken into account. The increase in

Hall-Petch slope with strain is explained in terms of the difference in work-hardening rate for

different grain sizes. The increase of lattice friction stress with strain is found to be analogous

to the single crystal properties.

While the {1 1 1} cracking is predominant without necking for coarse-grained specimens, the

slant-type fracture and cup-cone fracture preceded by a necking is mainly observed for intermediate-

and fine-grained specimens, respectively. Large elongation is developed when the intersection of

slip bands becomes insufficient to produce the {1 1 1} cracking, and the void formation which

results in the cup-cone fracture is retarded.

1. Introduction

The nickel aluminide NisAl is a typical, widely
studied Ll:-type intermetallic compound and
best known as the strengthening phase 7’ in
commercial nickel-base superalloys. The Ll
structure is a result of the ordering in the fcc
lattice as shown in Fig. 1. The face-center sites
are occupied by Ni atoms, and the corner sites
by Al atoms. The ordered structure of NisAl,
in Fig. 2", remains up to its melting point 1663
K, and exists over a relatively large range of
composition.

Because of the ordered structure, the alumi-
nide possesses many attractive properties for
structural use at elevated temperatures. The
strength of the NisAl-base alloys increases
with increasing temperature? ¥, as 1s uncom-
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mon for conventional or disordered alloys.
The strong lattice constraint of the ordered
structure also endows a high diffusional creep
resistance” and good structural stability at
elevated temperatures. Furthermore, the nickel
aluminide exhibits an excellent resistance to
oxidation as a result of their ability to form
compact, adherent oxide films®.

In spite of these attractive properties, inter-
est in the development of nickel aluminide for

Fig. 1 Unit cell of NizAl : Ni atoms are
on face centers and Al atoms at
corners.
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Fig. 2 Phase diagram for Ni-Al.

structural use was tempered by its poor duc-
tility in polycrystalline from®~®. Brittle inter-
granular fracture resulted in no tensile duc-
tility at ambient temperatures. A dramatic
breakthrough, however, was achieved by Aoki
and Izumi'’® who discovered that a small addi-
tion of boron to polycrystalline NisAl promotes
transgranular fracture and remarkable im-
provement in room temperature ductility. The
success in developing ductile NisAl compounds
stimulated a renewed interest in using this
material for high temperature structural ap-
plications, and intensive research has subse-
quently been made in understanding the me-
chanical properties of NisAl-base polycrystals.
Most of these efforts has been performed by
using the process of arc-melting!”™®, melt spin-

ning®~® and powder extrusion!”~%.
In contrast, no detailed analysis of flow

stress, ductility and fracture as a function of
grain size has been carried out by using rec-
rystallized crystals which do not contain ap-
parent microporosity,antiphase domaing? ~
and other defects introduced during casting,
rapid solidification or powder sintering proce-
dures. A recrystallization method was used
only for examinations of the grain size depen-
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dence of the yield stress by compressive test-
ing®, or tensile behavior in a restricted grain
size region®?®~®_ This may be due to the dif-
ficulty of controlling the grain size over a wide
range.

Recently, however, we have succeeded in
processing of the crystals having grain sizes
from 1.6 to 208 £m by controlling the condition
of cold working and annealing. Thus, the pres-
ent work presents the effect of grain size on
the strength, ductility and fracture of recry-
stallized NisAl polycrystals doped with boron
at room temperature.

2. Experimental

NizAl (24at% AD alloys containing 0.05wt%
B were prepared by arc-melting the pure nickel
and pure aluminium and a master alloy of Ni—
B under an argon atmosphere. The ingots
were homogenized at 1373K for 172.8ks under
a vacuum of 3 X 10 *Pa and then cold rolled
with intermediate anneals. Tensile specimens
having gage section of Imm X 2mm X 16mm
were spark-machined from the cold rolled
plates. The specimens were sealed in a vacuum
quartz tube and subjected to recrystallization
annealing at various temperatures. By these
treatments, the grain size determined by the
linear intercept method was changed from 1.6
to 208 um. After the surface layer was removed
by electropolishing, tensile tests were carried
out at 290K using an Instron-type testing
machine at an initial strain rate of 5.2x 10"
S -t

Thin foils for transmission electron micro-
scopy (TEM) were prepared from specimens
deformed to 0.10 true strain to examine the
dislocation microstructure. TEM observations
were also made to measure the grain size of
fine-grained specimens. Fig.3 shows a TEM
micrograph of the specimen having the finest
(d=1.6 um) grain size, in which uniformly dis-
tributed grains are observed. The slip traces
were observed by an optical microscope with
a Nomarski interference contrast attachment,
and a scanning electron microscope (SEM)
was employed to examine the fracture sur-
faces.
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Fig. 3 TEM micrograph illustrating the uniform distribution of grains in the specimen
having the finest (d =1.6xm) grain size deformed to 0.10 true strain.

3. Results

Fig. 4 shows five typical stress-strain curves
for different grain sizes. A discontinuous yield-
ing which was followed by a region of serration
with attendant Liders extension was observed,
and Liiders strain increases with decreasing
grain size as found previously by Schulson et
al.'””. Yield stress (0.2% offset stress) is plotted
as a function of the reciprocal square root of
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Fig. 4 Tensile stress-strain curves for different
grain sizes.
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the grain size in Fig. 5. As seen in this figure,
yield stress can be described quite well by the
Hall-Petch relation®® of the from
O¢= 0o ¢+ hd (1)

where 0,y and k, are constants and d is the
mean grain diameter. A Hall-Petch type rela-
tionship for the yield stress of boron-doped
Ni;Al was found by Oya et al.®, Liu et al.”?,
Khadkikar et al.” and Takeyama et al.®, as
shown in Fig. 5.

It has been shown that the flow stress mea-
sured at a given value of strain also obeys
a relationship of the type given by eq. (1) for
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Fig. 5 Variation of yield stress as a function
of the square root of grain size.
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NisMn*, NisFe®® and CuwsAu® ¥ with the Ll
type ordered structure, and FeCo®™ * with the
B2 type. In such a case, the generalized ex-
pression has been given by
O:e=0octked " (2)

where 0. is the flow stress, while ¢,  and k.
are constants®~*”. To measure the flow stress
dependence on grain size, the flow stress at
various true strains is plotted against d~"? in
Fig. 6. As can be seen in this figure, while the
Hall-Petch slope does not change appreciably
in the region of inhomogeneous deformation
(below 0.10 true strain), the flow stresses in
the strain range larger than 0.10 (homogene-
ous deformation) are divided into two distinct
groups having different stress-grain size rela-
tions. The transitions between these two groups
occur at a fixed grain size of about 50 £ m, in-
dependent of the amount of strain. To investi-
gate the reason for the occurrence of theinflec-
tion point in Hall-Petch slope, the dislocation
structures have been observed by TEM. Figs.
7 and 8 show two typical TEM micrographs
of the specimens deformed to 0.10 true strain
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Fig. 6 Variation of flow stress at various selected
true strains as a function of the square
root of grain size.
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having grain sizes of 1.6 and 93 x m, respec-
tively. In these micrographs, a high degree of
planarity of internal structure is observed for
both specimens.

Fig. 7 TEM micrograph of the specimen having
the grain size of 1.6um deformed to 0.10
true strain.

Fig. 8 TEM micrograph of the specimen having the
grain size of 93um deformed to 0.10 true
strain.
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It has been shown that the Hall-Petch slope
behavior is related with dislocation structure
which depends primarily on the ability to cross
slip. For metals with high stacking fault ener-
gy, such as Cu®, AI®, Ag”, Nb® and Fe®*,
the dislocations are arranged in the tangled
cellular arrays with increase in the ability to
cross slip, and the variation of slope in Hall-
Petch relation appears owing to the existence
of such interior obstacles. In contrast, in the
ordered alloys such as NisAl with®®®’ and
without boron®’, ZrsAl*’, NisMn*’, NiFe®’,
CusAu®®, and FeCo®?®, the presence of super-
dislocations leads to difficult cross slip and
hence marked planarity of the dislocations,
which attributes to a higher value of the Hall-
Petch slope. In agreement with this view, Figs.
7 and 8 show planar arrays of dislocations in
any deformed grains. This observation indi-
cates that the deviation of flow stresses from
the Hall-Petch relation is not related to the ef-
fect of interior barriers such as cell walls which
act as a strong obstacle against the mobile
dislocations.

Failure was preceded by a necking for inter-
mediate and fine-grained specimens (d< 50
1 m), whereas catastrophic fracture without
necking occurred in specimens having grain
sizes larger than 50 £ m. Elongation (strain to
fracture) is shown in Fig.9 as a function of
the inverse square root of grain size. In Fig. 9
it is observed that for grain sizes smaller than
50 £ m, the elongation decreases progressively
with decreasing grain size. In contrast, for
coarse-grained specimens (d=50 zm), the elon-
gation decreases rapidly with increasing grain
size, corresponding to the data of drop-cast
NisAl-base alloys by Liu et al.'? and Takeyama
et al.® The data from other studies are also
included in Fig. 9.

SEM fractographs of all the specimens show-
ing large elongation exhibited ductile fracture,
indicated by the absence of cleavage or of in-
tergranular fracture which occurs at weak
grain boundaries®™. It was also shown that the
ductile transgranular fracture mode varies
with grain size.

Firstly, for coarse-grained specimens (d=50
«m), the fracture surface consisted predomi-
nantly of stepped facets. Representative SEM
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Fig. 9 Variation of elongation as a function of the
square root of grain size.

Fig. 10 SEM fractographs of the specimen having
the grain size of 74um.

fractographs are shown in Fig.10 (a : low
magnification, b, ¢ : higher magnification) for
specimen having a grain size of 74 ym. In these
fractographs, the flat, smooth facets which
formed a stepped, blocky structure are familiar
{111} cracking pattern which has been observed
for single crystalline Nis (Al, Ti) with®* and

without boron®™ ~%’ and polycrystalline Nis
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(Al, TD® and NizAl with®”~% and without
boron®.

Secondly, forintermediate-grained specimens
BO0um>d=85um), SEM fractographs ex-
hibited the characteristic of slant-type fracture,
for example, as shown in Fig.1l (d=164m).
Fractured planes inclined at roughly 45 to the
tensile axis indicate that the advancing shear

crack tends to follow the path of maximum

Fig. 11 SEM fractographs of the specimen having
the grain size of 164m.

Fig. 12 SEM fractographs of the specimen having
the grain size of 1.6xm.

resolved shear stress, in agreement with the
results obtained by Liu et al'® on the same
composition of alloys processed by drop-cast-
ing and having the grain size of about 25 ym.

Finally, for fine-grained specimens (d<(8.5
¢ m), the well-known cup-cone fracture ap-
peared. Typical fractographs are shown in Fig.
12, for d = 1.6 yum. The center part of the Fig.
12-c is the region of normal rupture (or fibrous
fracture) which is quite jagged. Shear rupture
which is less jagged and forms the remaining
region of the fracture surface is also shown
in Fig.12-b.

4. Discussion

4.1 Correction for flow stress-grain size

relationship

The occurrence of inflection in Hall-Petch
slope at strains higher than 0.10 in Fig. 6 can-
not be explained by the effect of interior ob-
stacles against the mobile dislocations, because
uniformly distributed planar arrays of disloca-
tions were seen in the grains (see Figs.7 and
8), and straight slip traces traversed the grains
were observed by optical microscopy.

Instead, the specimen size effect character-
1zed by Armstrong® should be taken into con-
sideration, since the grain size effects in eqs. (1)
and (2) come into play when sufficient enclosed
grains are presentina cross-section of the spec-
imen. Pell-Walpole® pointed out that for spec-
imens which have few grains (say less than
twenty) in the cross-section, easier slip due to
the surface grains makes the flow stress de-
crease rapidly depending on the orientation of
grains. Thus, in the orientation sensitive range
of grain sizes, an apparent grain size effect
on the flow stress may be observed. In agree-
ment with the observations of Pell-Walpole,
the specimen size effect predominates at higher
strains for grain sizes larger than 50 g m, i.e.
less than twenty grains in the direction of
thickness, as seen in Fig. 6.

In view of these facts, the variation of the
Hall-Petch slope is primarily a result of the
specimen size effect. Therefore, to measure a
true Hall-Petch’s relationship, a dotted line in
Fig. 6 should be used as pointed out by Fleischer
et al.®
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4.2 Analysis of the Hall-Petch slope

In ordered alloys of NisFe®, CuwsAu* and
FeCo®, it has been shown that the Hall-Petch
slope, ke, in eq. (2) increases with strain up to
a critical value when the specimens are de-
formed homogeneously, and this increase in
k. is associated with differences in the work-
hardening rate for different grain sizes. Eval-
uation of the work-hardening contribution to
k. has been developed by Meakin and Petch®.
According to them, k. is expressed in the fol-
lowing way ;

khe=BeVi+ky (3)
B=2a m’*Gb"* (4)

where @ is a constant of about 0.2, mis Taylor
orientation factor®, G is shear modulus, b is
the Burgers vector and € is plastic strain. If
this is the case, a plot of k. as a function of
€2 will yield a straight line. Fig.13 shows
that the value of k. increases linearly with the
square root of plastic strain in the homogene-
ous deformation range. Near the maximum
value of the slope, this dependence breaks
down. Using m = 3.1 for the fcc structure®,
and G = 65 GPa of Ni;AI®, the calculated value
of Bis 3.2 MPam"?, whereas the observed one
from Fig.13 is 1.9 MPam"?, which is in almost
satisfactory agreement within the limits of ex-
perimental error. Hence, it can be concluded

1.3 . T
@ Present work
o Qya et al.
12F m Liuet al. )
— A& Khadkikar et al.
< 11k © Weihs et al. §
c L
©
o
2 10} o
[¢5]
Q o
L
723
< 09} :
(8]
@
a
= o8t ® ]
T
f!
o
0.7¢ ® T
0.6 . )
0 0.2 0.4 0.6
(True strain)!/?
Fig. 13 Variation of Hall-Petch slope as a function

of the square root of true strain.

34

that the increase in the value of k. withincreas-
ing strain is due to intragranular hardening
and k. reflects an increasing rate of work-
hardening with decreasing grain size. When
this consideration is given, the intrinsic grain
boundary resistance to plastic flow, ks, may
be independent of strain.

In Fig.13 a deviation from linear dependence
with strain which is found near the maximum
value of the slope is probably associated with
the macroscopic instability such as void form-
ation which results in a cup-cone appearance
at fracture followed by the onset of necking.

4.3 Analysis of the friction stress

The intercept term 0., . obtained by the dot-
ted line in Fig. 6 is replotted as a function of
true strain in Fig.14. As this figure shows, 0, «
increases almost linearly with strain. In gen-
eral, the friction stress, 0., ¢, is thought to be
related to single crystal properties. If such is
the case, the slope in Fig.14 may be connected
with the following equation :

doo./de=m*d7/d7) (5)
where (d 7 /d 7) is the linear work-hardening
rate of single crystal. For (do. /d &) of 4.0
GPa from Fig.14, the predicted (d v /dv) is
420 MPa, which agrees well with the experimen-
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Fig. 14 Variation of friction stress with true
strain.
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tally determined values of 650~150 MPa, de-
pending on orientations, for single crystals of
NiAL (77.5at% Ni)®. This comparison seems
to be reasonable, since the tensile stress-strain
curves of boron-doped Nis (Al, Ti) single crys-
tals" are entirely shifted upwards as compared
with those of no boron-doping ones for all
tensile axes®™. As a result, the values of the
work-hardening rates are almost the same for
both alloys.

Therefore, it can be concluded that the poly-
crystal lattice friction stress is analogous to
the single crystal properties.

4.4 The grain size dependence

of the fracture

SEM fractographs in Figs.10,11 and 12 show
that the characteristic ductile transgranular
fracture is predominant for all specimens. In
addition, the transgranular fracture mode can
be grouped into three categories depending
on grain size, namely, {111} cracking (d=50
¢ m), slant-type fracture (50 u Mm>d=8.5ym)
and cup-cone fracture (d<8.5uxm).

For {111} cracking, a recent study on frac-
ture of Nis (Al,TD single crystals® has revealed
that the {111} fracture surface is composed
of stepped {111} facets which correspond to
operative slip planes, and thus macroscopic
cracks should be formed by the growth and
subsequent joining of the microcracks which
are produced by the intersection of active slip
bands in the form of planar arrays of disloca-
tions. In the argument for polycrystals, only
a difference is that grain boundaries limit slip
distances, verified by both optical and electron
microscopy, as mentioned above. Such being
the case, the slip distance which is directly re-
lated to the formation or advance of a crack
is shortened with decrease in grain size. Thus,
final separation by {111} cracking will occur
at higher strains with decreasing grain size.
The increase in ductility with decreasing grain
size in the region of {111} cracking in Fig.9
provides a realistic support of this view.

When plastic displacement becomes insuffi-
cient to produce {111} cracking with decreasing
grain size, there exists another form of ductile
fracture, namely, slant-type fracture or cup-
cone fracture depending on grain size, as men-
tioned above.

35

For cup-cone fracture, it is well known that
the fracture begins as a normal rupture when
voids are formed and coalesce. Then final frac-
ture occurs by separation along the plane of
maximum shear strain concentration to form
the shear rupture. The voids which are the
basic source of the fracture are presumably
formed by complex dislocation interactions
at a high stress level where the stress level in
the plastic zone will be sufficiently high to
open up into voids. Therefore, it is apparent
that the tendency for void formation increases
with increasing strength level, that is, with
decrease in grain size. In other words, the cup-
cone appearance at fracture is more favored
with decreasing grain size, wich is verified in
Fig.12. Considering this fact, a deviation from
the linearity at high strains in Fig.13 may cor-
respond to the initiation of appreciable void
formation.

According to the theoretical treatment by
McClintock®™, the strain to fracture decreases
as the void fraction increases. So, the decrease
in elongation with decreasing grain size (for
specimens having smaller grain size than 50
©m) in Fig. 9 seems to be rationalized in terms
of the frequency of the occurrence of void for-
mation. In fact, if the void formation is retard-
ed with increasing grain size (50 um > d =8.5
«m), the fibrous crack, which normally initi-
ates by void coalescence, is not able to develop
and then large plastic strains are developed
and final separation produces a slant-type ap-
pearance (see Fig.11).

Finally, preexistent voids or microporosity
introduced as a result of casting or powder
sintering procedures may act as a reducer of
the strain to fracture.

5. Conclusions

The effect of grain size on the strength, duc-
tility and fracture was investigated at room
temperature using recrystallized NizAl poly-
crystals doped with boron having grain sizes
ranging from 1.6 to 208 um. The following re-
sults were obtained :

(1) Tt is shown that both yield and flow
stresses obey the Hall-Petch relationship when
the specimen size effect is taken into account.
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(2) The increase in the Hall-Petch slope with
strain is observed when the specimens are de-
formed homogeneously, which is interpreted
in terms of a work-hardening model proposed
by Meakin and Petch.

(3) The linear increase in the friction stress
with strain is found to be related with the
single crystal properties.

(4) Ductile transgranular fracture is predom-
inant for all specimens. Its mode varies with
grain size ; that is, {111} cracking (d=50 4 m,
without necking), slant-type fracture (50 £ m
>d=8.5 ¢ m, with necking), and cup-cone frac-
ture (d<{8.5 um, with necking).

(5) Large elongation is obtained when the
{111} cracking and the cup-cone fracture are
suppressed.
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Al-Based Particle Reinforced Composite
Sheets Made by Conplex Mashy-State
Processings and Their Formability

Manabu Kiuchi, Shigeyoshi Takagi and Sumio Sugiyama

Complex processing of metal powder and ceramics particles based on the mashy-state forging

and the hot and/or cold rolling is investigated in order to develop a new manufacturing technology

of particle reinforced metals with high deformability. In the present process, the mashy-state
forging is adopted in order to get preformed composite billets.Then the billets are subjected to hot
and/or cold rolling and made into composite sheets. Aluminium alloys (6061, 2014) are used as

the matrix and aluminium oxide (particle size is 5 ~149 £ m) is used as the reinforcing particle.

The composite sheets manufactured through the complex process are investigated regarding their

internal structure, hardness and formability, such as deformability in the bending test.Through

the investigation, it is shown that the mashy-state forging is very effective in getting good bonding

between matrix and reinforcing particles. At the same time, it is made clear that the high reduction

in thickness given to the billets by the rolling is essetially necessary to improve formability of

composite sheets. Furthemore, effect of the forging temprature, pass-schedule of rolling and other

working conditions on the formability and hardness of composite sheets are clarified.
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Table 1 General chart of experimental conditions for
manufacturing composite sheets by complex

mashy-state processings.

Material
Matrix

Reinforcing particle

6061 alloy air atomized powder
(— #250 :
(—#325:

2014 alloy air atomized powder
(— 4250 :

Al O3 powder .
(#100 : about 1494m)
(#£400 : about 37xm)
(#1200 : about 13xm)
(#3000 :

max.63um)

max.44 4 m)

max.63um)

about b5um)

Pre-forming

31kgf/mm?, room temp.

Mashy-state forging
Forging temp.
Pressure

Holding time

620~650C
20kgf/mm?
60s

Rolling
Rolling temp.

Lubrication

Hot : 6061 series : 550°C
2014 series : 450C
Cold : room temp.

No tubricant

Equipments
Forging press

Rolling mill

Rolling speed

Oil hydraulic press

max. capacity ; 100t
Two-high mill

Roll size : $250x 110*mm

60rpm

TSRS TR o

DEMET B 12D,

KoWTType l @7 a & R & LE
TEHELDOEDTHE, &6
AN BIc >N T, EAEMOARIINT

2, TV FBORRET
LT B

BHAED A4 & O 288 L 7

Lo7ot 2, FiEset T RErERLcboT, 3k DM, Typelld 7' o1& X TH b,
—— Pre-forming Mashy-state H. R. C.R. - Type 1
Al-Alloy powder forging
Al O, reinforcing
particle | — Pre-forming H.R C.R.| -- Type II
Al-Alloy powder Mashy-state
Pre-forming forging H. R} =-oemmm--- Type 11

# H.R.:Hot rolling, C.R.: Cold rolling

Fig. 1 Schematic illustration of three complex mashy-state processings tested in this study.
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Table 2 General chart of conditions for manufacturing composite sheets.

Type of Material V,m Mashy-state Reduction in thickness (%)
Group . forging temp.
processing | Matrix ALO; (%) ) Hot Cold Total
A I 6061 # 400 620~630 4450 35~175 65~87
1 6061 e i 620~ 624 47~50 29~74 62~87
I 6061 # 400 R — 41~50 25~65 58~83
# 100 631~651 80~83 e 80~83
D 11 6061 30
#1200 630~650 8084 i 8084
E I 6061 #1200 639~ 642 6185 i 6185
# 100 0~35 640~ 645 8084 e 80~84
# 400 10~40 640~ 644 79~-83 — 79~83
F il 6061
#1200 10~35 640~ 642 79~84 i 79~84
#3000 10~30 640~ 643 3087 —_ 80~87
6061 640~ 642 79~84 — 79~84
G il #1200 0, 20
2014 630 79~83  — 79~83

WV, Volumetric fraction of reinforcing particle (Al2Os)
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(a) (b)
Group: B A
Reduction in thickness (%):. 55 57

Fig. 2 Fiber structures of rolled sheets : (a) sheet made of
Al-alloy powder : (b)
reinforcing particles.
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Mark Group  |Thickness(mm)l O : 6061+ 4100 Al,04(V,=30)
° A 0.95+0.05 T 207! o 6061+ #1200 AlLOLY,=30)
) 1.55+0.36 E
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% (¥ 0 g g o
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Reduction in thickness (%) 630 640 - 650

Fig. 3 Effects of the reduction in thickness at cold
rolling on the formabhility for bending.
(A, B, C groups on Table 2)
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Mashy-state forging temp., Ty, (C)

Fig. 4 Effects of the mashy-state forging
temp.(Tn) on Rockwell hardness
number (F scale) and the formabil-

ity for bending. (D group on

Table 2)
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Reduction in thickness at final pass (%)

Effects of the reduction in thickness at the
final pass of hot rolling on Rockwell
hardness number (F scale) and the formabil-
ity for bending. (E group on Table 2)

30} ‘ 8
6061+ 21200 Al,0, o
(Vo=20)

251

Punch stroke (mm)
3]
[«
T

15 o

10 L | 1

90
Reduction in thickness (9)

Fig. 6 Effects of the total reduction in thickness on
the formability for bending.
Table 2)
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10um

Matrix : 6061
Volumetric fraction of Al,O, particle : 209
Size of Al,O; particle ; #1200

Fig. 7 SEM photograph of an internal structure of a hot
rolled composite sheet.
: 83%)

(Reduction in thickness
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Fig. 8 Effects of the volumetric fraction of Al:Os particles
(V,) on Rockwell hardness number (FF scale). (F,
G group on Table 2)
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Fig. 9 Effects of the volumetric fraction of Al,O3 particles
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(V) on the formability for bending. (F, G group on
Table 2)

Table 3 Effects of volumetric fraction and size of Al:O3
particle on Rockwell hardness number(F scale)
and formability for bending.

. Formability
AlOy particle Hardness .
for bending
Volumetric Up 1 !
fraction Down ! 1
Particle Large l i
size Small 1 ?

1 . Improvement (increase)
| . Deterioration (decrease)
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Fig. 10 Effects of the volumetric fraction of Al:O3

particles (V,) on the specific amount of
wear of composite sheets. (G group on
Table 2)
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Fig. 11 Relationship between Rockwell hardness number
(F scale) and formability for bending with varied
volumetric fraction and size of Al:Os particle.
(F, G group on Table 2)
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Fig. 12 Some products of <6061 #1200 Al.O3>
composite sheets made by 3-roll bending.
(F group on Table 2, (a) reduction in
thickness : 79%, (b) reduction in thickness
: 81%)
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Table 4 Schematic illustration of effects of parameters on Rockwell hardness number (F scale) and

formability for bending.

Formability

- i 1 1t Hard
Parameter Mashy-state forging Hot (or cold) rolling for bending ardness
Amount Large — Small matrix particle — Short fiber structure | (Deterioration)
of liquid <
Small — Large matrix particle — Long fiber structure 1 (Improvement)
' Large Enough elongation of matrix — 1 -
To_tal r.eductlon to form fiber structure
in thickness Breakage of Al;Os particle — | s
Small Lack of elongation of matrix — | -
Reduction Large ——mooo o 1
in thickness <
at final pass Small ——m—m— oo !
Size of Large Obstacles against elongation — | -
Al,O3 particle < of matrix
Small Easy elongation of matrix T e
Amount of Large —— Segregation 1 T
AlO3 particle < of Al,O3 particles
Small —— Uniform dispersion 1 i
of Al,O3 particles
Hardness Hard ! 1
of matrix <
Soft 1 !
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Measurement of the Wall Thickness
of Seamless Tubes
by a Three-probe Ultrasonic Method

Atsushi Odake, Nobuyuki Takahashi and Norifumi Hayashi

A continuous and automatic method to determine the wall thickness and the eccentricity of

seamless tubes is under the development by a new three-probe ultrasonic method. The method seems

to be simple and inexpensive compared with the conventional method. The basic experiments were

carried out to confirme the validity of the method, using an off-line testing system and the results

obtained were as follows.

{1)  The new method enabled to measure the wall thickness within an accuracy of *0.0lmm and

calculate the eccentricity within an accuracy of =1.0%.

{2) The wall thickness and the eccentricity of tubes of which outside diameter is from ¢ 10mm

to @ 25.4mm can be measured if the lateral setting error of testing tube is within *+0.4mm.
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Po o Intersection of ultrasonic beams
O, : Center of outer circumference
lo : Center of inner circumference

e . Eccentricity

e’ . Seeming eccentricity

Fig. 1 Concept of three-probe method.
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T = Ro - RI (2)
Tmax:Ro“‘Rx'i‘e (3)
Tm;n:Ro“*RI“€ (4)
cowe, T AR
Toan : XRPAE
Toin : R/DNAE
AR - Ro =V (Xo— X0 (Yo— Y1)?
V‘]P_:ll‘té?% C Ry = v (Xoo—X11>2+(Yoo—Y11)2
Fi, RAREEROERCLDEL LTS,
. Tmax - Tmin
RAE = ("-—___> X 100 (%) (5)
2T
———_
%
e QN\ Tmin
Tmax
where;
T : Average wall-thickness
Tmax . Maximum wall-thickness
Tmin - Minimum wall-thickness
R, : Radius of outer circumference
R, : Radius of inner circumference
e : Eccentricity

Fig. 2 Definition of T, Twax, Tmin,
and eccentricity percentage.
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A/D converter

A/D converter
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\ Pt100Q resistance thermometer
Pt resistance Monitor Interface unit
L_.| thermometer
converter unit
CRT a o
o o
GP-IB ) °
16bit CPU Printer

Fig. 3 Schematic diagram of the system of new three-probe ultrasonic method for off-line test.
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Fig. 4 Appearance of the measuring system for
the wall-thickness and eccentricity.
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Fig. 5 Arrangement of probes.
(at intervals of 120° around the tube.)

Probe Mounting plate

Transit water tank

Recovering water tank —p

Self centering Testing tube

tube holder

Precision X-Y-Z ~TJj-
positioning device
< Tilo

410mm

Rail carrier
Rail
Base plate

230mm

Fig. 6 Schematic diagram of transit water tank and
testing tube holding device.
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Fig. 7 Flow diagram of measuring the wall-thickness
and eccentricity of tube.
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Fig. 8 An example of display of result.
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Fig. 10 Permissible displacement value of the probe (L)
vs. outside diameter and wall-thickness of tube.
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Table 1 Accuracy and reproducibility of measuring results by new three-probe method.

Sample A; (Diameter ¢14.9mm, Nominal thickness 0.40mm) Sample B; (Diameter ¢14.9mm, Nominal thickness 1.00mm)
Mean value | Standard x(ﬁ:uged Error Mean value | Standard VMflea:uged Error
with 3-probe | deviaition microm}éter with 3-probe | deviaition rriii:rom}éter
method (X) D | of @ (20) > @@ | method (X) D | of D 2o) ® @-0
Maximum
thickness 0.400 0.004 0.399 —0.00140.004 1.024 0.006 1.028 0.0044+0.006
(mm)
Minimum :
thickness 0.389 0.004 0.386 —0.003+0.004 0.980 0.006 0.980 0.000 +0.006
(mm)
Average
thickness 0.394 0.002 0.393 —0.001£0.002 1.002 0.002 1.004 0.0024:0.002
(mm)
E tricity
c?””?* 0.006 0.004 | 0.007 | 0.001%0.004 0.022 0.008 | 0.024 | 0.002+0.008
mm
Percentage
Eccentricity 1.45 0.78 1.66 0.21+£0.78 2.20 0.54 2.39 0.194+0.54
(%)
4.3 RERERUVHRE 4.4 REERORLBE

HERERUCHBEEATEE T 200, M2 57— Vi
B o R 230" Mg cluliz < ¥, StKAE, &/D
WE, FERERCRAELZREL, AEHEOSEEE &
v Ao A=F I K BMEMEEDBRELRKD I, HIEL
nid, 3EESFDIETH 3,

Table1 iz, A%X14.9mm, 2AFREN4mm &1.0mm®d
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Fig. 12 Comparing the calculated wall-thickness profile by

three-probe method with measured wall-thickness
profile by micrometer.
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In-situ Evaluation of Enhanced Heat Transfer

Tubes for Surface Condenser (SC Tubes)*

Tadashi Nosetani**, Yasushi Hotta**, Shiro Sato**
Katsuhiro Onda***, Tadashi Nakamura*** and Yuhei Kato***

35 integral low-finned tubes “SC907” with a fin density of 339 fins/m (9 fins/in.) and a fin
height of 0.7 mm, and the same number of plain tubes were installed in a condenser of 500 MW
unit in order to verify the enhanced condensing performance gained in a laboratory test. Three
sets of 11 or 12 SC tubes and the plain tubes made of aluminum brass were assigned side by side
in six sections ; along three steam flows (downward, horizontal and upward) in two zones (outer-
laned and close-packed). The heat transfer performance of SC tubes were evaluated after six
months and one year operations. In the six sections except the outer-laned zone along downward
steam flow (i.e., the upper and outer portion of the bundle), SC tubes were appreciably less
susceptible to condensate inundation than the plain tubes, and outperformed the plain tubes. The
enhancement ratios in heat load of SC/Plain in the five sections were 107% to 125%, and those
for overall heat transfer coefficient of SC/Plain were 118% to 15196. In the outer-laned zone along

downward steam flow, large steam velocity presumably can create significant shear force on the

condensate and strip it away, resulting in little difference between SC and the plain tubes.

1. Introduction

As a countermeasure to compensate the
inevitable fouling factor on water-side for alu-
minum brass condenser tubes in terms of cor-
rosion protection, a program on the enhance-
ment of the steam-side heat transfer coefficient
was initiated firstly with Technology Center
of Kansai Electric Power Company from 1983
to 1985, secondly with Electric Power Technol-
ogy and Development Center of Chubu Electric
Power Company from 1986. Because aluminum
brass condenser tubes which are the most pop-
ular ones in Japan have been protected from
corrosion effectively by the inside fouling layer
formed by ferrous ion injection intoc cooling
seawater!’, so this water treatment is widely
adopted in Japan. In other words, the stable
employment of the copper alloy condenser

* presented at
The 1989 National Heat Transfer Conference,
Philadelphia, Pennsylvania, U.S.A., August
6-9, 1989.

**  Technical Research Laboratries.

*#** Electric Power Research and Development Center,
Chubu Electric Power Co.
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tubes could be established when the tubes are
fouled by the protective film and/or any kind
of self healing film to a certain extent such
as about 3xX107°m? K/W in fouling factor.
Cunningham? reported promising data for
an integral low finned tube with a fin density
of 770 fins/m (fpm), a fin height of 1.35 mm
and an area ratio of 3.85 dealing with steam
condensation in a single row arrangement at
atmospheric pressure. An enhancement of up
to 36% in heat load was achieved. He observed
that above a cooling water velocity of about 2
m/s condensate bridging the grooves occurred
and resulted in a saturation of the condensing
coefficient. Of particular interest is that even
with high air concentration varying 4 % to 13.2
% by mass, the improvement in the condensing
coefficient, while being lower than that without
non-condensible gases, was maintained and
non-condensible gases have less effect on the
performance of the finned tube compared to
the plain tube. This may be due to the non-
condensible gases lowering the steam-side co-
efficient and so delaying the onset of conden-
sate bridging. In our early tests for low finned
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tubes of 750 and 1025 fpm under water veloci-
ties of up to 2m/s?, nearly the same enhance-
ment in heat load to that of Cunningham was
obtained, but there was no increase in the en-
hancement with the higher fin density of 1025
fpm. These results and the studies by Rudy
and Webb® ¥ suggested that the optimun fin
density for an actual surface condenser would
be lower due to condensate inundation when
neglecting the blowing-off of condensate by
the steam shear force.

Based on an optimization study concerning
effective surface area and cooling water flow
rate under a given outer diameter with varia-
bles of fin density and fin height®, four kinds
of finned tubes with rather low height fins for
the purpose of flowing cooling seawater as
much as possible were formed integrally from
aluminum brass tubes ; fin densities of 275 fpm
(7 fpi : SC7 series) and 339 fpm (9 fpi: SC9
series) and fin heights of 0.7 and 1.0 mm. The
target of the enhancement was an increase in
heat load by 8 —10 % compared to the plain
aluminum brass tubes under the conditions of
the same outer diameter, the same pressure
drop in water-side and the same fouling fac-
tor.

From a series of laboratory tests concerning
the heat transfer performance at steam veloci-
ties of up to 30 m/s in vertical 7 rows arranged
on staggered pattern under actual condenser
vacuum conditions, and the pressure drop on
water-side, SC907 with a fin density of 339 fpm
(fin spacing : 2.2 mm) and a fin height of 0.7
mm was selected as the optimun, taking into
account the water-side shape. As far as the
steam-side heat transfer coefficient is con-
cerned, SC707 was superior to SC907, but the
higher pressure drop due to the inside corru-
gation or surface roughness associated with
fin forming was not suppressed until the start
of this field study. In relation to the fin density,
Yau et al.” and Wanniarachchiet al.® conducted
a comprehensive survey in a single row under
a low steam velocity. The maximum steam-
side heat transfer coefficient was found on the
tubes with a higher fin density of more than
500 fpm (fin spacing : less than 1.5mm). We
think that the discrepancy between Yau et al.
and us probably resulted from condensate in-

undation. Significant progress has been made
in understanding fluid flow and heat transfer
during film condensation on integral fin tubes,
and the mechanism of the enhancement is un-
derstood from the aspects of (1) thinning the
condensate film between fins by concentrating
the condensate to the fin corners using surface
tension force” and (2) preventing the condensate
that drops on the tubes from spreading on the
upper part axially'', but being unanswered
about effects of fin and trough shapes, and
the combined effect of condensate inundation
and vapor shear”. The detail of our prelimi-
nary test to be published will make some con-
tribution.

The objective of this report is to present data
on 35 pieces of SCI07 tubes experimentally
installed in “A” condenser of Atsumi Power
Station, Chubu Electric Power Company, to
reproduce the laboratory performance of SC
907 tube in the field.

Nomenclature
A : heat transfer surface area (m?
C : constant
C, : specific heat at constant pressure
(kJ/kgK)
d,, d: : outer and inner diameters (m)
F. : amount of inside deposit
(wet) (cm®/cm?)
G : cooling water flow rate (m*/h)
AH : pressure difference in Pitot tube
(Pa)
L : tube length (M)
@ : heat load (kW)
R: : fouling factor (m?K/W)
T:, T, - inlet and outlet cooling water
temperatures (°C)
T. : saturation steam temperature (°C)
AT - log-mean temperature difference
X)
U : overall heat transfer coefficient
&W/m*K)
U, : U normarized by Eq. (7) (kW/m*K)
v : cooling water velocity (m/s)
o : density of seawater (kg/m®)
Subscripts
SC : SC 907 tube
P : plain tube
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2. Experiment

No.1 unit with a capacity of 500 MW started
in 1970. The condenser of this unit has four
water boxes called “A” to “D” condensers.
Each condenser contains 5916 aluminum brass
tubes of 25.4 mm O.D. X 1.245 mm thickness
X 13000 mm length and 449 welded titanium
tubes of 25.4 mm O.D. X 0.5 mm thickness for
air removal zone. Taprogge sponge ball clean-
ing system and debris filter were provided
about ten years ago. The cooling water intake
is located at the top of Mikawa Peninsula fac-
ing the Pacific Ocean, and its water quality is
clean from ecological aspect as well as corro-
sive aspect to the aluminum brass condenser
tubes. From the start of this power station,
the chlorination of the cooling seawater and
the ferrous ion injection for corrosion protec-
tion have not been permitted.

2.1 SC907 and plain tubes

Dimensions of the test tubes are given in
Table 1. In manufacturing SC tubes, plain por-
tions at both ends and lands corresponding
to the supporting plates were left with a diam-
eter slightly larger than the finned portions
for easy roll-fitting to tube sheets and the in-
crease in fretting and/or fretting corrosion
resistance at the supporting plate tube holes.
Appearance and geometries of SC tube are
shown in Fig. 1. The critical point of the cross
section is the radius at fin-roots ; the smaller,
the better for the condensing performance.

In order to avoid the confrontation with un-

Table 1 Dimensions of SC907 and plain tubes.

SC907
Test tube Portion Plain
Finned | Straight'V

Outer diameter (mm) 25.31 25.30 25.20
Inner diameter (mm) 21.73 22.54 22.70
Fin density (fpm) | 339 R e
Fin pitch (mm) 2.95 — —
Fin width (mm) 0.74 R — —
Fin height (mm) 0.65  — —_—
Root thickness (mm) 1.14 1.38 1.25
Inside roughness (mm) <0.05 —_ —
Alloy Aluminum brass

MStraight portion indicates both ends and lands.
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scheduled outages because of the tube failure,
mostly because of excessive tube vibration,
fretting and/or fretting corrosion on outside
tube surface at mid-span, the moment of iner-
tia and the resonant frequency of a single full-
length tube using the mounting frame simulated
actual geometry in the condenser like Sebald
and Nobles™ were measured, and furthermore
the tube deflection by steam flow was calcu-
lated. The moment of inertia of SC tube was
lower than that of the plain tube by 23 %. Ac-
cording to the method proposed by Sebald™,
the maximum deflection between the long span
was reckoned 1.09 mm under a steam velocity
of 0.5 Mach, being less than 20 % of the mini-
mum tube contact deflection of 6.35 mm. The
resonant frequencies of SC and the plain tubes
were around 50 and 60 Hz, respectively. The
resonant frequency of the tubes in a condenser
is a measure of their relative stiffness ; the
higher the frequency, the stiffer will be the
member. In Japan the popular thickness of
25.4 mm O.D. aluminum brass tubes is 1.245
mm except for air removal zone, so there is
little experience for the weaker tube. The Swed-
ish State Power, however, uses aluminum brass
tubes of 256.4 mm O.D. X 1 mm thickness in
condensers with 11 supporting plates and ap-
proximately the same span length of 1040 mm

Effective length : 12,930 mm

1112 1004 1099 1004/ 1099 1004 1099 1017
26 26 26 26 26 26
L
[ [0 | | I:I/;/ 1] | ] ] J
A ist Bond  3rd - 9th 10th 11th

Iniet Qutlet

Supporting plates

Appearance at A (end)

3
3

Cross section at B (finned)

Fig. 1 Geometries and appearance of SC907.
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to our test and a total length of 12500 mm.
The decrease in the moment of inertia with a
variation of the wall thickness from 1.245 mm
to 1 mm is about 23 %, being equal to the dif-
ference between the test tubes. From these
facts, we decided to install SC907 tubes.

2.2 Installation and measurements

In April 1987, 35 pieces of SC tubes and the
same number of plain tubes were installed in
A condenser. Fig. 2 shows locations of the test
tubes and the sensors for steam temperature.
Their location are viewed in the outlet water-
box. These tubes were installed along three
steam flow directions (downward, horizontal
and upward) in two zones (outer-laned and
close-packed). Particularly in the horizontal
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steam flow, SC tubes were arranged under the
plain tubes to carefully evaluate the effect of
inundation.

The first measurement under an initial sur-
face condition of 6 months operation and the
second measurement under an aged surface
condition of one year operation were conducted
on 11th and 12th November 1987 and on 11th to
13th April 1988, respectively. The last sponge
ball cleanings of the whole bundle were carried
out on 5th November 1987 and on 28th March
1988 before the measurements.

Measurements were as follows :

1. Condenser pressure
2. Low pressure turbine exhaust
temperature
. Hotwell temperature
. Air leakage rate
. Condensate flow rate
Steam temperature distribution
. Cooling Water (CW) inlet temperature
. CW outlet temperature of each test tube
9. CW velocity of each test tube

Measurements 1 to 5 were obtained from the
station instrumentation. The instrumentation
for the CW velocity and the outlet temperature
of each test tube is given schematically in Fig.
3. The inlet (3 positions) and outlet CW tem-
peratures were measured using Pt resistance
thermometers of 3.2 mm O.D. X 150 mm length.
A Pitot tube of 4 mm O.D. X 350 mm length
gave the mean water velocity of each test tube.
One thermometer and one Pitot tube were com-
bined to locate at the outlet of each test tube
using a thin tube-type and deeply cut holder.
The Pitot tube had a guide downstream from
the static pressure holes to align itself at the
tube center. According to the preliminary test,

Pitot tube Nylon tube Manometer

(4mm 0.D., 350mmL) (6mm 0.D.)
/ § Ho\lder |
6—» (l. I I ya ’E::j\‘
S RN
Condenser AN
tube Guide/ @ N

Tube sheet

Pt resistance
thermometer
(3.2mm 0.D., 1009Q)

Data logger

Manhole T

cover | [ eRy )

Fig. 2 Locations of test tubes (P : plain tube, SC : SC907)
and sensors for steam temperature (S1 to S12) and
CW inlet temperature (CW1—CW3) measurements.

Fig. 3 Instrumentation for CW velocity and CW outlet
temperature.

o
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the insertion of the combined instrument into
the outlets of SC and the plain tubes was ac-
companied by the increase in pressure drop of
about 0.9 kPa at CW velocities of 1.5 to 2 m/s,
which was about 3 % of the total pressure
drop of 27.9 kPa for the full length of 13000
mm at a CW velocity of 2 m/s. Lead wires and
couples of small bore nylon tube were con-
nected to a scanner unit and manometers, re-
spectively, via a manhole cover with water-tight
fittings. The accuracy of the thermometer was
within 0.1 °C at 25 °C. The preliminary experi-
ment for SC and the plain tubes produced the
following equation between the pressure dif-
ference of the Pitot tube and the mean water
velocity. The equation hardly depended upon
the inside diameters of the tube :
v = 0.0321 CAH)*"" (1)
Steam temperature was estimated from the
inside wall temperature of condenser tube in
which no cooling water was allowed. The sen-
sor for steam temperature measurement is
given in Fig. 4. In order to measure the inside
wall temperature of the existing condenser
tube, two thermocouples were brazed to two
leaf springs mounted on nylon slider. One
probe had five sensors connected in series by
lead wires through the nylon sliders to measure
the wall temperatures at five positions along
tube length shown in Fig. 5. Before 12 probes
were passed through 12 existing tubes (S1 to
S12 shown in Fig. 2), these tubes were sand-
blasted to remove the inside deposit for the
St(\)pper

Leaf\ spring Thermocouple

; 5

P e

T

P mmmii

O |2

Nylon slider Condenser tube

Fig. 4 Sensor for steam temperature measurement.
No cooling water flow.

Supporting plates

» B B c £ £ £ £ < = 5

[5] o S ) = ) — P “— @] —

NI O N O MO
N |
l&i IIl i II.II T rll Hl ] HI Tt T NJ
Inlet QOutlet

Fig. 5 Locations of steam temperature measurement
along tube length.

purpose of having good contact between the
spring and the tube inside. The both ends of
these tubes were provided with water tight
fittings to keep the insides dry. The accuracy
of the temperature measurement was within
0.3C.

The heat load and the overall heat transfer
coefficient are defined as follows :

Q= GoCo (To—T0) (2)
U= Q/(AAT) (3)
where, AT = (T,—1T)
/In{(T—T)/(Te—T}  (4)
A = mLd, (5)
G = 3600(zmd?/4) v (6)

d = 21.73 mm (SC)
and 22.7 mm (Plain)

In this report, T is the average of the steam
temperatures from Sl sensor which waslocated
at the most important position of the outer-
most in the outer-laned zone along the down-
ward steam flow.

The power output was automatically kept
at 497 MW and CW pumps were operated with
their discharge of the design rate. The meas-
urement started with an interval of 30 minutes,
when the steam temperature became stable in
3 or 4 hours of operation. On the first day, the
measurement under the fouled condition was
done, and on the next day all the test tubes
were cleaned by the nylon brushes, and the
measurement was repeated.

The measurement of inside deposit was car-
ried out as follows. A nylon brush was passed
through from one end of the test tube by high
pressure water, and the water containing the
removed inside deposit was collected in a pol-
yethylene sheet bag. The sediment was poured
into a beaker from the bottom of the bag, and
allowed to settle for 4 hours. The volume of
the sediment obtained with the treatment was
defined as “wet” volume of the inside deposit.

3. Results and discussion

3.1 CW velocity

The average CW velocities of SC and the
plain tubes at the first measurement (6 months
operation) were 2.02 and 2.04 m/s with a vari-
ation of about 0.07 m/s, respectively, also those
of SC and the plain tubes at the second meas-
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Fig. 6 Heat loads of SC907 and Plain tubes along three directions of steam flow.

urement (one year operation) were 2.13 and
2.17 m/s, respectively. This comparative result,
as well as the preliminary test in the laborato-
ry, revealed that because of the reduced inner
diameter the water velocity of SC tube was 1
to 2 % lower than that of the plain tube under
the same CW flow condition.

3.2 Heat load

The difference in heat load between the fouled
(i.e., before nylon brush cleaning) and the clean
(i.e., after the brush cleaning) was within
about 5 %. Therefore, the average value for
each tube is given in Fig. 6 as a function of its
row number. The row number is assigned from
periphery to center of the tube bundle. The
data scattered to a certain extent, however,
some tendencies with respect to the condensing
performance of SC tubes were found as de-
scribed below. The heat load at the first meas-
urement as a whole was lower than that at the

Table 2 Enhancement ratio (SC307/Plain, %)

R @sc/Qr | (Unsce/(Unkr
Steam flow Zone :
Ist | 2nd | Ist | 2nd

Outer-laned 103 | 100 | 113 | 109
Downward

Close-packed | 109 | 108 | 129 | 119

Outer-laned 107 | 106 | 119 | 118
Horizontal

Close-packed | 116 | 116 | 140 | 134

Outer-laned 121 | 125 | 151 | 144
Upward

Close-packed | 107 | 109 | 123 | 124

Note 1st : Measurement on 12th November 1987.
2nd : Measurement on 13th April 1988.
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second measurement. This is due to the differ-
ence in the steam temperature minus the CW
temperature ; about 13 K at the former and
15.5 K coupled with the higher CW velocity at
the latter as mentioned above. The enhance-
ment ratios of SC/Plain are shown in Table 2.

3.2.1. Downward steam flow

In the outer-laned zone, the heat loads of
SC tube were approximately equal to those of
the plain tubes. In this zone, perhaps large
steam velocity can create significant shear
force on the condensate, stripping it away. In
the close-packed zone, however, the average
enhancement ratio in heat load of SC/Plain
was about 110 %, and the effect of inundation
or steam velocity to SC tube appeared lesser
than the plain tubes in both measurements.
With penetration into the bundle, the local
heat load falls off, particularly for the plain
tubes, not only due to inundation but, to lesser
extent due to a decreasing local steam veloci-
ty.

3.2.2 Horizontal steam flow

Contrary to stationary heat loads of SC
tubes in the outer-laned zone, those of the
plain tubes gradually decreased with their row
numbers, probably because of the heavier in-
undation than in the downward steam flow.
In the close-packed zone, however, the rather
steep decrease in heat loads of both SC and
the plain tubes was obtained at the second
measurement. The situation, as discussed later,
reflected the occurrence of the air pocket which
was detected within the portion up to about 4
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m from the CW inlet (See Fig. 8). The average
enhancement ratios in heat load were 107 %
and 116 % for the outer-laned and the close-
packed zones, respectively.

3.2.3 Upward steam flow

In the outer-laned zone, the row number
dependency of SC tubes differed from that of
the plain tubes to a great extent ; although the
heat load of SC tubes was completely insuscep-
tible to row number, the heat load of the plain
tubes remarkably decreased with increasing
row number. With penetration into the tube
bundle, the steam shear force acting against
gravity decreases. Therefore, mode of the con-
densate retention is thought to vary depending
upon these two forces. Near the outermost of
tube bundle, the condensate tends to be blown
off from the upper part of tube, and to be re-
tained around all over the surface with further
penetration, resulting in considerable decrease
in the performance of the plain tubes. On the
contrary, even at this mode of condensate re-
tention, the third force of surface tension on
SC tubes makes the condensate film between
fins thin regardless heat load and inundation,
and presents no deteriorationin the condensing
coefficient in the outer-laned zone.

In the close-packed zone, it was fairly in-
teresting that the heat load of the plain tubes
recovered almost to the high values at the first
few rows in the outer-laned zone. The average

enhancement ratios in heat load were about
125 % and 109 % for the outer-laned and the
close-packed zones, respectively.

3.3 Overall heat transfer coefficient

Because the CW velocity varied from tube to
tube within 0.07 m/s, the overall heat transfer
coefficients given by Eq. (3) were normarized
to the values at the design CW velocity of 2.0
m/s by standard method (HEI') and Ferrison
et al.” from measured ones according to :

U, = Cv® (7)

In the following description, we will use these
normalized overall heat transfer coefficients.
The average value for each tube is given in Fig.
7, also the enhancement ratios of SC/Plain are
tabulated in Table 2. As far as the relation be-
tween the overall heat transfer coefficient and
the inlet CW temperature is concerned, the
higher the temperature, the more the coeffi-
cient. Generally speaking, if the same heat
load is performed under the condition of the
same outer diameter, the overall heat transfer
coefficient of the low finned tube based on the
outer diameter as in this report becomes high-
er than that of the plain tube, because the re-
duced inner diameter of the low finned tube
leads to a higher outlet temperature, resulting
in the lower log-mean temperature difference
than that of the plain tube. Therefore, the en-
hancement ratios of SC/Plain in heat transfer
coefficient are amplified compared to those in

Overall heat transfer coefficient, U, (kW/m?K)
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Fig. 7 Overall heat transfer coefficients of SC907 and plain tubes along three directions of steam flow.
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heat load.

3.4 Steam temperature, condenser

pressure and other data

3.4.1 Steam temperature

Steam temperature distributions along tube
length are shown in Fig. 8. At the first meas-
urement under 18 °C of CW inlet temperature,
the steam temperature simply distributed in a
narrow band of about 1 °C, and gradually in-
creased with tube length as stated by Rowe
and Ferrison®. But, at the second measure-
ment under 12 °C of CW inlet temperature, the
variation in steam temperature widened and
abnormally low steam temperatures were de-
tected up to 4 or 5 m from CW inlet at S7, S8
and S12 locations. In this region, the steam
seemed to be prevented from condensation by
air blanketing the tubes, or insufficient steam-
flow into this region seemed to introduce the
accumulation of air. Therefore, it is suggested
that air pockets appear in this condenser at
two locations up to 4 or 5m from CW inlet in
the close-packed zone along the horizontal and
upward steam flows when the CW inlet tem-
perature becomes lower than about 12 °C. In
the close-packed zone along upward steam
flow, the air pocket was anticipated.

35
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Fig. 8 Steam temperature distributions along tube
length.
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3.4.2 Condenser pressure and other data

The saturation temperatures converted from
the condenser vacuums read by (1) the pressure
transducer and (2) the mercury manometer,
and hotwell temperature are compared with
the steam temperatures measured by the steam
temperature sensors as shown in Figs. 9 and
10. The saturation temperatures of (1) and (2)
were in good agreement within about 0.5 °C.

=S SS ==t

Low pressure turbine exhaust temp.

3 L i
g o5 Steam temp. at S1(0), S5(a), and S9(n) 1
?) Saturation temp. (1) : e
g 20 Saturation temp. (2) : a
K | Hotwell temp. ‘m :
S o -
- CW temp. i
15 i ] ] 1 1 L 1
14:00 15:00 16:00 17:00
Time

Fig. 9 Data from the station instrumentation and
representative steam temperatures measured
using the sensors on 12th November 1987.

| Steam temp. at S1(0), S5(a), and S9(m)
| Saturation temp. (1) : e |
Saturation temp. (2) ; a
30 Hotwell temp. . )
. S o———o— 0 oo ]
o - R~ B B0 W o
e [t
jn
% 25+ ]
&
g.. - 4
T 234 O———O\o/o\o-——o—“o ]
= Low pressure turbine exhaust temp.
13f -
CW temp.
L6 . 5 |
10 15:00 16:00 17:00
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Fig. 10 Data from the station instrumentation and

representative steam temperatures measured
using the sensors on 13th April 1988.
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Fig. 11 Condenser pressures.

At the first measurement under 18 °C of CW
temperature, the hotwell temperature was
nealy equal to or slightly lower than the satu-
ration temperatures. However, at the second
measurement under 12 °C of CW inlet temper-
ature, the hotwell temperature was higher
than the saturation temperatures by about 1
K, being contrary to our prediction ; in the
latter of lower CW temperature, the hotwell
temperature has to be lower than the satura-
tion temperatures. Therefore, we could not use
the hotwell temperature as the representative
temperature T.in the calculation of overall heat
transfer coefficient. The low pressure turbine
exhaust temperature was lower than the satu-
ration temperatures. We have experienced this
situation in all of 5 units measured in the past.
The reason remains to be unexplained. Con-
denser pressures converted from the tempera-
tures of Sl sensor and condenser pressures
obtained by the station instrumentation, and
the design curve of this unit are shown in Fig.
11. The former pressures were higher than the
latter pressures by 0.2 to 0.5 kPa, and those
pressure values distributed in a better range
of about 0.5 kPa from the design curve. There
fore, the result confirmed that the evaluation
of SC tubes was carried out in a normal or
an undeteriorated condenser.

3.4.3 Appearance and amount of inside

deposit

As far as we examined, the morphology of

the inside deposit removed by the nylon brush

Condenser pressure (mmHg)
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cleaning was brown in color despite no-injec-
tion of ferrous ion, and filamentou like iron-
bacteria as reported®~*’. The amounts of
inside deposit F, were 0.0005 (SC907) to 0.0013
(Plain) at the first measurement, and about 0.
0045 cm®/cm? at the second measurement. The
fouling factor R by the inside deposit at the
second measurement was estimated to be about
3.5 X 10°m? K/W, which was calculated by
the following experimental equation® :
Re = (1.7 + 470F,) X 107°

3.5 Check and removal of SC Tubes

3.5.1 Eddy current test

Prior to the installation, SC tubes were sub-
jected to internal eddy current test (ECT) as
pre-service inspection. In June and October
1987, ECTs of SC tubes were carried out as in-
service inspection. Two of 35 SC tubes showed
tiny diflections in the first span from the inlet
at ECT in October. In May 1988 after the sec-
ond measurement, the final nondestractive test
was done, and SC tubes and representative
plain tubes were removed to check from steam-
gide and water-side. Before the removal, the
appearance of the test tubes were checked
from the shell-side of the condenser with naked
eyes. The steam-side of the test tube changed
to gray-black in color like tinting surface, and
a quarter around tube periphery was covered

(8)

with a very small amount of iron oxide fine-
powder with light-brown as well as other con-
denser tubes. Although much attention was
focussed on the preferential accumulation of
the powder at fin corners, this problem was
not observed at all. The observation at the
removal of test tubes revealed that the iron
oxide coverage disappeared rapidly with the
penetration into a few rows of the tube bundle.
The origin of the iron is attributed to the steel
structure.

3.5.2 SC tubes removed

The pure water droplet test indicated that
the steam-side surface of the test tubes was
completely hydrophilic. The two SC tubes with
ECT deflections above-mentioned were split
into two parts along tube length, and subjected
to analysis. The inner surface suffered from
a slight erosion-corrosion called “inlet attack”
with the maximum corrosion depth of 0.03
mm. In addition to a mild cathodic protection
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for the preventive maintenance of the hydriza-
tion of titanium tubes installed in air removal
section®, no injection of ferrous ion into CW
weakens the formation of the self-healing pro-
tection film of this alloy. We ought to have
taken care of this specific feature of this con-
denser.

4. Conclusions

(1) In an actual surface condenser of 500
MW unit, 35 pieces of SC907 low-finned tubes
with a fin density of 339 fpm, a fin height of
0.7 mm and a wall thickness of 1.1 mm were
used to replace stiffer plain tubes. They were
operated for one year without any indication
of fretting at supporting plates and at mid-
spans.

(2) SC tubes were appreciably less suscep-
tible to condensate inundation than the plain
tubes in this field test as well as in the labora-
tory test.

(3) SC tubes outperformed the plain tubes
in every portion of the bundle except the outer-
laned zone along downward steam flow, where
the condensate on SC and the plain tubes seems
to be stripped away by significant steam shear
force created by high steam velocity, resulting
in being out of the enhancement region created
by surface tension force.

{(4) SC tubes instlled in the outer-laned zone
along horizontal and upward steam flows and
in the close-packed zone along all of the three
steam flows exhibited increases in heat load
by 7 % to 25 % compared to the plain tubes.

(5) These results stimulate a plan to proceed
with a program on the plant scale test of SC
tubes.
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Recent Use and Characteritics of Wrought
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Present situation and future trend in research and development on wrought aluminum and its

alloys are reviewed at typical use.

Conventional alloys for use in construction, beverage can, closure, automobile, motorcycle,

heat-exchanger, computer memory disk, lithographic sheet, electrolytic capacitor, VTR tape guide

cylinder, photo conductor drum etc., and new materials for use in aircraft are described in this

report.
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5182 1 0.3 31.6 37.6 9 4.7 4.6 2.05
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Al—-1.8Cu—0.4Mg—0.7Si CV15 17 32 25 9.2 0.25 0.70
Al—2.6Cu—0.5Mg—Mn (2036) 19 34 24 9.0 0.23 0.75
Al—-0.5Mg—1.3Si SG12 13 26 30 9.8 0.23 0.70
Al—0.7Mg—0.8Si—0.7Cu SGO8 14 28 28 9.4 0.23 0.70
Al—0.8Mg—1.05i—Mn,Cu (6010) 17 29 24 9.0 0.22 0.70
Al—-1.0Mg—0.65i—0.6Cu GV10 14 25 25 9.2 0.23 0.70
Al—4.5Mg—Mn GM45 13 27 28 9.8 0.33 0.80
Al—4.5Mg—Cu GC45 14 27 30 9.9 0.30 0.67
Al-5.0Mg—Cu GC150 14 28 34 10.4 0.31 0.63
Al—4.5Mg—1.5Zn—Cu GZ45 16 31 30 9.8 0.30 0.70
A I 15—-20 28—32 40—48 105—-11.5 | 0.22—0.25 1.5—-2.0
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SEEE AL AR B 2 DI iE T O ASLE YR T OB %
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H*’/Jf,’:kré‘ocl:(}l v F VIR L O RL EEE & B, L
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SER (EdE)
DB

BRIy F o
S
Ky FEy b

SER (GBRYE) |
OWFE

BRIvFo
R el el N 1
R FEw b

& JF B oW
Ty F o
SN BERBRD
Ml TyFE
v b

50um

B o T B (SR, UER) oz v Frew b



Vol. 31 No.1 Bl D7 1 3 =7 bR O Rk &k

75

FICEHENTVWS, YRR FEy Mt <100
TSR 5 7%, ALHRANN A% 9 5 His &R
LMD, HEtEom» o EE L, Liah-T,
B © BCBEIIC B 8 & TOBEEME S F
AhET, YHERAMNEEROEWEEELE T 2 BB
Hbo I DI, BIBHETIF450°CL o EE O IERL
YESSPHE P T B S 1, B REAMEME & oL
KRB IRESEH S THO TV S,
BEACBHBEBE OB, W, Ry F v /i
L B LT N 5, M LRI EEICEMME 7L 3
=0 LEOALFAHECC BRI S & 035 A R E 4, &
MEET LI =9 A~ODFe, Si, Cu, Mg’ & OB,
RRIEESE, BN, o v ro— A3k BEETO
HEIC & - T LRSS N 5,

6.4 ZTEHBT 4 FO®

BZWMBO T ANK L =5 avF Uy OBEEERO 7 4
YHMMELTT VI =g ABERAEH STV S, HL
SNBETII =9 65, D TEX0.16~0.20mm D
1100 (99% A1) & 3\ iF1050 (99.5% A1) DL&MH L
SNTVIH, B TRHALAES, F£X50.10~0.12
mm®O OGO FEHHS AL T E e, I, BE(L
ELTET7 4 YRIEPERLoDH B, TTITRENE
74 vHTNI =Y AROEREERT, LTE T 4 v
AR E LT, 70 YEREKOER WS 2V o T
MEnRETOBEREL SHWRAE Iy —v e v
MICHA 27 icd 2BEORY B LESLETH 5,
COHBO I, &L, WMEDZrd 50 IidMn%EN
L1050 EEM S EMFREh TV 3,
R, BELEREAEHTAb0NERL T
&, BEPOEBECYMALLE, AEHE LT
Mrpica v #Fr4 07 0 VICBELIoKIC L BIERBEHE
HL, Z2OBEERYTH 2B ERICRENT L
BH b, ZOLDIHRARNUESNETH 5, EiF
W7 ¢+ v OBUKMESEBECE v Fryy0 7 4 v FICE
8 U oKD M, EEWEEE L CHERREMERE AR TT
EH D, —RICEKEE T DICEmE NS v ) B
TEOEEARHAIDT, YYAEESEHV/ vy
RIDFIKERAME 7 « v (v a— M H) OBFS
HENTL B,

6.5 VIRF—7Y Y vFEEEL®

VTRD&Eemic i, FEME otk 73
=Y AGEBEPIEDEHRHEN TS, VIRDETER
ED—=DTHBET —THEITV ) Vb EFD—>Th 5,
DY) vFiLE, Y v IBRERT - FIic kD EE X
niwC L, UHIESEIFTHEORORERB WD &
REBBEESND, HRVIRY Y v ¥ & L TIRAl—
CukDBEMM L Al-SIR 5 A H 2 v DS T
Wik, RO &S B S - Too

(i) $6H, TUNRRILY), HIRLRLEYELELT 5

fodh, FEEUIHIIN T RH/R M % O,

(@) FEOCBLELUTHEE O SEL, 32 MRV,

(i) BEXPHTRL, MEEEOR ELEERE,
INSD=— LT B8, FEH S IFAl-Cu—Ni—
Mg —SiR O &@BISSIHMBEM AT L 12, O H
£ 7 ofifEERI2ICR L, S8R oM, %
BD 7 4 vy — LB, MESETES 2 WIS
BhESEA a v b o — L UTAEREA 5 umPl R4
TEHEIICLT, LEoMEERR L. bDTH D, B
Bl ORI E s h, BEEgEy ) v 5 &L
THERM TR - TIEL b T W 5,

—77, BORRHE E~OEBHRHVIRIE, BEHEb 5L
R AR TH L, L -T, COBDOVIRY
Vv S, TS RIT T, B 2R T - 7%
BEHELEVETFAET LV =Y A 50ROESEREF
BEMBPEMEEEL SN, ERPIESEA TY 39,

6.6 BEBFNSALRYTIS—F

LD VY bud Ty 47 AN B 353
HeAd2b00b5, HEBFSL0LE2%E-TA
Th, INETTORL VEEDH L VRIS F I v a0
Mt - TOPC (Organic Photo Conductor) #8455
DERENTOS, /2, TEALT 22V )av s 4
TORBNE N 5 A bBETEa TV 3, kD N5 a1,
1050, 30034 5 W\ 260634 & DRENH VLN, B
AR L & D CHEMPIELET 2ESBNED OB
HLBR b TER, 5%, OPCHZIVIETENLT »
A2V avBELPHSNBEEDICE B &, TEDOEM
HEFEELsChEcR hcEEHs s EvhbhTo
5o WK T « A7 OB & LR, Sa&s OHE, %,

BT OREML7 4 HT A =7 O
JIS e & 2 o il Al gless & {1 [C N A R/ O 1 o -
(# D) (mm) i 8 (kgf/mm?) (kgf/mm?) (%) (mm) -
0.13~04 0 3~45 8§~10 25~30 8.5~9.2
1050 0.12 H22 105 115 18 7.5 wOHL 74
0.12 H24 13 13.5 12 6.6
1100 0.13 0 3 9 32 8.8 i} .
s Zr, Mn 0.11 H24 15 17 11 2.5
o . LI&74 >
A 11050 0.11 H26 17 185 5 4.2
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(1) B18S#HfE (X75)

(3) ACBA$E 4 (X75)

(2) B18S#EiEHE (X300)

&

(4)

®12 VTR Y F—BTI I =7 L6880 BMEMEE ik

A TEEOTMYIBR OS], S0 7 vy —HEI
L B IEEBRNEMORES LD Y yavt -4
PLED{b&EmADiEd Lic F 5 s HIASOMBEIH
FNTW5B,

YTV IT—R@BL—FTF) v IETHPASATHS,
8, 10, 3 VRI2ADOEIELHEHETH D, Al-Mghse
& FIBAl-Mg—SiRAEBHV LN TV B, MEE:
HE LT, UERoEES o, KR, mElgic
BRATVWAIENUEELING, 201D, FHiEs
S UBLESREE M L, MEdo&ER L&Y R DR
D MRS TN TV 5,

HY TV IS5 -0, #EREY vy 7d 50N
HITESE LiFshTukds, BHIMTHEERRS 1 ¥
EY FIEBEMOTMIENS LS5y, LEENSRE
FLU, a2 b bEBENBEICH T, RYTV IS
MOINLEMEEIHDROME T « 2 2 ML HBREEEE L
FAENCRE U Ch 2, WiketlEl & 72 5 o n i@
WAL THTE L, UHHOHRB IO <&
DU AFIEIC T 5 08B D 5,

6.7 BEEERFH?

BT ROV E YR GREERET) T’ b
Y R % v E RSN B EORISRF LRSS O B D
SNTWAS, TOMMEEE, oL THREEA
HoboT, HEIknILdREF~—FvROY v 7D
FTET « BETE099.984% O EHE s L,
TZATFRBESHBIEICEORET L7 4+ — 7 FDHK
WTFOWEETISDTH B, F—F vk Y v 71360
63E &P MM TR S AL, Y v /I NERIR
B TR T AIEYT B 728, 107°~10"Ytorr & WS i
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BEENTERSNTOVS, TOXIBEEGHEZETE, &
WY a4V b EPLOMNGE BT LUNDE, ) v I
M TH BTV = AN ORERD 5O
H AR KE BB ERL B, TV =0 HEIERIITE
MREBTH B0, BEONHGETIMESERT
KRS &S oansd &, WRZER OB &R KFRIE
DEFITHEITT 5, COL D BHMEERER~F 2E
JRE &3 2, BEEAE NI LRRNELBKAP
REHT R ERKBICWE TSI EEGD, MEEEME L
LTRAREATH - 7oo BRI ZEEM P O /KFIX
AT 2AEE LT, HHHO S 2 2B E
B, WM ERICAr O R AR EAT
BT Eicky, KMBIGEH LoD, bEBBRILKIE
PN T B EBHREE N ok, THLTELONLT IV
1 =0 ARETEMIE, RENICKSPCEEN 2 OWE D
1<, FDH ABHBEIEX~10""torr /s em? & W S Hr
TRIFNESEZERAMTH %,

6.8 ZhHETFHEH & EBEF RIERE b
BT (S3IFE) B¥iNd 2icLicdi-1T, 2D
FAFE & B VR ERBESRED S & h 3 Behi T4 15
HENVERNT A ERERELL TV B,
FHEFEZBELPTVDORYBTH D, Z0OEALE
KERGLTHIN9BR TH B, EICE 7V I =T Ay
B EH B2 DICB.CAETRN « LKk, ST 5, BC
B A2 350°CTT V3 =9 LT IRIET WA, HEM
25TTNY = L LAEE DY, RN — A%
SHBIENTES, OSBHOmEICHT L = A
EADbRHTHEELET 2, D77y FHfR, $liM & LT
FHINATVWE, £ —1OEE, BLCAEN~0%SH
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LCwe, mEETHIEM E LTIZE TS 255, WL
&< (GRS 10kg/mm2LlF) , diFmITemiEn L
OMIBRETH 2, Chicwtl, TrVI=vsds
BIZFAl-MgR) 1K0.5~3.5% Dk o FARML 7284
BHEI T, AEESEIFT, BESEV, 7
129 a%0 5y FUEMBEHERCTCh TV
o, FHEREOREEICHERIN TS, KL, &
UHREESLLTAIBE LTELEL, 2OHENILTET
WIZgAXDKREOVEYD, BEFCHBELPT VW, &
DIeHERFEIC T REHET 5,

T =Y ARRAT VLRI THFERGED
SESKL, AR EORERE STV
FHO, Lieh-T, BEISERBREBICT LI = 484
RO, EEOMRSTEB L CEESD — TR ISR IE
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FLAHAVORTWS, MERY 25V v ER%ET, —
BRI & LTV TV, Al-MgFRD505644: 13,
BEIA A SEERE UTHRES N, BmEsHC, W
AT N, BERBIAEOH Ey %L L, i
BEWIcd, Bl TIIETEECEFERS T L oBHiE
DEOEHBRE SR FbhTwa, tHikic>vwT
i, S IBAEORE S ICEARE W HEEE A
ELTHE, 01188 LEE0, 2011420 HIH &
5056 5@ DMt & i & RRNEE 2 b bE b OMEIE LT
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S oIcHHE, MR EERBLEASELT, GT
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BEICHEDOCu L, VIEIHEME LT#%ESn, PbEERINL K
BB S TH 5, HHM: & BEnTH, YIE & i
Ak, EEHLBEESOFRETINATVE, &K, &
BHETOVEINIIC B VT VB e 218
EHLCBY, SEEPENTcE#OMETH 5, B
Eai & o T, [ERER LA — YL — B L 2
& & TBEE RIS 2B L, 200°CRIBORE THG
B TIEA G 22 &0 5, COBEMBRENEVE, #
DS FUEE L CEAIR D RIGDSERS RN RIEST B T & Db
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SHROPHIGEELTE, MEoaz o v ok
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Al—Mg—Si%d6101 CEEBHS5.0% LI L, T6, 57.0%
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SR TV =Y A DREEMBOREMITE SEZ
oNb, HMEEMR R %y & LT, HRtd, MHD
FEE, WSKZE LIHESE~OIEH, BEEr -7V E LT
KEREBLR EORRESED SN T WS, BA, Nb—
Ti, ViGa, NbsSns & D48 11 7o B EE B R, — %1 8l
EEENERE LEEGHMR > T3, Bolf, 0
Bcitb » TEHME T L 3 = v ALELBEBUME R
FPEDLNTVE, MEOREVEME T VI =943,
@ BEREH & 0 BEBKIEBAVNS O, @ BYRERHH &
D, BHL, ARG BER TV R, @ BARKY L D
BBRBESHHEL DNS WA DEHIBER LS, @ BWv,
O HEBRRNHETHEDEBBRMITLEEE TN TS A
BEBWWHA S, ® iz BRE{ILT 5 & AE CHME
ISR BT S MBS s N5, & DR
MHB1HTH B,

U LA hs & BB 70 3 = & 3Rk s ik 13 8
KHARTEL, MM ASE LSS, o BEEME
(Nb-Tig®REE) LOoBEAMINPEE LY, BEDORHA
BHy, SHOBMERELE > T3,

7. 5ied - FiEORSRE

FROTNVI=0 2%HE6E - FIMEELT, Al-LI
e, BREERERASB L UEAMBE EME B,
PUFiC 2 NZ N OEBEAE 0N ol O ZEH B T ORISR
Fic oW Tk B,

7.1 Al—Lig&®

TNI=Y AT Fu s (BE0.53g/cm®) %IENT
3&, BEMET (3% 1%L L, #SkEELsw -
(6% 1%L1) TEHIEBHOENT VS, TOEEE
EEEICE H U CAlcoatl SBEFE L 72202084 13, K
HEHERA-SCOFHEPBHER LTINS LD T
FHHEh, 96 WIRELsN®, UL, 20200
PPENEL, LrSUIREZENEVLYD, Zo&d
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BAMNEE SN, 51T, 202084 KRZEEOH L W
WiE RS AR A o X WY, TOBED
FHADOFHIZRA— 5COA LD, Alcoattic BT 5
202044 BRI H 19694 I T Lice Al-LIRESD
EM R LR & —Ehlr s hicds, AlEsLlE
CERE OBL D S TEAl-LIRGEMNER S, Tk
PHHEORBIREAER > KIRHERESED ST,
19804 FC Iz A D, Alcoa, Alcands & U¥Pechiney @ =iktic
&, #hFNERERHBE SN i, LINNER 2 ~
39%T, 6~ 8%DEWEIET &12~18% Ok RE I L
ARb-TW5, 2XXX%K, 8XXXFWIFNdAlI-Li
BRAS L, BMEOMERM T VI =9 442014,
2024, 6061, 7075% & EELI LORFHEERT, bl
R s saHBEELTVWS, £8% KBRS
NTWVEA-LIREAAGLSOMMONE, MR, &
RreE g 2024% X U075 4 L KL TRT, WO
Al-LiBAE4E b, 202407075& < SR TERIZT~11%
EFL, B LTW5, 8090 (8090A) &4 @
M 13202404 EREMFNLLETH D, BRI S &

heho, HEMY OfREE/RLTWE, —F, 10754
SoREBERD 5 1200848 PCP2T644 R, BH(LL
B IS DISTEIIN T 247 - 70T 8 MO IRIE 1370754 &
LRIEFUTHBH, GEMTLEVT 6 M TRTT5E
& X DL, 809144 bIEA T X T65 LB CT0T5
HAMORE LTS H, FRTELERENS > TH
by, WIRTRAROF —/ YA b Y U H — ORI D
o, Al-LigEMALOMENBREINEE, 652
ABTEE S DRFShEITIRTES 505, SRR T0T5 & 4
O HENTV S,

155, Al-LiZERAASOEANKEE, 204640
075848 L0 bFELLENTEBYY, £, HWEOML
HALE AT &, 1072~10"%/sD & 0 ¢ A E I TR
W VDS & h B2, 4

PlEokdic, Bk 3T bdTRAMITONL
Al-Li#i 4 OBIF R, MRS AR & B - kO
MCA—HOLIAETETHD, IALAPOBARY
5 o ZRBRO D IR BIET BRI S Lt - TV
2. DHAETIRE S Ic®E FoRAOREE (Al-Lifk

#®8  Al-LIREMA GO LIH)
T S ) 1 .
et E el | R B
56 ot & & WEISK | B OH | e e x| : )
PHFE 1 = WK BT gl | w J1 | M U | g Py | (GPa) | (@/em?)
(MPa) | (MPa) (%)
8090A | Alithalite A | B #& 476 400 9 Kod5.6 78.6 2.55
Eog | TS 569 530 7.9 425 78.6
2090 | Alithalite B | % # | T8 563 512 5.2 - 2.59
Alcoa gnss | T6 472 416 1 274
8192 | Alithalite C | B 5 | T6X | 442 313 5 — 81.6 2.5
8092 | Alithalite D | B # 488 406 75 Kod5.3 78.6 2.55
BB | T651 | 495 450 6 37 79
8090 Lital A T6 455 365 4 K80 2.54
WM
L P 485 415 4 K60
B of | Tesl | 565 530 5 2 80
Alcan )
8091 | Lital B w | T 480 390 45 K55 2.55
R B v 505 440 45 K50
B OH | T3X51| 470 395 6 Kdo
8000 | Liic | - % ¢ 2.54
WM 430 360 5 K90
8090 CP27l | E 4R | T851 | 500 455 7 K33 81 2.54
BB | TS50 | 455 340 11 K39 78
Pechiney | 2091 cp2ra | m. - ¢ 2.58
W M| Tew | 445 330 17 K145
cP276 | B M | Tss51 | 605 595 7 — 80 2.58
Alcoa | 2020 T6 579 531 3 772 2.73
2024 T3 490 350 16 44 73 2.77
7075 Té 570 510 13 27 72 2.80
o LTHm,  (2)LSHH
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OB b NI X BABRRIIH) T b 5 B IRHHE B HHEEOBEN TS, PLEOP/MTXXXE®E, £
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#300°CE T, P/MEEMTI—6Al—4VESE 0B
KIED1EBRLEALNTWVWS, ZLT, Ti—6Al—4VEE
KRATP/MEEEZFRAT A &ICED, 7L — a0
Bt 5 ~14% o E(b, v VIRFOEAITIR T ~35
UYOWMBPEONZLERL SN TWAEY,

BBEGREESEMBO CCEEDEE LT, 57
WMRERM T d 22, B&% (10°C/sLLE) ant:
TENTZ » ZAYHF Y (AlgYsNis) JEETOF|E®REE
#100kg/mm*Pl L& Wb, [k, MEEME S LT
Z OERPPR I h 5907,

80

7.3 BEWHE®

TUI=T AT o7 ZSICOL AN LT ¥y 2
77 A= RSB EE R, BhREL Y -7
B, 2 LTEKREGVEIEERT, RI122 &, KR
A T20~30vol%SiCO ¥ 1+ R — %60615& 1AL
Ui, RlsRWHE & BRI TH 5, SICRINE
KEAEMELS LI EBHNS, BEOTVI=Y A5
LT REHVERMER (120~140GPa) MELN TV A,
BT, ZVWMMC (Metal Matrix Composites) & LT
EXNTWBDURALR, 10~20vol %SiCH F % 8515
HTTN = AEALLEMETH 508, 5I5EE &
WHRBOWE R, FIAIE6061454IR M TI1Z20~30%
MEICELEE TS, M/ABKI X D RITFHEb %
37 - 7o BRI DISPAL BN B E ST H 543, 12vol
KALCESUME ORI & 13 E B T400MPa, 500°C
T180MPa &, S—SERBEOHENLET N 5,

ARALL®™ 3 3 2 — p¥fAS, THI =0 2D LS
Bk WT & 2 EMEEAM & LT, MEBBEA~OMR
{bsmstanTnd, ARALLR2HELEO TV =
LAEEWROICKFRPO 7 ) v (7353 8) 2EE
OB LRRT, &ty SR EN T
Wb P, 7=y aBEAEMEIC VTR, FE
DEEESEL, < bLVWEBBHENTE L - 12, Sl
KEUCMEW A, SBOMEBAMEE L TRV IR
aha,

®R12 SICv 4 27— %2 F L0614 S MENREH TN

BB & TR

g | GEEE @ w v E

(MPa) (MPa) %) (GPa)
6061—T6 290 255 17 70
?20&58 585 440 4 120
ezl w2 | ow

8. % & &

B D 7V =0 AR QRS 5% OBE & R
ACE EDTHI, BM, SEEM, MXEM (B3,
ihEE, B, MIZERD) WS+ R 2 M, HIRIEK, B
avFyyHE, VIRF—7v ) v, HEEF S &, @
EEZEEM, FEIMLTEM, EEM» 5V IESSEHE,
B THEEEHIChZ->TW3, Thdbictk@L T,
R EEHEEE ST oM oERELE, X b
7Y DI OMEIOERINEIRKD SN TS, &
DicdiTid, FLLLOWE L& T < hicE 0B
bRy, BIPINTY, ek, REmAEEFED S <
NEMBEE2 I DR BETE2EMN 2T 5 T &8,
bhbh7vi =y aTEICHSEDIPRE, HiNE
DEBLEZ LI,



D
2)

4

5)
6)

8
9
10)
1D

Vol.31 No.1l BED T VI =0 AR ORRE Rt 81
X ik Properties, Vol. I, ed. E. A. Starke, Jr. et al,,

B BeE, 32 (1982), 261. EMAS, (1986), 403.
BB, EHES Zliuu, 11 (1970), 169. 42) R. Grimes and W. S. Miller : Aluminium-Lithium
b B, %‘Bﬂﬁ@ C AEE, 20 (1979), 125. Alloys II, ed. by T. H. Sanders. Jr. et al., AIME,
R FE, OEEBRE Dﬂx%lﬁﬁé’:\é% 19 (1980), (1983), 153.
270. 43) LPYERE - AR 29 (1988), 69.
ISR ME, APEER . B &, 21 (1980), 283. 44) G. W. Kuhlman : Aluminium, 61 (1985), 69.
K &, HHERE, BEEA A& 19 (1978), 112. 45) G. J. Hildeman, L. C. Labarre, A. Hafeez and L.
HHBE - gk &M, T3 (1987, 403. M. Angers : High Strength Powder Metallurgy
Bipsklt - &8, 48 (1978—1D), 20. Alloys II, ed G. J. Hildeman and M. J, Koczak,
EIBENE - K5, 23 (1982), 36. The Metall, Soc. of AIME, (1986), 25.
FEEA, BB AR 21 (1980), 32. 46) J. C. Lowndes : Aviation Week & Space Technology,
EHEMERR, TENEE - ASE 27 (1976), 15. (Feb. 27, 1984), 68.

12)
13)

14)
15
16
17
18)

19

20)
21
22)
23
24)

NIKKEI NEW MATERIALS, (1989%E5H 15H‘Ei) 32.
MifE—, B, FERA, REEE . A5 2

(1986), 1.
i
BRI,

B, 39 (1989), 310.

FEEPEA, HHICHE . AREE 21 (1980), 123.
BEEE . oAeBEEaeWm, 9 (1970), 491
BE, SHNE 85 = BeRE 26 (1975, 70.
Y. Baba et al. : 6. Internationale
Leichtmetalltagung, Leoben-Wien, (1975), 99.

Y. Baba and H. Yoshida : Proc. 2nd Int. Al
Extrusion Technology Seminar, Atlanta, (1977),301.
T, HMEhE - A, 18 (1977), 68,

EIEH - DASBELAE, 17 (1978), 498,
BN, RERIER - REHE, 51 (1985), 916.

R OEERD, KN, ARG - B4R, 39 (1989), 460.
=, SARRME  Bem, 31 (1981), 675.25) Uk

WA - Bl 38 (1988), 552

26)
27
28
29)
30)

3D
32
33
3
35)
36)
3D
38)
39)
400

4D

Bl 7 =9 A, No608 (1981—4), 19.
HEEHE, T IRA gk 24 (1983), 157.

HAER 11226685, fFEFA AR 1H62—13422.
FEEA, BBERE . AR 26 (1985), 30.

R %, NIKKEI MECHANICAL, (19894E5H15H

&), 108.

TNk - 7ur T, (19854FE11H5), 68.

KERE B8, 32 (1982), 479.

EHkEE, HHEHE, FHRAE, BIRSN, StEHs

AE, 26 (1985), 61.

ReRBAHRAMEERERS . 7=y 4, N639
(1983), 13.
EEEN, 58 ¥ . K 15 (1974), 49.

B AR 51209499, 551211326% .

BE OB 7AISOLHBOER S TEEH ReR
Waxdm, (1985), 342.
FERAE, SEEE— 0 KEE 29 (1988), 47.

E. S. Balmuth and Schmidt : Aluminum-Lithium
Alloys I, ed. by T. H. Sanders, Jr. et al., AIME,
(1981), 70.

ALCAN Aerospace : Alnminium-Lithium Alloys
Data Update, (Jun. 1987).

R. F. Ashton, D. S. Thompson and F. W. Gayle :
Aluminium Alloys Their Physical and Mechanical

81

47

48)

49)

50)

51)

52)

53)

54)

55)

56)

57)

58)

59)

60)

P. J. Keschter, R. J. Lederich and J. E. O’'neal :
Aluminium-Lithium Alloys III, ed. C. Baker, P.
J. Gregson, S. J. Harris and C. J. Peel, The Inst.
of Metals, (1986), 85.

A. E. Vidoz, D. D. Crooks, R. E. Lewis, 1. G.
Palmer and J. Wadsworth : RaPidly Solidified
Powder Aluminum Alloys, ASTM STP890, ed. M.
E. Fine and E. A. Stark, Jr., ASTM, (1986), 237.
W. M. Griffth, R. E. Sanders, Jr. and G. J.
Hildeman : High Strength Powder-Metallurgy
Aluminum Alloys, ed M. J. Koczak and G. J.
Hildeman, The Metals, Soc. of AIME, (1982), 209.
R. G. Bourdeau, C. Adam and E. van Reuth :
Proc. of The 4th Inter. Confer. Rapidly Quenched
etals, ed. T. Masumoto and K. Suzuki, The
Japan Inst. of Metals, (1982),155.

D. J. Skinner, R. L. Bye, D. Raybouldand A. M.
Brown : Scripta Metallurgica, 20 (1986), 867.

G. J. Marshall, I. R. Hughes and W. S. Miller :
Materials Science and Techn., 2 (1986), 39%4.

(LR ERE, BILROA, REER, #REX, Ah &
B4R, 37 (1987), 704.

P. R. Bridenbaugh, W. S. Cebulak, F. R. Billman
and G. J. Hildeman : Light Metal Age, October,
(1985), 18.

W. E. Quist and R. E. Lewis : Rapidly Solidified
Powder Aluminum Alloys, ASTM ATP890, ed. M.
E. Fine E. A. Starke, Jr., ASTM, (1986), 7.

A. Inoue, K. Ohtera, An-Page Tsai and T.
Masumoto : Japanese Journal of Applied Physics,
27, (1988, 479.

FEBA, A @ BReRF
968.

F. H. Froes: 2nd International SAMPE
Metaland Metals Processing Conference,

Volume 2. (1988), 1.

W. R. Mohn and D. Vukobratovich : SAMPE
Journal, Jan./Feb. (1988), 26.

L. B. Vogelesang and J. W. Gunnink : Materials
& Design, 7 (1986), 287.

20, 28 (1989),



Reprinted from  SUMITOMO LIGHT METAL TECHNICAL REPORTS  (Title No. R-358)

i & #

A BELERTITR T B R IEZEEIc D0 T

%
B

F R OR 8 5 =

o H

On the Machine Diagnosis Technique
in Our Nagoya Works

Yukiyasu Takeda, Yozo Hattori and Mitumori Aritomi

R &R T2 bk 2 &+ Bl BF 28 B



2 11 & #

S REGEHIT R B

I Z Wi ic >0 T

K H = & kR 8 &5 =
"B Ot 7

On the Machine Diagnosis Technique
in Our Nagoya Works

Yukiyasu Takeda, Yozo Hattori and Mitumori Aritomi

Machine diagnosis technique is to make important for new scientific quantitative maintenance

for production equipments. In this report, we will describe the use of the diagnosis technique for

rotating machine, lubrications, electrical insulation and other maintenances along with some

application examples of monitoring system which prevent quality defects on aluminium products.
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