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Synopsis

A concept of an attempt is described to combining
macroscopic fracture mechanics with microscopic fracture
mechanics or dislocation mechanics. Then, it is related
with a thermaly activation process approach to time de-
pendent fracture. JFurther a stochastlc approach is dee-
cribed to combine macroscopic variability with microsco-
pic one. F¥Finally an example is shown of an interdis-
ciplinary approach of this type for fatigue fracture.

§ 1 Why is fracture strength of real solids weaker than
ideal ones 7
Real materials fracture at applied stress level 10
to 100 times below the ideal [racture stress. This dis-
crepancy became a matter of concern for researchers.
Nowadays, defects or factors of two types are known for

this.

w

Defect of first type is stress concentrator as crack
or notch which has been prorosed historically earlier
than second one. For elastic body, the fracture stress

D
GE has been given by Griffith as follows:
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where E = Young's modulus, K= specific surface energy
and ¢ = heaf length of crack. The theory was based on
energy unstable criterion. For elastic body, however,
Eq.(1) can be derived based on local tensile stress cri-
terion. The local stress field in the neighbourhood of
the crack tip under applied tensile stress § is as fol-

2)3)
lows :

§os = fzgig) (2 J

or - K 2a)
GEd N2 X (

where T = the distance from the crack tip in the di-

rection of the length, K ;ﬁﬁfGﬁ stress intersity factor.
Using Eq.(2a) 2nd other continuum concepts, the approzch
has been improved for the crack of the type which ac-
companies plastic deformation with its propagation, which
is usually called linear elastic fracture mechanics or
simply fracture mechanics. The defect of this type may
be called a macroscopic one. This theory may be called
as the continuum or macroscopic fracture mechanics theo~
ry. According to this theory, however, smooth specimen
of metals such as steel must always contains a priori
crack of the length of the order of some mm, and it 1is
unrealistic.

Thus the defect of second type was later proposed.

5)6)
This corresponds to stress concentrator as dislocation.

The defect of this type is atomic scale and thus may be
called a microscopic one. When edge dislocations move

on the slip plane under applied shear stress 2'and pile
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up &t some obstacle such as grain boundary, large local
tensile stress 611 will occur near by the piled up,
that is, near the end gf the slip line. Qpq is given by
as follows
S = ——d*(?"z—c) (3)
28 ,

where
2d = length of slip line (in simple structure, equal

to grain diameter)

£ = the distance from the piled-up
and

QZ = frictional force opposed tec the mcvement of

dislccation.

Sinoeja;ﬁg is very large, atomic cohesive force will be
exceeded and energy unstable condition may alsoc be ful-
fild, crack may initiate.and propagate from the pile-up.

7)
Thus fracture stress is given as follows :

T =~ |[EXY (4)
2d
2
The stress appears to be in accord with the order of ma-
gnitude of fracture stress of rather pure metals for phy-
sical studies. This theory may be called as the atomis-

tic or microscopic fracture mechanics theory.

¥ 2 A concept of combined micro-and-macro fracture me-

canics approach
Returning to the real materials and problems, we
notice that they contain ineviably both stress concent-

rators ss cracks or notches and as dislocations, that is,
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both macroscopic and microscoplc one. For example, in
the case of engineering materials for construction or
structure the macroscopic defect in bterms of weld defect
or external artificial notches are usuzlly contained as
well as the microscopic defect in terms of dislocation.
Thus I would like to propose a general concept of com-
bined macro and micro fracture mechanics approach.

In general, the following two requirents should be
fulfiled for the crack to propagate : The first require-
ment is that the local tensile stress at the tip of the
srack exceeds the ideal fracture strength, and the second
requirement is that free energy decreases associated with
the extension of the crack, that is, the energy unsable

cordition. Thus the fracture stress will correspond to

o

igher value of the two.
5.1 Local critical tensile stress criterion

et us denote local tensile stress 61 in the body
under simple tension. Then whabever the detailed model

may be, local tensile stress criterion is written as

Vo { [ }= 0 e

On the other hand, 6} may be expressed as

ﬁgzmm+dGM) (6

where X 1is the orientation factor. Ciht and. 62& are
1ocal tensile stress at the concerned site caused by ma-

croscopic and microscopic defects, respectively, which
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have the similar meanings to Egs.(2) and (3) respective-

1y. Putting Eq.(6) into (5), we get

m}:o (7)

\/g{[@;ﬂ + o Opa

That is,

l@rn + & Gpa ’max::Rs‘ ] (3)

This is general argument. Then, in the present
section, for example, let us assume a model of plastica-
1ly induced propagation of the crack as shown in Fig.l.
That is, at the crack
tip dislocations are
initiated and spread
into the body and
the tip stress is

relaxed. On the

other hand, dislo-

cationg are formed
by wultiplication

near by and move

toward the crack tip,

and mey pile up st Fig.l Schematic illustration of an example

of a model of combined micro-and-
macgo fracture mechanics approach

the obstacle, such as
a grain boundary.
Then high local tensile stress appears near the dislo-
cation pile-up, and the crack extends to this point.
The process will be repeated, and thus the crack propa-

pation will occur. The model is shown in Fig.l1. In

this case of materials showing strain hardening,when the
PL 0-02
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A
stress, but not as the stress field as in usual macro-
i e is small compared with the crack length ) ) ) )
vlasFie BORE LE Veug BE 3 B scopic fracture mechanics. Further in macroscopic
lastic tensile stress distribution in the X di- . . '
e B N fracture mechanics it is fundsmentally assumed that the

BOGUROR EE B JElny (Z@K),O) BRGE WS EEREN B G 88 stress at the crack tip could not exceed the yield streSSP %3
shown in Fig.l . On the other hand, stress relaxation 6} . and thus as for the fracture model, a s1ipping-off
will occur at the crack tip. Let us denote by a the zone mechaniséi)say, rupture named by Orowaﬁ”has been used. L
of stress relaxation, then the real plastic tensile Therefore, as the fracture criterion, the critical dis- ~
stress distribution is as shown in Fig. 1. It is to be placement such as ¢OD (crack opening displacement) has :
noted that §, is not obtained by simple sum  of GEnagg widely been useg, instead of either critical stress or ?@
G7a when the crack tip and the piled up point are close energy unstable criterion. However, as can be seen from i
as in this case, although it may be understood that\Gl\mﬂx the line of consideration mentioned above, the stress at
will be near the piled-up. Taking into interaction the crack tip may exceed atomic cokesion, much larger
of the two, and using approximati;gz we get finally the than the yield stress, and a slipping-off mechacism or
brittle fracture stress 0. of this type as follows : critical displacement criterion might not be necessary. g
s R* P g } N Eq.(q) is at least qualitatively in good agreement with
= ~.J?F { J:{ ‘ d ¢ the data on the effect of notch length ¢, and ferrite £
where df==2J§E;44q,F?=kﬁ§%:;3Rgx- Z and A = constants de- grain size, d on low-stress brittle fracture of one and gﬁ
pndent anmateril and loading mode. It can be seen that the same low carbon steefP)
the calculated value of G¢ (by Eq.(9)) exceeds atomic : 2.2 Energy unstable criterion

Knowing the condition fulfiled as described in
§2.1, let us exsmine the energy unstsble condition.
: : - Now consider the case the plastic enclave is much
. is also rewritten in terms of fracture tough- ’ 4 ; )
Eq. (9) ~ = smaller than the crack length. Then the stress intensity

cohesive force when using reasonable values of parameters.

ness Kc as FE* 7 factor at the crack tip is-given as followsgz E
- o ., S e 2L 0 _ = ¥
It is, 1 ver, noted that Kc in Eq.(10) or in this line
is, howe Ky = 6/7C 9y + (%»E)Aﬁz‘_c—cjnz, (12)

of consideration is included as the local concentrated
where ? is the coefficient of the interaction between the

For the case the plastic zone size is far much crack and the slip line, and, a function of ¢ and d.
smaller than the crack length, elagtic approximation
was used in the previous articles. ) e
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Aussuming the crack extension to occur in the direction




-8 -

of +the crack axis, energy unstable condition is given as

follws :

! 2 K2 + 20k =0, (3
g (KeHka) 5" — 4 ) =0,

where

Tﬁﬁ,: the energy dissipated by %Fe plastic deformation

i
in the zone by DM model,

B} = the energy dissipated by the plastic deformation
in the ared outside the zone by BM model.

Tor convenience, when we neglect the interaction of the
defects of the two types, then.‘% except ?nin Egs.(11)
)

and (12) is zero, and we get -
~ [ Y (14)
Ke == E;(’X4'B?>
? i
which is the same type as Griffith's formula, and also
the formula freguently used in macroscopic fracture me-—
.12

chanics.

Tt is also interesting to consider the brittle
fracture after general yielding of smooth specimen of low
carbon steefé) In this case it is well known that an in-
itial cleavage microcrack has been formed before fracture
after yielding. Thus in this case it is assumed as cZ=d.

. Y
Including the energy §Wﬂ/gc.into Z% and denoted them by Je,

we get the fracture stress as

Ge = s { {;? __/32’212 + (¢ J ; (5)

which is in good agreement with the experimental deta.
Az ﬁz and M;are constants. The criterion by Eq.(15)

might be also adequate for the brittle fracture of

notched specimen after general yield. ]
Which of the two conditions described in §2.1 ond
2.2 is critical is future problem needed to be study.

- PL 0-02

§ 3. Kinetic theory spproach

In the case of time dependent fracture such as‘
fatigue or creep fracture, thermal agitation will help in
attsining both critical locsl stress condition and energy
unstable condition with equivalent effect to enhsncing
the local concentrated tensgile stress Gln and  Oad
mentioned in § 2. It can be eassily understood, for
instance, to remember that the higher the temperature in
creep fracture, the lower the stress susteined up to soume
definite life. Thus in time dependent fracture, we see
that the statisticsl mechanical approach, that iz, kinetic
approach is necessary. In the fracture of this type,
fracture criterion is given by one equstion including the
two requirements mentioned in § 2.

For the case of the crack nuclestion or for the case
in which the crack propaéation is caused by the mechanism
of snother crack nuclesting in the neighbourhood of the

main crack, whatever the detsiled model msy be, the

nuclestion rate M  of the crack is g

. ) ) 18) 19)
ing equation of Arrhenuius type:

Ij _'§§(6;ﬂ,61d> ( 16
RT

en by the follow—

M= AexP {—

where
§§ = an increasing function with respect to

G—Q/n_ and G'Q‘d 5

activation emnergy,

b i v

= gas constsant,

T = ebsolute temperature,
FL 0-02
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end A = constant.

Thus we cen see that fracture strength will decresse by
the thermal agitation. When losd is not spplied, then

aé - 0, end in such cese

= Aex (,_ U_ (17)
M= AR T TRT

Tt csn be seen from the srgument mentionedaibove that U
may be nearly egual to heat of sublimatiog. On the other
nsnd, from the standpoints of both safety engineering
snd new materials developement it is very important to
clesrify the term E@ (Cam,ﬁld). It concerns the mecha-
nism of fracture of solids with the size larger than
atomic scale. §§ can be obtsined by using the concept
described in § 2. It is inter-
esting that g@ can be in good spproximation obtained a8s

19) 20)
the equation of the following type:

d=Vince (18)

2D

for most important cases such ss yleld phenomena, brittle
& i T V is some
frascture snd fatigue crack propsgstion. S e
constent. It should be noted that in yield phenomens §§
hss the ssme type as Eq. { 18) whether the mechanism may
be based on the Cottrell locking mechanism oT on the
. 23)

dislocation dynamics mechanism.
Thus for the case of the crack propagation based on the

nuclestion rate process, the nucleation rate AL of the

crack given by Eg. (16 ) is expressed substituting
PL 0-02

Eq. (18) into Eq. (16 ) as follows:

=A 5 exp (-U/RT) (19)

where § =V/RT In Eq. (19) @p is expressed ss

follows:

6}_ =C, K for elsstic crack , (20)
22X 24
Gy o< }<'+)‘ for elastic-plastic crack)(Ql )
where
A = strain hardening exponent, given
X
by the relstion g -0 & .

K = lnrcd' = stress intensity factor.

Thus the theory may be regsrded as a kinetic theory
related with continuum mechsnics spproach in terms of
stress intensity factor, '< . It is to be noted thatf(
enters in general into this kinetic theory in terms of
two different natures as mentioned in § 2 . That is,

one ig the stress field as included in relsxation of
strain energy in the neighbourhood of the crack of criti-
cal size, and the other is ss the local concentrated
tensile stress as included in asctivation volume. Eq.(19)
is useful in analysing the kinetic aspect of fracture,
such gs the strain rate dependence of frscture stress,
the problems of creep and fstigue as éhown in later.

§ 4. Ststisticsl approsch

It can be understsnd from the srgument described in

s 5 that fracture phenomena have microscopicslly
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statisticasl nature since separstion between neighbouring
atoms may be helped by thermsl sgitstion. The statisti-
cal aspect of this type is of microscopical nature and
is include%nin Eq. (16). On the other hand, the size
of the stress roiser such as crack-like flsw has var-
riability and rsther random distribution, and thus
fracture phenomens have 2 ststisticsl sspect of another
type, say, macroscopicsly statistical nature. 1t cen be
shown that when this varisbility is not so large, then
thig effect is included in A and Uthe coefficients of Oam
and Opg in Eq. (16 ). Thus in the case of including
microscopic and macroscopic statisticsl variability,

M of Eg. (16 ) can also be expressed as the ssme type

2
as Bg. (19) as followsf
u = L% (22)

with the only difference that the factor of macroscopic
varisbility is confined to | in Eq. (22). In this
cose the probability T of freciure (the probability of
the frecture stress not exceeding spplied stress § ) is

‘ 26)
siven as

P=1- €xp “WL:"".‘ o (23)
¥+1)o 3
where
|, = constent proportionsl to the volume of the
specimen ,
& = applied stress velocity,

PL 0-02

7z= constant dependent on temperature.

It is interesting to notice that Eq. (23 ) becomes
Weibull®¥s distribution functioi7@hen tempersture and
stress velocity sre sssumed definite values respectively.
§ 5. An interdisciplinary approach bto fatigue fracture

I would like to emphasize the folléwing three pro-—
positions connected with elucidating the essence of the
phenomens of fatigue.
(1) stristions ss shown in Fig. 2 are observed on
fatigue fracture surfacé?) Most researchers believe each
striation corresponds to each cycle, that is, fatigue
crack propagates a distsnce of the width of one striastion
per every cycle. On the ather hand, 8ll over the range
of crack propagetion rate studied the experiments show
thet creck propagation rate does not equal to the stri-
ation spacing, that is, the former is larger than the
latter in the range of higher value dfdgéﬂv at the crack
tip and vice verss in the renge of lower value Of‘dﬁ/dhf
2a shown in Fig. 2 for alluminum slloy. This char-
acteristic is the ssme for steels. That is, the propa-
gation rate dC/éUJ is experimentally related with stress

intensity factor AK as follows:

3
4c _ ¢ AK ( 24 )
aAN ;
where 5 sssumes from about 2.5 to some6./dependent

L 27)
of materisls: on the other hand, the stristion spacing

s is experimentally relsted with the sasme stress
PL 0-02
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intensity factor 4K
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30)
asg follows:

z 25)
S=8 4K (
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Relation between stress intensity
factor and striation spacing

Fig.2

Therefore, line of 1og dgAjA/ versus logdK will inevi-

tably intersect with the line of log S versus logdk

except the case of S =

Thus we can see the similar situation in this case TO

Fig. for slluminum slloy.
As is the case in most problems on fracture or

strength, one sand the ssme equation will not cover the

entire rsnge of perameter covered. Thus in this case,

it is more ressonable TO divide three ranges of dc/QiAf

s high, medium and low.
PL 0-02

such @

- 2 all over the range of dqéiAf.

Tor low range of (dC/QiA/,

- 15 -

the characteristics in Fig. suggests that the ex~
tengion of the crack will not occur every cycle, but probs-
bilitic. For medium snd high range of'GGQQZNf,
probsbility becomes large and the crack will extend every
cycle, that is, determistic, but the extension can be~
come larger than s.
(2) Kinetic sspects of fatigue crack propagation.

The fatigue crack propagation rate experimsntslly

obtzined is expressed by equation of Arrhenius type a8s

300
shown in Fig.a, Thus taking into account of the
characteristics mentioned
above, the fatigue 109 aK sivin
N""“‘T—-—-—.
| TR s o’
crack propsgation may e e 7 S »
T 4r ~—, @ 8 2
be regarded as dn o s
A T 2
stochastic process 35&2' R N 10
e o DRY ARGOM "~ s
in terms of thermaly jgrsl. ™ DRY HYDROGEN ?\Nﬁh‘xmg
Br & DRY OXYGER M
activation process 6! L ) L : : g
- ¥ 24 26 28 30 32 34 36 38

plhyslsaliys Fig.3 dgdN versg)z T'tg(;peraturew
(%) The effect of time and cycle.
Why does materials fracture under smaller stress

when respected than when monotonic loading ? This sug-
ests that msterials will decresse its strength with
time or cycle during loezding. Then question will arise
whether its life will be determined by the total time or
by the totsl cycles applied. As we see in the follow-
ing, life is time dependent. On the other hand, fatigue

fracture is quite different from creep fracture under

constant applied stress which is determined by time
PL 0-02



effect only. Thus fatigue life is dependent of both

cyclic loading effect and time effect.

The following two lines of considerstions may be res-
ponsible to answer these propositions, thet is, the first
one concern the low range and the second one concern the
medium snd high ranges of the crack propsgation rate.

The first line of considerstion is one that each dis-
continuous extension of the crack is considered to occur
ss s result of stochastic process. In this consideration
the next stage of propegation is impossible unless spplied
load is repeateé?) Thus let us sssume esch process of
discontinuous crack propagstion may consist of two suc~
cessive stochastic processes. Let us denote the two prob-
abilities by j%; , and /%z , respectively.* In the
case when ,lLH>>/££2 , the crack propsgation rate de/dN

ig given by:

dc '
A;Z;f E E;/ﬂcz) (28 )

where & = the increment of the crack length assoclated
with each discontinuous propagation stsge. /lz is the
probability per cycle of the occurrence of the discon-

tinuous propagation sfter the conditions ready for the

- This does not mesn that the total life conslsts of
these two successive stochastic processes, but it is
composed of discontinuous propagsetion stages, each of
them consists of these two successive stochastic
processes. Furthermore, if the conditions ready for
the next discontinuous propagation stage are established
esch time stress is reversed in the direction and is
applied in the previous direction, then the first process
is not probsbilitic, but deterministic.

PL 0-02

the propagstion be:n attained. The probabilitylilzis
one corresponding to the probabilit%/; given by Eq. (19 ).

The second line of consideration is one that each
discontinuous extension 8 of the crack will occur ex-
actly per cycle, that is :

dc
al (2
ey & 7)

On the other hsnd, the extension & itself will be con-
trolled by the probébility of the stochestic process as
besed on kinetic theory, such ss, on dislocation dynaméf?
E in Eq.(27) in this case may be considered approxiﬁ
mately proportionsl to dislecstion velocity Vo, snd U,
in turn, may be expressed by the equatiocn of the same
type &5 the right hand side of Eq.(1F ). Thus & in
Eg.(27) will be expressed by the equation of the ssnme

type s M given by 9 ).

Mcre general considerstion may be the

in which & is wiven by the second line of

considerstion, that is, dislocation dyn

gnics.

Thus according to either of the two lines of con-

siderations, the fatigue creck propagation rate,(iC/%iA/

is given by the eguetion of the following type

de __ Ao _U“Vﬂm/AK\

ey GXF (28)
AN w RT
where
C = half length of the crasck,
N = the numher of repested cycles of spplied stress,
PL 0-02



§ = stress amplitude,

A}(_ = Gifnjc - stress intensity factor,
w = frequency or velocity of cycling,

i

activation energy,

U

/%o = constant |

and

Or Eq.( 28 ) is rewritten ss:

dc _ B ¥ U
o= SWEDep 5T | 27

where
2B . _1
R b=
f+8 mRT »
/3 = cyclic stresin hardening exponent,
and
§3 snd m_ = constsnts respectively dependent on

materisls.

The number of repeated cycles Nh for the length of the

33
crack to reach criticsl one is given by:

I | e
g == 2| ez | 5-2 (30 )
B Amo® L Kae Ke™ ],
xk If U is not negligible ss compsred with A2, then

the life required for the propsgstion A#& ig given as
follows:

NP’C = Np, “?'NFM

where
RP‘ e the totsl sum of the number of repested
cycles required for the sttainment of the
conditions resdy for next esch stage of
propsgation.
lipy may depend on cycling number only, but not 50 much
og time, and, on the other hand, sz depends on_t:meonly
ss cen be seen from Eq.(23 ), wgere N =t and thus
(dQAiN)==QAu)Qﬁyaf).AlSO see the Foot lote denoted by * .
Pl 0-02

where

Koe=A7Co &7,

}<f62457§ S,

Co = nalf length of the criticsl crsck which
will eventuslly lead to finsl fatigue
fracture, say, the initiel length of the
main crack or of the crsck-like notch,

and

Cf = half length of the criticsl length st which
length the final cstastrophic static frscture
occur.

Kfc may be regarded as nesrly equal to so-called
fracture toughness, Kc.

The srgument mentioned above concerns the specimen
with an initisl mein crack or crack-like notech. In the

) . o 3¢{

cese of smooth specimen, in low cerbon steel the prop-
sgation process corresponds to the joining process of

i R : 35)
the microcracks initisted. 'he harder, nowever, the ma-
teriale, the sgmaller the number of the microcracks Join-~
ing, and, thus, in very hsrderned steel, such as heat

@ 36) o . . > .

treated bearing steel one fatipgue crack initisted will
propagate until finsl catastrophic frscture. From this
reagon Eqg.( 30 ) will nold slso in smocth specimen,
where Co may be st least smaller than grsin size, say,
may bte the size of non-metsllic inclusiomn.

In the case of C})? (., , which may be statisfied
in smooth specimen, the second term in the parenthes of

the right hand side of Bg.( 30 ) may be neglected, snd
P 0-02



thus Eq.( 30 ) msy be written as:

1
A IT( 62 Kfc-‘z .

It can be seen fr
S om Egs.(
g \30)01-(31 ) that

Mg, ==
P2 ¢ 31 )

tatigue fracture corresponding to a definite life N

may not be determined by toughness in terms of streﬁl

intensity fsctor, but both by stress 0  and st O

intensity factor Afﬁ?ﬁ: g = Koc e
1so it csn be seen from Teble 1 that 8 in

E y i

dq‘é 2% ) is not constant with respect to materials

Tt is interesting to note thst the vslue of S @e”lee.

- lecresses
with decrease of strain hardening exponent, AN In

AeriVving i e ( ; ) cyeclle sires tra ex er
15 q § 2 /s CY & 38 S 1 ¢ /3
e 1 13 ; s e o 4

3 T " L 1 I
1g @ssumed 1ns ead ot sta tic one '>\ If ; 3 S
- = te B o hOW
similar trend Co ith € ate
1) )\ wit I’ﬁqpe’\,t Lo 1 14 t
‘ ) > 18LEerLlals, nen
he inf &5 Lile cJ S 4 g SNOow
G ilaence Of 7\ on h value o S s e
- 3 S in

1A & i
Tsble 1 can be expressed from Eq.( 29 )

i
Tsble 1

smooth gpecimen

Materials S Ultimate tensile | Elonga- Strai
strength, Kg/mm* | tion, % hafdé:i"g
Heat treated ballaé)' : exponent
bearing steel 4.7 185
(fracture stress) 5.8 A
Mild )
Mi steel 4.0 28
42 Az

Tempered martensitic

high strength steel 2.5
(low carbon) o " A
=3

(:?"5 was experimenbal T
sxperimentaly observed that
] spved that Ay A2>/\3)
Pl 0-07

stress and strain

)y for

If the relation of cyclic

g = G% E? is substituted into Bg-( 31

and is rearranged, we zebt:

3
Ep %)f—ﬁo (32 )

where Ro is consbant . This is
37) 3%8) g -"—‘(1*/3)’“'{;2_‘—/2/32.

Coffin-Mansol 15w where
)or(??)isin

well sgreement with experimental dsta on the influence
31) 37)

A!( : pemperature 85 shown

On the other nand, Eq-( 28

of stress intensity factor
g on the fatigue crack

in Fig.3end velocity of cyclin

propagatien.
Furthermore, the concepl mentioned sbove predicts that

erisls will be developed if

/3 is decreased

high fatigue resistant mat

the cyclic strain hardening exponent
Lo the catastrophic fracture

and k(fc corresponding

is increused.

§ 6 Concluslons
There remains much to be solved 1in developing the
1ine of considerations mentioned gbove. Then it may be
useful to see how the diseimilarities of microstructure
in masterisls will enter the equablon expressingthenecro—
scopic behavior agsociated with strength gnd fracture-
Thus 1t may slso be known how To regulste wha't parameter
for the purpose of developing high fracture registant

materials.

The subhol should appreciate useful aiscuzsions

with Drs. M. Ichiksws snd A Kamel, and Mr. M. Yoshids-
pL, 0-0¢
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