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Abstract

Short-fiber composites usually have low strength and toughness relative to continuous fiber
composites, anintrinsic problem caused bydiscontinuities at fiber ends anahterfacial
debonding. In this work, wéabricated a model polyethylene bone-shaped-short (BSS) fiber
reinforced polyester-matrix composite to prove that fiber morphology, insteactesfacial
strength, solveshis problem. Experimental tensile and fracture toughness test rehdis

that BSS fibers can bridge matrexacks more effectively, and consume many timese
energy when pulled out, than conventional straight short (CSS) fibers. This leads to both higher
strength and fracture toughness for the BSS-fiber composites. A computational model was
developed to simulate crack propagatiorbath BSS and CSS-fiber composites, accounting

for stress concentrations, interface debonding, and fiodlout. Model predictionswere
validated by experimental results awdl be useful in optimizing BSS fiber morphology and
other material system parameters.

1. Introduction

Engineered composite materials are well known for their superior properties. For
instance, fiber-reinforced composites have supemoechanical properties ovetheir
unreinforced matrix. For civilian applications, cost is often a deciding factonaterials
selection. Comparedvith continuous fibercomposites, short-fiber composites acest
effective becausethey can be adapted to conventional manufacturing techniques [1-6].
However, the application of short-fiber composites has so far been limited primaligytto
load-bearing components, because of their low strength and toughness.

The relatively low strength and toughness of short fiber compositesnainesic
problems caused by two main factors. First, numerous discontinuities provided bgnfitser
can produce stress concentrations on nearby fibers and promote matrix microcratkiege at
ends. These microcracks, which occur even prior to fiber failure, most likely coalescento
a large main crack. Second, the fiber/matrix interface is oftémitng factor for improving
mechanical properties ahort fiber composites [7-10]With respect to interfaceelection,
there exists a trade off between the strength and toughness of short-fiber comphoigjtes:
strength is often obtained at the sacrifice of toughness. For a short fiber composite, a strong
interface is desirable to transfer load from matrix to fibers, since relatively stromgegaces
can increasdhe effective fiber length over which the fiber carries load [11-13pwever,
strong interfaces and nearby fiber ends can produce stress concentrations which induce fiber
failure rather than fiber bridging armlll-out, particularly in response to an approachgrgck



[14,15]. Even for compositesvith highly ductile matrices, such as metal apdlymer

matrices, strong interfacesill promote successive breakage of adjacent fifiEss/], and

interfacial debonding and matrix cratkidging are not dominatingfailure mechanisms[16].

Weak interfaces, on the other hand, can reduce stress concentrationshant diber by

debonding. However, they also significantlgcreasethe effective length of the fiber that

carries load, rendering the fiber ineffective in strengthening the matrix. Extremeasdk

interfaces may result itomplete fiber interfacial debonding angbullout, producing a

significant loss in composite strength with no or minimal improvement in composite toughness.
A new concept to overcomthe interface problem of short-fiber composites hasn

recently reported: fiber

morphology design [17,18] In :

previous work [17], shorfibers 6mm | —

were designed to have two =] k= . fomposite /

enlarged ends. Because of the S :II'HIII o (@) |_|

resulting appearance, these w
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two enlarged ends by matrix-

fiber interlocking As a result, a

weak interface can be used to :

allow easy interfacial debonding P
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concentrations, but  without

compromising fiber-matrix load

transfer. Composites reinforced
with BSS fibers have been
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reported to have higher strength //{| / [T)] || i )
and higher stiffnessput lower O : AN | | \
strain-to-failure [17].  In this : : +°1|
work, we have further studied the ~ \ \\ | “ \|\|’\|

strength and fracture behavior of
these BSS-fiber composites, as
well as the crack-bridging
capability andpull-out resistance
of BSS fibers. a
The effectiveness  of
these BSS fibers for different _. .
- : Fig. 1 Asketch of (a) an undeformdaCB specimen and (b
composite material systems can, %IeformeoDCB spe(ci)men. P (b)
be predicted using computational
micromechanical modeling
which simulates crack propagation and macroscopic responsthis lstudy, acomputational
model was developed and simulations were caraetto studythe effect of the BSS fiber
morphology on crack-bridging and fracture resistance. In particular, the influencasdom
variations in fiber location and stress concentrations, caused by nearby fiber emdacion
propagation were accounted for.
In this paper, we first describe the experimental procedurecamgparethe BSS-fiber
composite strength and toughness reswite that of conventional straight short (CSS) fiber




composites. We therollow with development of a AF
computational model ands predictions andclose with
implications of our results and future work.
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2. Experimental Procedure |

Le

Continuous commercial polyethylene (Micro

Dyneemd") fibers with diameter d = 160 pm and
Young's modulug& = 68.5 GPa were used moanufacture
both the BSS- and CSS-fiber composites. The BSS fibers
were processedusing a small hydrogen torchvhich
severed the fiber and caused the polyethylene to 'bead’ up
at the ends [17]. As a result, the enlarged ends of the BSS

fibers looked like mushroom caps. The CSS fibsese

precisely cut using a pair of scissors. blrk, theYoung's Q

modulus E,,, and shear modulu& of the matrix were v

measured as ~500 MPa and ~170 MPa, respectively. F
Tensile testspecimens ofshort-fiber reinforced

. . . . Fig. 2 Asketch of single-fiber
polyester matrix were fabricatedith short-fibers well pugllout testing. The fi%er is

aligned in the longitudinal (loading) direction [17]. The empedded irthe matrix for a
matrix was thickenedavith amorphous fumed silica so as |ength of L, and its

to suspend the fibers in the matrix before curilReaders unembeddedength is 20 mm.

are referred to [17] for more details on the fabrication of The matrix is in cubicshape
these tensile composite specimens. Doutdatilever with each edge =12 mm.

beam (DCB) samples were also fabricated to measure the

crack resistance of the composites (Fig. 1a). The short fibers were oriented perpendicular to
the precrack and as ithe tensile specimen, were well aligneBecause othe difficulty in
fabricating a whole DCB specimewith aligned fibers, only thesection of thespecimen
immediately ahead of therecrack was composiwwhile other parts were matrix. Thip of

the precrack was sharpenedth a blade before testing. As shown in Fig. 1a, a groove was
machined orbothsides of the specimen to prevent the crack from deviating froringef
symmetry. Forboth the BSS- and CSS-fiber composites, the tenslgecimenswere
fabricated with/ = 3.0 and 4.5 mm short fiber lengths and the DCB specimens withO mm
fiber lengths. The fiber volume fraction in all specimens was approximately 5%.Véiloene
fractions and fiber lengths were limited to these values by the curing and aligproeatiures
[17].

Single-fiberpullout tests were also performed to compdhe pull-out resistance and
consumed energies of the BSS and CSS fibers and to estimate fiber-matrix interfacial strength
for subsequent modeling. Tlample dimensions artdsting rigare shown in Fig. 2. The
embedded lengthise were chosen as 3.5 mm and 6.4 mm.

All composite samples were fabricated using $hene matrix material and allowed to
cure in air at room temperatufer seven days beformechanicaltesting, in order to attain a
consistent matrix properties. All mechanical tests were conducted using a Model 1125 Instron
testing machine. For tensile testing, an extensometer with a gage length of one indedas

to measure the strain, and a constant strain rate of'i1@as applied. For DCB testing, an
LVDT was used to measurthe crack opening, while a traveling microscope was used to
measure thén situ crack length. Fracture surfaces were investigated using a JEOL 6300FXV
Scanning Electron Microscope (SEM).



3. Experimental Results and Discussions

3.1 Tensile Properties

In Fig. 3 are pictures of (a)-(c) BSS-fiber and (d) CSS-fiber reinform@hposite
specimensduring tensile testing. Figure 3ows that at 5% strain, tlseirface of theBSS-
fiber reinforced composite specimdér®camerough. The rougtsurface was caused by the
non-uniform stress state of the polyester matrix as a result of the spatial variation in the
location of the fibers. In the failure process, some of the BSS fibers contributed to forming the
crack and some contributed boidging thecrack and eventually wereulled-out. Matrix
crack formation wadound to be mordikely in regionswhere several ends wen@ughly
aligned along a plane perpendicular to the straining direction. The arrow in RigliGates
such a weak cross-section loifjh local stress concentration, appearing as a liseaface
groove across the specimen surface.

Upon further straining, a matrierack wasinitiated at this site (Fig. 3bjut was
effectively bridged by BSS fibers to prevent catastrophic failure of the specimersufiaee
area directly above and below the crack is smooth due to stress relaxation in these areas, while
the surface away from the crack is ratmeugh. As thespecimen was further strained, it
becamebent as the main matrix crack propagated in a stable mannerldfomo right with
BSS fibers pulling-out in its wake, and a second matrix crack developed (see arrow3dn)Fig.
In contrast, CSS fibers could not as effectively bridge the matrix crasklting inimmediate
pull-out and sample failure once a matrix crack formed (Fig. 3d)bothcases,the fibers did
not fracture, composite strength was dominated by matrix craitiation at fiber ends, and
fiber bridging and pull-out.

Fig. 3 In situ pictures of (a) - (c) BSS-fiber reinforced afd) CSS-fiber reinforced
tensile specimenduring tensiletesting. The engineeringstrain states are (&%, (b)
13%, (c) 20% and (d)25%.



What we have discussed above is thacroscopic observation tiie tensile failure
process of BSS- and CSS-fiber composites. More insightful information can be olitamed
microscopic fractographs of these composites (Figs. 4 and 5). For the BSEehgosites,
the crack usuallynitiated at fiber ends (Fig. 4a), or atirface flaws on the specimgsee
arrow in Fig. 4b). The mairrack propagated by coalescimgth small cracks formed at
nearby BSS-fiber ends. The smaller cracks were oftéronthe same plane athe larger
crack, resulting in a very rough fracture surface. Because of the processing technique used in
this study, theends of BSS fibers were usually disk-shapedth their broad face
perpendicular to the longitudinal axis of the fiber. When a compepgeimen was loaded in
tension, each fiber end acted much like a crack oriented perpendicular to the loading direction.
Though thebulk polyester matrix can sustain relatively large deformations, as shown by the
matrix stress-strain curves in Fig. 6, the complex, triaxial stress state of the matrix material in
the compositenakesthe matrix crack sensitive. When a matrix crackniiated at a fiber
end, the polyester matrix behaves irbratle manner, as evidenced by the river-marks in
fractographs oboth BSS- and CSS- fiber composites (Figs. 4 and 5, respectivalfese
river-marks are similar to that on the fractured surface of a typical brittle ceramic material. As
a crack propagates, some BSS fibérglging thecrack might be pulled outwhich is a
difficult process because of the enlarged ends. pilleut process consumed largenounts
of energy, since it resulted in extensive damage to the matrix (Fig. 4c).

Figure 5 shows the fractographs of several CSS-fiber composite samples. Figure 5a
shows a fracture surface which formed from a cragkated at a fiber endsee thearrow
mark). The small crack propagated slowly at the beginning, leaving a smooth mirrardike
Once the crack grew to a critical size, it propagagestkly across the wholespecimen,
leaving a relatively flat fracturgurfacewith river marks. Figure 5b shows a case irofial
crack formation from clustered fiber ends (see arrows in the figure). No smooth noinmer
associated with slow crack propagation can be seen, apparently bétawsack grew to an
unstable size by coalescence of several small cracks. Once thereaabtled a criticasize,
it propagated through the entire cross- section of the samuleyg outfibers inits wake. It
can be seen from the river marks that the sample failed from a single(Eigclkbb). This is
consistentwith the observation in Fig3 that thecrack propagateduickly afterits formation.

In contrast to BSS fibers, the pullout of CSS fibeic notresult in much matrixdamage(Fig.
5c¢), which means less energy was consumed during the pullout process.



The
different failure
processes of the
BSS- and CSS-
fiber composites
have a significant
effect on their
mechanical
response under
tensile loading, as
revealed in the
strain-stresscurves
shown in Fig. 6.
The maximum
strengthsmeasured
for each sample
are indicated by the
circles on these
stress-straincurves
and are also listed
in Table I. Firstly,
despite the
relatively small
volume fraction V¢
and short fiber
length/; these BSS

fibers were
extremely effective
in strengthening the
bulk matrix
material.

Secondly, the

average strengths
of the BSS-fiber
composites are
greater thanCSS-

fiber composites by
11.1% and 22.4%
for sampleswith [

=3.0and 45 MM, Fig 4 SEM  micrographs  of Fig.5 SEM  micrographs  of
respectively. The fracture surfaces of BSS-fiber fracture surfaces of CSS-fiber

strengths  of both  composites. composites.
BSS- and CSS-

fiber composites should approach the strength of continuous fiber compositaacasases
further, and likewise, approach the strength of particulate-reinforced compositgs as
decreases. Thereforalthough the difference in strength between the BSS-G®8-fiber
composites may continue to increase (as shown in Tiabikewill eventually decreasewith
increasing L In other words, we expect there exists an optimuat which BSS-fiber
compositeswill have the largest improvement in strength over CSS-fiber composites for a




Table I. The maximum strengths of the BSS- and CSS- fiberposites

(fiber length/ = 3.0 and 4.5 mm, respectively).

The matrix stress at the

circle on the stress-strain curve is 11.5 MPa.

Composite strengtb, (MPa)
Sample # _ [=3.0 mm _ [=45 mm
BSS CSS BSS CSS
1 14.6 13.7 16.7 13.8
2 14.8 135 16.0 13.3
3 14.8 12.3 16.5 13.0
Average 14.7 13.2 16.4 13.4
given material system. This value fodvill
be related to a critical length athich
O o o= statistical fiber strength, rather than the
A density anddistribution of fiber ends and
. fiber length/, begins to goverromposite
i T g strength and pull-out lengths.
= o oz '“T‘{"_:- One salient feature of the strain-
S gy stress curves of BSS-fiber composites is
8 s the gradual stress decrease with
3 N \ increasing strain at composite failure.
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Fig. 6 Stress-strain curves of BSS- am@iSS-
fiber composites and polyester matrix for (& 3
mm and (b) =4.5 mm.

This is in sharp contrast to the strain-stress
curves of the CSS-fiber composite, in
which the stress suddenly droppedzé&ro

at composite failure. This is consistent
with the observations seen in Fig. 3 that
cracks propagated in a stable manner in
the BSS-fiber compositesbut cause
catastrophic  failure the  CSS-fiber
composites. This reduced crack
sensitivity of the BSS-fiber composites is
provided by the effective crack-bridging
capability of the enlarged BSS fibends.
One of the strain-stress curves BSS-
fiber composites in Fig. 6b showthree
abrupt stress drops (see arrow3he first
drop occurred at 3.5% strain, which was
probably caused by thénitiation of a
crack. Afterwards, the composisample
was able to sustain higher stresses
larger applied strains due to tledfective
crack-bridging of BSS fibers. Theecond
stress drop at 7% strain wasused by
either the formation of a new crack or

at



sudden propagation of an existing crack. The stress pléd#awing the second stress drop
suggests that the crack was also effectively arrested by BSS fibers. Finally at 11% strain, the
BSS fibers could no longer prevent the propagation of the large crack, which |lepgadual

stress decrease with increasing strain.

3.2  Effective Stress Analysis

The benefit of BSS fibers is also revealed when considering a simple "effective fiber
stress" analysis using data from Table 1.this analysis, these composite samples can be
approximately considered as reinforced by unidirectional short fibers. (Interesigers are
referred to [19,20] for moraccurate analysefr the 3D non-symmetric fiber orientation
function from 2D imageanalyses and the strength siiort fiber composites whose fiber
orientation can be described by an orientation function.) aherage fiber stress at
maximum composite strengtlg.;, can be approximated from a simple rule-of-mixtures
[21,16] as

o, = [ac -(t-v, )am] M (1)

where g, is the maximum strength of the composites (See Tapl&/; is the fibervolume
fraction, andog,, is the stress in matrix at which the maximum composite strengtieasured
(see Fig. 6 and Table 1).

In both the BSS- and CSS-fiber composit¥saand /were the same; howeveheir ¢
must be interpreted differentlyFor a BSS fiberges, is the average stresalong the fiber,
assuming/equals the volume of the fiber divided by its cross-section. This assunspjbthy
overestimates the actuabf the BSS fiber because of the volume associatighl its enlarged
ends. For the samgea BSS fiber has a larger volume than a CSS fiber becauseeoilatged
mushroom-shaped ends. Also, the larger volume of the BSS fibers leads to a somalber
of fibers perunit volume in BSS-fiber composites than in CSS-fiber composites fosdhee
Vs, as is the case in this study. So giwerhe volume ratio of a BSS fiber to a CSS fiber, the

relationship between the actual effective fiber stress, andoes, can be expressed as

03, =00, (2)

For the polyethylene fibers usedthis study,a = 1.27 for/= 3 mm anda = 1.18 for/ = 4.5
mm and thusgg, is larger tharo.s, calculated by Eg. 1.



Using the average maximum strength data from Table |, the effectivestiless oy,
and actual effective fiber stress;y,, for the BSS-fiber composites and the effective fiber
stress Oy, for the CSS-fiber composites, are calculated using Egs. 1 and 2, and litlollen
ll. It can be seen that the ratio of effective fiber stress in BSS fibers to that in CSS fibers,
Oeftf Oet, 1S 1.72 wherf = 3.0 mm, and increases to 2.19 when4.5 mm. The rati@g,/0esc

is 2.18 when’= 3.0 mm, and increases to 2.58 whien4.5 mm. In other words, a BSS fiber
with the geometry used ithis study is 118%mnore effective than a CSS fiber in improving
composite strength whers 3.0 mm, and 158% more effective when4.5 mm.

Table Il. The effective fibesstress o, actual effective fiber
stress, og,, for BSS-fiber composites and the effective fiber
stress Oer, for CSS-fiber composites, as calculated using Egs. 1

and 2.
Fiber length [=3.0 mm [=4.5 mm
[
Oet (MPa) 71.7 116.5
0% (MPa) 91.1 137.4
Oeic (MPQ) 41.7 53.3
Oeitf Oefc 1.72 2.19
05/ Oetc 2.18 2.58

There aretwo important factors othis effective stress analysis that we should note.
First, in EQ. 1,0 is considered as the average strassg the fiber and among all the fibers.
However, the stresdistribution along the fiber length isot uniform [22], especiallywhen
considering stress concentrations produced by nearby fiber ends. Secondly, fibers in our
tensile samples did not fracture but instead pulled-out during the failure processsugests
that the load transfer length wasmparable or lesthan the fiber length. In theory, tHizad
transfer lengtlt; is estimated as [21,16],

. = ool 21y 3)

In the case that< £, the rule of mixture can be expressed as [16],

I
Oc = Vi ELV Q"‘ VmOm (4)
2r

which implies thatr, = 4.03 MPa and 3.89 MPa for the BES 3.0 and 4.5 mm fibers arg

= 2.43 MPa and 1.76 MPa for the C5S$ 3.0 and 4.5 mm fibersThus, the effect of the BSS
fibers are accounted for in Eq. 4 by a highkding resistance. However, Eqg.d&sumeghat

the fiber strengthgp, is equal among fibers; stress concentrations are negligible, and the
interface sliding shear stress, is constant. Thus, considering stress concentraponguced

by nearby fiber ends and randomly occurring weak fiber flaws, it is possible that \itiers
lengths below the. predicted by Eg. 3 can fracture. (The strength of these flahish



govern fiber strength have been showrditow a Weibull distribution forpolyethylene fibers
having a wide range of fiber diameters and fiber moduli [23].) Predi¢tisgimportantsince
the increase in the BSS fibendll be more effective when most of the fibers dot fracture.
For these reasons, computational modeling which can simulate all these syneffgstis
and potentially predict is considered later.

3.3 Crack Propagation Resistance

In order to investigate the fracture toughness of the CSS-fiber composites and BSS-fiber
composites and crack-bridging effectiveness of the BSS fibers, DCB saffjjesl) were
fabricated and tested. Figure 7 shows the curves of normalized Rgaalyainst crackength,

a, for bothBSS- (solidmarks) and CSS-fiber composites (open markith /= 3 mm. The
normalized load was calculated RsP/w, whereP is themeasuredoad andw is thecrack

width (see Fig. 1a).The cracklength,a, was measureth situ as the distance between the
loading line and therack tip (Fig. 1b). It is clear from Fig. 7 that higher load is required to
propagate cracks in the BSS-fiber DGBecimensthan in the CSS-fiber DCBpecimens.

This further proves that BSS fibers bridge cracks more effectively than CSS fibers.

The total normalized
energy consumedor a crack
to propagate from thenitial
crack lengthag to cracklength
a can be calculated as

30000

25000

20000 E(a) _ IOV(a) 5(\/) dv 5)
15000 ) .
’ where P (v) is thenormalized
load as a function ofcrack
opening displacement, v(a),
along the loading line(See
Fig. 1). Eachmeasuredcrack
] length, a, corresponds to a
0 PPN U SR NS SN TN TS NS R T N T A A
27 29 31 33 35 37 39 displacementy(a). Shown in
Crack Length (mm) Fig. 8a are the total
normalized energies, E(a),
Fig. 7 The crack length-load curves obtainedm DCB tests ofCalculated by Eqg. 5, as a
BSS- and CSS-fiber composite&<(3 mm, seeFig. 3for specimen function of crack length for
geometry). Thesolid markers represent dafmints for BSS-fiber DCB tests ofboth BSS- and
composites and the hollomarkers represent dagmints for CSS- CSS-fiber composites. As
fiber composites. shown,E(a) is higher forBSS-
fiber composites than for CSS-fiber composites.

10000

Load/thickness (N/m)

5000

The supplied energy for a crack to propagate by a unit length can be calculated by

g(a) = d(Ejga) (6)

This can be done bfjrst fitting the curves in Fig. 8a dE(a) versusa with a polynomial
function and then obtaining its derivative. As shown in Fig.E§a) values from arndividual

10



DCB testing is not a smooth function afack length and vary substantially frospecimen to
specimen, as a result of the randdistribution offibers bridging thecrack. Therefore, for
fitting purposes, we combined all three data set&(af for each type, BSS- and CSS-fiber
composites, to fit them to a third order polynomial function (see Fig. 8a).

Using Eq. 6, ¢(a) was
calculated fromthis polynomial
function and is shown in Fig. 8b.
For both types of DCB

800

specimens,g(@) is an increasing ' ;
function ofa. Also note that(a) 700 £ @
includes energies consuméixbth 600 | Y
by crack propagation and by 5 | A ]
further deformation in the two & E
beams ofthe DCB specimen, X *°F
which makes it largerthan the 5 300 |
crack resistanceR, or theenergy 200 : E
consumption in the formation of a CSS fiber composites
unit length of crack [24]. As 100 — Curve it
shown, the BSS-fiber DCB : , ; ; ; L
specimens requiresignificantly F (b) ,‘ ;
more energy for CraCk 0 :- BSS fiber composites ’ -:
propagation than the CSS-fiber 100 | ° / ]
DCB specimens. Since the fibers < - \‘o ]
did not fracture, this enhanced £ o /" o&’ﬁ E
crack resistance, orindirectly, < ok »°% 3
higher fracture toughness of the & . / ° ]
BSS-fiber composites, is due © ‘°F @ﬁ'wwwﬁ ]
solely to theirenhancedability to 20 E CSS fiber composites E
bridge matrix cracks and to resist s ]
pull-out. 026l B T T T T BT
Figure 9 shows optical
photographs of crack surfaces for Crack length (mm)
DCB specimens made of (a) Fig. 8 (a) The total normalized energies, E(a) as a

BSS- _and .(b) CSS-fiber function of crack length for DCB tests of both BSS- and
composites. River marks on the  gg finer composites with= 3 mm. Thesolid and hollow
crack surfaces reveaho distinct  5rkers represent datpoints for BSS- and CSS-fiber
regions for both specimens.  composites, respectively;(b) the supplied energyor a
Region | on the left side of the crack to propagate by wnit length, €(a), as a function of
dark marking line is relatively crack length.

flat. The river marks suggest that

this regionwas formed by the

extension of the initial crack. Region Il shows local hills and valleys resulting from doaek
formations andcoalescence. In
this region thecrack propagated
by coalescing with  small
microcracks formed infront of
the main crack.




Fig. 9 Opticalphotographs of crack surfaces IDCB specimens made of (a) BSS- afil CSS-fiber
composites.

Region | in the DCB specimen made of BSS-fiber composite is much shorter (< 2 mm)
than thatmade of CSS-fiber composite (about 8 mm). This suggests higher crack-bridging
capability of BSS fibers. In the BSS fiber composite, finecrack extendedtself under
increasing load, circumvented the BSS fibers and created abedggngzone. As the load
increased further, the main crack was effectively bridged by the BSS fibers so that it could not
extend itself, and high enough stresses were producititde local smallcracks infront of
the main crack. The crack propagatimechanismthen switched to theoalescence of the
main crackwith these small microcracks front of it, forming region Il. Since the location
and orientation of locatracks usuallydid notcoincidewith that of themain crack, therack
surfaces were roughened by craotialescencethe process of which consumediditional
energy.

3.4 Single Fiber Pullout

Single fiber pullout tests were performed to compére crackbridging capability of a
BSS fiberwith a CSS fiber, to estimate the interfacial shear strenggh, sliding resistance,
Ty, and critical local displacement at which the fiber end debonded from the matrix. Figure 10
shows the loadF) versus pull-out displacement)(curves of both BSS and CSS fibers for two
different embedded lengths, 3.5 mm and 6.4 mm. The free ldngth20 mm, was theame
in both cases. For these embedded lengths, the fiber was fully pulled-out and did not break.
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In all cases, the peak
load, Fmax ~and energy
@ Le =3.5 ma consumption forpulling out a
1 BSS fiber are much higher than
those for pulling out a CSS fiber.
1 For the pullout tests with
\\ sidng  © ] embedded fibetengthL, = 3.5
Y ] mm (Fig. 10a),Fmax for pulling

/iR ] out a BSS fiber is 9 times that
f. -"'}Q\ i for puling out a CSS fiber.
L_ 3

10

Load, F (N)
IS o ©
_“\\: deboiding
w
»
%)

When L. was increased from
N I I I 3.5 mm to 6.4 mm (Fig. 10b),
4 5 6 7 Fmax for pulling out BSS fibers
css increased byonly 10%. In
L ) contrast, Fhax for pulling out

i ®) Lo 764 mn CSS fibers increased bgore

° ; than 150%. Thetotal energy

[ ] consumedduring fiber pullout,

B / ] or the area under these load-

] displacement curves, also
\%%. ] increaseswith L, following a
] trend similar to that observed for

¥ = Y i Fmax ForLe=3.5 mm, the BSS
Tt b, ] fiber consumed 17 timemore
o 1 L s . s 6 . energy than the CSS fiber.
When L, was increased from
3.5 mm to 6.4 mm,energy

Fig. 10 The load-displacement pullout-curves of consumption increased by 70%

both BSS andCSSfibers for (a) theembeddedengthlL, for BSS fibers, ascompared
= 3.5 mm and (b}, = 6.4 mm. with 400% for CSS fibers.

The substantial
difference in the effect oL, between the CSS and BSS fibers Bpax and energy
consumption is due to the difference in theidl-out failure mechanisms. The&CSS fiber
response depends primarily on the fiber-matrix interface integrity, which results innmmueh
dependence dFnax OnLe. Increasingl. will increaseFnax because ofhe increased fiber-
matrix interface area associated with debonding. In contrast, the BSS fiber redppesels
on its enlarged end, which directly leads to a highggx prior to the extractioprocess. The
contribution fromincreasingL. or interface area is relatively small as comparedthet
associated with mechanical locking of the enlarged BSS fibemghdthe matrix. However,
these results suggest that these relatiferences between the BSS and CSS fibeils
decrease with increasing.

The analysis of this experiment to obtain reliablevalues for straight fibers difficult
and has been approached in several ways f@meexample,[25-27]). Results havéeen
shown to depend oy, L., Poisson’s ratio and thermal mismatch, as well as fibemaauuix
material properties. Readers are referred2®y29] for methodologies to obtaimterface
characteristics in multifiber composites. For simplicity, we considefitstesign of deviation
from linearity (or initial elastic response) to correspond to initiation of adhesion failundyesr
the shear stress locally exceeds the interfacial shear streggtfihe F-u curve continues to

o

Load, F (N)

Displacement, u (mm)
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rise as the debonding crack propagates alangThe subsequent decay knwith further pull-
out displacement corresponds to the process of fiber extraction when the (fibguding its
end) isfully debonded from the matrix. Ithis region, asimple shear-lag approximation
[16,26] dictates that thaveragesliding shear stress obtained from experimetalcurves is

d 1
Y7 du2m 0
However, the pull-out portion of theseu curves do not have a constant slope, andFgduds
calculated near the end g@ull-out (where the effects of Poisson and thernsakfficient
mismatch is minimal [26]). Using Eq. 7, rough estimatesrjdor theL. = 3.5 mm BSS and
CSS fibers were 11 MPa and 7 MPa, respectively.

The F-u curves shown in Fig. 10 demonstrate that the potential of BSS fibers in
improving composite strength and toughness are far from leliggutilized in the BSS fiber
composites fabricated in this investigation. To compgaréout results withfibers embedded
in the composite wherein the stress is appliedo#t fiberends, we considerl2. First of all,
since the fibedid notfracture, we suspect that th&.2= 7.0 mm and 12.8 mngonsidered
were less thaii (Eqg. 3), defined by the sliding characteristics of the interface, fiber shape, and
fiber strength. Secondly, the matd notfracture, leading to a higher effectiveness of the
BSS fiber than when in the composite. For example, the highest ratio of actual efétictse
of BSS fiber to the effective stress of CSS fiber is 2.58 (Table 11y fo4.5 mm. This is far
below the peak load ratio of BSS fiber to CSS fiber shown in Fig. 10a, which is about 9 in the
L. = 3.5 mm case or equivalently in the compogite/7.0 mm. Lastly, to use the values f
estimated by Eq. 7 fdr, = 3.5 mm in subsequent modeling, we consider a CSS and BSS fiber
composite in whichh= 7.0 mm.

3.5 Discussion of Fiber Geometry and Matrix Selection

BSS-fiber composites failed mostly lyitiation of cracks at the enlarged fibends
and theircoalescence. This was due to a combination of factoiscluding the crack
sensitivity of the polyester matrix, the geometry of BSS fiber ends, and interactiong
these fiber ends. The mushroom-shaped geometry of the BSS fibe(Fegd4la)causes
tensile stress concentrations in the matrix near the mushroom edge, which can subsequently
lead to crack initiation. The ends of BSS fibers promoted crack formation more severely than
CSS fibers, resulting in earlier formation @fcks in the BSS-fiber composite$his led to
less elongation to failure in BSS-fiber composites than in CSS-fiber composites (see Fig. 6). In
contrast, in theullout tests the single BSS fiber was pulledt withoutcracking the matrix,
and the BSS fibers were several times more effective than in the composites fabrid¢hied in
study.
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Asss (2)
Acss

W

For these reasons,
Asss (2) we believe thatonly a
=577 / Poss(2) _ small portion of the
A Aces strengthening potential of
/\ Asss(2) _ BSS fibers was realized in
B\~ Y this study. ~ To suppress
\ crack formation, the tensile
c =2.88 stress concentration in the
; 7 matrix near the fiberends
(o)) can be reduced by
N ] A modifying the geometry of
BSS fiber ends. For
example, arellipsoid fiber
end, such as the one shown
in Fig. 11b, will certainly
\N\, result in lower stress
M'\M, concentration than the
mushroom-shaped
geometry (Fig. 11a). Also
an optimized BSS fiber end
Fig. 11 (a)The disk-shaped geometry of&8S fiber fabricated in  and interface
the currentstudy promotes crack formation in the matrix, afiy an  characteristicsvould allow
ideal ellipsoid geometrjor BSSfibers to reduce crack formation. a BSS fiber to be pulled out
before the fiber stress can
grow to exceed the fiber strength. Sucpu#lout processwill increasethe overallcomposite
work of fracture, thus makindull use of the potential of BSS fibers for improvifrgcture
toughness of composite materials. Also therease inthe number of BSS fiberbridging
matrix cracks rather thanitiating them, would improve composite strengthExperimental
studies on optimum short fiber geometry, whiefll depend on fiber type, interface, and
matrix properties, such as yield strength, plasticity, and crack sensitisitype pursued in the
near future. Design of these experiments can be guided by computational modeling, as
discussed in the next section.

4. Modeling Approach and Results

A physical model was developed to represent crack propagatioshart fiber
composites from aimitial notch. Using the computational implementation of the model, we
can investigate how short fiber length, morphology, elastic properties, steisgibution, and
volume fraction and also the interface properties, control composite strength and toughness. In
this section, we briefly introduce the model and the esseaspkcts of the computational
algorithm. We refer the reader to Beyerleinal. [30,31] for more details. For the scope of
the present study, we develop the model to simutaéek propagation and use the DCB
experimental results to qualitatively validate predictions. We ralserve application athis
model to design issues for future work [31].
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4.1  Model Composite
The model of a compositBrst assumes aelatively largeinitial notch andns short
fibers laid out ahead ofthis notchand oriented perpendicular to the notch plane, 0, as
shown in Fig. 12. The short fibers amesumed to have equal (surface-to-surface) spdging
diameterd = 2r, Young's modulug, and length, but tovary randomly in their axial location.
Also, the cross-section of the CSS fibers is circular with #ggs= rr2 and is constant along
the fiber axis. The cross-section of the BSS fibers is denotetkagz), varying along the
fiber length forming a dogbone shape shown in Fig. 11b. In the random assignment of fiber
location, we restrict eachhort fiber to intersect therack planez = 0, somewherealong its
length. The fiber end on tlee> 0 half plane is marked end “1” and the fiber end on the other
side,z < 0, is marked end “2”. Also ithis model, a far field axial load per fibePe, is
applied. FoIE, G, d, andAcss, indicated in Fig. 11a, we use properties given in Section 2.
We seth = 10 as estimated from Figs. 4 and 5. We also show the integer indexing of fibers in
Fig. 12. The initial notch oprecrackag is represented by a row bF contiguous fibebreaks
aligned alongz = 0 and spanning fibersN < n < -1. The continuum crackength can be
related to thes®\ breaks byay = [N + 1](d+h). The ng short fibers, which lieahead of the
crack, span fibers 8 n < ng — 1. Statistical variation in the location of short fibewherei = 1,
..., Ng, is simulated by randomly placing one end of the fibefjat (15 and the other a#?; =
fu; —1), as shown in Fig. 12. The value of the uniform random variahlées between 0 and
1 and is obtained from a
random number generator for
z every i. Both the CSS and
BSS fibers are of thesame
length/= 7.0 mm.

L] The code uses a 2D
) 2 break influence superposition
o (BIS) technique [32] to
calculate the complexstress
fields as a result ofthese
numerous short-fiber ends
coupled with a through-
. - thickness notch. The BIS
- - technique is an extension of
n= 2-10123 ... Ns the Hedgepeth 2D multifiber
composite shear-lagmodel

, , L : , [33] to account for out-of-
Fig. 12 Model CSS fibecompositewith n, alignedshortfibers  plane locations of fiber

ahead of arN-sized fiber break crack. breaks. Using the BIS

technique, the  stress

redistribution ~ around an
arbitrary configuration of fiber break locations can be calculated quite efficiently and directly.
The computational effort depengsntly on the number of breaks and the size of the region
one wishes to use to calculate stress @isglacement The technique is based on continuum
theory so the fiber and matrix amet discretized and thus, stressdistribution results do not
depend on the fineness of a mesh. The spatial extent of the stress transfer from broken to
intact fibers depends on the properties of the composite and number of fractures. For a row of
50 or more fiber breaksthis Hedgepeth shear-lag model produces strdssributions
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consistent with those predicted by plane elasticity theory for an orthotropic sheet containing a
through-thickness crack [30]. Ftris reason, we consider a notch consistindNof 50 fiber
breaks.

The model also assumes that the fibers sustain all axial stress, with Young's ntigdulus
and the matrix deforms only in shear, withear modulu$s. This assumption is valid for the
composite material system considered here, since the matrix-to-fiber stiffnes&sétio
V)/EV, = 0.135. Also thisnalysis assumethat the fibers and matrix are linear elastic and
well-bonded. In the original BIS technique, tkéects ofsliding of thefiber-matrix interface
were not considered, but are included in the present model in an approximate manner, similar
to that described in Zhou ar@urtin [34]. Moreover, the usual boundary condition in the BIS
technique is that all breadurfaces ardraction free; however, ithis short fibermodel, we
introduce 'virtual' breaks, which are simply fractures sustaining nonzero, nonnegative tractions.
Thesevirtual breaks are used to model the enlarged and round BSS fiber ends and also all
short fibers which are sliding and pulling-out of the matrix [31].

4.2  Local Failure Criteria

An inhomogeneous stress state is generated under loading, due to intelzetvoesn
the randomly spaced fiber ends. Tensile and shear stress concentratiopsoicere
microcrack formation athe fiber ends and subsequeshiding at thefiber/matrix interface.

Short fibers remain intacturing thefracture process and thmacroscopic response ftisus
dominated by fibebridging and pullout. All these features seen experimentally are thus
incorporated into the computational model. To accurately represent the experimental results,
we need thdimiting shear stress at which the fiber/matrix interfseparatesthe interfacial

shear stress for when the fiber is sliding relative to the matrix, and the critical displacement at
which fiber ends separate from the matrix.

The limit shear stress or interfacial shear strengty, may be obtained fromull-out
experiments. However, in Section 3a@hly an estimate for thesliding shear stresgy, was
obtained for the BSS and CSS fibers from pull-out tests Wwith 3.5 mm, which is equivalent
to anin situ composite length of= 7.0 mm. Sinceaccurate estimates @f and 1jss were not
possible for the current polyethylene fiber model systems and also since we wish to reduce the
parameter space, we assume- Tjss = 7. In the CSScase, we comparthe shear stress at
both tips of the fiber,1,(z12), with Tcgss = 7 MPa. The CSS fiber ends are known to
experience the highest shear stress concentration. In the BSS fiber, FEM calculations and our
shear-lag calculations show that the highest shear stress occurs between tigditzeithe
middle of the spherical end [35]. Therefore, in this case, the shear giraspointA in Fig.
11b of the BSS fiber end is compared wiglys = 11 MPa.

The bond between the fiber end and matrix assumed to beéntact until a critical
displacement is reached. Full separation of the fiber end from the matrix and thusdabss
of pull-out is assumed tdegin at the maximum of th& versusu curves in Fig. 10.
Specifically, theF-u curve in Fig. 10a fotL, = 3.5 mm was used to estimate the critical
displacements correspondingFg,,, Usss anducss, as 0.2 mm and 1.0 mm, respectively.

4.3  Simulation Algorithm.

In all simulations, the far field tensile loadircreased to levels required to cause at
least one failure event. Each crack propagasiomulation occurs in discrete increments and
finishes when a crack propagatdwough all the short fibers and they d&écome fully
extracted. At the end of each increment, there is a change in the failure ‘configuration’ (i.e. a
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newly debonded fiber end, pulled-out fiber, etc.), such that a recalculation oftrines
redistribution anddisplacements is necessary. Therefore, at every incremf@ntstress
redistribution isrecalculated using BIS. In all the BIS calculations, equilibrium and
compatibility are satisfied [30].

Each end of a short fiber can either befilly intact, (i) debonded from the matrix, or
(iii) sliding with respect to the matrix. If at least one of the two ends of the shortshlisfies
the failure criteria corresponding bmth (ii) and (iii), then this fiber isconsidered eithefiv)
pulling out but still‘bridging’ the crack face ofv) completely pulledout of the maincrack.
This fiber is pulledout of the crack if the opening displacements of the fiber end being
extracted, marked 1 or 2, exceetl®r Z, respectively.

The amount of crack extensioAa, is defined from the length of contiguotglly
extracted short fiberg; starting from thenitial notch. Similarly, Aay, is defined from the
length of contiguous ‘bridging’ fibers (or fibers in the process of pulling out)falhyd extracted
short fibersy, starting from the initial notch. Explicithda; =nc(h+d) andAa, =np(h+d).

4.4  Modeling Results

Figure 13 compares the opening displacement (CTOD) at the mouth ioftidenotch
versus the amount of crack extensidag/(h+d) =n., for the BSS and CSS fibeomposites,
whereN = 50,ng = 75 and/ = 7.0 mm. Forach type othort-fiber composite, five€ TOD
versusn; curves are shown, representing five composigk different random fiber spatial
distributions. Plots of normalized applied loRdversusia. or Aa, show similar trends. Prior
to or at initialcrack extension, many failummechanisms, such dger end detachment and
fiber sliding can occur ahead of the initial notch. Variation between the BSS- or the CSS-fiber
composite curves is due solely to the statistical variation in locations of short fibeméhds
respect to the crack. Also the sharp rise in CTOD as the crack propagatendgtha: ~60-
70 is due to boundary constraints provided by the intact fibers, i.e. filbev®. This boundary
effect also occurs in the DC&ecimens. Wavill neglectthis response due to the boundary
effect when comparing the BSS- and CSS-fiber composites.
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Figure 13reveals
the effectiveness of the
BSS fibers. Prior to the Sk ed S :
sharp rise at the end, the i R UNCh s = L IR N=30,n,=7.
CTOD of the CSS-fiber el CSS fiber, upqge = 0.2 mm {
composites does not =l .
increase appreciably - e —Y
above the short fiber 20 | I gl I
length, £ = 7.0 mm. ‘ ' —
However, a much larger
(approximately 2.5 ~ 3.0
times larger) CTOD is
required to drivecrack [
extension andcomplete 10 H
pull-out in the BSS-fiber r
composites than in the |
CSS-fiber composites. '
Also, although itappears j_'lfl
that the variation in the ] ol L S
response of theBSS- 0 20 40 60 80
fiber composite ismuch Amount of crack extension, Aa/(h+d)
larger, the coefficient of
variation, or standard Fig. 13 Simulation predictions for the openidisplacement
deviation to meanratio, (CTOD) at themouth of theinitial notch versusrack extension in
in the CTOD of theBSS- five differentBSS and CSS-fiber compositasith the same short
fiber composite an; ~60 fiber length/ = 7.0 mm.
is slightly ~ smaller
(0.2902 wversus 0.3032
for the BSS and CSS-fiber composites, respectively). This suggests that the CEFES=Snd
fiber composites have the nearly the same sensitivityaok propagation to variation in fiber
spatial distribution.
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To reveal the damage occurring ahead ofgrmving Aac or Aay,, graphic ‘snapshots’
of an increment in the simulation for a CSS and a BSS-Bpecimen at approximately the
same farfield normalized load (~17) are shown in Figs. 14a and b, respectively. Short fiber

»I 00 ; I III,! (1A ?I U (L i O \III! O S RO !III {0

>1|\||| Il II: UAEL. | ' = i Il SnEnfnfnim :' : Il 1 iy &

Fig. 14  An increment ircrack propagation of (a) a CSS fibevomposite at
normalized applied load 26.58 and (b) a BSS fibercomposite at normalized
applied load = 16.91. In (a) the crack extenshag = 1 andAa, =75 =n, and in (a)
Aa, = 2 andAa, = 3.
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ends are in three states: (i) an intact end, (ii) a debonded fiber endii)amdliding fiber end,
respectively. On the crack plane,= 0, the fiber status is represented tiwp states:(iv)
bridging (atleast onesliding and debonded end) and (v) pulled-out short fibegspectively.
At this value of P, the matrix crack in the CSS-fiber composites has already propagated to the
end and contains a majority ptill-out fibers. The BSS fiber composite, on the othand,
contains a relatively smalldaridging zone atthis applied loadand, in general, containsoth
bridging and pulled-out fibers. Note that there are also a number of éibeesl of therack
that have already satisfied the debondsiding, or fully extracted criteria. These fibers may
have ends which are clustered near the crack plane. In these tb@sssesoncentrations
from the approaching crack most often promote premature microcracking in theseeassas,
if they are far from the crack-tip. When encountered by the approaching crack,atleese
will lead to immediate crack extension or discrete stepB ins a or g curves. Resultfrom
this simulation code are consistent with trends observed in DCB specimen tests.

5. Conclusions

Short-fiber composites reinforcedith bone-shaped fibers have proven to héeth
higher strength and toughness than conventional short-fiber composites. Bynasihgnical
interlocking at fiber ends to transfer load, BSS fibers allow a weak fiber/matrix interface to be
usedwithout compromising the effectiveness of load transfer. This avoids the dilemma in
designing CSS-fiber composites, in which a weak interface results in low stieggbse of
ineffective load transfer and a strong interface results in low toughressuse of stress
concentration.

Interfacial debonding along a BSS fiber doed affect its load carrying capability,
making BSS fibers more effective than CSS-fiberbridging acrack. This leads to higher
fracture toughness for BSS-fiber composites. Another factor which contributsthtmcing
the effects of the BSS fibers is the fact that the fibers used in these composiiesfchdture.

This is because the BSS fiber ends are not large enough to prevent the fiber from being pulled
out before it is broken. The critical size of BSS fiber ends that governrdhsition from a

fiber being pulled out to being broken is influenced byrtrechanical properties (e.g. strength,
strain-to-failure), shape, and length of the fiber and the properties of the matrix and interfaces.

The crack sensitivity of the polyester matrix has played a major role in crack formation
in the BSS-fiber composites fabricated in this study. The mushroom-shaped geometry of BSS
fibers, coupled with the high crack sensitivity of the polyester matrix, led to the faillB&%f
fiber composites primarily by crack initiation and coalescence. This mode of failurenan
utilize a small portion of the reinforcing and craokdging potential oBSS fibers. Although
the matrix in bulk can sustain large plastic strains, it behaves more like a brittle material once a
crack has formed, as evidenced by the river marks on the frastufaces of composite
specimens (Figs. 4 and 5). Therefore, we propose that ellipsoidal fiber enddemsdceack-
sensitive matrix (still providing a relatively weak interfae@)l suppress crack formation and
further increasethe strength and toughness of BSS-fiber composites. Overall, the results
presented here show thattll be worthwhile to developcommercial BSS-fibereinforced
composites with weak interfaces, test thmgchanical properties, and perform computational
modeling for optimum fiber shape and length.

Predictions from this computational modelwill be used (i) to design further
experimental studiegji) to determine the dominate failummechanisms,(iii) to study the
isolated or synergistic effects of specific parameters, (@dto optimize the selection of
parameters to evaluate experimentally. For the present material system, volume fractions, and
short fiber lengths, the fibers did not break under monotonic axial tension in either the tensile or
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cantilever beam specimens. Strength was dominated by fiber end cracking anmllfibat.

Thus, in the algorithm used in this computational model, a criteria for debonding was included,
but one for fiber failure wasot. However, future workwill involve assigning Weibulflaw
strengths randomly along the short fiber lengths. WbHeimg so, onecan determine the
relationship between the critical fiber length (length at which composite failure becdemes
dominated by fiber fracture) and composite material properties, such Wgeibull fiber
strength, and BSS-fiber morphology.
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