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THE CRACK-TIP DISPLACEMENT CONCEPT APPLIED TO COMPOSITES
William W. Gerberich
"Inorganic Materials Research Division, Lawrence Radiation Labofatory,

Department of Materials:Sciénce and Engineering, College of Engineering,
University of California, Berkeley, California :

ABSTRACT .

An investigation of dﬁctile fiber fraétUre in a unidirectional
composite indicates that 8 ériticél crack-tip dispiacement or fracture
strain concept may.be ﬁtilized to predictvfraéture. Crack;propagétion
tests in an aiuminﬁm allpy réinforced with stainless-steel wires were
evaluated for 0.05, 0.10 and 0.20 volume fraction composites. Measurement
of the aVerage st;ess intensity factor occurring during fiber'bregkage
was accomplished W£th the:aid of a stress-wave detection system; This
allowed the discontinuous crack steps aséociated with fiber breakagé
to be monitored and thus allowed a pafticular load for a particular fiber
break to‘be established. The fracture strain associated with fiber
breakage was established metallographicéliy from measureménts of the
necked-down region at the fractured ends of the fibers. For all volume
fractions, the average calculated fracture strain was 1.07 as compared

to the average measured value of 0.93,



THE CRACK-TIP DISPIACEMENT CONCEPT APFLIED ‘TO COMPOSITES
William W. Gerberich
Inorganlc Materials Research Division, lawrence Radiation Laboratory,

Department of Materials Science and Englneering, College of Englneerlng,
- University of Callfornla, Berkeley, Californla

1.  INTRODUCTION

: Many continuu;‘spproeches to fracture‘have been deve10ped in the
last twenty years including stress concentration, stress intensity end
strain eneréy release rate (modified Griffith) conceptas. waever; there
‘has been limited use of these in the un@erstanding of how to make materials
more resistant to fracture. For this reason, one of the most exciting
develobments is that of the crack-tip displecement concepﬁ since it pre-
sents'the possib;}ity of relating the structural unin involved in frac- -
ture to some micnostrnctuiei characteristic; |

| For.exambie, Cotfreilliand Tetelmaniand McEvilyg-heve proposed & -
”criticalicrack-tip displacement concept in terms of a micro-tensile
lsanple'ffacturing at the crack tip. The length of the sample is limited_.
by the root radius ofvtheVCTack'and the width is 1limited by tnose micro-
structufai factors which limit ductility. _Taking the fracture'stiein to
‘be'exceeded over the dimensions of the micro-tensile semple, one_can‘eesily-
visualizeba brittle second phase rod fracnuring ahead of the main crack.
This has actually oeen'observed in a'two;phasermacrocomposite_of brittle
:tu.ngs‘i':en ‘wires' ina 2% .Be-‘-‘Cu"matx;ix,.; Alterna_tivel;r, a ductile vrod at the
cradk»tip could be visualized to neck down considerably,before ffactu?e.-
. Indeed, in & current stndyh,on.a composite with.a’ouctile, stsong
ustainless7steel wire iﬁ an age-hardened eluﬁinum‘mat;ix; the 0.6091
inch (0.23% mm) dismeter wires‘feiled.in 8 cup-cone'fashion as a’.

microétensilejsample. Since the'reduction of area of_the wires was
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sufficiently large to allow estimates of the fracture ductility, it
seemed that this could provide a reasonable chéck of the crack-tip dis-
placement cohcept.

The criterion as put forth by Cottrell gnd-Tetelman is

2v:'= 2pe* | T ' (1)

where 2v§ is the ecritical crack-tip displacement, @ is‘the crack;tip'
radius and - e* is the fracture strain of the micro-fensile sample. Those
parameters which affect vc a;so'affect P« Therefore, it is difficult
to check this concept in terms of Eq. (1). | |

Ancther way of utilizing the concept, although in a slightly
modified vein, is to assume that the fracture strain is excgeded over
some critical distance, l*, in front of the crack. This criterion may
. actuaily be derived without the use of the crack~tip displacement concepﬁ,
First, consider that at large stress intensitiesvthere is plastic flow
through the thickness of a thin plate and so plane stress cqnditions

prevail. McClintock”

has described the strain distribution in front
of a crack undergoing longitudinal shear. Gerberich6 has demonstrated
that the tensile analogy is a reasonable approximation to the experi-

mentally determined strain distributions about a crack under tensile

stresses. The strain distribution is given by

R
€y —_ _LS. -E v' . o . (2)

i~ E {
where ¢, is the maximum principal straih, Uys is the yield strength, E

is the modulus of elasticity, Rp is the plastic zone diameter and [

is the distance in front of the crack tip. McClintock7 has suggested
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that the distance from the crack to the elastic-plastic boundary be

glven in terms of the stress intensity factor, K, by

R=—% (3)

If one assumes that fracture may occur over a distance £¥ where the
maximum principal strain is greater than or equal to the fracture

duetility, €*, then a combination of Egs. (2) and (3) leads to

e = To BL¥ o (&)
¥s |

The same equation may be achieved considering the crack-tip displacementa§
Wells8 has shown the relationship between {*, €* and the crack-tip

displacement to be
2v

C : . o

-Hahn and Rbsenfiéld9 have ekpreésed the crack~tip displacement in terms

of the stress intensity factor by

_ o (6)
~ Combining equations (5) and (6) leads to

y N : .
‘which is ideéntical to Eq. (k). THus, with the point of view taken
herein, the critical strain and eritical displacement criterions are
interchangeable. It is now useful to consider how this concept might

apply to the obéervationé made on an éluminum-steel composite,
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2. RESULTS AND DISCUSSION

4 Unidirectional composites were purchased commeriéallyT in the form
of 0.1 inech (2.54mm) thick plate with volume fractions of 0.05, 0.10, 0.20
and 0.40. The composites consisted‘of 450,000 psi (315 kg/mme).stainless
steel wire in a 68,00Q psi (h7,5.kg/mm2) o luminum alloy matrix having the

following’cpmpositions:

(wt %) C Mo Ni Cr Mn -8i Fe Cu Zn Mg
N355 stain- 0e13 2.85 4.5 .15.5 0.75 0.35 bal.
less steel- »
wire (0,009’ v _ .
in. diam.) _ ‘.

202 T_Y ' . 0.1 0.6 - 0.5 0.5 L. 0.25 1.5
Aluminum : .

: Micrégraphs of three different volume fractions are shown in‘Fig. 1.
Uniaxial tensile evaluatibns parallel to the reinforcement provided
the relationship ﬁetWeen strength énd volumé fraction shown in Fig. 2.
Since the matrix workfhardened congiderably prior to fracture, the
theoretical éurve uEing the ultimate_s£rength of the maﬁrix fitAthe
data best in‘fig. 2.

Single-edge ndtch specimens were.utiliZed to study a crack growing
across the wires. A crack_line;loadéd]sample-Was chosen since this provides
abput & 10:1l mechanical advantqge with respect to failing the-speciﬁen-
in uniéxial tension. For this reason, there is no danger of
failing the specimen at the ldadingfpinﬂholes;~‘The speciﬁén con-

figuration, which was esséntially'2;0=inches (51.mm) wide by 5.0 inches

THarvey Aluﬁinum, Torrance, California
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(76 mm) high, is indicated in Fig. 3. Knowing the load (P) the specimen
‘thickness (B) width (W) and crack length (a), the stress intensity can be

- determined from

P
K = ?W-J_.TE—f(w) (8)
where f(a/w) as given in Fig. 3 is taken from the numerical solution of

(10) The height of the specimen was hot alwaysvthe

Srawley and Gross.
~ same due té'material availébility, but W/Hp did stay within the limits
indicated in Fig. 3. |
~ Specimens were pulled at a crosshead spéed ofIO.lcm/min. and load-

'time recordings were made to maximum load, at which pointvspecimené were
unloaded for metallographic examinatiﬁn._ Examples of fractures are shown
for three diffefent volume ffactions in Fig. 4. Tt was observed that the
crack would progress.in the matrix; a wire would fracture; the matrix

would crack again and then aﬁother wire would fracture. Thus, it was
.assumed‘thaﬁvés the créck arrngd at the matrix wire interface, the frac-
ture of the wire nebgssitéte& the fraéturé strain to be excéeded over the
_entire wire diaemeter. As the wires neéked éonsiderably before the fracture,
the‘avérage neck diaméterfwas taken as the Value of ‘1*_Qver whiéh the
vfracture strain had to be'exceeded. This is depicted in Fig. 5. The

value of 1* was measured from the photomicrogfaphé. Also determined ﬁas
the stress intensity value at whiéh wire fracture occurred. This wa.s
accompiished with the assistanée of a stres_s--wavev’cechniquell to detect
.crack'growth. Every‘time a wire fractured, an elastic wave with a
well-defined amplitude was emitted and recqr&ed. The set-up for acéom—
‘plishing'this is'schematically'shown in Fig. 6. VESSentially, the voltage

signal from the accelerometer is-amplified by the chaige amplifier;
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filtéred to cut out extraneous mechanical noises, further amplified to
drive a damped galvanometer with high freqﬁency response, and directly
recorded on én oscillograph. Typical examples of stress-wave emission
(SWE) from a crack travering steel wires - and boron fibers are shown in
Fig. 7t Noting the slight difference in time scale, there are at least
an order of magnitude more SWE emanating from thé boron fiber fracture.
Alfhough this is partly due to the fadt that there were about twicebés
many boron -fibers per unit fracture area, it can mpstly be attributed
to mulfiple breaks (5-10 typically) in the boron fibers as compared
" to single brgaks:in the steel wires. V |

Further correlatibn‘of SWE to stainless-steel wire fracture was
obtained by comparing the load drops occurring during wire fraéture
to the stress waves. As noﬁed in Fig. 8, each load drop was coincident ,
with the occurrence of a lérge SWE. Iﬁ some“iﬁétances, two SWE occurred
almost simultaneously which indicated ﬁwo wires fracturing even though
the load ohly»dropped once. For twg'lo_perdent volume fraction specimens,
metallographic sectioniné indicated s tétal of 54 fractured wires while
SWE obserﬁations indiéated a tgtal of 52. The excelient correlation be~
tween these emitted wéVés and the wire fracture allowed determination of
" when the wires were_failing. This permitted an average load and hence
an averége stress intensity: factor to be associated with wire fracture.
For'example,'in one specimen with a volume fraction of 0.10, K ranged

from 70,500 té 86,000 psi-inl/2 (249303 kg/mm3/2) for wire fracture.

TTesting of'aluminum-boron'composites ig in the initial stages and

is not reported. - This one result was shown only for comparative purposes.
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The average streSS'intensify and 2* values associated with wire
fracture are given in Table 1. Also given are the yield strength and
secondary modglus of elasticity. The seéo?dary modulus, Eé, is utilized
‘since it is appropriate t¢ a compdsite wherein the matrix is plastically
yielding and the fibers are still e}astic,'except right at the crack
tip. Experimental and thééretical'justifiéation”for using Eé'is;given
elsewhere.h The frhcture strain was then calculated from Eq. (h); This
was compared to the measured fracture strains as taken from the observed
wire diameters, e.g., &8s in Flg. L, The measured fracture strain is

obtained from

) AO o . . .
tEf = In (T) . ‘_ . _ _ (9)
' £ ' - ‘

where Ao and Af‘nefer to originai and finalicr0554sectional areas of .~
the wires. For these measurements, some of the polishing planes were not:
mid-thickness and care was taken to’reconﬁtruct profiles so that’reaéon-
,ablé esfimétes of fraéture strains_could‘be made. |

In compariné' e* andvef in éable 1, it is seen that in all cases
the calculated value is somewhat larger than the measured value. How-
ever, the dlfferences are not 51gn1f1cant and in fact, for the 21 w1res,.
the average calculated.value of 1.07 is amaz1ngly close to.the average
,measured:value of 0.93. In summary, the démonstration of a critical
crack-tlp dlsplacement or fracture strain concept for a unldlrectlonal
compos1te has been presented. It ls not unreasonable to assume that

extension of s1mllar.concepts to finer-scale microstructures may be

forthcuming.
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TABLE 1: CAICUTATED AND OBSERVED FRACTURE STRAINS

Volume Stress (a)“" No. of wires Yield - = Secondary. Critical Fracture Strains
Fraction Intensityyé {; in estimate - Strength + Modulus .4 Distancef Cale. Meas.
Ve X,psi~in~/“ ' cys,psi | E;, psix10 ..l*, in, e*(v) €p (e)
0,05 55,600 3 75,000 L7 0,00kL - 187 1.5 (e)
e | - ; - L (1.h5;1.58)(d)
0.10 °  Th,200 T 99,500 3.69 0,002 0,77 0.72 .
- ' . , ' : o (.37-1.18)
0.10 81,800 8 . 99,500 3.69 0.0057 = 1.01 0,94
B ‘ ' : . (. 69~1,16)
0.20 144,000 2 ~ 133,000 666 0.0057 130 0.91
0.20 = 123,000 1 133,000 6.66 0. 0068 0.80 0.55
| | - " (0.55)
(a) Average value for-which wire fractures were observed. o *Conversion Units:
(v). Calculatéd from Equation (4). ‘ - | : 1psi=7x 1o'h kg/mm2
(c) Measured from diameters in micrographs using Eq. (9). 1 psi-iﬁl/g = 3.5% x 107> kg/mmB/e
(d) Range ’ | , 1in. = 25.4 mm

(e) Average

099g8T~TH N
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