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Fig.6 Observation of corrosion surface in the case of slit specimen
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The fatigue crack initiation life and growth rate are affected by experimental conditions. A corrosive
environment can be created in a laboratory by means of dropping salt water onto the specimen
surface, spraying chloride mist into the experimental chamber, etc. In the case of smooth specimens
of some metals, fatigue life is shortened and the fatigue limit disappears under such corrosive
experimental conditions. In this study, the cffects of intermittent spraying of 3% NaCl solution-mist
on corrosion fatigue behavior were investigated. The material used was 0.37% carbon steel. This is
called JIS S35C in Japan. Spraying of 3% NaCl solution-mist attacked the surface layer of the
specimen. It is well known that the pitting, oxidation-reduction reaction, ctc. affect the fatigue
strength of metals in a corrosive environment. We carried out corrosion fatigue tests with smooth
specimens, holed specimens and slit specimens. Then the effects of such specimen geometry on the
fatigue strength were investigated when the NaCl solution-mist was sprayed onto the specimen
surface. In the case of lower stress amplitude application in slit specimens, the fatigne life in a
corrosive atmosphere was longer than that in the open air. It is discussed that the behavior is related
to the crack closure which happens when the oxide builds up and clogs the crack or slit.

Keywords: Corrosion fatigue; smooth specimen; holed specimen; slit specimen; 3% NaCl solution.

1. Introduction obtained in the natural atmospheric conditions or in
When constant stress amplitudes are applied to the open air. For example, this behavior is summa-
smooth specimens of steel, the fatigue limit can be rized in books by Murakami,' McEvily,” Nishida,*
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Milella,* etc. Usually, the fatigue limit is defined by
the maximum stress level in which the specimen does
not break even after 107 times of stress repetition.
However, the fatigue limit becomes unclear or dis-
appears when constant stress amplitudes are applied
in a corrosive environment.*® The number of cycles
and time of applied stress are related to the accu-
mulation of fatigue damage. Such corrosive damage
can be somewhat detected in paint, electric protec-
tion and so on,” because corrosive damage is surface
behavior which includes cracked surface. In a corro-
sive environment, the initiation of fatigue cracks is
affected by the growth of corrosion pits."* The crack
growth behavior is affected by the oxidization con-
ditions of the metal used. The behavior of oxide in-
duced crack closure was examined by Endo et al.**
and Ritchie et al.’® Also, it is explained by Staehle®
and Kawagoishi et al.'” that the behavior of hydrogen
is important to understand corrosion damage.

In the present study, the effect of spraying NaCl
solution-mist (salt water-mist) on the fatigue lives of
smooth specimens, and slit specimens was investi-
gated. Also, a holed specimen was used to compare its
experimental results with that of smooth specimen.
To investigate the effect of a corrosive atmosphere on
the fatigue behavior of a structural material, 0.37%
carbon steel was chosen for testing material. That
material has been widely used for machine elements
and structures in Japan. For the limitation of exper-
imental conditions, continuous spraying was not done
but intermittent spraying was performed. The period
of spraying would affect the fatigue life of the speci-
men. However, from the view point of the basic study
of corrosion fatigue, the spraying interval was fixed
with definite cycles, and the effects of the spraying on
the fatigue life and crack growth were discussed. Es-
pecially, the crack growth behavior is discussed in this
paper. The fatigue life of a slit specimen in a corrosive
environment was longer than in the open air. This is
related to the crack growth rate. Environmental
conditions are expected to affect the crack opening
and oxidization behavior in a specimen with a
cracked surface.

2. Material and Experimental Procedure

The material used for the specimens was a round bar
of 0.37% carbon steel. Pieces of bar were annealed at
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870°C for 1h. and then machined on a lathe and a
milling machine. The chemical composition and me-
chanical properties of the material are shown in
Tables 1 and 2, respectively. The material used was
supplied by Sumikura Steel Co. Ltd. in Japan. The
data of mechanical properties were obtained by ten-
sile test after annealing. The geometries and sizes of
specimens are shown in Fig. 1. The length of the
specimen in the case of testing in the open air was
140 mm, and that in the case of testing in corrosive
conditions was 260 mm.

Figure 1({a) is the geometry of a smooth or holed
specimen. Figure 1(b} is that of a slit specimen, and it
is shown that the slits were cut at both edges of the
plate test section. After drilling a hole or cutting the
slit, the specimen surface was polished again. Then,
the specimen was annealed at 600°C in an electric
vacuum furnace.

The mist of 3% NaCl solution was sprayed onto
the specimen surface at every 3000 cycles in most
cases of corrosion fatigue tests. Two cc of the mist
(3% NaCl solution) were sprayed at a time. A
chamber as shown in Fig. 2 was used to protect the
testing machine from corrosion. Push—pull tests were
performed with stress ratios (minimum cyclic stress/
maximum cyclic stress) R was —1 and 0. The fre-
quency of testing was 10 Hz in the case of an open air
fatigue test and 3-5 Hz in the case of corrosion fatigue
test. In corrosive conditions, the fatigue life is affected
by the frequency. When the frequency is lower, the
effect of corrosive conditions on fatigue life is severer.
So, we chose 3-5Hz in the cases of testing with NaCl
solution. On the other hand, the fatigue life is hardly

Table 1. Chemical composition (wt.%}).

C Si Mn P S Fe

0.37 017 0.7 0.019 0016 Bal

Table 2. Mechanical properties of the material
{og: Yield stress, og: Tensile strength, op: True fracture
stress, ¢ : Reduction of area).

Yield Tensile  True fracture

strength strength stress Reduction
s (MPa) op (MPa) ar (MPa) of area ¢ (%)
292 493 975 62
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Fig. 1.
of plate type (thickness = 4mm}.

(b}

Geometry of the specimens: (a} Specimen with fest section of hour-glass type and (b} slit specimen with test section

Fig. 2. Testing apparatus: (a} A chamber to protect the machine fram corrosion and (b} a microscope for measurement of

the crack length.

affected by the frequency in the cases of testing with
open air. So, 10 Hz was chosen in the cases of testing
with open air to get the data faster. Now, testing was
performed by using an electrohydranlic servo-type
material testing machine which was made by Shi-
madzu Co. Ltd. in Japan. The capacity of applied
load in this testing machine is 49 kN.

Detailed observation of the crack growth was
performed in the case of slit specimens. The initial
cracks were introduced in the slit bottoms and cel-
lophane tape was taped to one face of the plate sec-
tion of the specimen to observe the crack growth.
Thus, the corrosion was prevented at that face and
spraying was carried out only on the opposite side of
that face.

279

3. Experimental Results and Discussion

3.1. In the cases of smooth and holed
specimens

Figure 3 shows the 3 N curves or the relationships
between maximum cyclic stress oy, and number of
cycles to failure Nt in the cases of smooth specimens
and holed specimens. The hole diameters d were
0.1mm and 0.2 mm and hole depths & were 0.1 mm
and 0.05 mm, respectively. The fatigue tests were
performed with B — —1. Table 3 shows the relation-
ship between experimental conditions and fatigue life.

In the cases of open air fatigue tests or ordinary
fatigue tests, the fatigue life of a holed specimen
with ¢ —0.1mm and A — 0.05mm was shortened
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Fig. 3. § N curve of smooth specimens.

compared to that of a smooth specimen. Because of
small stress concentration at hole edges, there was
small difference between either fatigue lives as shown
by symbol * in Table 3. Also, in the cases of corrosion
fatigue tests, the [atigue lives of smooth specimens
and holed specimens were almost the same. Also, the
small effect of the spraying manner on fatigue life was
confirmed. In some specimens, after the corrosion
fatigue test was stopped for one week at a definite
number of stress applications, that test was restarted.
In that ecase, the fatigue life was almost the same as
for the nonstopped corrosion fatigue tests. In those
cases, the spraying was carried out after every 3000
cycle stress application. Therefore, the effect of
stopping the test on fatigue life of the smooth speci-
men was small in the present corrosion fatigue tests.
In the case of the corrosion fatigue test of a holed
specimen, the effect of drying eonditions on fatigue
life was examined. After spraying, hot dry air was
blown onto the holed section. The effect of this on

fatigue life was very small. Therefore, the tendencies
of fatigue lives for both the smooth specimen and
holed specimen with d =0.1mm and h = 0.05 mm
are almost the same in the present study.

In the case of smooth specimens, when the speci-
men surface was attacked under a corrosive atmo-
sphere, the eracks initiated from the corrosion pits
from the surface and fatigue life became shorter. That
behavior is important to understand that the fatigue
life in a corrosive atmosphere is shorter than that in
the open air. Also, it is expected that the fatigue lives
of smooth specimens and holed specimens were al-
fected by the initiation stage of a crack from the
corrosion pit or hole. Thus, the tendency of corrosion
fatigue in the present study in the cases of smooth
specimens shows the crack initiation behavior from
the surface defect (pit) is important for evaluation of
fatigue life, and the stress concentration at the defect
in the case of smooth specimens is related to the crack
initiation as well as in holed specimens. Also, it is
expected that the crack growth behavior of small
cracks in a corrosive atmosphere'® “? i{s important to
evaluate the fatigue life. It is shown that the material
used in the present study behaves normally in the
corrosion fatigue conditions, that is, the fatigue life of
a smooth specimen in the present carbon steel is
strongly related to the pit initiation and the surface
crack growth behavior.

Figure 4 shows examples of the fracture surface.
From the view from inclined direction on the right
side of Figs. 4{a) and 4(b), it is understood that the
surface area was damaged by corresion, but the inside
area was not so much damaged by corrosion. It shows
that the fatigue lives of those were determined by

Table 3. Testing result in the case of Fig. 3.

Fatigue in open air

Clorrosion fatigue, 3% NaCl solution

Symbol in Fig. 3 oy, MPa N Symbol in Fig. 3 oy, MPa N;

BS i 277 3.7 % 104 S A 200 2.1 % 108
BS O 250 7.6 x 104 S VN 250 5.2 % 104
BS O 215 3.0 x 108 b V4 200 1.8 % 108
BS O 200% 6.3 % 105% H ¥ 200 1.7 % 10°
H D 200* 52 x 10%* H A 200 Libese 10F
H b 200 3.5 x 105 H iy 250 4.1 % 104
H @ 200 2.0 % 105 H P 200 1.9 % 10°

Note: BS: Base (Smooth specimen), H: Holed specimen, S: Smooth specimen, o, Maximum

cyclic stress, N;: Number of cycles to failure.
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(a)

(b)

Fig. 4. Top and inclined view of smooth specimen at y,,, = 200 MPa: {(a) Corrosion fatigue, N; = 187870 and {b} open air
fatigue, Ny = 639730 {In each case, left side shows the top view and right side shows the view from inclined direction).

damage to the surface area during the initiation and
growth stages of very small cracks and pits. Next, we
will discuss the results of slit specimens. The tendency
of corrosion fatigue behavior was different from that
in the smooth specimens, and the behavior of long
cracks was interesting for us.

3.2. In the cases of slit specimens

Figure 5 shows the S-N curves of slit specimens with
R = -1 and R = 0. When relatively high stress was
applied, the number of cycles to failure was almost
the same in the cases of open air and corrosion fatigue
tests in the case of R = —1. On the other hand, the
fatigue life in corrosive conditions was shorter than
that in the open air in the case of R = 0. In the case of
some corrosion fatigue tests in R = —1, the test sec-
tion was enveloped by cloth, then the spraying was
done. The fatigue damage in this case was severe than
in other cases. It is shown that the fatigue life in those
tests was not so much different. From that result, we
expected that the surface damage by corrosion would
not much affect the fatigue lives when higher stress

amplitude was applied to the slit specimen. The rea-
son for this will be shown in a later section.

In the cases of lower applied stress, when R = —1
and @, the fatigue life in a corrosion fatigue test was
longer than that in an open air fatigue test, clearly.
This behavior is very interesting because the fatigue
life is shortened in a corrosive atmosphere in general
cases. To understand those tendencies of fatigue lives,
we examined the crack growth behavior of slit
specimens.

Figure 6 shows the crack growth curves when the
maximum cyclic stress o,,, was 120 MPa and
103 MPa when R = —1. In the case of Fig. 6{a), the
crack growth curves for open air fatigue tests and
corrosion fatigue tests were almost the same. Small
differences in behavior were observed in the corrosion
fatigue tests, but this did not so much affect the
fatigue life.

In some cases, the test was stopped and the surface
layer was polished at the arrowed point in Fig. 6, then
the test was restarted. This process did not affect the
crack growth behavior. In the case of Fig. 6(b), the
applied stress was lower, and the crack growth

R e T | L T .
g = T T 1] E m:pedm(nﬂmm) R=0-
§ 150/ { &¥% ]
=] i - L ]
5 g [ v O ]
g * E 1o o v
é 100 - & v - :§. 100 ]
g Lok ] : Teienapn e /=102
E 50} Coosion fati “N&W 4 50+ Basc R ) <
S w%wm?#ﬁ%w '. sm(sulnlulq. .da. Enterval) -
10* 10° 10° 10 10° 10°
Number of cycles to failure, N Number of cycles to failure, N;
(a) (b)
Fig. 5. § N curve and effect of corrosion on slit specimens: {a) R = —1 and {b) R =0.
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Fig. 6.

behavior was different for both the open air fatigue
and corrosion fatigue tests. Due to the corrosion be-
havior, a kind of crack-bridging effect”* and an oxide
crack closure'®'® are expected to have worked, and
then the crack opening displacement was decreased.
However, even if the crack-bridging happens, its effect
on the crack growth behavior is very small. Because,
only corrosion products were formed in the crack
wake and those could not connect the upper and
lower crack faces during the cyclic loading. On the
other hand, those corrosion products could strongly
induce erack closure. The crack closure is related to
the compressive residual stress in front of the crack
tips. Therefore, the crack closure affected the fatigue
crack growth rate and life in the case of longer fatigue
life in the present cases. Now, the left side crack
length a; and right side crack length ap measured
from slit edge were different. So, we defined average

(b)

Crack growth curves in the case of R = —1: (a) oy, = 120MPa and (b) o, = 103 MPa.

crack length a, which includes 2mm of slit length.
Thus, ¢ = 2mm +{ay + ay)/2. In the early stage of
crack growth in the case of corrosion fatigue test, the
crack growth rate was almost the same level as that in
the case of ordinary fatigue test. However, after
spending time in corrosion conditions, the crack
growth rate in corrosion test was getting smaller and
smaller. Also, it is interesting that there is a noncrack-
growth period.

Figure 7 shows the crack growth curves in the case
of R = (. The situation of crack growth between the
ordinary and corrosion fatigue tests at lower stress
application is similar to that of the case of R = —1. In
the cases of Figs. 6(b) and 7({b), the specimen surface
was removed by polishing at arrowed point; then the
tests were restarted. Before and after the surface re-
moval, the crack growth tendencies of those cases were
not so different. This means that the cause of the delay

Rt 10—
) Base in open air( /=5Hz) =124 MP2] | O =103 MPa
C&rcsion fatigue, 3% NaClsolution ( f=3Hz) 1 rR=0
10+ Spray (3000-cyels ntemal) 1 8-— h
g s’
< 8f 4 =1
: a o071 %6 ]
= ] = t Fatigue test interrupted
&“ 6F - [T and polished agam ¥
= Pay (S 1 5 4l PV L ]
o 4l &&‘5 oo 0° © '§ i ]
(9] J E
5 A8 6000® ] O # 6 Siechocace ]
1 = ase, in open air ( f=10Hz) =
b f C&msion fatigue, 3% MaCl solution ( f=3Hz)
] Spray (3000-cycle nterval)
0 ] | ] ] g 0-----I----I.‘..I....I..‘.I....l.-
0 0.5 1 1.5 2 25 0 0.5 1 15 2 75 3
5 6
Number of cycles, N [x107] Number of cycles, N (<80
(a) (b)
Fig. 7. Crack growth curves in the case of B = 0: {a) 0. = 124 MPa and (b) o,,,, = 103 MPa.
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Fig. 8 Cyeclic fatigue crack growth rate, da/dN vs stress intensity K., for both side slit specimens: {a) R = —1 and

(b) R=0.

of erack growth by corrosion was not limited to the
damage to the surface layer. Thus, the behavior of
oxide into the crack and slit was important to under-
stand the delay of crack growth in the present study.
Figure 8 shows the relationship between the crack
growth rates da/dN and K value at maximum cyclic
stress ou.,. Results are compared with two stress
value of o, : 120 MPa (or 124 MPa) and 103 MPa in
the cases of R = —1 and 0. Crack growth behavior in
Figs. 6 and 7 was confirmed from Fig. 8. When the
maximum stress was higher, the tendency of crack

Slit bottom

Crack tip

(b)

growth rate under corrosive conditions is almost the
same as that of the base. The reduction in the crack
growth rate is clear in the case of low stress levels in
corrosive conditions.

Figure 9 shows a photograph of the specimen
surface in the case of the corrosion fatigue test with
Omax = 103MPa and R = —1. The fatigue test was
stopped once and the specimen surface was polished.
Then the fatigue test was started again. Before the
specimen surface was polished, the surface was fully
damaged by corrosion. After polishing the specimen

Slit bottom

Crack tip

-
=

Loading direction

-
=

Fig. 9. Surface conditions of the specimen before and after surface polishing at @ = 4.3 mm in the case of gy, = 103 MPa:
{a) Before polishing specimen surface and ({b) after polishing specimen surface.
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surface, the slit sites became clear. It was observed
that oxide was clogging the slits. Therefore, the crack
growth would be delayed because the crack opening
behavior was prevented by the clogging oxide. After
Elber®® discussed that the crack opening stress is an
important factor to evaluate the crack growth rate,
that factor has been applied to many cases of fatigue
crack growth. It was discussed that the surface de-
formation in the vicinity of a crack tip after over-
loading related to the crack closure by Bao and
McEvily.?? Endo et al.'* and Ritchie et al.'® showed
that the behavior of crack closure appeared under
corrosive conditions. The retardation of crack growth
happened after observation of some crack growth.
The obvious reduction in the crack growth rate was
observed in the present experimental case. When the
crack opening displacement is reduced by creating
compressive residual stress in front of cracks due to
the crack closure, the crack growth rate becomes low.
We would like to investigate the detailed mechanism
of crack closure under corrosive conditions and clarify
the relationship between variations in crack opening
stress and the creation-processes of corrosion pro-
ducts at cracked surface in the future.

Figure 10 shows an example of observation of
crack growth behavior. Observation of the specimen

surface was performed on the surface taped by cello-
phane tape. It was observed that the clogging oxide
was expected to develop in the crack when the enough
time was spent for cyclic loading. In the case of
N = 0, initial crack length of the right side edge was
1.6l mm. This crack grew with the application of
stress cycles. After N = 2.4 x 104, some dark marks
appeared on the specimen surface, clearly. Those were
marks showing the appearance of clogging oxide from
inside the crack. Therefore, it is expected that the
crack growth rate would be affected by the clogging
oxide after the crack length reached a critical length.
Also, it is expected that the critical length is different
depending on experimental conditions. Until a crack
length is shorter than a critical length, the corrosion
attacking is not so severe. Therefore, the crack
opening level under NaCl spraying is not so different
from that under open air, and there is little effect of
corrosion on the crack growth rate. However, after
time is spent for cyclic stress under NaCl spraying,
clogging oxide accumulates in the cracked surface,
Then the crack opening level becomes higher and the
crack growth rate becomes lower after the crack
reaches a critical crack length.

Figure 11 shows the observation in the vicinity of
the crack tip in the case of R = —1. When the crack

N=75x103
ag=1.61 mm

Loading direction

N=4.0x 104
az=3.04 mm

N=45x 10%
ag=3.57T mm

0.2mm

Fig. 10. Example of observation of crack growth in corrosion fatigue test in the case of R = —1, g, = 120 MPa (ay is the
length from slit bottom to crack tip at the left-hand side edges of plate section of the specimen).
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Fig. 11.

(b} @may = 103 MPa, N = 80350 and crack length was 2.7 mm.

Effect of NaCl Solution

.
>

Loading direction

-
<

(®)

Observation of crack growth with R= —1: (a) pae = 120 MPa, N = 52000 and crack length was 2.6 mm and

(a)

Fig. 12.
test of ¢, = 103 MPa and N; = 2481920.

growth rate was higher, the crack tip clearly opened
at maximum stress point in the case of the maximum
cyclic stress o,,,, = 120 MPa as shown in Fig. 11(a).
However, the crack opening displacement at maxi-
mum stress point was smaller when the clogging oxide
was in the slit in the case of o,,,,, = 103 MPa as shown
in Fig. 11(b). When the maximum cyclic stress was
120 MPa, it was expected that the development of
clogging oxide in the slit was not enough to delay the
crack growth rate for the extension of fatigue life
more than for an open air fatigue test. On the other
hand, when the maximum cyclic stress was 103 MPa,
the crack growth rate and crack opening displace-
ment were so small that the oxide could work to cause
a closure effect. The salt water flow was prevented by
the cellophane tape which was on one surface of the
plate section. This method may affect the crack
growth behavior. In the future, we will measure the
crack closure point to understand the delay of crack
growth when oxide is in the crack face in the vicinity
of the crack tip. Also, the bridging effect will be in-
vestigated by using a specially shaped specimen.
Figure 12 shows the fracture surfaces of slit speci-
mens. [t is observed that the condition of the cracked
area in the case of a corrosion test is different from
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Fracture surface at R = —1: {a} Ordinary fatigue test of o, = 103MPa and N; = 112830 and {b) corrosion fatigue

that in the case of an ordinary fatigue test. The
condition of fracture surface in the case of corrosion
test of slit specimens is also different from that of
smooth and holed specimens which are shown in
Fig. 4. The fracture surface shows that the delay of
crack growth is related to the development of oxide in
the crack surface. It is discussed that the effect of
oxide on the fatigue life is dependent on the crack
size, the crack opening displacement and loading
conditions. In the future, we will investigate the de-
tailed mechanism of crack growth behavior in
corrosive conditions by observing the ecrack closure
behavior.

4. Conclusions

Ordinary fatigue tests in the open air and corrosion
fatigue tests in salt-water conditions were performed.
Salt-water mist was sprayed onto the specimen sur-
face when the corrosion fatigue test was performed.
Smooth, holed and slit specimens were used. The
main results obtained are as follows:

(1) In the cases of smooth and holed specimens, fa-
tigue life was shortened when salt mist was
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sprayed. This is a general phenomenon for the
fatigue test with environmental effects.

(2) In the case of lower stress amplitude application
in slit specimens, the fatigue life in a corrosive
atmosphere was longer than that in the open air.

(3) The crack growth rate became lower when oxide
clogged the slit or crack. This phenomenon made
the fatigue life longer in the case of the corrosion
fatigue test of a slit specimen. This behavior is
strongly related to the crack closure.
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Fig. 2: Wing sections for measuring pressure distribution of a main wing with end-plates.
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Fig. 3: Experimental setups of wind tunnel experiment. ) o BRI i
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Fig. 6: Sectional pressure distributions on the main wing with end-plates at o = 3.0degs. (Re = 4.0 x 10° in
wind tunnel experiment).
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Fig. 7: Sectional pressure distributions on the main wing with end-plates at h/c = 0.35 (Re = 4.0 x 10° in
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Fig. 9: Aerodynamic properties of the main wing with end-plates at hA/c = 0.35 (Re = 4.0 x 10° in wind tunnel
experiment ).
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(a) (b)

2000 - 2000
0_ad+OH

:

GaN decomposition - GaN decomposition

30H

-03

g

£

Temperature [K]

30H+H,0 &

?

Surface formation energy [eV/ A%]
&
g
Temperature [K]
Surface formation energy [eV/ AZ]
&
g

1w w0 0t 0t 107 10° 107" g0 0® 10t 107 10°
Ga pressure [atm] Ga pressure [atm]

2 GaN(0001) DR AIRFER: (a) MEEZBEL2HE LOBELRN-T5E. F
FRRIIREAERT RN F =2 R L TEY, HINSWERELVZERD L 2RT.

#1 1500K To» OH & H20 D ik
TR — L B T

Desorption | Desorption

energy [eV] | rate [1/s]

. ®0 e OH 5.31 1.14x105
3 “30H+H20” D FE Htfi&E €T /v H20 1.63 3.34x107

[1] M. Imade et al., J. Cryst. Growth 312, 676 (2010).

[2] Y. Morikawa, Phys. Rev. B 51, 14802 (1995).

[3] C. G. Van de Walle et al., Phys. Rev. Lett. 88, 66103 (2002).
[4] Y. Kangawa et al., Surf. Sci. 493, 178 (2001).

[5] T. Akiyama et al., J. Cryst. Growth 318, 79 (2011).
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B R — S E AN
28 ME-9 Ry e

AT TA FEYCA YR AR O/ER & ER TR

HIKSE TAE TR TR
KR, BRI, AFFEA, HEE

1. 1IXC®HIZ

TRAXF—MEERRT 5% —T 27 Ju P —0RFERTH L KEERIZ, K22~ &%)
REFERNBH L SN TS, TOHTYH, CuZnSn(S, Se)s (=CZTS, CZTSe, CZTSSe)i, In<°
GaZED LT A X NEGET, HOoBcRZ N ER FIcEBEIchy ., SlSetba oy hr—/Ld
HETNURE Y v 7 09~15eV EHIHFIEETH Y . SERIRE D Si D 10 fFRRERZ W
EVIHBLENDIRERE TR MMELE L THEAEZBO TS, HIfE CZTS SR KGEMIT,
CZTS:8.8%Y, CZTSe:11.6%?, 1B Td %D CZTSSe:12.6%Y &\ 9 BHINRNER SN TV 5D,
L L7ein b, SRR TRZR D2 ENHE R LoD IS ER ICHRE SN D —F
T, EfE7eNY RX v v TONEHREARER O 72 &I B3 2 S 13 IR R 12D 7 W ELIR
DD, TESBIZEWTHMRP 2L, R & & bITiksnds Z EnE <, KR
CTAMBOREE MR LUE R ARED T DI HHBRT S 2 EIINERAR Th
Lo Fxld, THETICHBIIZE T D CZTSSe Hifk i A M L, B E 2 W TER
REA = A LA E LG 2T T 49,

BIE CZTS R KB EMOZE W= EORKIRER & 72> TV D DOIE, BMUREE Voc 2381
FE(N Y R v TE) O 0 FREE (Voe BERL S 42-50%) LG HALTWRWETH 5, (b
A RGEMOT —/L KL a— R ElgT 5 & B3 22.3% % 25k LTV % Cu(in, Ga)Se;
(CIGS)IZH\ T Voc EEAHE 60-65%, 21.5% % % L TV % CdTe KEGFEMIZISUNT Voc EHLHE
55-60% CTd» ¥ . CZTS R1T 10%FEERUME & 72 > TWA N URREAZ# 2 TV 5 9, Voc Dl
RERE L TXY U TOHEBAICEDLOT, ZICOWIVE NSV N, @ZEZ/EN, GPN £
AR, OEmEMTED 4 SDHRET LD, FICHEIB RO T 5001600 H
EAEEZWETHIVLENHD, vV TREEZa ha— VT H3HENEETHD, v TR
Erary bha—LT 5Ol F—Er ZTEINTAITH Y . 2 CIGS KEGEMIZIHWT
Na LB Z2 KT D 72D B R TH D, & 2 TAMIETIL, Na-doped CZTS Hifk
pafERL L, Na R—E U7 & E X+ U 7 REZ S 0EXWMEOF MO L5t & B
HILTWD BB CZTS Hfha & W7 s KB E T A AER OIS HFSEH 2> 5 Voc
M b7 7 a—F &7 o77,

2. EBHIE

NaS % K— 3> b & UL CEMERE & —fIcaiiF I B2 s A%, 1100C TiEfh s+
Feed & 72 % CZTS Zilidh~ K—t' 7 L, CZTS-Sn #t 7t R IRREX 2> & A 1R 900T. 80
mol% CZTS-20 mol% Sn ¥&ik . f% = 4 mm/day Ot THEN e — % —iE(THM) % IV T Na-
doped CZTS Hiffidh & iR S 7=, ML, AR X BREHPT(XRD) & Xffa v ¥ 7 h—7
(XRC)HIE & N TREMT 24T o 1o RBEC AT I, R R SRS & 77 7 X~ 58643 61 (ICP-AES)
ERWTITo 72, BERBVRHEIL AR — VR RBE 2 IV CRIEIREE 20~300 K, #4355 0.55T D5k
BT TiroTz, o744 XL, 5mmx5mmx0.5mm & L, T & 0.01 um @ ALOs ¥
KTCHHE L=, B 1 mm, JEE 300 nm O Au B Vo 7L OMNA I E22 K 4512 VT
R UTc, AuSERRIEA— X v 7 Rt 2 oR U, B BRI ORGUR I & Bt 4 SO S B —
ThHZ LEMHERLTND,
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st
f— Upper-heater —>
© 10}
: Polycrystalline
9 Main-heater ——> o
—— Sn solution
- — q
E 15 Single crystal
20 Bottom-heater ———>, l
25

400 500 600 700 800 900 1000

Temperature [°C]
Fig. 1 THM JFNIRE 7' v 7 7 A /v

Fig. 2 Na-doped CZTS Ef&5LH 71

3. HBRELEBE

Fig. LIZ3 Y —y b5 THMIFRNOIRE 7 a7 7 A V&3, Hilb b — & —1 13 900C
THRFEIRE L v 50C RREE < RE L TRMZER L T\ 5, Ful - N e — & —[M @R
FEIR) DOIRJEABE 45C/em ICRETH I ETHRKRY — ORI %Z Lom fBEICa > hr—b
L CTW5, Fig.2 (2 Na-doped CZTS Hiffigh vV = —%RT, A =y b ZIXELE 10 mm,
£ X 40 mm B2 E T 5 mm L E OB S BT,

ICP-AES 7> b 1% & 4172 Na-doped CZTS Hijftift ¥ o 7 /V DM s ik, &TOH T
2B W Tk L [Cu)/([Zn]+[Sn]) = 0.92-0.98, [Cu]/[Zn]=1.73-1.86., [Zn]/[Sn]=1.06-1.15 C
&Y Cu-poor, Zn-rich %%~ L7=, Na X, 0.04-0.13 at%% < L 7=,
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(112)

0.13 atm% Na-doepd CZTS (112) orientation
FWHM=152 arcsec.

(220/204)

[~ (200/004)

:l §1.L — e —
= —
.E 0.04 atm% Na-doepd CZTS g
= -
';E § l _l a A -
? =
z z
s Non-doped CZTS
g ped CZTS .; _) b
E | £
= L a A 'y 3
a =

ICDD CZTS (01-075-4122)
1 |I 1
10 20 30 40 50 6 70 S0 90 -400 -300 -200 -100 0 100 200 300 400
Diffraction Angle 26 [deg] Omega [arcsec.]

Fig. 3 Na-doped CZTS B R XRD Fig. 4 Na 0.13 at% ¥ > 7 /L(112)ii XRC

Table 1 =18 A8 — /L2 5 &k 5

Na [at%] Carrier concentration [em?] Conductivity [Qleml] Mobility [em?V-15-1]

0 8.80x10% 2.22x1072 8.35
0.04 2.03x10v 1.46x10-2 139
0.13 7.42x10Y 1.07x10* 154

KAHRK D Na-doped CZTS H o 7/ DA XRD /¥ —>2 % Fig. 3 12”7, fidbfEiEIL,
kesterite % A 7O IENE R L, R TOFEREF E©— 2L ICDD 7 — # (#01-075-4122
kesterite CZTS) & —3% L 7=, Kesterite fHiL. Cu/Zn OELE 3% 5 disordered kesterite fH % FE A% 7
L840 H 5, disordered F TIFBIZR S 72\ 20=18.3 DB — 7 NMBIEL S 7-72 8 Kesterite
FA &Il L7z D, Fig. 4 12 Na 0.13 at% CZTS ¥ 7/ (112) WlZHB T 5 XRC fERZR~T,
fEbE 1L 152 arcsec 27~ L, ZAUEIE UL ICRMEHTdH S CIGS Hiffidh & RIFREDETH - 72,
IIDDOFRERD O S E O EY  TV MG Tz Lotk LTz,

Table L IZHIR DO AR — VIR BAER R L RmT, fFONTF v U TIRE, (8L, BHEIL Na
IREEREEIN 2122 T L L7z, B—REGFRIZL D & CuthA hdD Zn(Zney) s CZTS F1D
FEA 7R RFP—MRaTH D ¥, Na =712k - TZOXEHZ R — S EH# S A (=Nacy).
RF—ItL2F v U 7HIEORADIC L > THy U TREN M ELZEE XD, S 51T XRD
ERERD Na RN E & bl =y M E/UEREA T 5 D T Na O EH O 2 IR T
X %, Fig. 5 IZBEERER(LZ2 T, KIRME & SBEMTICBWTENZER TZHAFI L TR
V. TSI AP EGEL &R EELICER LTV D, FRICRIERNC B WO TR K OfE A Na i
FEHAMZ X 0 i LTV D 72 D R BEL O L > TREES ML WD L& X 5,
Z OFERIT B —M KRG Zney 25 Na D EH#IZ L > THME KRG Nacy ~Z b+ 5 HEE E Buv—
235,

Fig. 6 (2 CZTS Hiffsh KB IV 1 —7 Z7~9, CZTS Hiffh L2 Chemical bath deposition
(CBD)#:T n % CdS ZHIBE L pn $28TEAIEIC ARy X U o 7 HE TS & S 2 Rk L
2o BEHRNE 3.2%, 7 4 V7 7 7 Z —35.1%, BAKUREE Voc 0.66 V., A& & i Jsc 14.1 mA/cm
DFERBGF BT,
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Katagiri et al., Appl. Phys. Express 1 (2008) 041201.
—
p— NE
@
< £ s
NE < o
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E J. LTA E

@ Na 0.13 mol% E 5
[=] R
= _— 00.13 mol% =
1k ~T @)
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10 100 00 01 02 03 04 05 06
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Fig. 5 A— VR E) R AL Fig. 6 CZTS Hfamte /N IV 1 —7

NERITME SN TNAED LY /NS WD T CZTS Ml KBS EMD 6% 2 2 -t /L DL k4
5 E Vo DIEMKEWZ ENGnD, ZIVUTRKRIMEH D 78 < FESETED BUDELRE S ORFMEA S L T
HINHLTEEEZ A,

4. £L9

ARFZE1L, CZTS Fo KBy D ZE#ah =R ) b D 7= B E Voc #121EH L Na-doped CZTS
HEEMmEZER L, Na FR—t o7 &E X v U 7REZSOEIDMEOHEBINED LNt m & BEICE S
AT BB 7 CZTS Hifkdh 2 W 7= BRs db KB T A AMERLO ISR m o6 7 7' a —F #17
572, ONa R—vE 7 &Ene & HICEBER LICBED D X v U T RESSBENE Om L3R S
7=, @CZTS BB W THI# D CZTS MK EM L K& 2B imEE VOC 2155
iz,
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FrT R — ) F 0 B
28 ME-10 —HRHFIE

MERNIRIA A 7 — 7 BT AN & BAEE DIREE
TR - AR A it

1

PN— BT =TIV EE, BT =T VDR O I — 2 BRBESESH 2 LT, L o8RO WkEE
PUAT, IR KO M E~OMATASGE L, PoliE, milE, 3XOEIED L 5 228 R btz
BABRET DI8RIMERT 207 =TV O—FTH DD, /N—2 17 =7 MZ K LR EBINRE AR
(percutaneous transluminal coronary angioplasty : PTCA)IL, 7 CiZ 20 #LL EORENL 2 F5H, BIET
VR I CRBIZ I8 1T B BEARIRIRE L 7o T D, FROEFID 30~40%1% PTCA DG H 5 & i
ALTWDD, ZORMATEILE BN L TR Y, BARTIIFEM 4~5 T, KEB ZOWINTITZEN
ZHK 50 T3 O PTCA 2MThbi T EHfEE ST 5@,

LrL, PTCA OREME XOWHHEII NS NV— BT =T VORRBREIZL>TELLEE-> TN D
LD, MEFHARHIET 5/ L— OWEBID DL v 7 N OBHIRFIO-OBEIE SN TG, 20T,
AT =T NDIIFRRE A EREANCHE L Tl < MENRH D03, 20D X 9 7)1 PRt 2350 3 L 72458
HFEL A EITHI TR, Z 2 TARIFE T, FECER TR SN TW L7 —7 A o5|EREBRZ1TV,
B E > v 7 MO E - EZF L. SBIT, S—2 7 —7 Ui 2 BREEEZ BT 573,
ZDIME ENFINZ DWW TENENS IR ZITV, I8/ — O Bg@ 4 kD5 & L big, BT HE
IS W T FEREOET Y o 7 ail iz,

2. FROTE

B TR A FIIH STV AHPTA N—2 b7 —T V% 2 ARBRIKE LCTER LZ. »b—2
NT—T L 2 JEEEETERR L TR Y, NEHA RUA Y —0N @8N & ERETEAL VL— ZgES
HDHMEADORERR S AL TN D, BREEJIZEZ & SN D DX IL— U DIRIELOE DT o572, A
FECIE, 1 ROBRBRKIIEGHZ STy BEAHEMES) L 2SOy (% 7 MBEMES) 1T245)
FL, ZNENBIERREZITo72. b9 1 RORBRIKIE, WEEIMEDENENDEARN 2GS —OT B
FENEAFD T2, N EAMEI R L ThliRRBRZ1T - 72

SRR VR R (B ERT(RR)) 2R L, AmfdE 600mm/min, SR OR S
30mm Tl % FEf U E & AN ORI b2 eek Lz, SBROEHIXE T A Cidk L, s Totkt
R LTz, £7o, WREAMEORBRTIIET AR LICBR A 72 2 &L T, OFTHEFHIIL 72. &
bHlo, W EAMEOWEZ SEM BlZ2L, Wk Loz T 72, £, BIEH-BEOT
HEARZ R L, WO ERE & 0 PR A ST L7z

3. fERLBE

FIERBR LV E LN T —T VO E v 7 MBOmE-ZEMRE2 T 1 1ORT. X
1@ &Y, BEAETIIENMN 52.3mm & 727z & S ITHMEADEWT L TS K& < L, ZO%RNE
DIHDOEFZ L FHORFEITIMNT 52, 225 100mm D & EZHNE BIINCE 72, £72, MO
WIS E D £ TICBRA L BN DB EBFEELTWA. ok ) il — 2T, 28 fEoN
N T T =T BN TIME D ST 2 556 DM 8 Th v, WaxNRE LT BiRET v
WNEL—FT 2D, WNfE & SMA O MIBIERTE — AN 8 & T2 2 B CERRE T D &, T —
TNVERONTE—ENFENIZTN S OFMAGDHE L L TRO L DI 4By T RBLTE

il
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1) NfE & AME D —FRIC AT T 5
2) SMEAEBIEZETE LINRIIHEE 5
3) SME, WL LICEERT S
4) WRIOBIBIEER S 5 (HMEmEWET:)
b, FETHERICK LT E—ZMARIIRATRIND.
(k1e + Kze)d
(kze + kap)d + (K1 — k1p)day
(kap + kap)d + (kse — kap)day + (Koo + kap ) day
L kapd + (Kze — kzp)day

F= 1)

T 2T, ke kp 1ZTENTHURINERRER EBLARECCTH Y, 1IFSMAEE 213N AR L C0D. dy, dr 13F5
BRI BT EIC BT A CTh D, ZOFTF LA T TR LR E K 1 A CORT. A5
ICBWTEMEE NFRETANEL —8T5 2 LRS-,

—J7, B1OITR LYy 7 MERCI, BEAERE 1352 0 NI LT, NIRRT OZNL A3
90-150mm OFEIK TIL, IMADOBIEEIIC L D WEMIEAEBMT 52 L BB LIz, £0%k,
OMTEMEINT 5728, ZOBIGIE, SMADZEIZZ L0 NEIT/ERT 2 EM# /123800 L TNfRE2R < R S 4
L7, HOSME ENRN MU L CERABET 2 Z LI LTS B2 bd. ZDXHIZ, A
N2 T =T IVTIE, SMEERRO EH BRI 20T, ZO5IEEERENRRD = E0NHS
NNy

25 50
(a) (b)

20 40

= Z 30
[+ [+]
g o

o o 20
(18 L

10

0 0 |
0 50 100 150 200 0 50 100 150 200
Displacement (mm) Displacement (mm)

Fig.1 Load-displacement curves; (a) joint, (b) shaft.

W& & sG> SEM i 2 2 (Rt ZOmENL1 D X912, IMEDESITAED 2 4%
BETHY, MEMICEVENZ ERTRIEND. ZOEg % WL L, IO HENCRF L
7-.

BoNEEIS-BEOTAHMBRER 3 (R WE, SMEE BITR Y ~—Ch L5 BRI DS )
—OFHEEEZ R LTS, WO EMEER L 0 R AR L2 25, NI 113MPa, 443
X 258MPa TH Y, SMEGOTTNEVEMERZ R L. WREEAMEITE BIZRY 7 RROMIECTHDH Z &
Do TNDH, A UME CIEREAUIC L OMEEZZE X TWD Z RTINS, RITHTE &AMED
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DIEH—OF ZERIFHRA TR SN D.
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(1) Y=ALX-E- VA3, EFEHHNDO®RE, 24-28 (1978)

(2) #AK H, Dligs T —7 L, 1157123 (2000)

3) C.J. Tegtmeyer, et al., Radiology, 139 (1981), pp. 231-232

4) T. Katayama, et al., J. Cardiol., 1 (2010), pp. e17—e20

5) V. Trehan, et al., S., Catheter. Cardiovasc. Interv., 58 (4) (2003), pp. 473—

(6) J.H. Kim, et al., J. Invasive Cardiol., 24 (2012), pp. 74-75

(7) Mitsugu Todo, et al., Journal Mech. Behav. Biomed. Maters, Vol 62, (2016), pp. 236-239
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Fig.2 SEM images of the cross-sections of inner and outer tubes.
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Fig.3 Stress-strain curves of inner and outer tubes.
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HF RIS F I
28 ME-11 — IR
CT-FEM % V7o RBREBRESEIEIC & & BRAER A 7 =X 5O
BRIETIN, K2R AT A FE3E

#

B
(]

KBRS SEEESEIE Y, KA EEEDBRLM M > ChE SN, TEAREZELDLZ L ThAr blabd
AR CTH D, REREIREIC X A EEOEI TIRIEN R 228561, RERESERMREB) 0 10 A\ THRE
BT 72 S A TN 5. KEVETHESEIZRE 2 EERFEIIEA TR Y, A NEGHIIRIZ 33\ N CHiaE
HIOAZ OMISE S FHE S, 3 OFAESHIEDRE AT U THIET 5 &\ ) A D= X LREE ST
WA, BEFERIER DB D J)FH A T = X NI G785 TR0,

ZVE TRIREEEEESEE ISR U CATRESEMAT (FEA) 2MThLTE 7. Loy U KR EEEIC BB E A
B2 THY, W, B L OEMRERE SN TWARY, B2 EMEE LTH->TRY, BisEO R
DEAMET DT E A NOFENERB STV, 2k TICRERETEESE ORI X » TIaME LR
ET 5L HEME Lz FEA MMToITE 22173, JEEOIIFH A J1 = R B EH 5507 o T
V.

ZF ZCARIIE T, KEVETEEEIC L ATFIEA W= AL EHLNNCT A2 L2 BIE LT, FEA 21TV,
KR EHEEEATIE L K D EERSOFIREZRAT-. CT Fg) HEEET LV AMRMALTR FEA TF LV EE
L, TOET K LTHFRBRIC L SR8 KOs oM et 2 A+ 2 LT, fif

WraiT-o7=.
2. F &

FRNZCHE (79 7%, MRE 60kg) ZcfBAMS, Motk (61 #%) ZEf%BAM, A (55 %) A%BIfiOCT
[Eif% % Mechanical Finder ver.8.0 TRt/ A, ‘B, #E, KERE 5722 DRBEEET VO AT 7. &
BAEIET VOIS % Fig.l AXIZ 3. &KIZ, Solid Works 2008 % FVNCTEREAES 24mm, 4E££10mm 73572
DAGIMROEEICE AR L, EFRBREET /MHAT S Z & C, KIVEIREIEET V& L. B3I
SHORAENIR> THRA L., 3FEEOFIEET V4 Figl ZXIRT. Table 1 ICENZENDET LOEHE
DR & KERE OEEZ T, £72, Figl TRT 79 kM7 15208 L, ODBFEONLE 2 FEHEZ 2mm,
4mm, 6mm FH~BEISE TV ZE TR LIEZTET L Z2OQ, @, @ET 5.

KERE L BMEDY o 73R, RIS, BRIG1IKeyak HOFEREZHWNTEBE L EH L. $E
B & R ORMEERIE 2 AV E THEERICRIRESESE R ) b N TIXBIEIROBRITHH U 7o RERE 5D 53K
SRR ER L, et 5 2 LI K W B L7 FEE 0.017MPa, 0.52MPa Z{5/ L7-. Table2 (ZAHT
JeCHEH LI E 2~ d . E70BBEZ BT 572012, BRI CHENETT 2 EEET V428
AUTz. BRI IS EUE, JERERRASTZIL Drucker-Prager #HX4I )36, JEAEIRERI X £ O3 Ak
ETALLBDE LTz, WS E LT, Figl AT L OIS, REREEWmES 2L, e s
B O A AN Uz, St LG, BB L 0 1800N O/ fififE %10 3EI L ThH %
7z.

3. WRLEZE
Fig.2 |2 180N Do Aifai % b X e BROBSEH O/ NEIS 15K 2w, +OfEIs RIS )1, —I13E
ML 2 d. WTIOET /LT HEIER & IEFHRR OB S OIS 23041 LT D Z L3557
%. ZHUTIEHEHAE L B OMIEROMEZ L VIS ERFNE L0 e E2 b5,
Fig.3 IZ 79 mk&MET MTEITAT LY 1800N Doy fifiE %2 180N—360N— + + + —1800N &
1053581 U CH- X T-BROMIEESR MAMRIEZ T, SHEOBERITTNELTE, ROERIIEMREE, F0
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BRI SRAEENE U B3R 2 /R LT D, (KEE 5 2 72 B ICHE FUARTEEEAEET & IE R AR OB 0 5
MEEN T L, MREAZBINSE TV &, EEIEES & IE R AR OB R A EE RIS R— > RITERR SN,
YR\ AR A P AT LR O R L~ L I T L T o 72

Fig.d (279 mktchE, 61 mktclE, 55 meBMEDET /L OMEEFMO R Z 7T, MEEFEIT 79 Mk
P >61 kLot >55 BEMEDNEICZE <, Table.d (27 L= KERE IR DOKFER L OVEAROAFEIC B LT
L2 NG, WEE G TR, BEORRE AR EWE L RHEFHCREAST 5 2 LT, I
DAFEDPEIN SIS T2, I OBSEE R OB SRR -T2 EZ LD,

4. EBA =X LDRE
Fig.5 [CKBVEBEARIER DB Z b2 O T P A D = AL Z 7T, MEITHCE 2 L CRBRE 8O
IEFHR&L ORI NDS (1) . BEEUANEIMNDS LAWY Y U RIC KD, ffE & TEE SRR A D &
2 (1) . BBUIENA D & T DRI ET 2 EREMER A @<, TR 2 &N TE RV DESE
B & EFERRR OB TEWERSCI2VEL S () . SRR AR IEVEL (IV) . BofERIICERIZ)
=% (V) .
P EBEN
[1] Yang J.W., et al., Mechanics of femoral head osteonecrosis using three-dimensional finite element method,
Arch Orthop Trauma Surg, Vol.122(2002), p88-92
[2] Volokh K.Y., et al., Prediction of Femoral Head Collapse in Osteonecrosis, J Biomech Eng, Vol.128(2006),
pp467-470

79yr woman

61lyr woman

55yr man

Fig.1 Hip joint model and three different femoral head models with elliptical necrosis.

Table.1 Pelvis and femur volume Table.2 Material property

Tissue Young’s | Poisson’s | Critical Yield Density
2 Modul Rati Str Str /om3
79 year 61 year 55 year (:,E;ags R MES:) (\,EESS (g/ems)

woman womay s Necrosis 0.013 04 1(kPa) 1(kPa) 0.01

Pelvis volume (cm?) 262 292 350 Cartilage 0.52 0.4 20.6 20.6 24
Femur& Keyak 0.4 Keyak Keyak Keyak
Femur volume (cm?) 344 408 544 Pelvis | (1998) (1998) | (1998) | (1998)
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[. INTRODUCTION

Total hip arthroplasy (THA) and Resurfacing hip
arthroplasty (RHA) are two common approaches for hip
ostcoarthritis trcatment. Issucs of long term stability of
implant and bone growth are part of the debate in promoting
both procedures. Biomechanical factors such as bone
absorbtion, bone fractures and prosthesis loosening are to be
considered for primary and long term successful. Also,
clinical and patient-reported outcomes have to be taken into
account, including return to function, pain relief and increase
mobility.

Computational biomechanical analysis had widely
implemented to promote the primary and long term prediction.
Different loading behavior for daily activities such as walking
and stair climbing were demonsirated in predicting stress
behavior, potential of failure and implant stability [1]. In
addition, patients with hip osteoarthritis and hip arthroplasties
were also at risk of bonc fracturcs cspecially to clderly.
Instead of having weaker bone, they are more likely to fall due
to imbalance, medication side effects and difficulty avoiding
environmental hazards [2]. The external loading created
during sideway falls will initiate to sudden and high impact
loading to the hip contact. Risks of falling for hip
arthroplasties patients are higher due to gait adaptation and
instability [3].

The purpose of the current study are (i) to develop
inhomogeneous 3D model of intact femur and femur with
arthroplasties (THA and RHA) based on CT-based data and
(ii) to examine the bone fractures mechanism of intact, RHA
and THA femurs under different loading configuration of
sideway falls.

1. MATERIALS AND METHOD

A, Development of Inhomogeneous Bone Model

A 3D femur model was constructed from computed
tomography (CT) based images of 54-vears old male. The
modecls arc designed using tetrahedral solid clement with a
size of 3 mm for the whole bone. The mechanical properties
of the bone element are computed by Hounsfield unit value to
determine inhomogeneous model. Young modulus and yield
stress of each element are calculated based on Keyak et al. [4]
while Poisson ratio for each element is set as 0.4. Distribution
of young modulus in the inhomogencous model was
illustrated in Fig. 1.

B. Material Properties
CAD data of hip resurfacing and total hip arthroplasty are
imported and implanted into femoral bone and presented as

UM RZEBE U o o G
RHA and THA femur models, respectively. The femoral head
is resurfaced and implanted with arthroplasty in RHA while it
is cuf off m THA femur, as illustrated in Fig. 2. Prosthesis
stem of THA is modeled as Ti-6Al-4V material while femoral
ball as Alumina propertics. Meanwhile, RHA implant is
assigned as Co-Cr-Mo material. Details of material properties
for each component are summarized in Table 1 [4]. Contact
between both implants and bone are considered to be
perfectly bonded at the interface.

3.072e+004
2.731e+004
2.388e+004
2.048e+004
1.707e+004
1.365e+004
1.024e+004
6.827e+003
3.413e+003
1.000e-003

(MPa)

.!; |

F
i "
{J '\
—

Fig. 2. 3-dimensional models of intact. RIIA and THA femurs
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TABLE I: MATERIAI. PROPERTIES OF HIP ARTHROPLASTIES

Properties TibAl4V Alumina Co-Cr
Elastic Modulus (GPa) 114 370 230
Poisson Ratio 0.34 0.22 0.30
Critical Stress (GPa) 0.88 0.40 0.94
Yield Stress (GPa 0.97 3.00 2,70
Density (g/cm3) 443 396 8.28

C. Loading and Boundary Conditions

Four different types ofloading and boundary conditions are
assigned to demonstrate different sideway falls [5]. Each
configuration exhibits different loading directions at angle «
(with reference to the long axis of femur in frontal plane) and
B (with reference to femoral neck axis in horizontal plane) as
proposed in Bessho et al [5]. Fig. 3 and Table 2 described the
different angle o and P for each configuration. The variety of
falling configurations (FC) are labeled as FC1, FC2, FC3 and
FC4 and illustrated in Fig. 4.

Experimental study to measure the impact forces at the hip
during sideway falls was previously conducted by Groen et al
[6]. The study concluded that proper fall techniques (eg.
Martial arts) will reduce impact velocity and loading. Hip
impact force (normalized to body weight, BW) may reduce
from 3.9BW to about 2.8BW in proper fall techniques. In this
study, different loading magnitudes are assigned for each
configuration to predict sudden impact of falls. Increments of
loading from 1BW to SBW are considered to predict the
fracture patterns and stress behavior during falls with
different configurations. Finite element analyses combined
with a damage mechanics model are performed to predict
bone fractures in both arthroplasty models and intact femur.

Load

Anterior Posterior

L

Fig. 3. Definition of different loading direction a and B at coronal (lef(l)
and axial (right) views

TABLE II: DESCRIPTION OF DIFFERENT ANGLE DEGREE

Configuration o B
FCI 120 0
FC2 60 0
FC3 60 15
FC4 00 45
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load

fixed
(a) FC1 =

fixed

(b) FC2

fixed

(c) FC3

¥ fixed

(d) FC4

Fig. 4. Loading & boundary conditions for different falling configurations

11I. RESULTS AND DISCUSSION

Risk of femoral fracture in all femurs is predicted
computationally using commercial biomedical software,
Mechanical Finder, v6.1 in corresponding to damage
formation criterion. Fracture mechanism of femurs was
calculated based on prediction by Keyak et al. [7]. The load
bearing strain was set to 3000micron which representing bone
loading that leads to bone formation. The test tensile strength
was set to 80% of the yield strength determined from the CT
images [8,9].

A. Changes in the distribution and numbers of element
Jfailure

Increments of failure elements by increasing of body
weight (BW) loading are presented in Fig. 5 for different
configurations. Total of elements failure are considered for
both tensile and compressive direction. Patterns of changes
for failure element are increased exponentially for all
configuration and femur models. Configuration FC1 shows
less numbers of failures as compare to other configurations
which range up to 1700 elements at SBW.

Configuration FC1 indicates that risk of bone fractures are
high in THA femur followed by RHA and intact femurs. But,
the intact femur shows higher number of element failures
when the loading exceed 5SBW as projected in Fig. 5(a).
Differs to other configurations, fractures or failure element of
bone are expected to be dominant in RHA femurs while
minimum in THA femurs. The patterns are almost
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Fig. 5. Changes of element failures by inereasing of body weight (BW) loading for different falling configurations (a) FC1, (b) FC2, (¢) FC3 and (d) FC4
between intact, EHA and THA femurs

comparable between configuration FC2, FC3 and FC4 along
the increasing body weight loading as shown in Fig. 5(b), 5(c)
and 5(d), respectively. Nevertheless, the elements of failures
are expected to be peak up to 8000 element in intact femur
at5BW in configuration FC4 (Fig. 5d). The incidence may be
occurred due to collateral damage of the femoral bones
caused by the high impact.

Changes of element failure distribution in increased body
weight loading contribute to the pattern of bone fractures in
intact, RHA and THA femurs. Fig. 6 illustrated the changes in
the distributions of the elements failure for configuration FC4
for all femur models at posterior-anterior (P-A) view. Tensile
fractures are indicated in red while compression fractures in
yellow. No sign of fractures are expected at lower impact
loading at 1BW. The failures of elements are expected to
initiate at 2BW and 3BW for RHA and THA models,
respectively. While fractures of the intact femur are clearly
indicated at SBW and dominated at the upper neck of femoral.

Fractures of RHA femur are expected to occur at femaoral
neck when the load reached 3BW . In higher load at SBW, the
additional fractures location is pointed out along the
inter-trochanteric crest region. For THA femur model, the
bone fractures are projected to locate at proximal medial and
lateral region of femoral cutting. The direction of hip loading
during fall may lead to lateral-medial bending effects to the
prosthesis stem and replicate force to the proximal cut of the
femur. Fall area at lesser trochanter region may also
contribute to stress concentration and continue to fail.
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B. Prediction of bone fracture location in intact, RHA and

THA femurs

Damage formation of bone fractures occurred in all
configurations with different locations. Fig. 7 illustrated the
different predicted locations of bone fractures for
configurations FC1-FC4 at SBW loading. In general, loading
direction and boundary condition which differentiate the
falling configurations contribute to the fracture locations.
FC1 and FC2 configurations defined similar loading angle
(0°) of p but contrast in ¢ (120° and 60°). Different f angle of
loading direction are applied in FC2, FC3 and FC4
configurations at 0°, 15° and 45°, respectively.

Bone fractures occurred at the area of impact loading and
boundary conditions due to high stress concentrations. In
addition, direct impact hip loading to the femoral head of
intact femur give high stress concentration. Fractures in
tensile direction are designated in red element while vellow
element shows compression failures. At SBW of hip loading,
fractures are projected to occur in all falling configurations
and all femur models.

Consequently, the proximal resection area of the fermur is
reflected and stresses are dominated. Higher stress
concentrations at low elastic modulus material are tended to
fracture. Damage formation that occurred inside the proximal
canal femurs may lead to prosthesis loosening and decrease
implant stability. Bone fractures also projected at the greater
trochanteric region for all configurations at the higher hip
loading (SBW).
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Fig. 6. Patterns of bone fractures in intact, RHA and THA femurs in increasing body weight from 1 BW to SBW loading (left to right) for configuration FC4

IV. CONCLUSION

The inhomogencous FE models of femurs arc well
developed in this study to predict bone fractures for intact,
RHA and THA femurs during sideway falls. Different
locations of fracture are predicted in each configuration due
to different loading direction and boundary conditions.
Predicted fractures for intact and RHA femurs are dominant at
femoral neck region in all configurations. While, trochanteric
region and proximal canal for THA femurs and expected to
lead for stem loosening and instability.
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Introduction.
Polylactic acid (PLA) has been used as scaffold and bone plate in the medical field because of its
biodegradable characteristics. 3D printing (3DP) is one of the rapid protot}lging methods and has
ability to control matrix architectures, construct biomimetic structures, 4lIn this study; three
different structures of porous PLA cylinder were fabricated using a 3DP machine. Compressive
properties and morphology were then examined.

Material and Method.

The raw material used in the 3DP was PLA filament (Kenbill Co), with diameter 1.75 mm and natural
color. A commercial 3D printer (Scoovo X9) with the minimum thickness layer of 50 um was used.
Porous structures were designed using a 3D-CAD software. 3 designs introduced were A. conetube,
B. spherical and C. octahedron cylinders as shown in Fig.1. The designs were exported as a rapid
prototyping stereolithography format and uploaded to the 3DP software (Slic3r™ v. 0.9.10b). A G-
code file was created and sent to the 3DP machine. The printing temperature (220°C) and layer height
were controlled during 3DP process. Finally, 2D sliced layers were built layer by layer by the printer.
The nozzle travel speed was set at 60 mm/s. The printed samples are also shown in Fig.1

Compression tests were conducted using a conventional machine at a crosshead speed of 1 mm/min.
The microstructures were also examined using a FE-SEM.

A. Conetube cylinder B. Spherical cylinder C. octahedron cylinder

Fig.1: Desings and printed structures of three different porous cylinders (a)cone, (b) sphere, and (c)
octahedron

Result and Discussion.

Table 1 shows that the theoretical porosity ranges between 88~90%. However, the experimental value
showed lower porosity for A and B. The theoretical value agrees well with the experimental in C. It
was found that the printed structures did not perfectly coincide with the original designs because of
the nature of 3DP in which melted PLA filaments were used to construct the structures.
Heterogeneous micro structures were actually observed by FE-SEM.

The compressive moduli are shown in Fig.2. It is seen that C had the highest modulus of 836 MPa,
suggesting that the octahedron structure created the stiffest structure of three designs.
316



Table 1: Porosity values of porous cylinders

Cylinder Designs Theoretical Experimental
A Cone. 90 % 67 %
B Sph. 89 % 61 %
C Octa. 88 % 86 %
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Cone Sph Octa
Designs

Fig.2: Compressive moduli of porous cylinders

Conclusions.

3D printing technique was used to fabricate three different porous structures of PLA. Those structures
could be used as scaffolds in tissue engineering field. The theoretical porosity was different from the
experimental, suggesting that the printed microstructures could be different from the original designs.
Such structural change should be considered in the designing process. The modulus of the octahedron
cylinder was the highest, indicating that the mechanical properties can be controlled by changing the
porous structure with use of 3D printing.
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Table 1 Material properties

Bone cement

Intervertebral disk 8.4 0.45 20.6 20.6
Facet joint 11 0.2 20.6 20.6
Fig.1 3D spine models
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Fig.2  Equivalent stress distribution before and after BKP.
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=/ ! 1.0atm
1 MOVPE | scii46/ T : 1.0x10 atm
0.8 S e e
1300°C 1~ -
= .7
g ///?;mr
%04 //,,v -
td
0.2 _+
”
0

0O 02 04 06 08 1
Ra

X2 B SHEATIC X V ke 7. AlIGaN/AIN MOVPE (23317 % %FH — [EAE RS 4R o — 131,
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PR LRAOREY AT 20T NVFRRBIEIC XL 5 H AR L ZEBROLEL

RIAFSLRT: KRB TEOTER TR HEH

1. FiR

R\ B DM I 70 K T 5 - O IZIXE LRI EOEANRAI R TH D, FIZ, KIAKGEHER
DIKRI2HART i{ﬂﬁsﬁﬂéiﬂﬁ%\éﬁmmﬂ;ﬁﬁ%mioTb\ . {qc{zliﬁﬁ—iﬂjj%%fﬁ/XTAf (e
HIIZBWTEM N A RFFT 270 OIZREE y FTEIEZITO &, BN Z—E L 2AMBERDOE
WA T T BRI R T 5. ZHETIS, bL— RA7BURICH D HHZEE) & iR REIEE O] 2
SET AT O ORIE TR ICBET A2 TN TE 72, L L, B m b IR BRI & v
25 MR LTHELE LTERIT 572, AT AOHAITSE U7 4 — KAy Z B0 T, H
) & FREFE OGN AT A WA R B 5. 2 TR T, AR OHIEI S AT
L DOHEEFMIE SN S EHHIEHENEZ b3 27 L TRIKIEICE B L, 22 )BT 28 L T
ARRFE BJRIEE S AT AOHNES) &R EAEfEE & SIZZE L 5 DHIEFEL BT L.

2. ETILFRGIEFE

BASE LI A LRI E S AT LD DOET A TFRIGIEITFEO 7 v v 7% K 1 I1ZRT. E
7 L RIEIE T, %MEW BWT, BITEO Y AT AT (FIfHIE) OFHIE & = OREE, BED
HIEAT) (BfER), I TPRIREIC BT DAEA T FREE 544 & LT, v AT A0Hlf%E) %
A% = A I\F’a!sﬁ%m:nfd\ktcéot I NZHIE X R O FIBIAT) 2 e T 5w Z <. Z DFRIZ
WIEET MZ LD VAT AORIERS KON OHEEZESE), ~ A7 A 13 KOOI A O bFiFH 72 &
EHIGME LTEET D, BONTERIOBEMAT v 7 ORI O F % EEISEA L, ROFIEE
HNCEB W THIT2 22 550400 F ChaE{bEZ RO TV RIBR 74 X FEEBRAT 5.
TRXMNZBT 2 v AT A OHEEMITIREZEM TR TR TNHRET VL BT 5. REEZEM
HRRRT R T AT LOZEBERIALT 5 2 & THELN, BRSNS Z — L T o< ZAADTT
BONIAMEE T 5. £z, NEET VBT 2REERE, v A7 AHDEHRIE, SIEAT, 4t
SLAJBHIME L Y A~ T g V2 HWTHEET H. AT AHICR L TE, 20 - TRRAEHK
EEETD. £, AT E - FIRERFICMZ T, —HlEE % 02 'O F - FERIEH
KEBZBET D, I, BUEO Y AT A OREMS L ORI A 29054 LTANT 5. £z,
T A XK DB OF L0 B U PRI T 2L FRE S OIS & LCATT 5.

R/AMET R E a2 FEEUE, THIKEIC LIDAR D‘ﬁ'#,;?.??”*
preview a
B 5 AT AHMAOREECKT BIBGE T e WP controller v+,
: fE%Eé’?l%LS ?r?é‘l}{?' s Sytstegn
MAELHIEATIOELED /) VA, BIO a i QP Hop * _| wind turbine| '}
- w 1 | optimizer ' gg;:tr:rt:r
ATy 7D 2 FEO BT L L, = Preﬁﬂed 5 u Frovisional .
/ - 5 WRR inputs .
% H I O EPERERFAL 217 5 . L internal :

b model

Signal
Uy delay -

Previous .
control = Mseyasstgﬁd

Eﬁ{t L/f“%ﬂ#ﬁﬁx 7 7 }“) j- 6 E&ﬁ dipsrtﬁ\:t"eavrh"igs E ogtsaeiggd & Inputs = outputs
(LRI A BRI R4S L, MATLAB : t " [omsor]

Model Predictive Control Toolbox % fv~C= o oroormmmmmmmmmmmEERes
N AT ARy 1 ETILFAREO IOy YRR
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3. ZEAGEMMRNTIC & S ENF ST

kG & T DR BRI FEE S AT LD ZE ) HERENTIZIE NREL 23BR%8 L7 FAST 2 L7z, &
7154 —¥ 1Z1E NREL TEEFSL2 5 MW B4, F72, FRIZIZ A Y— 0D OC3-Hywind spar-buoy
ThERWE. BT ATFRIEEICET 5 A7 A%, v—F—REEE, ¥ U — LSOk - £H%E
A2 BN EDORE, ROV —, AT oA, BEIOPe—T7OEM2 b NNIEOBWE, v—/L, 93—,
By FOMAERLNCZOAKED 17 L L. TOWN, o—x —REHERIAE » T/
ICREEZ 5 A THEEE Uz, fEADIZRMIE E y FEE L5 EERE FL s & L. RiBZER TR
DORIACITTEANJEGE 18 m/s, 7 —& —[mlfizEr 12.1 rpm (EA&MHE), B L OFRK T TITo7=.

EL A B B K O HR A m 2 k9 2 VR LRI E S AT A OB G4 X 2 127
T n—F—EREE DT 4 — RNy ZHEI OB ZAT o oG H I~ T, 7 ARSI 21T > 25612
IFREH N EREE Yy FOEBNEOT L 2L L. 2, NTES~ORAREDS L < IE
0 — % —~OMNFEH AR Z THEE L CTHWD Z & T, BB LAY v FOLEEImEHI R E
THZEEHLMNT L.

— Wi i —— Wave height -
— ;“,’ﬁfﬁiﬁfﬁ r;%liampomt avenen —— MPC (Preview at hub point) ~—— Baseline
25— . ) g — MPC (Prevlewl of spatial ave.)
,Ué Preview éof spat@l ave. —or T ] £ g 15— wre (No preview)
20 Al cad - '_""I 6 = = 14 i i
E =2 E [T M | WU W — W\ N
(] 15 " 3 @ [
=9 : : < =4 ] \ d !
) i i o @ 12 - b
T 10F -\ / . U s 1 o205 Yo\ A
= ) S S R T S A 3 < IZ(I:C) 10 A S
Time Time
(@) ARELE S VREEIL (b) O—% —[EIEx%
= MPC (Preview at hub point) —— Baseline i ) .
=z —— MPC (Preview of spatial ave.) —— Baseline == MPC (Preview at hub point)
* 6000 ——— MPC (No preview) —_ 2 5 = MPC (Preview of spatial ave.)
5 P ] [ ] h=] i —— MPC (No preview)
= 5500 3 : - 4 i ;
3 2 3
‘% £ 25
S 4500 =] 1
c o
8 4000 . o 0 .
Time Time
(c) ®EHA (d) FHREYF
— Baseline —— MPC (Preview at hub point) —— Baseline —— MPC (Preview at hub point)
o 18 —————=— MPC (Preview of spatial ave.) 50 = MPC (Preview of spatial ave.)
3 I | MPC (No preview) £ | —— MPC (No preview)
£~ - ] ] i ‘ ___,Z 45 R A
[=] R i _/ NS @ < C —— ra=—A N
% 12 —SH ...... é';E 40~
o L i 1]
m 10 I | , | \ 1 35
Time Time
(e) EEYF (f) EEHK FILY

2 AREBRERS L UFRARSELHOZEARXELRARE X TLOES
4. RXEFERERDJA b+
(1) T. Wakui, D. Miyanaga, M. Yoshimura, R. Yokoyama, “Model Predictive Control for Reducing Power Output
Fluctuations and Platform Motions in a Floating Offshore Wind Turbine-Generator System”, Proceedings of
the 15th World Wind Energy Conference, Paper No. PS-B-3, 4 pages.
(2) R, EROKE, SR, 7T IIEIE 2 O 7 AR ) R S A T A D H ) R B
#Hil, £ 38 [l m ) =k L F—FIH > AR T 7 A, pp. 380-383, 2016.11.30-2016.12.1, FFEEL AT AH.
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BT RLF— 1) B
28 ME-23 — AR

RV XRBEH ORFEBHEREESH, (CFRP) OEEBEEMRED
B 7 MR T

[FARINE:YE e O e ot G s = ¢}
1. #

JRF I EFT OF LI, ERNMIBWTHAFMRERFI =L XL LTRNBENER SN TN 5D,
TN KZF T, =R XA @D 7o R AR TR L R 2 BAAS U, ILAERSovE EICa%E LT,
x RPERREREZIT > T D, 5. TXRAVXNRELRICED DHT-OITIE, BETHOEME, @l
ThORMURELRABET D2MLEN DD, ZOX D RBUENG, JRHEO KB ETH I &EM I
Tr%’%@zf&%ﬁ{t@ ¥ (CFRP) O FNFHE ST\ D, JWNKZZIGH D FRZERT O = 3L X 48 H T

O TR, BEZEREERELE (Vacuum assisted Resin Transfer Molding : VaRTM) (2 X %5 CFRP @
BAFIFIEDS T LW T —~ & LTSN TWD, ZOFEEZAND & RECERR R O HMER R
MENERS 5 2 L BB T D, B L XRER BRESCKE - @EIRIC K D2 EHE L2 72k D
LM E T 572012, CFRP OEBEHET — 4 N ARAIK TH D, /-, B XRHELZFHET 5
Frick > Cid, BERBXREOREBICLY REOCHEEN AT 055720, it 2BICIXIRE

DEBLEETH D,

AHFFED BHJIX, VaRTM IEIZ LV BB L7 BARREE  — AR v /AR VA O X8 3 Fmd 72
Bk (1-), mBE (2-), WE (3-) HINCIB T 2§ - BEEMEIG ) — O3 hetE 2 EBRAYICEHG
THZEHEME Lo, ®MOTHREE (RK 10%s) TOEMIS ST —OFT REfRE, A7 %Y U HIEIC
FORE LT, 7oA A bu B K OMEIRAE 2 TR KOO 20 B (103~107Ys)

B DM — O BB OB ERRAME (T =20, 60, 80 °C) ZR7z, ZhbORRE T 5
ZLICR Y OF B LR Ef 3 H NI T D IEMERRE (MRBRIERETREE, MR O 7, bR
JERE O AME E TOWIR TR LF) I RITTHEIZONTEE LT,

2. BEERWREEREBRAORIRTE

fIEEkT & LT, VaRTM IEIZ L 0 BB SR S 10 mm OB FfEE ([0/90]gs) 77 —A > /=R
X EAM AN Lz, 2 OEEAGHM ORIGEHEN, ~ NV v 7 ZBIE ORISR & O & A F 4|
LI T, ZOMEEGMNG, kb - TEHCOMMES M (1-d), mWEsm (2-d), REHM (3-
d) 1Tk U OB 1T & 0 EAE d =8 mm D FIHRR OFAY IS K OMEEREER i 2 8B U7z, FFRREER
O ERMENL (BS hER d) ORI E IO X S ICIRHEZRE Uiz, §EREER T IR
(22U T, ASTM E9-89al) #itk THERRS LTV H MR h/d=15~2.0 L7225 K HIZJEE (h=12mm)
ERELEZ B-dIZOoNTOR, WEOHIRIZEY h=8mm & L72), —F., ERTEHERRFFIRICS
W, ARHERIR 77 % o U RRERBRIZ I 1) D IE 70 i B i R LL o #iPH (0.5=h,/d=1.0) 2 [ZAD X

JEE (h=4mm) ZRE LT,

# 1 ARBCTHEM LESH OBEHEN, < F) v 7 ABIEORER CHBHERESH R

Cross-ply carbon/epoxy laminated composite

Fiber HTS40 F13 12K (Toho Tenax)
Matrix Epoxy XNR/H 6815
Fiber volume ratio V; 0.56
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3. RBRAEXEFIR

3.1 FMEMmAER A& o UpB (£7 /L 5500R) M OVEIEAEZ FHWC, =R - @R T (T
= 20, 60, 80 °C) T THRH » HETOT Bl CIEMRRBR 21T 72 o 7o, #iVaRER T 2 3R_ Bk o L TS
BWCEe, —E 7 1 A~y FEE 1, 50 mm/min TRER T 23S 2 £ CIEMARM 21T/ > 7=, RBR
Fr oW & BT EAMEG B COBRERRIC K 2EBERORELE MRS T 572, BRI
ThdL¥EMTEY 2R B OmSGEIC@BAM L, £, #kiE (1), mHsE (2-) FmoEERER (K
1) Tix, RBRAE TOTRIRZER (end brooming) (25145 & HEEIFVNA U T HF TR VHRFRIEHE
o R LM%LE)W;@\@T\ ZOMWIEE— FZIET2720ICME (d=8mm) D% & T 7o m5R A U
7 (EA30mm, JEE3mm, o 22 r/UH 625 B 2B A ic iR AT Tn g (K2 28),

Environmenta
| chamber

Steel rings Specimen

Thermocouple g
(T =20, 60, 80 °’C)

1 ERBEESHM OMHE (1-), mWkt (2-) 2 ELMEEAHM OMHE (1-), mikt (2-)
TN BT 5wl BR O Fk+- TN BT 2 AR LIz fii Y o7

8-2 RIFXVYUHBEKICKIEHFRERERER B NRTHEWERIR 7% 0 RIS E 2 L

EER AR 2 IR TIT o 7o, AR, & L CAH A (JIS SUJ2, B 16 mm, £ & 1500 mm)

EFTHLLFE (JIS SK5, £ 15.9 mm, £ & 350 mm) 2Bk ST\ 5, R 2 A ke & H

TIEDORNHEIA A AT 11T 5, #RADEER & Rk, BB OMEE I LEMR VY 28 LT
%, BRTIEL CIER R OFEMIC OV T, HEE DO 22 Sz,

Pressure
chamber 1200 1500 1500
® Hand valve Gun barrel Input bar Output bar
Air Jvalve Striker bar © 750 750
($159x 350)—¢ [
- - i - . Gage |no.1_ A5 Gage| no2
| A
Channel steel Gushion * Stopper ring/ V-block

(Dimensions in mm})

Compressor q Input bar M Qutput bar
Specimen

3 JEMARIAR T v R ORI [
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Compressive stress o (MPa)

Compressive stress o (MPa)

4. BRERSIUEE
4 -1 ZRIZBEITHV0THREOLE

WA (1), mise (2-), BE (3-) HRiZET DHE

K OERENIS ) —OF 2% (KR Oz, M 4IRT, ERDEREMNER, MK Z g

RROMRZRLTND, EOFMIZBNTE, OFTHRHED LA & ITMRIEAMEIRE (B R EAMRR )
fE) (ZTHOFTTHIL TV D2, BBIREMFOT HIBEFE IR T L TOD Z D025, MIREHMETRE o

B IEBRE OO IRIE (&, =0 Iy t IZEHIAAREAD (6 LT 1y b Lisiiie, /51058, &

1000
A

Uow T T T T

S —
_|Cross—ply CFRP! ]
£=107%s |£=10%7s
§00 T=20°C l-direction| -=== [ —— ]
2-direction| -=--- | ——
3-direction| ---- e

Compressive strain

&

X 4

B DR - EERIEMIC ) — O T R2BE%R (EiR)

4-2 BHAETICBHSEREOEE

ELAZFRIEE G OMHE, INEL, REITAIC

Ultimate strength of (MPa)

DAFH NN TS, BREMFREIZIEOOTHRERFMEEZ R L TV D, £lo, O HHEICER
<L IR (3-) GRS IT DMREMEFRE L, o 2 HFickiF 520 L0 6IEFITEV, Ziud,
WRIE (3-) FFHTIE, B TH LD =R RO BA ORFEIEREIC X 5 BRREWTEDOTH S,

Tal
qUe— T T I I I I 1
| Cross-ply CFRPl Instron | SHPB
I T420°C 1-direction (@) [ J
2-direction A A
00 3-direction O [ |
- H re A E
[\
] RS) Ao
L 8 Py
["_Oﬂ\nnnn FERRRTTIT AT FENRETIT R FEREETTT SR RTTTT SRR TTT!
107 10° 102 10" 10° 10 10® 10° 10%
Strain rate at failure & (U/s)

5 [EAZREE A M OMBREMETRE D
O Bt K QYR 5 TEHRATE (SR1R)

AR (2-), HRIE (3-) FIckiT 5, ROT ZEE (10~
3s) TOJEMEISH — OFT HBEMROIRERFIEZ . K6, 7IRT (Wit (1-) HriconTi, mWkis

[ &R CAHA 072, B 5), mA (2-) HFmTiE, iEOLF L &b ITBREMIRE o M U

IRIEHTO T H e IME T LTWD Z ENbA D, — . RE (3-) JFHTIE, IEE T 2 60~80 COHilH
IZB W T oo MW e lTIFE A EEBIL L TWRWZ LD D,

000

00—+ 1
| Cross-ply CFRPl
800 £=1.4x10"¥s (V = 1 mm/min)
d=8mm |/d=1.5
2-direction ---T=20°C
600 --—T=60°C
—-— T=80°C
400 X: Failure
r"'x\
II' \\\
b 0. \
4'90]1/ \‘ \\\
13 N \\ ,
o A e e e A
0 0.05 0.1

Compressive strain = &

6 ERBEEAHM OmEPMGIZET 5

A ERR IS ) — O3 2 BIFR DR AR A1

0.15
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Compressive stress o (MPa)

Compressive strain &

7 EZEEEAEM ORIES BT D
HH LRI ) — O3 2 BIFR DR LR A7

98—
_|Cross-ply CFRPl
800 £=2.1x10%s (V, = 1 mm/min) E
d=8mm;1/d=1.0
3-direction "m--T=20°C
o0 --— T=60°C -
--— T=80°C
X
400 // ‘;( X: Failure .
e =
’/” é/_//"/\;\@\.\--
200 e ‘7,/ T ]
s o
Pie —
L R
P At
a = L 1 L
0 0.05 0.1

0.15



ROTHHE (107%s) R OHFOTHIEE (102~107Ys) TOMRIEMERE oo ZIRE T IZxf LT
2y b LR E, X 8,987, OFHMEICERR <, MifE (1-) ROmEAM (2-) Hrickid s
MR AR AL OIRBRAFE L, IR (3-) FRZRIT DN LD bIEFITHE,

_ [|Cross-ply CFRF]| r|Cross-ply CFRP]

© I < I

% A O  1-direction £=14x10%s | | % A ©  1-direction £=70x10%/s | |
=0 A 2direction  £=1.4X107s -0 i A 2.direction  £=7.0x107/s

O O  3-direction £=2.1X10"s S - E  3-direction £=1.0%x10"/s

< < r =

> 4 | | IS) 00 A [é] |

» 3 ® 3

2 ’ 2 ’

< 206 < 206

E A E A

5 - % i 5 - #

0-— ' ' ' ' s - ' ' ' '
0 20 40 60 80 100 0 20 40 60 80 100
Temperature T (°C) Temperature T (°C)
8 HEXMEHEAMDEROTHHEICKT S 9 EXREEEAGMOTFOTHEEICLTD
R B A AR 0D 3R AR A R B A 50 S DR B AR A7

5. #
ELAZHEE N — R /R VA OffiAE (1), B (2-), HRIE (3-) FFHOEMISI —OF Z4F
PE (BREAMETRE, WEREMEOT 2, WIRT LX) OOTHIEE  REERFIEZ | R T Y
VIBER O A b a B DRI L 72, EORER. RO XD it 2 T,
(1) AmARIZERR <, OFTHEEDN EAT 2122000 C, MIREMRE DTN 523,
FRIEAE OV AR BE IR T3 5,
(2) EOVTHEEIZIBNT S, e (1-) MOHEPIEL (2-) J7MIZI1T 2 1R R EE DR R A7
X, WE (3-) FMZBIF2EN LD BIEFFITHE,
&E 3
1) ASTM E9-89a: Annual Book of ASTM Standards, Vol.03.01, American Society for Testing and Materials,
Philadelphia (1995), 98-105.
2) G. T. Gray Ill: ASM Handbook, Vol.8, Mechanical Testing and Evaluation, ASM International, Materials
Park, OH (2000), 462—-476.
3) ML FE, FHENR, fEE . — b —R AR VB EA M ORI E ) - B
RESTHA B O i 3 51T SR, 4 B, Vol.58, No.11 (2009), 887—894.
B O
AMFFEIE, TN RIS 1 5E T O 3L FFR MR OB 2% T2 b D Th D, T ZIZFE LT, ik
DEZERT D,
o it
- WFEREE TR BIE (MILEERRY T B X T A TR
- WEgEWE ML B (RELPRELRY A EEER)
- WHEW 1% ABUSREA, M. Ramadan (JUNKRZFRFRE WA LEN  WEHE LY HK)
< FTNHEEEAN EUIL Rk RS ISR B koL S — 5 )
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Fre gL F— 7755 1
28 ME'24 — mﬁ}?"ﬁf

BH RNV E—DHRFFICET DAV RBETNVIZED
JRFTEGSE DFE - TRIRMEICEET 205
FOE TR R ERE
R B
1. BM

FART AL X — O gh R 2RI I E 3 2 HAT BRI 1L, e aTRE DD FF2E ATBE 728 = 1 L ¥ — O 2 E RIS 2 )
FTCEMAACTEHEEZH L TWD. KRS, BT RAX—F, 22 FBHEMIICELS, BARREICLELVLE
AR R LF— & LTIFEER SN TEY, ZOFHEEID LFOHEI TETWD. 2ok, Bz xn
F— AR TEREINE RiAZL, B HZZhREICEE L, £ OMEREZ ZBIICEHE LIS 2 72 O EffiAik
HHNTWD., ZOLIREROT, BAOBEORGEN - FHEME L0 EKICHREFTT 2720100, FRICEHEH
¥ L2317 5 R R DT X OV O Tl % @R EE TIT 2 2 FIEDOBRBE R AR TH L.

ARFFETIE, A VRS E TV WRF & RIAM-COMPACT®% W, ERIIY ¢ > K7 7 — A& RICJE
M2 b— a3 &Y, fFEBROEAEZEE L7-. Uik y, WMET vk ssn-miatamks R
SOFRE L OB - AT KLY, RN % iS5 ECOREFIEOSH Y S EREEHLNCTH L
ZEHME L.

2. SHEAE - BE

ARFFETIE, A VRS E TV WRF £ X O RIAM-COMPACT®% VY, #fEENLY 2 =L —v 3 &%
B L7-. X LICEHRSE A RS, 8 LRIk (B AMUOBEIER) (TIUM S & B Tk - s JE 49 PE J5 1) x 55 (R b
J7Tal) TR A [FIRRIL Okm, 5 2 fEi (56 1 SO PN 1 34% - R 61x61 TS F-fHIFRIE 3km, 5 3 fif
T BEEE S 2 T 100x100 TACERS FRIMEIL 1km, 2 4 fEIXERILY 0 > K7 7 — A2 G0 55K
82x61 TACEAFRIFEIE 333m & L7-. WO S SN E & L ~L 3 HiFE ) 5 50hPa i E TH 28 /@ & L,
L UVEIZ TR CIREIE, BB TITHicERE

7-.

fRHT RS IE, 2012 47 12 A 9 H 12 R & 2012
12 712 A 18 % (UTCIeZD &L, BRIAT >
TNk, B LN 27T #, B2 sl 9F), 3
7S 3K, A LR ERE L, £, VR

2 L=y a O OYIMIE - FEEIC XRS5
3K EBRBE Tl % —NCEP/INCAR O£ ER% 8]
T — & & .

¥, AWFIECTHEM Lo EMpEE - MR miEeE -
RS - REEERE (o3t 2 it~ v a v~
F LIORT. AR L5 1T, Em
HERWTHEZBICRATE RV -2 —1
ThHHID, MEATAZVE—vara2AL

7o VLEO WRFEHERREICLY, ERILY 4 R InE S RIS R8s L
77— AERGE U BB A S L7 4 1 AWF7E TRIE L 72 3 Ik

33°N

31°N
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#£ 1 WRFHEIZBWTERAL-YHEERA T > a3 v

EEEA — A WSM5 (WRF-Single-Moment-MicroPhysics class 5)
FEENT A X VP —3 3 New Kain-Fritsch (% 1 fE1%), None (% 2, 3, 4 fHIK)
FE5E ELik Mello-Yamada-Janjic scheme

MR A F— A Thermal diffusion scheme

KESE A F— RRTM scheme (longwave), Dudhia scheme (shortwave)

3. BEBLUEE

212, WRFIZ X2 BBIEREICEL DS OIH 4 kI D H B 70m O H EACERGE (2012 412 A
12 H 00 B (UTCHFZD)) 24, MEV, 74 v 77— 20X TR LY O 10m/s Z 8 2 % i JE bk
PEHEINT.

ABFFETIX, WRFICEDEFLILY > R7 7 —A2H1T 5 HEGFHRICNZ, RIAM-COMPACT (2 X 2% JEJi
HHEREZITo TV D, ABITFERE, W7 I L2 EE - B SRR A T 5 2 LI X e
JRVARAT % E BN I L, Y072 B = AL X — O REE rTRE AR & R0 2 R A B i S T S R T
VAT LAOEEELEK S TV FETHD.

REAL-TIME WRF Val: 2012.12.13.00:40:00

Terrain Height  {m)

Wind (ms-1) at 0.07 km
31°24'N
31°22'N
31°20'N

31°18'N

31°16'N

.

“"ufg:—‘l‘..‘ A
W22 = S

130°52'E 130°54'E 130°56'E 130°58'E  131°E  131°2'E  131°4'E 131°6'E

Terrain Height (m)

] 100 200 300 400 500 600 700 800

QUTPUT FROM WRF V3.6.1 MODEL
WE =82 ;5N =61 Levels = 45 ; Dis = 0.333333km ; Phys Opt =3 ; PBL Opt=1; Cu Opt = 0

2 PEEfE L JEUES AT (2012 4512 A 12 H 00 B (UTC BE4)))
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B R )
28 ME-25 o

LREERFREEERHE T DERITA — R BRI OBR%

(EEAPNE= 7 e
Bt - o> MR i BERE
JUPN RS20 5k 9 i
T %
1. BW
PRFBHHMEIRIL 75 2 F » 7 ( CFRP) 1Z, HHREER L USRIMEIC IS W TEBME L 0 SR
TBY, BENOEBBELSMEITHS. TNOLOENT-FEICE Y, AEHE, Hizess oz
A=Y HMEIZILEHEINSD. $£72, CFRP [XHEHES M MRS L OSRE N EH WO T, #
BLR BT OB CHE OB E H1EE2E 2 D52 LIk » T, HHRRFNATEETHD. WERDCFRP
LR FEHEE — PSR 2 TERE SN2 b 00, —HEOREBHERYICHIELZ GRS, LE
REHOSTETREE L CiE S, L LEEEEETH L0, WEHTMOBILRAR+4T
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(d) o=24[deg.] (in experiment) (b) o =24[deg.] (in computation)
Fig.1 Streamlines for FP at Re = 8.0><102 and « = 24 [deg.] The color represents speed of flow

aldeg]

(b) NACAO0015 (c) INACAO0015
Fig.2 Stability diagram for each airfoil
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