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(a) Overview

(b) Loading section

Fig. 2 Photographs of a SEM servo-pulser
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Fig. 3 Diagram of a SEM servo-pulser

Fig. 4 Photograph of a jig and a test specimen
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Table 1 Crack initiation sites in SiCy/Al (20%-30 x m)

Particle Decohision at | Matrix cracking
fracture interface near particle
Number of sites 31 2 5




(b) Decohesion of interface

(c) Matrix cracking near particle
Fig. 6 Crack initiation in SiCy/Al (20%-30 x« m)
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Crack

(a) Crack initiation site
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(c) Relationship between crack propagation rate and crack length

Fig. 7 Crack observed in SiCy/Al (20%-3 4 m)
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Propagation direction

(a) Before breakage

Propagation direction

(b) After breakage
Fig. 8 Example of particle breakage
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Fig. 9 Relationship between crack opening displacement and distance from crack tip
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Crack

(a) Crack initiation site

(b) Scanning electron micrograph
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(c) Relationship between crack propagation rate and crack length
Fig. 10 Crack observed in SiCy/Al (20%-30 u m)
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ABSTRACT

Fatigue tests were conducted on aluminum alloys (2024-T6)

reinforced with two different sizes of SiC particles. of 20 volume
percent using a specially designed servo-hydraulic fatigue testing
equipped machine in a scanning electron microscope. The effect of
the reinforced particle size on the initiation and propagation behavior
of small fatigue cracks in a smooth specimen was examined. In the
case of fine particulate-reinforced composites, crack initiation was
associated with matrix slip in a partide-rich region. When the crack
propagated from the particle-rich region to a matrix-rich region,
microcracks and crack bridging by particles were observed. In the
case of coarse particulate-reinforced composite, cracks were mainly
nucleated from particle cracking, and particle fracture ahead of a
main crack and crack bridging by an uncracked ligament were
observed. The particle fracture and the crack bridging play an
important role in the propagation behavior of small fatigue cracks.

INTRODUCTION

Aluminum alloys reinforced with silicon carbide particles (SiCp)
and strength, and high wear resistance. Particularly, discontinucusly
reinforced aluminum-matrix composites (DRA) can be fabricated
using standard metal-working practices at relatively low costs.
Because of these advantages, they are expected to be new structural
materials in machine parts. Before widespread application, fatigue
properties must be studied.

The S-N properties of smooth specimens and the fracture
mechanics properties of long fatigue crack propagation have been
reported by several investigators [1-4]. Since the propagation stage of
small fatigue cracks occupies a large part of the fatigue life, it is
necessary to establish a predictive method of small crack propagation
for life predxcuon and material design.

In our previous paper [5], ' notched specimens of aluminum alloy
reinforced with silicon carbide particles were fatigued, and the
propagation and non-propagation of short cracks at the notch root

were studied from a viewpoint of crack closure. Reinforcement of SiC
particles improved the fatigue imit of notched specimens as well as
mechanical properties. The propagation rate of small cracks near
the notch root was uniquely correlated to the effective stress intensity
range. Then smooth specimens were fatigued in a low-cycle
condition[6]. The propagation rate was a unique function of the J
integral range. ,

In this study, smooth specimens with a shallow notch of aluminum
alloys 2024-T6 reinforced with two different sizes of SiC particles of
20% vol were fatigued in a scanning electron microscope. The
initiation and propagation behavior of small surface cracks was
mvestigated. The influence of the reinforcing particle size on the
mitiation and propagation behavior of small fatigue cracks in a
smooth specimen was examined.

EXPERIMENTAL PROCEDURE

Material and Specimen
The experimental materials used were aluminum alloys 2024-T6

reinforced with two different sizes of SiC particles. The volume
fraction of SiC particles is 20 percent, and the average partide size
was 3 and 30um. The composites were produced by powder
metallurgy processing. Figure 1 (a) shows the micrograph of the
composite with a partide size of 3 um (denoted AISIC3). The
material was extruded to rods of 20mm in diameter by an extrusion
ratio of 12.  Extruded rods were heat-treated under T6 condition.
The microstructure of the composite has a banded structure of
particle-rich and matrix-rich regions. The grain size of the matrix is
about 5 m. The micrograph of another composite with a particle
size of 30 #m (denoted Al/SiC30 ) was shown in Fig. 1 (b). The
material was extruded to plates of 3mm in thickness. The grain size
of the matrixis 5  m. .

Table 1 presents the mechanical properties of the reinforced
materials in the extrusion direction. Young's modulus is almost
equal for each composite. The strength and elongation of Al/SiC3
are lazge; than those of A/SIC30.
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(a) Al/SiC3.
Fig. 1. Micrographs of composites.
Table1 Mechanical properties.
Material Young's modulus | 0.2% proof strength| Tensile strength | Elongation
(SiCp/Al2024) E(GPa) - 0 5-(MPa) ox(MPa) g £%)
20%-30 um 108 395 459 2.5
20%-3 um 114 465 625 6.2

The shape and dimensions of the specimens are shown in Fig. 2.

The loading axis of the specimen is taken along the extrusion

| direction. The specimen was shaped by an electro-discharge

Q? : machine. A shallow notch of a depth of 0.15mm and a notch-tip

i AI o) \ radius of 1.0 mm was introduced by a spherical end mill.. The elastic

: _¢_ [ _wo stress concentration factor was calculated to be Kt=1.5 by the

IR it boundary element method. The surface was polished with emery

! 1 sand papers, and the layer of 50z m thickness was electro-polished

14 to remove the residual stress formed by machining. The surface of

< specimens was finally polished by a diamond paste with a grain size of

< 31 > lem.
\3 > LD Fati ests
< o Fatigue tests were conducted using a specially designed servo-

Cross section of A-A'

Fig.2 Test specimen.
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hydraulic fatigue testing equipped machine in a scanning electron
microscope under a constant amplitude of stress cycling. The
loading frequency was 1 Hz during direct observation and SHz during
nommal fatigue tests. 'The stress ratio is R=01. For AYSIC3, the
maximum applied stress was o =220 MPa. For AISIC30, the
fatigue tests were started at amx=200 MPa. When the crack
became nonpropagating, the maximum applied stress was raised to
20 and 240 MPa.  The ratio of the maximum stress to the proof



Table 2 Crack initiation site.

Particle Decohision Matrix cracking
fracture atinterface near particle
Number
) 31 2 5
of sites

Fig.3 Crack initiation in Al/SiC3.

stress is 0.47 and 051~0.61 for Al/SiC3 and Al/SiC30, respectively.

Surface Observation
The length of a surface fatigue crack was measured with a

scanning electron microscope (SEM) at a magnification of 30 to
5000. The minimum resolution was 0.04 £ m. The crack length was
the prajected length on the plane perpendicular to the loading axis.
The TV signal from the SEM was monitored and recorded with a
video recorder and an image processing unitin the integral mode.

EXPERIMENTAL RESULTS AND DISCUSSION

Fatigue Crack Initiation
The fatigue crack nudeated at the stress cycles of N=15X10° in

Al/SiC3 was shown in Fig. 3. The crack was nucleated from the
matrix slip in a particle-rich region.  Only one crack was observed in
this compoasite.

On the otherhand, for the case of Al/SIC30, alotof cracks were
observed. The initiated cracks were divided into three types: particle
fracture, debonding at the interface, and matrix cracking near the
particles. Table 2 summarizes the results. 38 cracks were observed.
About 84% of the crack initiation sites were at particdes. 24 cracks
nucleated from particle cracking did not propagate into the matrix.
The size of the fracture particles is between 15 and 50 x m. Figure 4
(a) shows an example of particle fracture initiated n AI/SiC30 at the

_93_

(a) Particle fracture.

(c) Matrix cracking near particle

Fig.4 Crack initiation in Al/SiC30.
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(b) Relation between crack propagation rate and crack length.

Fig.5 Crackin Al/SiC3.

numbers of cycles of 50X 10°. An example of debonding was shown
in Fig. 4 (b). This crack remamed nonpropagating even when the
stress level was raised to om=240 MPa. Figure 4 (c) shows an
example of the matrix cracking near the particle.

Fatigue Crack Propagation )
A scanning electron micrograph of a surface crack in Al/SiC3 was

shown in Fig. 5 (a). The crack propagation rate was plotted agamst
the crack length in Fig. 5(b). When the crack impinges on a particle,
the crack propagation rate is decelerated ( the solid marks n the
figure ) in most cases. For the case of pomt J and K, SiC particles
were not observed on a surface. Most crack deceleration below 5 X
1° m/cycle occurs at crack lengths of less than about 80 x m.
When the crack propagates from the particle-rich region to the
matrix-rich region, microcracks were observed ahead of the main
crack (case A, B, F, J, and M).

Figure 6 shows an example of the microcrack observed at point A.
In Fig. 6 (a), the right and left arrows indicate the crack-tip of the
main and microcrack, respectively. After the stress cycles of 20X
10°, SiC particle between the main and microcrack was broken as

. .

__Propagation direction

HER, GE U

(a) Before breakage.

Propagation direction

—
SR

e

Fig.6 Example of particle breakage.
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Fig.7 Crack in Al/SiC30.
Propagation direction

shown in Fig. 6 (b). Namely, the particle acts as a crack bridging,
before the particle was broken. )

Figure 7 (a) shows a micrograph of the fatigue crack observed in
Al/SiC30. Figure 7 (b) shows the relation between the crack
propagation rate and the crack length, Fatigue tests were started at
o_ =200 MPa. The crack was nudleated at the particle @ and @
atthe stress cycles of S X 10°. The crack initiated from the particle @
propagated into the matrix. When the crack approached the particle
@ and @, it became nonpropagating. After the crack was arrested,
the maximum applied stress was raised to 220 and 240 MPa.  Two
cracks coalesced at the cracked particle @.  The particle D was
broken after that

Figure 8 presents the enlarged micrograph of the lower part of the
particle @. The crack propagated almost perpendicular to the
loading axis at first. When the crack-tip approached the particle @,
the crack propagated in the matrix near the mterface discontinuousiy,
and the uncracked-ligament bridging was formed. The interface in
this composite system is stronger than the matrix as reported by
Davidson [7].
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Fig. 8 Scanning electron micrograph of interface crack.

Figure 9 shows the relation between the crack propagation rate
and the maximum stress intensity factor. In the figure, the solid and
broken lines indicate the relation obtained for long cracks under R
=—1. The stress intensity factor for surface cracks was calculated by
Raju and Newman equation [8] by assuming that the crack was semi-



circular.  All the data obtained for small cracks lie above the solid
line, and cracks can propagate even below the threshold for long
cracks. When compared at the same stress intensity factor, the
crack propagation rate for Al/SiC3 was slightly higher than that for
AJ/SIC30. .

CONCLUSIONS

(1)For the case of composite with fine particles, AYSIC3, the-crack?
was nudeated at the matrix in a particle-rich region. On the other
hand, for the case of composite with coarse particles, AISIC30, alot
of cracks were observed. 'The cracks were mainly nucleated from
particle cracking. They became nonpropagating under lower applied
stresses.

(2)When a crack propagated from the partide-rich region to the
matrix-rich region in AI/SiC3, a microcrack was observed ahead of
the main crack. The particle between the microcrack and the main
crack acts as a crack bridging.

(3)For the case of Al/SiC30, the crack propagated with the

(4)When compared at the same stress intensity factor, the crack
propagation rate for Al/SiC3 was higher than that for AY/SIC30.
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Table 1 Mechanical properties used in FEM anlysis

. Young's modulus . . Coefficient OT
Material (GPa) Poisson's ratio thermal eipan8|on
(X10°/K)
Matrix (Al2024-T6) 75.4 0.325 23
Particle (SiC) 450 0.114 3.3
Composite (SiCp/Al) 97.2 0.299 18
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Fig. 3 Numerical analysis of energy release rate
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Fig. 5 Distribution of loading stress
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Fig. 7 Distribution of stresses of loading stress plus residual stress
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ABSTRACT

On the basis of the interaction between dislocations and an isolatgd crack, the propagation
threshold of small cracks was derived from the condition of dislocation emission at the crack
tip and the motion of dislocations under reversed loading. The size limitation of semi-infinite
crack approximation for dislocation motion near the crack tip was defined. A continuously
distributed dislocation model was used to simulate irregular, fast growth of microstructurally
small cracks interacting with grain boundaries. The effects of crack closure and grain-
boundary blocking on crack propagation was incorporated in the simulation. The resistance-
curve method was proposed to determine the propagation threshold of mechanically small
(microstructurally large) cracks originating from defects or notches.

KEYWORDS

Fatigue, small crack, dislocation, threshold condition, microstructural effect, crack closure,
resistance curve, defects, notches

INTRODUCTION

Physically small fatigue cracks with dimensions less than about 2 mm can be classified into
three categories: microstructurally small cracks, mechanically small cracks, and large cracks
[1,2]. Large cracks whose length is approximately ten times the grain size are treated by the
conventional A K-based methodology of fracture mechanics. Microstructurally small cracks
with length on the order of the grain size show anomalously fast, irregular propagation rates.
Because of microstrutural inhomogeneities, the crack propagation behavior has statistical
characteristics [3]. For mechanically small-(microstructurally large) cracks, an appropriate
choice of fracture mechanics parameters gives the same propagation law as for large cracks,
because the material is now regarded as homogeneous. The effective stress intensity range,
AKX, is useful when the anomalous behavior of small cracks comes from the lack of crack
closure, while the J-integral range, AJ, is available when the plastic zone size is large relative
to the crack length [2].

The interaction between the slip band and the grain boundary in the vicinity of the crack tip
was first modeled by Taira et al. [4] using the continuously distributed dislocation theory, and
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later their model was extended by Tanaka et al. [5] to predict the propagation of
microstructurally small cracks interacting with grain boundaries. The Monte Carlo method was
utilized by Tanaka et al. [6] to simulate the statistical nature of microstructurally small cracks.
The same model was used by Navarro and Los Rios [7] to show a transition from small to
large cracks. Those micromechanical models based on the continuously distributed dislocation
theory have been successful in predicting fast, irregular growth of small fatigue cracks.
However, they have some difficulty in deriving the threshold condition of fatigue crack
propagation. Pippan [8,9] treated the interaction between a crack and a discrete dislocation,
and derived the fatigue threshold from the condition of a dislocation emission from the crack
tip or the motion of an emitted dislocation under reversed loading. Later, he analyzed the
influence of the grain boundary or barrier on the threshold condition. The discrete dislocation
model was also used by Doquet [10] to predict the irregular growth behavior of small Stage I
cracks.

For mechanically small and microstructurally large cracks, Tanaka et al. [11,12] and Pippan et
al. [13] proposed the resistance-curve method to assess the threshold of small fatigue crack
propagation from defects or notches. The resistance for crack propagation increases with crack
extension because of the development of crack closure. Modeling of the development of crack
closure is a principal subject for fatigue thresholds of mechanically small cracks. Once the
amount of crack closure is known, the effective stress intensity factor, A K, can be used as a
crack-driving force for predicting the propagation behavior of small cracks. Among several
models of crack closure, a model proposed by Newman [14] for plasticity-induced crack
closure has a capability of predicting the development of crack closure as a function of crack
length and loading conditions. Experimental data will be necessary to determine the crack
closure caused by the roughness and oxide debris on the fracture surfaces.

In the present paper, mechanical models of microstructurally and mechanically small cracks
are reviewed, and several new developments are described.
CRACK-DISLOCATION-BARRIER INTERACTION

Crack-Dislocation Interaction

The crack has often been assumed to be semi-infinite in the previous analyses of crack-
dislocation interaction reported by Pippan [8,9] and Doquet [10]. By solving the interaction
between dislocations and an isolated crack with a finite length, the limitations of this
assumption will be examined.

Under an increasing shear load, a pair of discrete dislocations are generated from the tip of a

Stage I isolated crack of length 2a as shown in Fig. 1(a). The stress intensity factor for the
crack is reduced by the emitted dislocations as '

y y

r—— 1 X T — 111X
—-C —a a C -C —a a C
(a) A pair dislocation. (b) m pairs of dislocation.

Fig. 1. Crack-tip dislocation model.
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Mechanics of small fatigue crack propagation

k=t ira - 2V )
c?-a?
where T, is the applied stress, c is the position of pair dislocations (see Fig.1), and A =
ub/(27(1-v)) for edge dislocations (4 = shear modulus, v = Poisson's ratio, b = Burgers
vector) and A= u b/(2 1) for screw dislocations. The first term is due to the applied stress, and
the second term is the shielding contribution by emitted dislocations. The shear stress on the x
axis is given by

2 _ .2
T,X c“-a X
/x —a x“-a“ ¢’ -x
The force exerted on the dislocation at ¢ is expressed as
< T,C Aa’ 3
¢ “12_.2
c? -a? (C -a F

The first term is the applied stress, and the second term is the image tress.

When m pairs of dislocations are emitted from the crack, as shown in Fig. 1(b), the stress
intensity factor for a crack is

m
k=-ca ’na_E_Zé.J_JT_a__ (4)
j=1 ."ij —az

The stress on the x-axis is

m 2 2
T,X Xj-—a X
r=—-2-a—2- EzA" — )
,x —a X" -a® x{" -x

=1

The stress exerted on the dislocation located at x; is given by

2 m 2 _ 42
TaXj Aa X_] a Xi

T = - -)2 6
2_,2 22 3252 ()
x;2 —a? (xi -a )xi j=1 Xi" —-a” x;" —-x;

J=1

The third term is the interaction stress from the other dislocations.

Dislocation Emission

According to Ohr [15], a dislocation will be emitted from the crack tip at the applied stress
which locates the dislocation in equilibrium at a distance of the core size 1. from the crack tip.
The condition is obtained from Eq. (3) by equating T to the friction stress, Tp, atc=a+r. as

_ te(a+r) Aa?
*F = - 2 (7

(a+r‘:)2—a2 ((a+rc) —azya+rc)

where T, is the applied stress required for dislocation emission. The stress intensity factor at
the dislocation emission from the crack tip is

K-t J7a ®

When the applied stress intensity factor is larger than k.*, a dislocation can be emitted from the
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crack tip. For a semi-infinite crack , or a > r., this stress intensity factor becomes

ke = (TF +A'/2rc)‘/2.‘n:1'c €))

In Fig. 2, the ratio of k* to k. is plotted against the crack length for emission of pair
dislocations. In the figure, the value calculated for a single dislocation emitted from only one
tip of a crack is also plotted. Doing the calculation for aluminum, material parameters used are
T p=20MPa = 0.0008 4, & =25.1 GPa,b=0.285nm, 1. = 2b. The stress intensity factor for
dislocation emission is constant when the crack length is larger than about five thousand times
the dislocation core size. A crack larger than 1.4 i m can be regarded as large, and the
constant value of the stress intensity factor can be used for dislocation emission from the crack
tip. The stress intensity factor for dislocation emission from the tip of large cracks is k. =
6.10X10? MPay m =0.14u+'b.

Dislocation Distribution

In Fig. 3, the plastic-zone size (the distance to the leading dislocation from the crack tip) is
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plotted against the applied stress intensity factor, K,, for various crack lengths, where the
material properties are as given above. The plastic-zone size is larger for smaller cracks at the
same K, value. The K, value does not control the the plastic zone size, because the dislocations
spread out of the crack-tip singular stress field. At lengths above 2.0 X 10°b, the crack can be
regarded as semi-infinite and K, is a characterizing parameter. Under completely reversed
loading, i.e., the stress ratio R equal to -1, all positive dislocations generated from the crack tip
at the maximum load are replaced by the same number of negative dislocations at the
minimum load. The crack propagation rate can be assumed to be equal to the number of
dislocations times the Burgers vector at the maximum load or the crack-tip sliding
displacement range ACTSD. In Fig. 4, ACTSD/b is plotted against the maximum stress
intensity factor. Although the threshold value is identical, the number of dislocations is larger
for smaller crack lengths. Upon reversing loads, the threshold stress intensity factor, K,, at
which the nearest dislocation is returned to the crack is calculated in the same way as reported
by Pippan [8]. Figure 5 shows the change of K., and K, with the number of dislocations.
The difference between K,,,, and K is the threshold stress intensity range AK, = K, - K, .
The AK value is larger for smaller cracks, because the dislocation-free zone at the crack tip is
larger.

Blocking Effect on Crack-Dislocation Interaction

Small cracks are often blocked by microstrutural barriers such as grain boundaries. The
dislocation motion is assumed to be blocked at the grain boundaries at x = e (e = 6.5 X 10%).
Perfect blocking of the dislocation motion is assumed at the grain boundary. Figure 6 shows
the stress intensity factor, k, and the applied stress required for emission of the second
dislocation from the crack tip after the first dislocation is trapped at the grain boundary. Both
increase as the crack tip approaches the grain boundary, suggesting the arrest of crack
propagation occurs by blocking under the constant applied stress amplitude. The change of
A CTSD is shown in Fig. 7. As the crack approaches the grain boundary under a constant
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stress amplitude T, = 15 MPa, A CTSD decreases sharply. The distance of the arrested crack
tip to the grain boundary is very small, less than 1um.

CONTINUOUSLY DISTRIBUTED DISLOCATION MODEL
OF MICROSTRUCTURALLY SMALL CRACKS

Crack Propagation Simulation

Propagation of small cracks under the influence of the grain structure is modeled by a straight
crack with the slip band coplanar with the crack. The continuously distributed dislocation
theory was first used by Bilby et al. [16] to solve for the plastic zone size and the crack tip
opening displacement of the equilibrium slip band situation. Tanaka et al. [4, 5] and Navarro
and Los Rios [7] solved the cases of the blocked slip band, and propagating slip band. At the
tip of the blocked slip band, the stress field is singular like the crack-tip stress field, and the
singular stress field is characterized by the microscopic stress intensity factor K™ The
condition for the propagation of the slip band to the adjacent grain is given by the critical value
of K™.
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When the number of discrete dislocations becomes large, a continuously distributed
dislocation model such as the Bilby-Cottrell-Swinden model [16], is a good approximation of
the discrete-dislocation analysis. When the grain boundary act as a barrier for the dislocation
motion, a dislocation-free zone is formed at the grain boundary when the slip propagates into
the next grain [10]. In the above models by Tanaka et al. [S] and Navarro-Los Rios [7], the
dislocation-free zones at the crack tip and the grain boundaries are neglected, and then
mathematical formulations become much simpler.

In the simulation, we consider Stage II (mode I) propagation of small cracks. The grain size,
the frictional stress, and the critical microscopic stress intensity factor are given as random
variables following two-parameter Weibull distributions. A fatigue crack is assumed to start
from the weakest grain having the largest value of the grain size multiplied by the effective
stress (A 0-20,7), where A 0 is the applied range of the remote stress and 0 ,f is the friction
stress in the k-th grain. The applied stress amplitude is described as the ratio of the mean
frictional stress. The simulation was conducted under the following conditions:

The initial crack length: a,=5um

Young's modulus: E = 206 GPa

The mean frictional stress: 0 ,f= 400MPa

The variance of the frictional stress: (o0 ,f), =0.2

The mean grain size: d, = 50 4 m

The variance of the grain size: d, = 50( & m)?

- The crack propagation rate is assumed to be proportional to the range of the crack-tip opening

displacement, A CTOD.

Effect of Crack Closure

First, we assume no effect of grain boundary blocking, i.e., K.™ = 0. The crack-closure model
by Newman [14] is incorporated in the above model by Tanaka et al. Figure 8 shows the
change of CTOD,,, and ACTOD under the applied stress amplitude of 0 ,/0 ,f= 0.5 with
the stress ratio R = -1. The value of CTOD,,,, shows an irregular change with crack
propagation depending on the friction stress in each grain. Softer grains give larger CTOD,,,.
When there is no crack closure, CTOD,,, is equal to the range of CTOD. Therefore, the
difference between CTOD,,,, and A CTOD in Fig. 9 is caused by crack closure. The change of
the opening stress is shown in Fig. 9. The opening stress is low in soft grains, while high in
hard grains. It also shows an irregular variation with crack extension. The variations of
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CTOD,,,,, ACTOD and 0 , are solely caused by the variations of the frictional stress and the
grain size. : :

Effect of Blocking by the Grain Boundary

The blocking effect of the grain boundary on slip-band propagation is now introduced by
giving the critical value of the microscopic stress intensity factor as a random variable
following a two-parameter Weibull distribution which has a mean value of
(K™ 0 ,f(7wd,)?), = 0.4 and a variance of (K.*/ 0 ,*(7td,)"?), = 0.04. Figure 10 shows the
change of CTOD,,,, and A CTOD when both crack closure and blocking effects are
incorporated. Grain boundary blocking introduces more pronounced irregularity with a sudden
increase in both CTOD,,, and A CTOD as the slip band crosses the grain boundary.

Under the stress amplitude of ¢ ,/0 ,f = 0.5, simulations are repeated thirty times using
different sets of random variables. The relation between ACTOD and AK is shown in
Fig. 11 (a) for R = -1 and in (b) for R = -0.5. When compared at the same AK, ACTOD is
larger for R = -0.5. Budiansky et al. [17] have shown that A CTOD of semi-infinite cracks
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was related to the effective stress intensity range, A K. gy, as
2
ACTOD AK,
ACTOD__, 1, (—ff) (10)
CTOD .« max

When the threshold value of AK.g, is assumed to be 2 MPay m, the critical value of
A CTOD becomes 3.54X10° mm. In this condition, twenty seven cracks are stopped at the
grain boundary for R = -1, and eleven for R = -0.5. The amount of crack closure is influenced
by the mean stress. The propagation life of Stage II cracks and the fatigue limit can be
calculated as functions of the mean stress as well as the properties of the grain structure.

R-CURVE METHOD FOR PREDICTING FATIGUE THRESHOLDS
OF MECHANICALLY SMALL CRACKS

The fatigue limit of materials with small defects or sharp notches is not controlled by the
nucleation of fatigue cracks, but by its propagation. After nucleation, the fatigue crack first
decelerates and then stops when the applied stress amplitude is below the fatigue limit. Those
short cracks are classified as mechanically small and microstructurally large cracks. Tanaka et
al. [11,12] have shown that the development of crack closure with crack extension is primarily
responsible for crack deceleration and stoppage. The value of AKXy at the crack stoppage
takes a constant value irrespective of the notch geometry or stress amplitudes. The threshold
value of the maximum stress intensity factor, K., is defined by

K maxth = AKegsn + quth 11)

where K, is the stress intensity factor at the crack-tip opening at the threshold. The value of
AK.q, is a material constant independent of the defect geometry. Once the change of K,
with crack extension is known, the fatigue limit and the nonpropagating crack length can be
determined on the basis of the R-curve method. The R-curve method is illustrated in Fig. 12,
where the K,,,, value is taken as the ordinate. The R-curve is drawn with the solid line and the
applied K,,., value at a constant stress amplitude with the dashed lines. The fatigue limit for
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crack initiation, O ., is the stress amplitude corresponding to the applied Ky value equal to
the AK_g, at the Stage I crack length c;. The fatigue limit for fracture, O ,, is the stress
amplitude where the applied K, curve is the tangent of the R-curve, as shown in Fig. 12. At
stress amplitudes between 0, and 0 ,, the length of nonpropagating cracks is determined as
the intersection of two curves, as shown in Fig. 12.  The effect of the notch geometry on the
fatigue limit can be evaluated simply by changing the applied K., curve. Since the
determination of the R-curve requires many specimens and consumes much time, Akiniwa et
al. [18, 19] proposed several empirical relations for the Koy, value as a function of crack length
- and materials properties.

From a pre-existing crack, a fatigue crack starts to propagate in Stage II fashion without any
initiation stage or Stage I growth stage. For small pre-cracks, the Koy value (MPay m) is
dependent on the maximum stress O ,,, relative to the yield strength oy and the crack
extension Ac,, (m). Akiniwa and Tanaka [18] derived the following relation for medium
carbon steel:

Kopth = 0'(OYlo’max )JAcnp +Y (12)
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The form of the above equation was derived from crack closure simulation by Newman's
model [14]. The constants are determined from the experimental data as follows:

-42
a=116(1-R)™“ +33 (13)
y =0 R=-1
=0.59(1+R) R<-1 (14)

Figure 13 shows the change of the threshold stress with the pre-crack length for the cases of
the stress ratio R = 0, -0.5, -1, and -2, where c is the equivalent half length of a semi-circular
crack on the surface. In the figure, the dotted line, the dot-dash-line, and double-dot-dash line
correspond to the fatigue limit of the smooth specimen 0, Kpax = AKegrnoo + 7, and Ky =
K ax00, T€SPectively. The open, half-open, and solid marks mean no growth, growth followed
by arrest, and continuous growth, respectively. The solid line indicates the fatigue limit for
fracture predicted by the R-curve method. The prediction by the R-curve method agree very
well with the experimental fatigue limit.

Figure 14 shows the nonpropagating crack length found in the smooth specimens below the
fatigue limit, together with the relation between the threshold stress and the crack length. The
nonpropagating crack length is independent of the stress ratio. The intersection gives the
fatigue limit of smooth specimens. Figure 15 presents the Haigh diagram for smooth and
precracked specimens determined from the R-curve method. The solid line indicates the
prediction of the fatigue limit of smooth specimens; the dot-dash lines are the predicted fatigue
limits for each initial crack length. When compared at the same mean stress, the fatigue limit
for fracture decreases with the initial crack length. Nondamaging crack length gets larger as
the mean stress becomes lower.

CONCLUDING REMARKS

New developments of mechanical modeling of small crack propagation are presented. The
following are the summary of the present study.

(1) The propagation of microstructurally small cracks with the order of the grain size was
modeled by the interaction of dislocations emitted from the crack tip with material barriers,
such as grain boundaries. On the basis of the interaction between dislocations and an isolated
crack, the propagation threshold of small cracks was derived from the condition of dislocation
emission at the crack tip and the motion of dislocations under reversed loading.

(2) A continuously distributed dislocation model was used to simulate fast, irregular growth of
microstructurally small cracks interacting with grain boundaries. The effects of crack closure
and' grain-boundary blocking on crack propagation was incorporated in the simulation. The
propagation and nonpropagation behavior of mechanically small (microstructurally large)
cracks are predictable by the effective stress intensity factor.

(3) The resistance-curve method was proposed to determine the fatigue threshold of materials
with defects or notches. The resistance curve is expressed in term of the maximum stress
intensity factor required for crack propagation which is the sum of the threshold effective
stress intensity range and the crack-opening stress intensity factor.
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Simulation of Propagation Behavior of Microstructurally Small Fatigue Cracks

by
Yoshiaki AKINIWA*, Keisuke TANAKA®,
Hidehiko KIMURA™ and Ken Kikuchi***

The propagation behavior of microstructurally small fatigue cracks was numerically simulated on the basis of the plasticity-
induced crack closure model. By assuming that the crack growth rate was controlled by the crack tip opening displacement, A
CTOD, the simulation of the propagation of a crack nucleated in the weakest grain was conducted. The grain size, the critical
value of microscopic stress intensity factor at grain boundary and the frictional stress of dislocation motion were given as
random variables following two-parameter Weibull distributions. When the crack approached grains with higher frictional
stresses, A CTOD decreased, however the crack opening stress, 0, increased. The grain boundary blocking and higher
frictional stress act as a resistance of crack propagation. The scatters of A CTOD and 0, diminished as the crack length
becomes longer. When compared at the same stress intensity range, A CTOD increased with stress ratio. On the other hand,
the relation between A CTOD and the effective stress intensity range was unique irrespective of the stress ratio. The crack
propagation life was calculated as a function of A CTOD. The life of the crack propagation and fatigue limit increased with
decreasing grain size and with increasing critical value of microscopic stress intensity factor. The effect of the stress ratio on
the fatigue limit was analyzed by the simulation. The fatigue limit as a function of the mean stress follows a modified Goodman
relation.

Key Words : Fatigue, Crack Closure, Crack Opening Displacement, Fatigue Limit, Mean Stress, Simulation,
Microstructure, Grain Boundary
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Abstract

The fatigue strength of reinforced and unreinforced aluminum alloys with
silicon carbide particles or whiskers increases in proportion to the ultimate
tensile strength. The proportional constant is slightly larger for composites than

for unreinforced alloys. The threshold stress intensity range AK, tends to
decrease with increasing tensile strength. When compared at the same tensile
strength, AK,, tends to be larger for composites than for unreinforced alloys.
The effective threshold stress intensity range, AK g, is fairly constant
irrespective of the tensile strength. The characteristic defect sizes, a,'and a,, tend

to be smaller with increasing tensile strength. When compared at the same
tensile strength, a,' is larger for composites, which indicates a low notch

sensitivity of composites.

Keywords: Fatigue threshold; Discontinuously reinforced aluminum alloy;

Tensile strength; Characteristic defect size
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1. Introduction

Discontinuously reinforced aluminum (DRA) alloys are expected to be new
structural materials in aerospace and automotive industries. Silicon carbide (SiC)
particles and whiskers are most commonly used reinforcing elements. Many
previous works have shown that the reinforcement improves the fatigue strength
as well as the yield strength [1-9]. In some cases, however, the fatigue strength
is reduced due to manufacturing defects, even though the yield strength is
increased by reinforcement [2]. For large crack propagation, the improvement
of the threshold stress intensity range of large fatigue cracks has also been
reported by several investigators [10-13]. However, mechanisms of
improvement of the fatigue properties due to reinforcement are not yet fully
understood.

In the present paper, the published data on the fatigue strength of aluminum
alloys reinforced by SiC particles and whiskers are correlated with the ultimate
tensile strength. The threshold stress intensity factor is also correlated to the
tensile strength. Mechanisms of improvement of fatigue threshold properties due
to reinforcement are discussed on the basis of those correlations. The effect of

reinforcement on the notch sensitivity is also investigated.
2. Fatigue Strength of Smooth Specimens
2.1 Relation between fatigue strength and tensile strength

Since fatigue of metals is caused by irreversible plastic deformation under
cyclic loads, the fatigue strength or the fatigue limit is expected to be closely
related to the cyclic yield strength of materials. The published data on the fatigue

limit, Oy, at the number of stress cycles N=107 under the stress ratio R=-1 is

correlated to the 0.2% offset yield strength in Fig. 1, and to the tensile strength
in Fig. 2 [2-9]. The solid symbols are the data of unreinforced materials, while
others are for composites. In the figures, SiC, denotes the materials reinforced

with particles and SiC,, those with whiskers. In the parenthesis, the volume

fraction and the mean particle size are indicated. If the latter was not reported,
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only the former is indicated. The particle size of the data shown in Figs. 1 and 2
is smaller than 12 zm. All the materials were made by powder metallurgy
except for cast SiCp/A356 and SiCp/A357 used by Masuda et al [2]. The data
for unreinforced alloys were taken from the reports where they were obtained as
a comparison with the data of DRA composites, so unreinforced alloys were
produced in a similar way as DRA composites. The direction of whisker
alignment is parallel (L-direction) except SiC,/6061(T) whose whiskers are
perpendicular (T-direction) to the applied stress direction. The published data for
composites with large manufacturing defects and reinforcing particles are not
plotted in Figs. 1 and 2. All the specimens were finished by fine mechanical
polishing. Assuming O , is proportional to 0 ,,0r O g, the relations obtained

by the linear regression method are

Owo =0.442 0, €Y

Owo =0.364 05 @
for unreinforced alloys, and

Owo =0.505 0y, 3)

Owo =0.403 0 4

for DRA composites. The correlation coefficient, 1, of the relation is shown in
the figures. The correlation coefficient is larger when the fatigue limit is
correlated to the tensile strength; the tensile strength is a better parameter than
the yield strength. This is because the tensile strength is more closely related to
the cyclic yield stress. In the following, the fatigue thresholds are also
correlated to the tensile strength. The proportional constant, 0.364, for
unreinforced materials in the relation between the fatigue limit and the tensile
strength is slightly larger than the value 0.33 reported for conventional wrought
and cast aluminum alloys [14]. The proportional constant of composites is larger
than that of unreinforced materials. Tanaka et al. [14] also observed a higher
proportional constant for composites. The increase in the strength is not the only
reason for the improvement of the fatigue limit due to reinforcement as
discussed in the next section.

It is interesting to note that the orientation does not influence the relation

-73 -



between the fatigue limit and the tensile strength, although the fatigue limit of
SiC,/6061 is lower for the case of the whisker orientation perpendicular to the
applied stress direction. The data of cast materials lie slightly lower than the
regression line.

To show the effects of the volume fraction and the particle size on the fatigue
strength, the data of changing volume fractions and particle sizes with the same
matrix are connected in Fig. 3, where two additional data SiCp/A356(20%) and
SiC,/2124(20 1t m-20%) are included. The improvement of the fatigue limit with

increasing volume fraction is mainly caused by the increased tensile strength as
described in the next section. The reduction of the fatigue strength with
increased volume fraction as seen for the case of SiC,/A356 is caused by

manufacturing defects such as voids or holes[6]. The increase of the particle
size in SiC/2124 (20%) yields the reduction of fatigue strength, as well as the

decrease of the tensile strength, because large particles are easily cracked [8].

The strength ratio, 0,/ 0 g, also decreases with increasing particle size.

2.2 Micromechanics of fatigue strength

The fatigue strength of DRA composites is mainly controlled by the fatigue
strength of the matrix, because fatigue cracks are usually nucleated in the matrix
phase in the materials reinforced with fine particles or whiskers [15, 16].
Therefore, it will be possible to derive the fatigue limit of composites from that
of the matrix material.

Since the elastic constants of SiC are larger than those of the Al matrix, the
mean stress is higher in the SiC phase than in the Al phase under
macroscopically uniform stress. The matrix stress is shielded by reinforcement.

The macrostress 0 , is obtained from the mean stress in SiC phase, < 0 >g;c,

and in Al phase, <0 >,;, by the rule of mixture as
O, = <0)5ic f+ (0>Al (1 - f) (5)

where f is the volume fraction of SiC phase. The mean stress <0 >, is

proportional to the macrostress 0 , in the elastic range
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(o), =Po, (6)

The proportional constant P is less than unity for DRA composites. The P value
was measured by X-ray and neutron diffractions [17]. The experimental P value
agrees very well with the prediction based on the mean-stress theory proposed
by Mori and Tanaka [18] or the self-consistent model [19]. It is a function of the
elastic constants of matrix and reinforcement, and the volume fraction.

The increase of the fatigue strength due to reinforcement is discussed on the
bases of the mean stress in the matrix as illustrated in Fig. 4. The fatigue

strength of unreinforced alloys, O . is proportional to the cyclic yield
strength, O ,y, as

Oyw = OOy (7)
The cyclic yield strength of composites, c cy» Will be equal to the macrostress

under which the mean stress in the matrix reaches the cyclic yield strength of
unreinforced alloys [20] as shown in Fig. 4(b). From Eq. (6), the composite
yield strength is given by

Ocy =0MY/P (8)

Since P is smaller than unity, Eq. (8) expresses the improved yield strength due
to reinforcement. Likewise, if we assume that the fatigue limit of composites,

O cw » is determined by the mean matrix stress equal to Oy , O cy iS
proportional to O ~ as
Ocw =Oyw/P=00y/P=00 €))

Under the above assumption, the proportional constant for the relation
between O .y and O oy for composites is the same as that for unreinforced

materials. Since the experimental value of the proportional constant for
composites is slightly larger than that for unreinforced materials, an additional
improvement mechanism due to reinforcement is suggested to be operating. In
DRA alloys reinforced with fine particles, fatigue cracks are nucleated by slip
deformation in the matrix triggered from the poles of particles or particle
clusters due to stress concentration [1] and the non-propagating cracks are
observed just below the fatigue limit [15, 16]. Hall et al. [8] reported fatigue
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crack initiation at intermetallic particles. Li and Misawa [16] found that non-
propagating cracks formed at the fatigue limit in SiCp/6061 was between 60 to
70 zzm in length and in Stage I of crack propagation. Figure 5 illustrates non-
propagating surface cracks formed at the fatigue limit. Cracks in both materials
are Stage I cracks and are blocked by the microstructural barriers. The
reinforcement yields stronger barriers for small fatigue crack propagation, which
gives rise to a larger proportional constant. The particle size does not influence
the P parameter in Eq. (6) which is derived from continuum models. The length
of non-propagating cracks at the fatigue limit will be proportional to the mean
length of the matrix phase or the interparticle spacing for a given volume
fraction. The larger particle size gives the larger mean matrix length, which
results in the larger non-propagation crack length. The fatigue strength required
to propagate a larger crack will be reduced. For materials reinforced with
particles larger than about 20 m, fatigue crack starts from the fractured
particles [8, 16], which brings about another cause of the reduction of the fatigue
limit. Hall et al. [8] reported that the fracture strength of particles is inversely
proportional to the particle size. The micromechanical analysis is necessary to

derive quantitative prediction.

3. Threshold Stress Intensity Factors for Fatigue Crack Propagation

The threshold stress intensity range AKX, of unreinforced and reinforced
aluminum alloys at a stress ratio R=0 and 0.1 is plotted as a function of the
tensile strength in Fig. 6. The effective threshold stress intensity range, A Ky,

is also shown by the marks with bars. The solid symbols indicate the data on
unreinforced materials [12, 13, 21], while the other marks are those for
composites [11-13]. All the data except those of SiCp/7091 by Wang and Zhang

[13] were taken at R=0.1. The AKX, value tends to decrease with increasing
strength. The coarser particle sizes give the larger threshold stress intensity

range [10]. When compared at the same strength level, AK;; of composites is
larger than that of unreinforced alloys. The AKcy, value is fairly constant

irrespective of the tensile strength, as in the case of steels [25]. The AK gy,
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value is about 1.6 MPay m for composites and 0.6 MPay m for unreinforced
materials. The reinforcement increases the amount of crack closure mainly
through roughness-induced crack closure [10-12].

The Young's modulus of composites is larger than that of the unreinforced
materials because SiC has a larger modulus than aluminum. Figure 7 shows the
threshold stress intensity factors divided by the composite Young's modulus E as
a function of the tensile strength. The difference in AK and AK g, between
reinforced and unreinforced alloys partly comes from the stiffness difference.
Still, the effective threshold stress intensity range divided by Young's modulus is

larger for composites.
4, Effects of Defects and Notches on Fatigue Strength

The reduction of the fatigue strength due to small defects can be evaluated on
the basis of Kitagawa's type diagram [23] which is schematically shown in Fig.
8. The intersections of the horizontal line of the constant stress range equal to

the fatigue limit of smooth specimens, A 0, = A 0, , with the lines of

AK, g = const. or AK, = const. are given by
! 2
3 = (AKefﬂh/Ach) [m (10)

g = (AKm [AC, )2 I (11)

The values of a,' and a, are important characteristic defect sizes to assess the
effect of small defects on the fatigue strength [24-26]. The notch sensitivity for
fatigue fracture is also a function of the characteristic defect size; the smaller
characteristic size corresponds to the higher notch sensitivity. In the above
equations, the stress intensity factor for an isolated through-thickness crack is
used to derive the characteristic sizes. For the other types of cracks such as semi-
elliptical surface cracks or edge cracks, the size can be converted to an actual
size by using the equivalent-crack-size concept [24].

To determine a,' and a, values, we need the values of AKcyy, AKy, and

A O, For the materials whose AKgy and AKy values are shown as a
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function of the tensile strength 0 in Fig. 6, the A 0, value for R=0 or 0.1

was estimated as follows. The value of Oy, at R=-1 was first estimated by
using Eq. (1) and (2), and then the Goodman relation in the Haigh diagram was
used to obtain Oy, for R=0 or 0.1 as shown in Fig. 9 [27]. The A Oy, is

double the amplitude O .

Figures 10(a) and (b) show a;' and a, determined as described above,
respectively. Both a,' and a, value decrease with increasing tensile strength.
When compared at the same tensile strength, a,' is larger for composites than for
unreinforced materials, while a, is nearly identical. Tanaka et al. found that ay'

was nearly equal to the Stage I crack length for the case of low-carbon steels[25,
26]. The a,' value is smaller than the grain size for the case of unreinforced
materials. On the other hand, it is larger than the grain size for the case of
composites, and may correspond to the larger microstructural dimensions such
as particle sizes, spacing between particles or particle clusters.

The characteristic sizes can be used for estimate the reduction of the fatigue
strength of materials due to notches. By assuming that the fatigue crack
nucleation was controlled by the propagation condition of Stage I crack formed
at the notch root, Tanaka et al. [25, 26] derived the following relation for the
fatigue strength reduction for crack nucleation, Ky, at sharp notches with the

elastic stress concentration factor K;:

K, = Oy /Oy = K, f(1+3.635'10) (12)

where ¢y, is the the fatigue strength of notched specimens. The K value is
lower for large a,' values. In order to estimate the fatigue limit for fracture of

notched specimens, Tanaka et al. have proposed the resistance-curve method,
and the resistance curve can be constructed from the a' and a, values [25, 26].

Only a very limited experimental data have been published on notch fatigue
of DRA composites. Hattori and Sakai [28] reported a low notch sensitivity of
SiCy/6061 (17%), and Biner [29] reported the crack nucleation life insensitive

to the notch severity in SiCp/6061 (23%). Further experimental study is
necessary to make quantitative comparisons.
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5. Conclusions

The fatigue threshold properties of aluminum alloys reinforced with SiC
particles or whiskers were correlated with the tensile strength, and the
mechanism of improved fatigue threshold properties was discussed. The main

results are as follows :
(1) The fatigue limit of reinforced and unreinforced aluminum alloys at the

number of stress cycles N=107 increases in proportion to the ultimate tensile
strength. The proportional constant is slightly larger for composites than for
unreinforced alloys.

(2) The threshold stress intensity range AK,, tends to decrease with increasing
tensile strength. When compared at the same strength level, AK, tends to be
larger for composites than for unreinforced alloys.

(3) The effective threshold stress intensity range, AK g, , is fairly constant for
the strength level examined. Composites have a larger AKgy, value than

unreinforced alloys, partly because of increased stiffness
(4) The characteristic defect size, a;' and a), becomes smaller with increasing

tensile strength. When compared at the same tensile strength, aj' is larger for

composites, indicating low notch sensitivity of composites in fatigue crack

initiation.
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Fig. 1. Relation between fatigue strength and yield strength of
unreinforced and reinforced aluminum alloys.
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E8E LHESERDEHR

1 &0

CRIEEEMPDI L, RILZFAFE (SIC) DR FHDINIVA AHLETHEILIN
TNy AEE&EEEASME (Discontinuously reinforced aluminum (DRA)
composites) ¥, FESLCHLHE LREDOZRMIBAETH Y, HOEALIPEES
NTWEHEMTHS. AR TIE, RILZV A BRFRIET VI =T AEE8E 24
BE LT FICMUNESEHOBE L EREDICETIBBRERBIZE L, e
LI LT NFETNE, SHICERHEROHEH L I 2L —Y a3 VIZOVWTRE L.
BAEMIZIZ, B—0HMNIZ, DRABEESHEOFEMESICBEL T, SAREEHO
AR NIBIOEREROBREZ D LIC, EHREDETNVEBETIZLTHD. &
ZDOHMIZ, SEMbOEFABROZOBBERIZE T, MEAHEBNM/NERHOERIE
BB IO AFANZHCRIETRILR FORESE, ERARIDIWVIIZHLHT
DOFXAIE DR E LTHLMZL, & 5ICEAEMEBEOMEEROI iz D &I,
XEERZETNMLT DL THD. H=DOHMNIX, DRABAMHZTHEKL A
RUABRBREIZLDBHIOTAHAENE, EHBEETTAVBICERET NV L2
HEDYE, TARAFGBIVZHERFGELFHTIEF I 2L — a VHER
TulShEBETLIZLTHD.

BLEBIUEIETIX, EFEMEAN (SEM) TOEXERBREZITV, THOH
ABLOEBRZFOZOBRBREFRRLTIVATLAEZEBE L. BEHABRTOME
KEIICRTIZ L > TEHEBHEETIZLNTEXS. £, HEHNOZHEY T2
B LT, BHAEERLANTORINRAETHD. BESEE20%T, FHSiCh
FRE3IumE30u mD _EEOEAMEHIR L, FEMOEFIZBIT DHNEHDFE
4 - BREE LIPH OMEER L OBBREHLNZ L. EROFERFBERINE, K
FREI0Ou mOBEEMB TR FENTDY, 3umOBPETIRHETHEIZ LERL
fo. ZEERBARICBOTHMMR A3 X ZEREIEIRZ2F OO L, 30u mOH
KUOBFET, KFPFNTEZEEREZMET DI Z LEHLMT L.

BABETIE, ABBREBICLDIZHULKFOEBEROAY A=y 7 R Z2HE
ML, BHTICESWEEXBRIEEERICEHOBHMADOTHINERER L —FKT S
T ERL, HEEY I 2L —Yar~DEERRVE.

FSERBIUE6ETIE, MEMEBENMNEE, BIUH2NMNEADOERIZE
BEilik T 3D NRICONTHRE L. /N AOEEEEZ, XBEEIHD
—AROEMDOHFHHERHB LIOFAWIIR T IEMOBERFHETELXOND. EROE
RaBiRI3, BRI ER TIXHERER LD, ERSMEMRZ D LITEEL
z. PERDBCSETNIZ, EFREMOTRYHEBENRRICE > THIESN SR,
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BRERT L ICEBNPERIHREEBEATIZ LILL > T, MEMRZNMNEHD
FHRAIERZESH kD ONE. 5z, ZOEFAMIBUFREUFAOOHNRELE
BEYE, EHEROVIa2LV—YarvETARREE L. ¥, HFEAMNZREOZE
g, EHEAOOEEKE D &Iz L EZERERE (RRE) Tk TFHIT
5.

ETETIE, RIEZABRTFBEIOTAS ZADTRILENZT AV I =T AEE&EDFE
MOEFHBE, BNXHOTFRRSNEREEELEH, BLOTREAR IR RE
HHICETAHRDOBMET — 22K, ITNHLFIREBI LOBEBREHELNTT S &
LB, TNHOHEBREZABEEOBEL D LITRET L.

SEROER

FFRICBN TR FRIET VI =0 AEEOERFMNERHORE, ERB I TER
DEFBHELP LRV, AV Ravy ¥y JREROLEESHEICERS N, L
LR s, EFTVICESEEBNFRICBEL TR TERY. U TFORTOT LAY
AN—BRLETHD.

EERIZ2HE TIE, XIS HHEERESHOIENAEDE HRFEkTH D Z L8N
RS, ZBRAMERES0.ImMmER T, POXREULIAETERY. ZORELZEDS D
DELT, ROLDOBBF LS.

(1) BFEMSEOBFREFEELICEZ L7 brrFr R ) U IEEAY

7ol u mA — X — B OBEHER O
(2) XA 78 —A FlumBF—F—) I X5BMBEROMEN. >0
128 =% ¢ B Ay )i

(3) d:FREITIC X B ERIROHIE B X ORIFTriE O

(4) FHER 70— BEMEE (AFM) T X 2 RE MM Y O

(5) B < BIZX DT I v 7 RRFHDNIETA A DO HBIE

HERAVREA CTRUTOEADORESEEND.

(1) FAGEMZEZR L CHBERh 12T F R OB %
(2) NGEMEZER L ICERD R 2T FE O3
(3) HESHEZHAAROBRDIFEET VAL

(4) SRBEOEWNETNOREEL

(5) B&E— FERERONF

INLREITRFEARERIOCERETETNVEMRILL, HEBICIIEF I IaL

—ar7/usIaeRETLILIL, EEMHOMBHIEIC X 5 MmO
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