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ABSTRACT
Several fracture criteria are reviewed with respect\tb ductile frac- -

ture. It is suggested that both critical crack—tip_diéf}acemént; 2Vc*;

"and critical fracture étrain, e¥, criferia may describevthe fracture of
a ductile second phase rod in a ductile matrix. As a;fi?st approximation,f
this is éXpérimentally.verified by observations of dﬁctilé stainless
steél;fibérs.fracturing in an age-hardened aluminum maﬁr{x. For 0.0S,:
';O;lO a£éib;2O volume fraction composites, the average_fracture strains
‘arefpaiculated to be 1.15 as comparéd to a ﬁeasured average of 0.93 while
the avefage eritical crack-tip displacemeﬁﬁ is calculétéditovbe O.SO'mm,'
as_cdmparéd to an "observed" average of 0.L40 mm. Tﬁe_stgfistical'vgria—
tion inathe fracture strain was not sufficiéntly smallitq allow any cholce’
.bétween(thése proposed criteria. In fact, both the ékpériﬁentai and theé—

retical'evidence'point to the‘equivalency of these critéria as given by -

2V ¥ = qi¥e¥
c
-where’&? is the migrostructﬁrai unit in front of the,érack over which the =

strain is greater than or equal to €¥%.
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1. INTRQODUCTION

Many continuum approaches fo fracture havé béen devéloped in the last
twenty yéars including stréss cohcentration; stréss inténsity and strain
energy reléase raté (mo@ifiéd Griffith) concépts. Howévér; there has been
1imitéd usé of these in thé undérstanding of how to make'matérials more
resistant tovfracture. For this réason; oné of thé most promising areas is
that of applying continuum mechanic and continuous dislbcatioﬁ distribution
theory fo'thé viginity of thé crack, in thé région where the microstructural
constitpéﬁts control fracturé nucleation and growth. Twofsuch developmentsv

'are»the érack—tip displacément concepts as espoused by Cdtfreli [1], Wells .[2]
and'Tételman and McEvily [3] and thé ductile fracturé concepts of McClintpck,
et‘al. [4,5]. The former descrihés the fracture process in terms of a "micro-
tensile"'sample fracturing at the crack tip while thé latter describes dﬁctile

.shear fracture in terms of a hole~coalescence theory.

It is the pufposevof this paper, first, to develop in a very simple way
some of tﬁe current ductile-fracture concepts and then attempt to test these
‘concepts using some experimental evidence obtained from pfack“propagat;031
studiesvof‘a\fiber reinforcéd composite. A compo;ite éystem was used_so tﬁét
the uni%fo;ér whiéh fracﬁure took place>would be unambiguous and so,thétﬁthe
flow aﬁd fraéture charagteristics.of the individual cém?ﬁﬂents'could be
kgharaCterized. All of these values are necéssary but‘not;readily_attainable
\in the'sfud& of homogeneous materials. 'fhéreforé, the éoﬁﬁosite system ﬁés

utilized:sp that various ductile fracture criteria could be properly assessed.

The experimental study includes the detection of the fracture history of stain--

less~steel fibers in an aluminum matrix by an acoustic emission technique;

metallographic analysis of fracture strains involved in Tiber fracture; and
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stress~intensity analysis of craci~propagation characteristics.

2. THEORETICAL bACAGHOU\D |

+

Many contemporary fracture concepis have their roots based in the

IS

energy balance concept originally derived by Griffith f6] to explain
fracture phenomena in glass. He assumed that spontaneous fracture would
occur when the total energy of the system was unchanged b& small variations
or the crack length, i.e.

3(U + V)

== - (1)

whére U is the change in the strain énefgy of the syétemrﬁith a flaw, V
is the potential energy of creating new fracture surfaceé and 2C is the
major axis of an elliptical crack. TFor essentially or;ttle materials
such as glass, the energy associated with creating néw surfaces is the
surface tension, Ys' Without stating the details, whicﬂ‘have been

reiterated many times elsewhere, e.g., [3, T) equation (1) leads to

{'2r~zy 1/2 . B ‘
U:L p— S (2)

where 0 is the applied stress and E is the tensile modulus of elasticity.

. Yor materials that &o not behave elastically or havé-atomically shar

cra cks, it is appr0pr1ate to modiry equatlon (2). First'consider the

'cracg—tlp radlus ef¢ect. ‘Tetelman. and uohnston (81 have interpreted

Crowan's (9] analysis to show that

21"8 o ;/2

e - : (3)

g.=

where p is the crack-tip radius and &g

is- the atomic spacﬁnc. Although
the justification of equation (3)_for plastically deforming materials
might be argued on theoretical grounds, it nevertheless gives a useful

cuacitative interpretution of the cruckntip radius effeect. If somc

=
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mechanism such as chemical alssolution blunts the‘crack_tip, the stress
‘which can be maintained prior to catastrophic fracture inéréases. Next,
consider inelastic behavior, Orowan [§] and Irwin [20] interpréted ’ .}' .
Griffith's equation for metals in terms of the plastic energy absorption, o .fi

Yy occurring during crack extension. Instead of Ys coritrolling, there

is a combined term, Yo = Yy * Y, which is substituted in equation (2)

for g+ 'In the notation of Irwin who defines the critical paramneter as ‘ P

the strain energy release rate, G,

a°me ' ; e

G = 2Ym =3 v‘ (%) 'ﬁ;

Combining equations (3) and (L), it is seen that - o
6= oY * (5) R

S a,o .

which indicates that the actual value controlling fracture increases with

p/ao. As this interpretation is based upon an extension of elastic ’ f{?
L

analyses, it would seem to be quantitatively suspect whén:>>>ao (e.g. 10 ao)

which is the'caseffor many reasonably tough materials.

A second appfoach which may have more applicability to ductile
fracture is the crack-tip displacement concept. It has been proposed (1, 3] . j?
that slow crack growth advances by the fracturing of "micro-tensile”

samples at the crack tip. The length of the.samplebiéyl§miped by the

root radius of the crack and the width is limited by'tﬁose‘mic?ostructUral"

factors which limit Quetility. Since the gage iengtHfofthe sample wduld

ve nearly equal to the diameter of the crack tip, 2p, then the crack-tip

Lwr

displacement is given by ‘ a v U

v, = e . R {6) -

wnere € 18 the strain adjacent to the crack front. This, then, leads to S i

ct

< failure -criterion [1, 3] when

he strain reaches the fracture ductility,

"
1

b
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2vc*= 2ne* ‘ (7)
TaXking thevfracture strain to be exceeded over the dimensions of the
micro-tensile sample, one can easily visualize a brittle second panase rod
fracturipg anead of the main crack. Alternatively,a ductile rod at the
crack tip could be visualized to neck down considerably prior to fracture.
For applied stresses up to about 60 percent of theyield strengtn, I s the

crack-tip displacement is given by [11]

0 C : (8)

From equations (4) and {8), it is seen that
G .
2v, = ——  (9)
wnich demonstrates the relationship between crack-tip displacement and
the strain energy release rate. Consider this with respect to the point

of fracture. If one stretches the applicability of the Griffith approach

and thé'crack-tip displacement approach to'a single systeh, then combining

.équatiohs (5), (7) and(9) and eliminating p gives

Y, = 0, %3, o (10)

[ . y
The physical interpretation of this is that in truly brittle materials
if the yield strength reaches the theoretical strength Bfﬂthe solid and
tae fracture strain is exceeded only over the atomic_sPacing, then e*ao
is eguivelent to the crack-tip displacement, i.e. the stfgin times the
zaze length. It is obvious then that equations (5) and (7) are ﬁot

B

compatidble if sufficient microyielding occurs prior to fracture. This
hus been pointed out by Tetelman and McEvily [3] who relegate equation (5)

to those systems where continuous cleavage may proceed with stresses at

3
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the crack tip at the theoretical iimit.
poLchll [1] has generalized tne crack tip dlsplacemcnt concept in
terms of the work of fracture per unit fracuure area. 1In terms of the

'ﬁsplacement, 2VC, and stress, OC, at the crack tip, the work is given by

Cottrell proposed a rectilinear approximation to the law of force so

that at fracture, equation (11) becomes

2y = 20V, | (12)
For elastic behavior,_2vc*,is the atomic dimension and the stress at the

crack tip, 94 is’ the theoretical strength or about E/5, giving

&3]

= 0.1 Ea_. . 12a

Y o | (12a)
wnich 1s-in reasonable agreement with measured values of Ys.‘ For plastic
behavior, QVC* is related to the crack-tip radius and fracture strain dy

equation (7) and O is the yield strength, giving

; = = ° * = * L §
2y, ”G. Oys  AVG* = R0, pE (120)

Pnys;cal¢y, this demonstrates that the large the crltlcal crack~-tip

Py

displacement and, as a result, the larger the cracerlp radlus and fracture.

sirain that can be sustained prior to catastrophicvfailurég the larger
the energy absorptionm.

A c¢riticism of either the energy or crack-tip displacement approaches -
, ~ap

can be made in that there has been no explicit microstructural size factor

involved in any of the equations proposed thus far.. For example, whrat
cce the relative contributions of large particles with good ductility -as

counposed to small particles with poor ductility. In order to make an

unambiguous comparison, simultancous consideration of both size and’




the fracture strain Is exceeded; and KI

oy
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ductility effécts is needed. McClintock, et al. [h,ﬁ] héve taken such
a detailed approach. for ductilé fracturé by a holé—gfowéh.mechanism. In
a more general way; McClintock.and Irwin [2] have deriQed the criterion
for fracture under anti—piané stréin'béhavior to bé o

1/2

K 7o = fys [mo*gr/ ] (13)

where Tys is the shear yield strength; &% is the shear strain at fracture;
Ey is the elastic shear strain; ¥ is the microstructural unit over which
TTC is the critical value of the mode
IIT stress intensity factor related to strain energy release rate, GIII’ and

shear modulus, W, by

1/2

- = ]‘
K LeuGIII] (13a)

It is seen that there is some microstructural unit, ¥, over which the
fracture strain i1s exceeded, causing crack growth to occur at the condition,
K .
ITIC™
Similarly, a tensile fracture criterion can be made by using
analagous strain distributions, stresses and strains. Gerberich [13] has _

demonstratéd that the analogy to the mode III strain disﬁfibution also

‘apprbximates that for a crack under tensile loading, giving

0 -
Y5 D
1 EL
vnere el is the maximum principal utirain, RP is the plastic zone diameter

and & is the distance in front of the crack tip. MeClintock [1k] has

sugzested that Rp be given in terms of the mode I stress intensity factor
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where KI,is related to the mode I strain energy raueT oy .

Ky o= (2] o : (15a)

Again, assuming that the fracture strain is exceeded over 4% so thet
e, 2 €¥, a combination of equations (1k) and (15) give

g [roy mie ]2 o (16)
This Tailure criterion is schematically shown for a ductvile rod in Tig. 1.
It is now useful to consider how these concepts might apply to the
observations made on & unidirectional composite where the '"microstructural
size and ductility factors are known. |
3. EXPERIMENTAL APPROACH

-In order to test a ductile Ir acture érluerlon it was necessary 1o

have voth a ducvile matrix and fiver so that relative sitreéngth anad

ductility characteristics could be evaluated.

3.1 Material Selection

‘One such material system consists of ductile steel fibers in
aluminum where diffusion bonding does not significantly degrade the
aechanical properties of the fibers. As such a compbsite-could be

purchased commcrc;ally, 2.54 mm. thick plates with ° volume

%
.

fractions of 0.05, 0.10, 0.20 and 0.40 were obt alned.?‘ -The particular

[T -

,for plane stress,conditions. For plane straln con51d°“'tloﬁa,

the right hand side of eguation (15a) must be multlplled by ( ile,‘

-1
¥3
o3
e
«l
o
4]

where v;is Toisson's ratlo.

T Earvey Aluminum Company, Torrance, California

i
{
!

e A
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composités evaluated were made up of the following constituents:

Grt %) c Mo © Ni Cr Mn  Si Fe:i Cu Zn - Mg

N355 0.13 2.85 k4.5 15.5 0.75 0.35 bal. =

stainless. S : e

steel (0.23 mm.

diameter

202k-T4 = 0.1 0.6 0.5 0.5 Ll 0.25 1.5
aluminum : ’ ' o

Preparatidn of the composités was esséntiailj by hot—pfeésing layups at
.aboutlSOO°C in a 1000 ton hydraulic press. ftérwardé,\ﬁhe aluminum was
aged‘téﬁﬁhé Y condition.‘ Cross sectioné of threé voluméﬁfractions are
shown’inifig. 2. It is seén that a rélatively uniform sﬁacing of Tibers
was atjéihed with iittle void content in the matrix. |

3.2 Technique for Measuring Stress Intensity

Sihgle—edge notch specimens were utilized to sfudyvé'crackrgrowing
.&aCToss thé‘fibers. A crack-line lbaded sample was cnhosen since this.
" provides about a 10:1 mechanical advantage with reépecﬁ to'failingrthe
specimen in uniaxial tension. For this reason, there'is no danger of
failing the specimen at the loading'pin.holes. The spééimen configuration,

which wgs‘eSSentially 51 mm. wide by 76 mm. high, isiindiCated in fig. 3.

" Knowing the load (P) the specimen thickness (B) width (W) and crack_leﬁgth (C),

_the'strésé intensity can be determined from
: L2 s : 2
k= & e,

wnere £(C/W) as given in fig. 3 is taken from the numerical sociution of
 Srawley and Gross [15]. The height of the specimen was not always the

same due to material availability, but W/Hp did stay within the limits
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indicated in fig. 3. OSpecimens vere pulled at a crosshead speed of

o.lcom/min, and load-~time recordings were made to maximum load, at wnich

point specimens were unloaded for metallographic examination.

3.3 Technique for Measuring Elastic Waves

During the crack propagation tests, a fechnique for monitoring .
disqont;nuous crack growth was utilized. This techniQue,is based upon
the detéction of elastic waves associated with the energ& release of a
crack jump. Detection of such stress-wave emission (SWE) as connected
with_discéntinuous crack motion nas been acccomplished under conditions
of rising load [16], stress-corrosion-cracking [17], and}spéntaneous

strain-aging embrittlement [18]. ©Tssentially, a SWE is converted To an

electrical signal by a piezoelectric crystal which may be mounted directly

to the specimen or be contalned in an attached transducer such as an

accelerometer. For the relatively large SWE expected in the present

study, an accelerometer transducer was utilized as indicated schematically

in fig. 4. The voltage signal from the accelerometer is-amplified Dy the

charge émplifier,,filtered to cut out extraneous mechdnié%l noises;
further5§mplified to drive é damped galvanoﬁeter with'hiéi‘frequency:
reSpdhsé;vahd directly rebofded on an oscilloéraph:':Iﬁjfgis way, it wéé
anvicipated that the large SWE associated with fiber fragture could be
used %o-défennine the exact load at whigh fiber bréak$ §é§ufred.v

.

3.4 Metallozraphic Technigue . S

Bttt vallad,

\ i oy

~After the test, the fracture path was studied by sectioning the
varvially—-cracked fracture specimens. As the specimens weére unloaded
screwnat after maximum load but prior to total failure, the orientation

wné position of the crack tip with respect to the ductile fibers was

i
)
!
i
o
i
H
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obtained.  Also possible was an estimate of the fracturé ductility since the
necking profile of the fractured fibers gives a measuredvfracture strain .

from
A
A

lo

(18)

€, = 1n
-4

h

where Ao and Af refer to original and final cross-sectioﬁal areas of the
fibers.  For these measurements, some of the polishing planes were not mid-~
thickness and care was taken to reconstruct profiles so that reasonablé
estimates ‘of fracture strains could be made. Additional confifmation of the
fracture stréins was désired and so one 0.20 volume fraction spéCimen.was
pulled fo'complete fracture. The fracture surface was then examined with a.
JEOLCO JSM-1 scanning electron microscope operated at 25kV‘in the secondary
electron mode. |
4.  RESULTS AND DISCUSSION

From the uniaxial tensile and crack-propagation data obtained on these
unidirectional composites, it was ﬁossible to test the several fracture criteria

under discussion.

¥.1 Uniaxial Behavior

Mechanical properties of the individual constituents are given in the

'following tabulétion:

Ultimate

Modulus of Poiéson's-_Yield St}ength Strength
Elasticity (kg/mm“) Ratio (kg/mmz) (kg/mme)
Bteinless Steel 21 x 10° ~o0.3 302 315
Fibers v S S :
202b-r 7.3x103 o33 ' _35ﬁ s
Aluminum : _ 7 : ' 7 »

The stainless steel results represent the average of 10 fibers extracted from
0.10 and 0.20 volume fractions while the aluminum data are nominal values

taken from,the literature. The ultimate tensile strehgth data conformed to a rule

Y,
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of mixtures, which, in texrms of a perfectly elastic-plastic matrix, is

givenﬁby.,:

Ocomp = Gmysvﬁ * OV, B (19)

Wwhere 0 are stresses, V are volume fractions, m and f dénote fiber and
matrix, and ys denotes yield strength. However, if some strain-hardening . -

in the matrix occurs and the total plastic strain at fracture is considerable,

‘then a closer estimate might be

N

where UTS:denotes ultimate tensile strength. These two relationships are

seen to represent the lower and upper bounds for the obseérved behavior in -

‘

L.2. Fraeture Behavior .

The answers to two questions were necessary if any: description of -

the fracture process were to be meaningful with respect to estavlishning

& failufésCriterion. First, the load and5eraCk.Léﬁgﬁﬁuaééociatedvwith

each fiBér‘fractufe were needed so that a stress intensi%&'leVel couldnbé""u
determiﬁed fdr each fiber break. Secondly, it was neceséary.to know the -
position 5f the a&vancing c?;ck'with respept %Q thelfibgiﬁbreak and the
qritiéaitfracture strain involved ip ihat‘fiber brea@iu fhe first questioﬁ”
wés answefed using the acoustic emission technique whilevghe seéopd_wés
investigated via metallography and scanning>electron mié;éscopy.

SWE Ooservations

1

Monitoring the crack propagation tests with the acoustic cmission
tecnnique allowed pin-pointing of the fiber breaks. Two examples of the

SW3 associated with crack propagation across steel and boron fivers in




~
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o~ -

metal-matrix co@pOOLues are shnown in fig. 6. oting the siignt Gifferences
in timevscale, there are at least an order of magni tude more SWE emanating
Trom the fracture of boron fibers. Althougn tnls is Haftly due 1o the
fact that'tbere were aovout twice as many boron Tibers per unit fracture
area, it can nmostly ve attributed 0 multiplé_breaks (S—lO typically) in
the boron fivers &s compared to single breaks in the steel ones,

Purther correlation of SWE to stainless-steel fibef fraciure was

obtained b/ comparing the load drops occurring during fiber fracture ©o

v

lent wit

p,

I3

e

the stress waves. As noted in Tig, 7, each load drop was coinci
the occurrence of a large SWE. In some instances, two SWE occurred almost
simu¢taneous4y waich indicated two fibers Fracturing even though the load

only dropped once. For two 10 percent volume fr actkon specimens,

Py

-metallograpnic sectioning indicated a total of S fractured Ffivers while

SWE observations indicated a total of 52. The excellent correlation
Detween these emitted waves and the fiber fracture allowed determination

of when the fibers were failing. That is, the load forithe Tirst fiber

. fr acture -and the initial crack length were used in equaulon (17) to

detennine_K. Subsequent rows of fiber fracture allowed'Klto be calculated

from the appropriate load and crack length re@resentedvby the initial

crack plus the nunber of inter-iiber spacings over which.the crack zad
. . . i
traveled. This pefmitted an average load and hence an averdte stress.

[

intensity Tactor to be associated with’fiber fracture. “For‘example, in

or.e sdécimew with a volume fraction of 0. lO K ranged fvom 2h9 to 303

3/2

Ag/mm for fiher fracture.v

|
1
i
|
t

estihg of aluminum=-boron composites is in the initial'stages and- 1$ not
Y ol :

”chrueQ exceot for uhlS one result which is for comparative purposes.
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Similar calculations for 0.05 and 0.20 volume fraction compcsites
were made, all of the results being given in tadble I. It is seen that

the stress intensity for fiber fracture increases with volume fraction. ~
o . - o e . . . st maed
n Tact, K is nearly proportional to (Vf) which has a theoretical basis
.as discussed pelow.

Microscopic Observations

Examples of fractures are shown for three different volume fractions

in fig. 8. It was observed that the crack would progress in the matrix;

a fiber would fracture; the matrix would crack again and then another Tiber

would fracture. Although it is not obvious in the micrograpns, thnere is

a crack in the matrix between the lst and 2nd fibers for the 0.05 volume
fraction; between the 3rd and Lth fivers for the 0,10 volume fracticn; and

between the lst and 2nd ribers for the 0.20 volume fraction specimens.

i
|
I
:
A
|
f
i
ol
I
o
i
B
e
i
-

N

Thus, it was assumed that as the crack arrived at the matrix fiber
interface, the fracture of the Tfiber necessitated the fracture sirain to

be exceeded over the entire fiver diameter. Since the fibers necked

considerably before the fracture, the average neck diameter was taken as

the value of 2% over which the fracture strain had to be exceeded, a5 was - ' K

depicted ih fig. 1. The value of ¥ was measured from the. photomicrographs

and is given in table I for each volume fraction.

From’the micrographs, the true fracture strain wes '&1ls6 meazsuréd,

tae velues &s determined from equation (18) being given-in table I.

Altnougn there may De some variation with volume fraction, the. average

Tracture :Strain of 0.93 for 21 fivers reasonably describes most of the

Gatw. 'To furtner verify ihe fraciure sirain, scanning microscopy gave

acditional results on 7 fibers, & typical micrograph being shown in Tig. 9.




~
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he fracture strain was determined to range from O. 60 uO l 05 witn the:

it
average being 0.8k for this 0.20 volume fraction specimen. As this is in
géod agréement with the averaze value of O;??Ifor 0.20 véiume fraction

.data taken from ;ablevI, iflmay De assumed that the réétfof the odservations
are réaSénabiy accurate. Neveftheless; it would‘appear éhat there.is>a-

statistical variation of about & factor of two in the observed .fracture

.

strains.

Fracture Criteria

I . g *

120

In/the theoretical development, two fracture criteria are sugzested
for ductile fracture, a crack-tip displacement'ccncept and a Critical

fracture strain concept. Consider first the fracture strain criterion.

Values ofs:* may be calculated from equatlou (16) from the ooserved value

of X for}fiber fracture aé taken from the SWE data, and the exoe¢¢mentél
valtés forvbys, E and %, From the Gata in table I, caléﬁlated values of
€ % afe'sﬁdwn“to agree approximately with’measured valuesvbf sﬂ'in table.iI.
It éhouldibe noted that in this ca¢culatlon the valueAfor E used in.
eduafiohwxl6) was the secondary modulus of elasticity, B ; which is the

appropriate value for a two-phase system wherein the fiber is elastic and

the matrix is yielding at the "apparent” eldstlc—plaStLC bouna ary. Rice [20]

i

has shown uhuu in the small volume of material adjacent to the crack, the
f:ac»ure criterion is dependent upon the unloading path. With these

ccxposite33 tne unloading path would actually be dependent uncn botn E

arnd B but the predominant <term is EC . 'Moreover, in a -Separate study
C . ' _ - .

2“], the value of EC‘_was successfuily utilized to red1Cu the.displacenent

<

Gistribution and the critical stres intensity‘factor in these,composipes.

" Next, comnsider a critical displacement criterion. Calculating 2v *



|2

rom eguation (9) and (15a) is accomplished utilizing the values o
Oys and EC' from tadle I. This gives a nearly constant value of 2v. for

all volume fractions and so it would appear that this is just as

o

criterion as the fracture strain concept. .This suggests that these two

criteria may e equivalent., In fact, if one combines equations (9), (15a)

and (16), this leads to

v, =The : , (21)

wnich indicates that the critical crack~tip displacement is made up of a
microstructural size parameter and a microstructural fracture strain

Using the observed values of &% ande _ from tapble I, an "observed"

4

eritical crack-tip displacement is determined from equation (21). In

Y

ble II, this is seen to be in reasonable agreement with the calculated
- ' * » - - - - . ) . -
value of 2VC . Considering both criteria, there is little to choose

-+~
“

1y

between them since the statistical variation in the fracture strain is

~

greater fhah eny differences between observation and calculation. Zven
though one criterion mighﬁ be as valid as the o%hef; bn pedagogicals
grounds alone,.it seems preferable to lean.to the cri£icél fracture
strain‘apéroach.ﬁ_That is, in less well-defined miqrostructures, the

. sane criticallcrack—tip displacement could be'made up of'a‘largg strain
and a small structural size or & small strain and a laféé structural size.
Trus, thejflexibiliuy of the two—parametér approach méybﬁé necessary 1o

adequately describe the details of the fracture process.

™,
T .
P

urther substantiation of the overall approach was obtained where
it was found {21] that the fiber contribution to the energy dissipation

Guring fracture could be descrived by

# :
G=2d¢e 0.V,

=y
P
0~
N
~

realistic

B
o
S
c
i

&

'
‘o
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Here, 2d is the plastic strip height, which in this case happened to be about
twice the fiver diameter. It may be shown that this is essentially equivalent
to Rice's "plastic strip" model which is discussed in the Appendix. From
equatiéns (lSa) and (22), it is seen that the'stressvintenéity for cfack
propagatioh would be proportiomal to (Vf)l/2 as long as.éhe plastic strip

was independent of the volume fraction. Thé data in Table I approximately
substantiate this relationship. Furthermore, since the product of the strain

and plastic strip is approximately 2v,, then

c?
G = QVCOfo | (23)
which is essentially equation (12b) considering a bulk material where the
volume fraction is unity. To demonstrate thié equivalénce on experimental .
grounds,vthe average measured strain of 0.93 times 2d is equal to 0.43 mm.

while the average calculated value of 2v, from Table II is 0.52 mm. It

C
should be §ointed_out that the plastic strip was actually found to be some-
what greater than 2d [21]. This, in conjunction with thé‘fact that the
average strain in the plastic strip would be somewhat less than €,, probably

indicates why 2de ¥ gives a reasonable estimate of the crack-tip displace--

ment. ' In'summary, it aﬁpears that both displacement and fracture strain

_ criteria are valid ductile fracture concepts as substantiated by fracture

observations in a two-phase, ductile-fibrous .composite.  Additional experi-
mental studies involving wide variations in volume fraction, shape, size and

fracture ductility of second phases must be run to eﬁable further development

of ductile fracture criteria.

"It is emphasized that for some other fracture strain, such an agreement be-
tween the plastic strip and the fiber diameter would not necessarily be ob-
tained. In fact, for a perfect agreement between equations (22) and (23), it
is necessary for mi* = 23, which only occurs when €* = 0.90, which happens

to be thé case here. Still, the analysis represented by equation (22) is
valid for any fracture strain as long as the plastic strip height is properly
assessed. . S -
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5. . CONCLUSIONS

1. A review of several fracture concepts indicates that both a single-
. : )

C 3

and a dual-parameter approach, utilizing a structural size factor, L%,

4

parameter approach, utilizing a critical crack-tip displacement, 2v

and & critical fracture strain, €%, describe ductile fracture at & crack tip-

2. In an aluminun-matrix camposite reinforced with unidirectional

stainless-steel fibers, both of these models may be utilized as a fracture

criterioén.to predict the critical displacement and/or fracture strain
involved in fiber fracture at the crack tip.
3. The statistical variation in the observed fracture strain of the

fioers-wés greater than‘ény differences between obsérvé%ion and theofy.
L, Boiﬁ theoretiéally and experimentally, it is showﬁ‘ﬁhat these two
approacﬁés are essentially equivalent since the criticaiicrack~tip
diSplacéhent contains the other iwo pafameters, i.é.v

ZVC* = 4% %

‘Hevertheless, the greater flexibility of the two-parameter approach is to

be preferred for the description of the actual fracture process.
5. It is demonstrated that an acoustic emission technique may be

u

utilized to establish the point at which fiber fractures -occur during the

6. If a composite material, with ductile unidirectional fibers, can be-

approximated by a "plastic-strip"” model, then the Stféss»intensity for

cradkvpropagation is proportioned to (Vf);/z, Vf being the volume fraction

of fibers. . S

T

<
i
(
i
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TABLE I. Observed Fracture Parameters

- -Volume Stress( ) :.>V¢V _é> . Yield ~ Secondary , ; Critical Fracture Stralns, Ef(b)

Fra¢tiénl Inten31t§/ . No. -of fibers . Strength . - Modulus -, -3 Distance

Vf K, Kg/um in estimate st,‘Kg/mm Eé; Kg/mm~ x 10 L*, mm Range Average

X 0.05 196 _ 3 52.5 1.19 .10k (1.45-1.58) 1.52

0.10 262 7 69.6 2.58 157 (0.37-1.18) 0.72

D.10 289 8 ' £9.6 2.58 ks (0.69-1.16) 0.94

0.20 518 2 93.0 4.66 » 145 (0.86-0.96) 0.91

0.20 . L3y S T 93.0 . h.66 173 (0.55) 0.55

-Oa-

V‘(a) Average Value for which fiber fractures were observed.

;_(b) Measured from dlameters 1n mlcrographs using Eq (18)

*A9Y 9Q06T-TH0N
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TABLE II.+ Calculated and Obzerved Fracture Criteria ’

A Volume "~ Fracture Strain : Critical»CrackéT};LDileacement
Fraction . Calculated Observed -  Calculated (a) CObserved (b)
» Vf | ‘ £ L sf _ 2vC, wn 2vC i sf, mm
0.05 1.87 1.52 0.62.° . 0.50
. 0.2007 0.7T 0.72 | 0.38 .- . . 0.36
L0v100 Y 101 0.9k oihT Ge 0.43
.0.20- " 1.30 0.91 ~0.60 - 0.k1
0.20 0.80 - 0.55 0.43 - 0.30
Average 1.15 0.93 0.50 0.Lo
e
(a) ' avli= 5y (combining equations (9) and (15a)) .-
(o) 2v§ = ti%é#* (equation (21))
= o
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Rice's [20] plastic strip model essentially simplifies the behavior
of real materials to one of a plastically-deforming strip of aeight, h, ."]
being puiled by two elastic slabs. Thus, as the crack propagates in the |
strip, only the strip deforms and the plastic zone is independent of
crack lengon. Actually, this may approximate some real situations where,
as the crack grows by a tearing action, the load drops so that a rela-
tively constant stress Iintensity is maintained. The strip ncdel may then
~be used to determine the plastic energy dissipation rate as the plastic o

deformation extends from x = £ + w by J': _ o c '}

L 3¢ P - ‘ i
Y. =hi o ——  ax o (A-1
D -j y 902 . :

2

~——

~with Oyibeing the stress and eyp the plastic strain in_the strip. IT

eyp is only a function of the distance from the crack tip (x - %), then f
an P P , ' - o ‘_ S
OEX = - aev and therefore from A-1, s a 'i
9x . dh N '
(x=£ : o R
Y. =h o_de T - (A-2)
x=2+w : - o . ‘

Thus,vthéiplastic energy dissipation rate is given by tﬁe plastic strip

‘height times the plastic strain energy density within the strip.
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LIST OF SYMBOLS

Initial, final cross-sectional areas.

Atomic spacing

Specimen thickness

Half—créck length

Fiber diameter S -
Young's modulus

Modulus of elasticity of composite

Secondary modulus of elasticity Of“¢§mposite

Strain adjacent to crack tip

Fracture strain at crack tip

Measured fracture strain

Elastic shear strain

Shedr fracture strain at crack tip_:;

Work of fracture per unit fracﬁure area

Surface tension |

Plastic enefgy dissipation per ﬁni£uffacture area
Effective energy absbfption per unit'fraéture area =

Ye * g

train energy release rate = 2 Ym"-

G value appropriate to mode I, III

Stress iﬁtensity factors appropriaté to mode I, I1I

Critical values at fracture

Distance in front of crack
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g

comp
G{m; £}
ys

ys

Poisson's ratio
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LIST OF SYMBOLS {continued)

Microstructural unit over which facture ocecurs
Externally applied loa&

Crack-tip radius

Plastic zone diameter

Externally applied stress

Theoretical strength of a solid

Ultimate strength of a composite

Subscripts denoting matrix or fiber

Uniaxial yield strength

Shear yileld strength

Change of strain energy in a system with a flaw
Shear modulus

Potential energy of creating fracture surface
Volume fraction of matrix or fibers
Displacement

Crack—tip displacement

Critical crack-tip displacement‘atJf}écture

Specimen width




g

[0)N

27~ | - UCRL-19086 Rev

D ' !
LIST OF FIGURES:

Concept of critical fracture strain ahead of thne crack.
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(a) SWE FROM STEEL WIRES 1 SECOND/DIVISION
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, 'person acting on behalf of the Commission’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




