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FRACTURE MECHANICS OF A CO~~OSITE WITH DUCTILE FIBERS 

W. W. Gerberich 

Inorganic Materials Research Division, Lawrence' Radiation Laboratory, 
Department of Materials Science & Engineering, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

Fracture mechanics of a metal-matrix composite containing ductile-

metallic fibers is described. Experimental verification of the proposed 

descriptions has been established with an aluminum-base composite 

containing unidirectional stainless-steel fibers. Theoretical description 

of the plastic energy dissipation shows that crack propagation across 

fibers is very difficult because of the high energy density represented 

by the fiber. The fiber contribution is an increasing function of 

volume fraction which results in the critical stress intensity factor, 

K, being given by K ~ [2dVf] 1 / 2 , where d. is the fiber diameter and. Vf 

is the volume fraction. On the other hand, crack propagation between 

fibers is very easy because the inter-fiber spacing limits the plastic 

energy dissipation in the matrix. The critical stress intensity for 

crack propagation between fibers is a decreasing function of volume 
·\ 

~ i r£2 (.!v )1/2 - d] 1/2. fraction given by K ~ 
f 
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I. INTROD"U:;TION 

In order t~ utilize fully the strength of a solid, consideration of 

its fracture behavior is necessary. This has been aptly shown in the 

case of high strength, homogeneous materials using concepts based upon 

1
fracture mechanics. Similar concepts must be developed for composite 

materials if proper utilization of these are to be made. With specific 

l 
references to fracture in metal-matrix composites, Cooper and Kelly have 

made an extensive study of copper reinfor ·ed with tungsten fibers; 

2 
Baker, et al. have studied fatigue fracture in aluminum reinforced with 

silica fibers; and Mogford3 has made some general observations about 

4 
two-phase materials. Also, Tetelman has given a general review of 

fracture in fiber composite materials which presents some theoretical 

concepts for crack propagation. This, along with the study by Cooper 

and Kelly
1 

and some unpublished work by Gerberich5 represent the applica-

tion of fracture mechanics concepts to metal-matrix composites. 

Except for the latter work, 5 almost all data have been generated 

in systems with brittle fibers. Thus, there is little or no published 

information about the mechanical behavior of composite systems containing 

ductile fibers. Although perhaps of limited technological significance be-

cause of the inherent weight of ductile metallic fibers as cc:mpared to 

non-metallic o'nes, it is nevertheless instructure to understand the 

behavior of such systems with respect to the potential improvement of 

toughness in composites. Therefore, a program was devised to measure 

the longitudinal and transverse tensile properties as well as longitudinal 

(across fiber) and transverse (between fiber) crack propagation characteristics 

of a composite containing unidire 'tional-ductile f-ibers. Also, theoretical 

descriptions of energy dissipation during crack propagation for both longi-

tup_inal and transverse fracture were· made and compared with experimental results. 
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II. MATERIALS AND TEST PROCEDURES 

A material system was selected wherein ductile fiber's could retain 

their strength and ductility after incorporation in a metal-matrix 

composite. One such system consists of steel fibers in aluminum where 

diffusion bonding does not significantly degrade the mechanical properties 

of the fibers. As such a composite could be purchased commercially, 

0.1 in. thick plates with volume fractions of 0.05, 0.10, 0.20 and 0.40 

* were obtained. The particular composites evaluated were made up of the 

following constituents: 

( wt.%) c Ivb Ni Cr Mn Si Fe Cu Zn ~ 

N355 . 0.13 2.85 4.5 15.5 0.75 0.35 bal. 
stainless 
steel (0.0091 
in. diam.) 

2024-T4 
aluminum 0.1 0.6 0.5 0.5 4.4 0.25 1.5 

Preparation of the composites was essentially by hot-pressing layups at 

about 500°C in a 1000 ton· hydraulic press. Afterwards, the aluminum was 

aged to the T4 condition. Cross-sections of three volume fractions are 

shmm in Fig. l. An enlarged view of a single fiber is given in Fig. 2 

·which demonstrates the flow lines in the aluminum matrix resulting from 

diffusion bonding •. It may also be noted that there is little if any 

diffusion layer between the fiber and matrix. Additional details concerning ,.. 

the method of preparation and the interfacial characteristics are reported 

elsewhere. 
6 

-x Harvey Aluminum Company, Torrance, California 
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Standard, flat-tensile samples (0. 5 by 0.1 in. gage section) with 

aluminum doublers bonded to the ends for gripping were pulled in an 

Instron testing machine. Stress-strain curves were determined which 

allowed evaluation of primary and secondary moduli as well as yield and 

ultimate strengths. -l 
For these tests, a strain rate of 0.0002 sec was 

utilized. Also, several fibers were extracted from one of the 0. 20 volume 

fraction plates, to determine the strength of the stainless-steel rein-

forcement. Considering the fracture evaluations, there has been no generally 

accepted specimen type or procedure for evaluating the toughness of 

composites. For this investigation, a crack-line loaded sample as 

depicted in Fig. 3 was chosen since it is relatively small in size, is 

easy to fabricate, does not fracture at the load points and is conducive 

to a fracture mechanics analysis. With this specimen configuration, there 

is about a 10:1 mechanical advantage with respect to failing the specimen 

in uniaxial tension. For this reason there is no danger of failing the 

specimen at the loading pin holes. The ~ress intensity has been described 

in terms of the crack length to width ratio by Srawley and Gross for 

several similar types of specimen configurations. 7 Knowing the load (P), 

the specimen thickness (B),.width (W), and crack length (a), the stress 

intensity can be determined from 

K = 
p (l) 

where f (~) is given in 'Fig. 3. It is seen that f (W) is also dependent 

upon W/Hp 1>1here Hp is the half-height of the specimen. The height of the 

specimen ·was not always the same because of material availability, but W/H . p 
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did stay within the limits indicated in Fig. 3. These specimens were 

pulled in an Instron at a crosshead speed of 0 .• 04 in/min and K was cal .. 

culated at maximum load and at the point of unloading after significant 

slow crack grm'lth had occurred. After unloading, specimens were sectioned 

to allow metallographic observation of the crack front and the broken 

fibers. 

III. UNIAXIAL TENSILE BEHAVIOR 

Mechanical properties of the individual constituents are given in 

the following tabulation: 

Modulus of Poisson's Yield Strength Ultimate 

Stainless Elasticity (psi) ratio (psi) Strength 
6 

Steel Fibers 30.0Xl0 ~0.3 432,000 450,000 

2024-T4 Al l0.5Xl0
6 

0.33 50,000 68,000 

The stainless steel results represent the average of 10 tests while the 

aluminum data are nominal values taken from the literature.
8 

Since 

Poisson's ratio is nearly the same for fiber and matrix, this factor is 

not considered in the following analyses. Results of longitudinal and 

transverse tests of unidirectionally-reinforced systems are compared to 

theoretical estimates below. 

A. Longitudinal 

In the stress range where both fiber and matrix are elastic, the 

primary modulus is given by the simple rule of mixtures, 

E = EfVf + E V c m m 
(2) 

where E are moduli, V are volume fractions, and the subscripts denote 

composite, fiber and matrix. Slight warpage of the plates in the 

longitudinal direction prevented accurate determination of the primary 

(psi) 

.. 
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modulus.in:all·cases. _Nevertheless, limiteddata.shown in Fig. 4 compared 

reasonably. well. to Eq. (2}. •· As the matrix yields and the wires remain elastic, a 

secondary modulus of elasticity is observed. A lower bound estimate of 

this is given by 

(3) 

vlhich assumes the matrix to give no· contribution. However, for a work

hardening matrix, a more accurate relationship is9 

(4) 

where E 
m 

E 

represents the average modulus in the matrix over the strain 

range where the secondary modulus is encountered. A theoretical con-

struction of Eq. ( 4) involves measuring the average slope of the matrix 

stress-strain curve for the strain range wher.e E' occurs. Rather than 
c 

measuring the tangent modulus at a number of points and averaging, an 

estimate was made by simply measuring the slope betw·een the end points of 

the desired strain range. This, then, represented the modulus contribution 

of the matrix. Equation (3) gives a very close lower bound estimate of 

the secondary modulus in Fig. 5. Incorporating the matrix contribution 

in Eq. ( 4) provides an excellent representation of the data for volume 

fractions ranging from 10 to 40 percent. The anomalous data point at 

a V f of 0. 05 possibly indicates that .there is a lower bound on the volume 

fraction below which the fibers can move more independently of each other. 

The strength data could also be described by a rule of mixtures. 

In terms of a perfectly elastic-plastic matrix, this is given by 

0 ==0 V +crV 
c ffiys m f f 

(5) 
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where a are stresses, the YS denotes yield strength, and the other 

notation is as above. However, if some strain-hardening in the rna trix .. 
occurs and the total plastic strain at fracture is considerable, then 

a more realistic estimate is 

(6) 

where UTS denotes the ultimate strength. These two relationships are 

seen to approximately represent the lower and upper bounds for the ob-

served behavior in Fig. 6. Equation (6) is slightly favored since 

elongations of 5 to 10 percent were realized which resulted in considerable 

strain hardening of the matrix. 

B. Transverse 

During the longitudinal tensile tests it was observed that delamirta-

tion occurred during failure of the 40 percent volume fraction samples. 

It was presumed that this was due to a relatively weak fiber-matrix 

interface and so the contribution of the interface to transverse strength 

was considered to be negligible. However, at low stresses where con-

tinuity across the interface was maintained, there would be an effect on 

the primary modulus of elasticity. As depicted in Fig. 7, the appropriate 

parameters for inter-fiber spacing, A, and center-to-center fiber 

spacing, A', are given in terms of the volume fraction and fiber diameter, 

d, by 

d (~) 
l/2 

A' =: 2' vf 

d (~) 
1/2 

A =: 
2 - d (7) 

vf 
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The ms.trix contribution to the primary mouulus may be obtained from the 

area represented by A.. The matrix area is 

(8) 

vrhere Nf is tho number of fibers ih a single plane (Fig. 7) and vJ is the 

width of the tensile sample. With the number of fibers in a thickness, 

B, given by B/A.', the area fraction would be 

= -- (9) 

Combined with Eq. (7), this leads to 

A· · vf 1/2 
: = 1 - 2 C7r) . (10) 

As long as the interi'ace is bondtCd, the transverse primary modulus 

could be given by 

= E 
li1 

Equations (10) and (ll) combine to glve .. 

(11) 

(12) 

Although the data obtained \·rere ver~;r limited, agreement with Eq. (12) · · 

in Fig. 8 is reasonably good. If anything, Eq. (12) would be an upper 

bound since any degredation of the fiber-matrix interface prior to 

testing wou1d :reduce the fiber contribution. As might be expected, no 

secondary modulus of elasticity i·Jas observed for transverse tests. 
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Considering the transverse strength, with no interface contribution, 

the strength is only dependent upon the area fraction given by Eq. (10 ). 

Thus, 
vf 1j2 

a =a c1-2(rr) J 
CT nurs (13) 

This is essentially identical to that derived by Cooper and Kelly10 for 

no interfacial contribution. Using 68,000 psi for the matrix ultimate 

strength, Eq. (13) is seen to represent the data very well in Fig. 9,. 

In reflecting upon the transverse characteristics, it is seen that 

interfacial bonding has a significant effect on the modulus but essentially 

has no effect on the ultimate strength. This may be construed to mean 

that there is a critical stress or- strain beyond which the interfacial 

bond breaks down, the critical point being well below the ultimate strength. 

IV. FRACTURE MECHANICS 

Crack propagation was studied both normal and parallel to the fibers. 

Cracking parallel to (between) the fibers occurred easily but at the high 

volume fractions, crack propagation normal to the fibers was difficult 

and occasionally splitting occurred. This was partially overcome by side 

grooving the specri.:rhens as noted in Fig. 10. However, in no instance could 

the crack be made to move large distances normal to the fibers when the 

volume fraction was 0. 40. This may be interpreted in terms of Cook ahd 

Gordon's analysis11 which predicts that splitting will occur during 

crack propagation if ac /ac < 0.2. A short tabulation of the transverse 
T 

and longitudinal strengths in Table II is seen to verify this. Analysis 

·of the stress intensity factors for crack propagation occurring normal 

and parallel to the fibers follows. 

" 
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A. Longitudinal Fracture 

In those cases where crack propagation occurred across fibers, there 

was no instability and slow crack growth occurred under a nearly constant 

stress intensity factor. Thus, a critical stress intensity factor could 

be calculated either .at maximum load or at the point of unloading for 

metallographic examination. As seen in Table I, the stress intensity 

factors for these two loads are nearly the same. It may be noted that 

the stress intensity factor for crack propagation increases rapidly as 

the volume fraction increases. To obtain an appreciation of this fact, 

stress intensity data normalized on yield strength and plotted versus 

the yield strength to density ratio are compared to data for conventional 

steels in Fig. ll. The significance of this plot is that a measure of 

safe design in the presence of a crack equal in length to the thickness 

of a fabricated item is given by 

if the yield strength is the desired operating stress level. 
12 

Thus, 

the fact that Kc/r:sys is increasing woUld mean that the reliability of the 

component were increasd.ng, at least for cracks propagating across the 

fibers. The K/r:sys ratio is very high at yield strength to density ratios 

equivalent to 330,000 psi strength steels. 
·. 13 

Even the best maraging steels 

do not approach half the K/r:sys value of this composite at these strength 

levels. The reason for this behavior is explored in the following 

derivation 'of the work to fracture as a crack propagates across the 

fibers. 

' In Fig. 12, it is seen that the crack propagation is a relatively 

sequential affair in that the crack continuously grow·s across both fiber 
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and matrix. The: second point of interest is that the stainless steel 

-)(-

fibers neck dmm a,r; a micro--tensile bar for all volume fractions. A 

third point is that there is a hir:hly deformed strip on botb sicles of 

the fracture path about equal in si2e to trw diameter, d, of the fiber. 

These observations may be utilized to determine the work to fracture 

from 
€ 

W -- f(V f,h) f
0 

u u d E (15) 

where h is the height of the severely deformed strip and the integral 

represents the strain energy density of the strip in terms of stress 

and strain to fracture. For the fiber contribution, one may approximate 

the plastic strain energy density by ufEf' 1·rhere o·f is the nominal fracture 

stress and Ef' is the true fracture strain. This approximation is dis

cussed further in the Appendix. 'J'he plastic -vrork in one fiber vmuld be 

(16) 

vrhere A is the cross-sectional area of the fiber. The total work 
0 

considering all fibers may be detu·mined considerjng the area of all 

wires. This is given by 

2 
1rd B 

Atotal = 4 ' T• (17) 

where A.' is r;iven by Eq. _ (7). CoJnbining Eqs. (7), (16) and (17) and 

substituting Atotal for A
0 

in Eq. (16) leads to 

-x- Because of splitting, similar micrographs of the 0. 40 volume fraction 
specimens were not obtainable; hovrever, extraction of fibers from the 
fracture surface also derr,o::mstrs.ted these to be necked. 

\. 

. i 

. ' 

. ' 

1.·. 
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(18) 

The work per unit fracture area for the fibers would thus be 

(19) 

It should be pointed out that this is identical to what Rice14 obtained 

on theoretical grounds for his strip model if the plastic strip height 

is taken as 2d and the volume fraction is unity. 

For the matrix contribution, Tetelman5 has considered Kelly's 

model
1 

and determined 

(20) 

where a is the ultimate strength of the matrix and € is the uniform m m 

strain in a tensile test of the matrix. Taking the energy dissipation 

to be the sum of the fiber and matrix'contributions and the relationship 

beh-1een G and stress intensity gives 

(21) 

It may be noted that E' is the secondary modulus of elasticity which 
c 

is assumed to be the appropriate value wherein the matrix is undergoing 

gross plastic flow even upon unloading. For comparison to the experi-

mentally-observed K values in Table I, Eqs. (19), (20), and (21) give 

K ::: {E' 
c 

(22) 

The values used for the matrix were 68,000 psi for a and 0.105 for € • 
m m 
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For the fiber, af was 450,000 psi and Ef as taken from a separate study15 

of the same specimens was determined to be 0.93. These later measure-

ments considered the reduction of area observed at the neck region in 

photomicrographs such as Fig. 12. The fiber diameter was 0.0091 in. and 

E' was taken from Fig. 5 for each volume fraction. These values in 
c 

conjunction with Eq. (22) are compared to the experimental values in 

Fig. 13. The agreement is reasonableowith both increasing trends with 

Vf and the quantitative values being predicted within about 20 percent. 

In reflecting upon certain of the assumptions, it is first realized 

that the strain energy density is at best a rough approximation. It may 

be argued that this is an upper bound value; however, the plastic region 

often exceeded the strip height of 2d as may be noted in Fig. 14. Thus, 

the slight overestimate of wd and the slight underestimate of the plastic 

strip might compensate for each other. Secondly, the use of the secondary 

modulus of elasticity has some theoretical basis. Rice
14 

has shown that 

in the small volume of material adjacent to the crack, the fracture 

criterion is dependent upon the unloading path. With these composites, 

I 

the unloading path would actually be dependent upon both E and E but 
c c 

the predominant term is E'. Moreover, a separate analysis15 of the 
c 

fracture strain in these ductile fibrous composites provided 

correlation between theory and experiment using the secondary modulus. 

B. Transverse Fracture 

A single value of critical stress intensity was determined for each 

of triplicate tests at each volume fraction level. These data were then 

compared toa theoretical model as derived below. It was observed that 

in all cases the crack propagation occurred by alternate shearing between 

two rows of fibers such as depicted in Fig. 15. If it is assumed that 

the region of high plastic deformation is limited to the immediate 
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vicinity of the shear fracture, then a first order approximation for 

the volume of material involved in plastic energy dissipation would be 

V - (A.' -d)A.' ·N •W m - f (23) 

where Nf is the nwnber of fibers across the thickness. In terms of 

volume per unit fracture area, this becomes 

V /A '"' A.' -d m 
(24) 

Following the definition for work per unit fracture area described under 

longitudinal fractur~, 'this in conjunction with Eq. (24) gives 

and the critical stress intensity for transverse fracture is 

a E m m 

(25) 

(26) 

where E is the primary modulus of elasticity in the transverse orien
cT 

tat ion. Several points require discussion. First, E is appropriate 
cT 

since relatively low stresses are involved where no gross yielding of 

the matrix takes place outside of the immediate fracture. Also, no 

secondary modulus was observed in the transverse tensile tests. Secondly, 

no fiber contribution is included in Eq. (26) which is reasonable because 

the low stresses involved caused little if any plastic deformation in 

the fibers. This does not mean that the volume fraction of the fibers 

plays no role since it is the predominant factor in the limitation of 

plastic deformation in the matrix. Actually, Eq. (26) predicts zero 

resistance to crack propagation for V f = 0. 785 1<1here the fibers would 
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be in contact throughout. If no interfacial bonding existed, this would 

be a reasonable limit. 

Finally, the highly idealized case in Fig. 15 is quite unlikely; 

it nevertheless indicates the general geometrical limitation to the 

plastic energy dissipation process. The approximate validation of this 

approach was obtained by examination of the fracture plane in one 10 

percent volume fraction composite. As depieted in Fig. 15, the fracture 

plane between fiber rows is shown in Fig. 16. A region of severe 

plastic deformation was identified through examination of fractured 

inclusions (probably intermetallic compounds). Within this region, the 

" large particles were fractured (Fig. 16b) and out side of it they wer~ not. 

An examination of thre~ such areas showed that the measured zone ranged 

from 0. 020 to 0. 028 in. with the average being 0. 0248 in. while 'A.' was 

calculated to be 0.0255 in. Thus, Eq. (23) has some experimental basis. 

It should be e~phasized that this observation is limited to these com-

posites where the interfacial bonding is low. If the bond were much 

better, one might expect the region of severe plastic deformation to 

extend over a greater distance than 'A.'. 

A comparison of Eq. (26) with the experimental observations was 

accomplished using the values of cr and € as above and the value for m m 

E from Fig. 8. The resulting comparison in Fie?j· 17 indicates the 
CT 

analysis to be approximately 15 percent high but nevertheless predicts 

the trend in the data very well. Considering the uncertainty in such 

values as am and Em which might be reduced appreciably during composite 

fabrication, the agreement is reasonably good. 

... 
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C. Displacement Measurements 

One further comment is in order about using continuum models to 

describe fracture in two-phase systems, With respect to crack growth 

across fibers, it was observed that the gaps between broken fibers were 

increasingly larger with greater distances behind the crack tip. Two 

photomicrographs illustrate this behavior in Fig. 18 for 10 percent 

volume fraction specimens. Because this is what would be theoretically 

expected, it was of interest to ascertain if these gaps gave an indication 

of the theoretical displacement distribution. At any distance in front 

. . . b 16 of or behlnd the crack tlp, the theoretical displacement is glven y 

2a sec e2crYS [ sin
2

(e2-e) (.sinB2 +sine)2 J 
2v = coselog sin2(e2+e) + cose21og 

( sine2 -sine )
2 X 7TE 

e2 (2:0" ); case X (27) = = asece2 YS 

The X coordinate has its origin at the center of the crack (e.g., for 

the displacement 0.05 in. behind the tip of a 2 in. long crack, a = 1.0 

in. and X = 0.95 in~). One modification of the data had to be made for 

calculation purposes. Equation (27) was derived for a crack in an 

infinite plate under uniform loading. Such is not the case for the. 

experimental data. However, it is a simple matter to convert the 

applied stress intensity, K, that was observed in the present tests to 

an equivalent ~pplied stress that may be used in Eq. (27). An approxi

mate value of K was taken as 80,000 psi-in1/ 2 for the 10 percent volume 

fraction specimens. For a crack 0.86 in. long and the infinite plate 

solution 
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K = a J"rra ( 2 8) 

an equivalent applied stress is calculated to be 48,500 psi. This value 

of a was then utilized in Eq. (27) along with aYS = 95,000 psi and 

E' 
c 

6 
3.69x10 psi to calculate the displacement distribution. 

For comparison, measurements were made of the gaps between wires 

which were indicated in Fig. 18. It is also seen in Fig. 18 that the 

fibers have necked considerably before fracture which should be taken 

into account in the measured displacement. It appears as though the 

fibers are severely defo.rmed to a distance about equal to or slightly 

greater than the fiber diameter on either side of the fracture. If 

this distance is multiplied times the experimental fracture strain, then 

this would roughly estimate the displacement in the fiber before fracture. 

A measured estimate of the displacement at each fractured fiber is 

thus given by 

(29) 

For those fibers that did not fracture ahead of the crack, displacements 

could be estimated by measuring the necking strains, € • The displacement 
n 

was approximated by 2d€ and where more than one neck occurred, this 
n 

was taken into account. Care was also taken to account for the fact 

that the polishing plane of the metallographic samples was not always 

mid-thickness in the fiber. In these instances, profiles were constructed 

to allow true estimates of € • The resulting measurements are show·n in 
n 

Fig. 19 along with the calculated displacements from Eq. (27). Observations 

in specimen lOF were taken from two layers of fibers where the average 

Ef was 0.72. The observations in specimen lOE were taken from the 

'· 
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first layer of fibers where the average €f was 0. 93. The comparison 

between observed and calculated values of 2v is good. However, it should 

be pointed out that certain elastic effects were ignored in the calcula-

tion. For example, the spring back in the fiber upon fracture and the 

relaxation in the gaps during unloading were not considered •. However, 

these are. competing effects and could tend to cancel each other. 

Besides the 10 percent volume fraction specimens, limited displace-

ment data were available for 5 and 20 percent volume fractions. One 

observation on a 5 percent volume fraction specimen showed a fractured 

fiber at the crack tip to have a fracture strain of Ef = 1.58 and a 

0. 0052 in. gap between fractured ends. Using Eq. (29), the measured 

displacement was 0.0337 in. The calculated crack-tip displacement, 

using the experimentally-observed value of 0 •. 52x106 psi forE', the 
c 

yield strength of 75,000 psi and the stress intensity factor of 65,400 

.. l/2 0 ll . ps1-1n was • ln. This value of 2v is considerably· greater thari 
c 

the measured value. However, it was ob.served in Fig. 5 that the experi-

mentally-determined value of E~ for V f = 0. 05 was not in agreement with 

theory. If the theoretical value of 1.7x1o6 psi is used forE' the 
c ' 

calculated value of 2v is 0. 0335 in. which is very close to that ab
c 

served. Similarly, one observation in the 20 percent volume fraction 

composite was that a measured gap of 0.001 in. existed between fractured 

ends of one fiber exhibiting a fracture strain of 0. 80. From Eq. (29), 

these values gave a measured displacement of 0.0156 in. Using the applied 

stress intensity of 123,000 psi-in1/
2

, a yield strength of l33,000·psi 

and a secondary :rriodulus of 6. 66x1o
6 

psi leads to aealculate~ displacement 

of 0.0171 in. which is very close to the observed value. 
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Thus, on an overall basis, agreement between experimental and 

theoretical displacements would tend to support the approximate approach 

used wherein the secondary modulus of elasticity is appropriate to a 

fracture process across unidirectional composites containing ductile 

fibers. 
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V. CONCLUSIONS 

In this study of age-hardenable aluminum matrix reinforced with 

unidirectional stainless steel fibers possessing strengths of about 

.. 
450,000 psi, the following findings are applicable. 

~ Uniaxial Characteristics 

1. Strengths as high as 220,000 psi were obtained in the direction 

parallel to the fiber but the corresponding transverse strength was only 

15,000 psi. 

2. The rule of mixtures applied for volume fractions up to 40 per-

cent with primary and secondary moduli and ultimate strengths agreeing 

well with predictions for both longitudinal and transverse properties. 

3. For this composite, interfacial bonding was sufficiently strong 

to provide a fiber contribution to the transverse primary modulus but 

was not sufficiently strong to provide a contribution to the transverse 

strengths. 

B. Fracture Characteristics 

1. Crack propagation across fibers was controlled by the very 

ductile, high-strength,fibers which demonstrated a cup-cone tensile 
) 

failure with a true fracture strain near unity. 

2. Resistance to crack propagation across ductile fibers was 

excellent with critical stress intensity factors equal to or greater 

than the yield strength being maintained to strength levels equivalent 

to 330,000 psi strength steels. 

3. A plastic strip model for crack propagation allows description 

of the critical stress intensity factor, K, for crack growth across 

fibers. K is mostly dependent upon the fiber contribution which is 
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[ ,l/2 
given by K cc. 2dV fJ · whe:re d is the fiber diameter and V f is the volume 

fraction. 

4. Crack propagation between fibers was controlled by the fiber 

spacing which limited the region of plastic deformation around the 

advancing crack in the matrix. 

5. Transverse crack propagation characteristics were poor with 

critical stress intensities being as low as one third that of the 

matrix. 

6. A plastic strip model for crack propagation between fibers 

shows that K cc [ £. (!-)1/ 2 - d] 1/ 2 • 
2 vf 

7• It is emphasized that these findings would have to be modified 

for systems showing a substantially better interfacial bond. 
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APPENDIX 

A direct determination of the plastic work is not possible· since 

the strain is continuously changing from the fractured end to the 

elastic-plastic boundary. For example, at a position d above the frac-

tured end, the plastic strain energy density is nearly zero since this 

is approximately the elastic-plastic boundary. On the other hand, at 

the fractured end, E = Ef' and the energy density in terms of true 

stresses and strains would be 

(A-1) 

where crf is the ·nominal fracture stress. For the fibers of this inves

tigation where €~ is near unity, this result may be approximately 

expressed as 3/2 crfEf. The strain energy density in the fiber could 

then be approximated as the average of this value and zero at the 

elastic-plastic boundary or 3/4 crfEf" The plastic work over a distance 

d on both sides of the fracture would then be 

(A-2) 

A somewhat more exact result may be obtained by integrating the strain 

energy density over the plastically deformed region d. Thus, 

= 2 fd w dy 
0 d 

(A-3) 

Using an approximation for the strain as a function of distance from 

the elastic-plastic interface as shown in Fig. A-1, 
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(A-4) 

This in conjunction with Eq. (A-3) gives 

(A-5) 

For Ef near unity, this reduces to 1:.67 crfEfd which may further be 

approximated as 2crfEfd as an upper bound. 

.. 



.. 

... 
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Table I. Longitudinal Fracture Data 

Volume 
Thickness(a) 

Crack Lengths, in. Loads 2 lbs. Stress.i~ti?~ities 
ps1-1n 

fraction Width 

vf in. in. Initial Max. Load Unloading Max. Unloading Maximum 
a a a p p K 

0 m u m u m 

0.05 2.00 0.097 0.75 0.80 0.80 1280 1280 65,400 

0.10 2.05 0.103 0.73 0.795 0.86 1770 1440 80,000 

0.10 2.00 0.103 0.74 0.835 0.93 1715 1520 85,300 

0.20 1.96 0.060 0.75 ' 0.95 1.00 1450 1390 156,000 . 

0.20 2.04 0.054 0.75 0.84 0.84 1545 1545 145,000 

0.20(b) 1.04 0.105 0.66 o.69 0.69 2330 2330 159,000 
0.20(b) 1.22 0.104 0.655 0.68 0.68 2480 2480 129,000 

0.40 2.00 0.025 0.73 0.80 0.80 >1125 (c) 
:::220,000 

(a) Thicknesses less than ~ 0.10 inches represent side-grooved specimens. 

(b) These specimens were remachined from specimens with no side grooves that .had previously split. 
Since the resulting geometry was quite different, the appropriate stress intensity equation: is 
K = Y • P(al/2) /BW with Y being 9 and 6 for the two specimens, respectively. 

(c) Specimen split 90° to crack at this point. 

Unloading 
K 

u 

65,400 

71,500 

86,000 

161,000 I 
[\) 

145 ,ooo "[' 

159,000 

129,000 

(c) 
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Table II. Observations of splitting during crack 
propagation 

..:..~ 

vf a ' psi a 
c ' 

psi a /a Splitting? 
c T CT c .•. 

0.05 81,000 56,100 0.69 No 

0.10 99,000 43,200 o. 435 No 

0.20 138,000 33,000 0.24 Sometimes 

0.40 220,000 15,200 0.069 Yes 
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