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ABSTRACT

The aimvof this‘study is fo determipeiquantitatively
fracturé'toughness,properties:as*a'function of'the crack tip
radius, and the effect of fati@ue damage produced at thev
crack tip to the critical stress intensity faCtor, and to
examine the ftacture'behavior of randomly oriehted—shoft—glasé-
fiber composite. |

Apart f:om the:intersection of the 5 percent secant line
with the’load‘vs.displacement_curve, £w0-other critical points
are observed. These are characteriéed aS'thé~debénding point,
‘and the unstable crack,propagation'pqintx Thus , besides evalu-
aﬁing the Ky value using the ASTM standard, two other sﬁress
"intensity.faétdrs are utilized based on.the‘above-méntionéd
critical poinﬁs.

Thé effect of(hotch root radius on fracture properties is
observed to be insignificant in the notch root radius range
.0.25-2.5'mm for GRP, but not negligible for the polymer matrix.
Priop7cyclic loading strongly ihfluenceS‘the toughness behaﬁi—

or since debonding damage is incurred at the notch root.
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UZET

Bu calismanin amacl cam elyafi ile gelisiglizel y®nlerde
takviye edilmig plastiklerin kirilma tokluéu ile ilgili Ozel-
liklerinin, c¢atlak ucunun yuvarlaklléliVe yine bu ugta yafa—
tilmis yorulma hasar bblgesiyle‘na51l deéistiﬁiniAsaptamak,
b6yle¢e bu tiir malzemelerin kirilma davranlslarl hakkinda

bilgi sahibi olmaktir.

Yiizde bes sekant ¢izgisinin, Pygd edrisini kesmesinden
ayri oiarak,_diger iki kritikknokta.gézlenmektedir.,Bunlar el-
yaf_;polyester ara yﬁzeYlerinin'kopmaya basladigi nokta ve
sabit olmayan g¢atlak ilerlemesinin;basladiél noktadir. B6yle—’
ce, klrllma tokluéu'deQerinin ASTM standardlﬁa gére hesaplan-
masinin yanlnda, bu diger iki kritik noktayl referans alan iki

ayri gerllme slddet faktorl hesaplanmaktadlr.

Bu’yaklas;ﬁlarln sonucu olarak,lgatlak ucu yuvarlaklléln;n,
0.25-2.5 mm.lik g¢entik ucu yuvarlakliga ara11§1nda, kirilma
6zellikleri ﬁzerine'6nemli;say11mayacak bir etkisi olduﬁu tes-

"bit edllmektedlr Bu etk1 pollmer matrlkslerlgln ihmal edilme-
yecek kadar buyuktur. Elyaf/polyster ara ylizeylerinin ayral-
mas;yla ortaya. ¢ikan hasar nedeniyle, yorulma ylklemesi malze-

! menin'tdkluk davranisinil Snemli derecede etkilemektedir.
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I. INTRODUCTION

Recent developments in processing and manufaCturing'tech—
nology of short fiber reinforced composites have led to a wide
range of engineering applications of this class of materials to ad-

vanced structures and components.

From reliability and durability points of view, the frac-
ture resistance of random short-fibre reinforced cdmpgsites
(SMC; sheet Molding CQmpound, CSM; Chopped Strand Materials,
foivexample) is utmost importance in design and analysis of

“the compoSite materials and structures. Because of the rela-
tiVely new entry of this material, studies of the fracture
behavior of short-fiber composites have not been extensive.
The mechanics and mechanisms of- failure 4n this class of ma- .

merials have not-been fully understood.

Despite the microscopic heterogeneity among fibers, resin
matrix, and calcium-carbonate filler, the chopped strand rein-
foréing glass fibers being statistically'randomly ofiented in
the composite, macfoscopic planar isotropy of thermal and

mechanical properties is generally assumed.



The study of the Fracture Mechanics of composites has
’tended to branch into two areas, Micro-Fracture Mechanics
and Macro—FraCtﬁre Mechanics. In thevfirst area [3] several
wdrkers have associated fracture with such mechanisms as
<debonding; fiber pull-out’ahd fiber fracture. In the second
area, some other workers [1,2] have used the linear elastic
fracture mechanics approach to investigate the effect of a

crack on the failure of reinforced plastics.

Wwu [1] and Beamont [2] have looked at the effect of
varying crack length. Wu considered the case of a unidirecti—
onal glaés reinforced epoxy resin matrix with a crack positi--
oned parallel to the fibers and found that the critical st-
ress intensity factor (Kg) did not'vary significan£ly with
crack length. Beamont and Phillips'[21 in their test on car-
bon fiber reinforced epoxy resin and glass chopped strand
mat reinforced polyster resin reached no firm conclusions re-

garding the effect of crack length on Kc values.

if it could be shown that the stress intensity approach
can be applied to composites, thén it may be possible to furt-
her exploit the considerabie volumelof theoretical and experi-
mental work which has been carried out on isotropic materials.
Little is known about the effects of émmckftip radius and the
damage produced by fatigue on the fraéture behavior of these
kinds of materials. In metals, on the other hand the static
tensile strengths of the materials are known to be reduced in
the presence of notches or flows. The extent of decrease in
strength is shown to be influenced by the sharphess of the

notch. [4-12]



' I1. GENERAL CHARACTERISTICS OF
DISCONTINUOUS-FIBER COMPOSITES

2.1 TYPES OF DISCONTINUOUS-FIBER COMPOSITES

The combination of short discontinuous fiber (from say,
3 to 30 mm in length) with thermbplastics or thermosettings as
matrixes are of increasing technological interest, because the
resultant méterials can be processed by injection molding,
compression molding or extrusion'techniques generally similar

to those used for polymers themselves.

The most common fibrous reinforcements aré glass,grap-
hitized carbon,'and acicular minefals such as asbestos; some;
times glaés/carbon hybrids are used as well. A wide range of
fiber concentrations and geometrical arrays are used, depending

on the application. [13.

One common type is a composite containing from 2 to 40
percent (by weight) ofvfibroﬁs materials that can be injection
molded; considerable orientation in the flow direction may be
expected with this type. Fiberé are usually 2-10 mm long for

this type of composites.

A second common type 1is based on the impregnation of a



more or less isotropic mat that is made'by layihg—up short
fibers (typically , chopped strandsof 20-30 mm in-length) in

a random manner,'impregnating the mat with a prepolymer, and
curing the matrix. The mechanical response in such a case will
be essentially isotropic, bﬁt the properties in a given direc-
tion will be lower than in the case of preferentiai fiber
orientiation along the stress axis. Of course, chopped strands
can be laid up to yiéld anisotropic specimens as well and
short fibers are often blended with long fibers and parti-
cﬁlate fillers. In fact,vthe combination of low cost with
_good strength, stiffness, fatigue resistance, and dimensibnal
stability of short fiber reinforced plastics, especially
relative to their density, has led to a major penetration in

" markets previously held by metals.
2.2 FRACTURE BEHAVIOR OF THE MATERIAL

Fracture of almost all randomly oriented shoxt—glass-
fiber reinforced composites have been observed to occur after
the damage resulting from the fiber-matrix debonding. The
debonding at the crack-tip initiates at loads mﬁch lower than

the maximum fracture loads.

~Initially, the crack-tip'zone is-quite transparent and
when the load is gradually increased, a translucent zone ini-
tiates at the crack ﬁip. Thé size of this translucent zone
increases .as the loadvis increased, and fiﬁally spfeads along
‘the plane of thé crack to such an extent that unstable frac-

ture occurs. This translucent zone is an indication of debonding



in the Vicinity of the crack-tip.

The initiation of debonding in the crack-tip area can
not be observed as a discontinuity point on the load-displa-
cement curve of the material. The curve extends continuously

to the point of unstable crack propagation. (Figure 21)

t

LOAD. P

alw=0.3

~—BISPLACEMENT,

FIGURE 2.1 Schematic of Load-Displacement Curve for Fracture -
Tests. of Randomly oriented glass-~fiber reinforced
Composite

A small region. of noniinearity is observed on thevcurve
prior to the final fracture due to the presence of notch-tip
damage. In general, very little stable crack growth is obser-
ved in static fractﬁre tests of the notched composites under

mode-I loading.

The initiation 6f debonding_(démage).at the crack tip
can be studied by loading a notched specimen (a/w = 0.3) to
various fractibns of its ultimate fracture load and then by
examining the region near the‘créck—tip with a travelling
microscope. By this procedure, it is found that the damage
/ihitiates at 60-65 percent of the fractureAload [3]. Pictures

of damage near the crack tip can be seen in figure 2.2



Damage, 100X, 65-70

3
)
Y

FGURE 2.2 Damage Near Crack Tip [?1

After final fracture, the'pulled out fibers are seen

fracture surfaces as shown in figure 2.3

(a) “(b)

FIGURE 2.3 A Typical Fracture Picture of Random Short-Fiber
. Reinforced Composite; (a) Virgin specimen
. ~ (b) Mode-I Fracture (ap=1l15 mm)

at



2.3 FACTORS AFFECTING FRACTURE TOUGHNESS

The tables and graphs presented in this section refer

to the randomly oriented short-glass fiber reinforced brittle

resins.
2.3.1 The Effect of Loading Conditions

Two types of gripping commonly uséd in testing are the
wedge type and the pin loaded type. These gripping configur-
ations are shown in Figure 2.4. For both pin-loaded and wed-
ge type gripping arrangements, two 1 in. square pieces (tabs)
are bénded to the specimen ends to avoid bearing failure at |

the loading points.

Loff

@ (b

FIGURE 2.4 The Gripping Configurations :
(a) Pin-loaded type
(b) wedge type

Table 2.1 lists the effect of loading conditions on the
candidate critical stress intensity factor, Kq. [31 It is
seen from these results that the Kg values are the same for

both end conditions.



TABLE 2.1 Effect of Loading Conditioqs on K_Q of the composite [3]

Wedge Grip Loaded Pin loaded
Gage length,KQ Gage length, Kp
7in 5in  3in 3in
9.3 9.3 9.3 9.9
(ksi.in /) |
9.6 10.2 9.6 ksiin’39.8
9.2 9.3 9.8 9.7
9.2 9.2 10.4 " 9.9

(Vf = 0.29, a/w = 0.4)
2.3.2 The Effect of Crack Size

Figure 2.5 shows the Kg values plotted against the crack
size for the brittle resin/glass fiber compdsites. The can-—
’didate critical stress intensity factor decreaseé as a/w
decreases. At larger crack lengths (a/w>0.2) the,KQ values

are almost independent of the starter crack length. [3]

V& 1 0:28

46

SRS

crock size a/w
'FIGURE 2.5 Variation of Ko with Crack Size for SE(T) specimen [3]

. k:i.m‘l"
Candidade Cerhical Stress Int- Foc-




2.3.3 The Effect of Fiber Concentration

Figure 2.6 shows the variation of the candidate critical
stress intensity factor values with fiber valume concentration
for randomly oriented short-glass-fiber reinforced brittle

resin composites. The Kg values increase with increasing fi-

ber concentration. [4]

© § &

lm'-in”"
Condidate Critical Sicess Intensily Factor, KQ.
-

o+

w

04 01 o3 0-4 '
Fiber Volume Cont.en_{'m*'ion Vg

FIGURE 2.6 Variation of Kg with fiber volume fraction for glass/
epoxy Composites. [4]

2.3.4 The Effect of Thickness

The fracture toughness of metallic materiais is known to
depend on the thickness of the teét specimen. Plane-étréss
conditions.exist at the crack tip for very thin specimens,
@hereas for thickervspecimens, pléne4strain conditions.can

exist in the center of the sheet at the crack tip. [4]
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In composites, the situation is different. Figure 2.7
showé the candidate critical stress intensity factor as a
function of specimen thickness for a short-glass fiber/
brittle resin composite. The values of Kq are independeht of
the thickneés in the range of 1.27-5.0 mm. The crack propa-

gation is in the plane of the notch in all cases.

¥ |
£ Y |
2 ¢
a3 o ¢ f }
o 1
Jﬂ 1
- W,
c —
X g Vg :0.29
S 4
- /w04
'g !
-.-2.
3
S
(& . :
S 40 s 20

Thickness , £

FIGURE 2.7 Variation of Kg with specimen thickness for the brittle
composite [4] » '
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II1, APPLICABILITY OF LEFM TO RANDOMLY

ORIENTED GLASS FIBER REINFORCED COMPOSITES

3.1 THEORY OF FRACTURE MECHANICS

The recent development of fracture mechanics has shown
that there are three primary factors that control the suscep- -

tibility of a structure to brittle fracture. [ 14,15]

a) . Material Toughness; Kic, Kc

-Materiél toughneSs can be defined as the ability to carry
load or deform plastically in the presence of a notch and can
be described. in terms of the critical-streés-intensity factor
under conditions of plane stress, K¢, or plane strain, Kic,

for slow loading and linear elastic behavior.

b) . Crack Size; é

Brittle fractures initiate from discontiﬂuities of various
kinds. These discontinuities can vary from extremely small
cracks to much lérger fatigue cracks. Although good fabrication
practice and inspection caﬁ minimize the original-size‘and num-—
ber of cracks, structures.without discontinuities éan not be
manufactured. Even though only "small" discontinuities may be

presént initially, these discontinuities can grow by fatigue
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to a critical size.

c). Stress Level,o
Tensile stresses (nominal, residual or both) are necess-
ary for brittle fractures to occur. Thesestresses are deter-

mined by conventional stress analysis techniques for parti-

cular structures.

The recent development of fracture mechanics as an appli-
ed science has shown that all,thrée of the above factors can
be interrelated to predict the susceptibility of various
structures to brittle fracture. Fracture mechanics is a met-
hod of charactérizing fracture behavior in structural para-
meters familiar to the engiheer, namely, stress and crack
size.

Linear-Elastic Fracture Mechanics (LEFM) technology is
based on an analytical procedure that relates the stress
field magnitude and distribution in the vicinity of a crack
tip to'the nominal stress applied'ULthe strucfure,’to the
size, shape, and orientiation of the crack or crack-like

discontinuity and to the material properties.

The'stress—field equation (1) show that the distribution‘
of the elastic-stress field in the vicinity of the crack tip .
is invariant in all structural components subjected to this
type of deformation and that the magnitude of the elastic
stress field can be described by a single parameter, Ky, de-

signated the stress-intensity factor. (Figure 3.1)
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—_ - iy - MAGNITUDE OF STRESS

ALUNG X aXiS, Oy

NOMInAL
STHESS

Ky . 0 /] 2§
.-(?;:;—I/T COS-i'H-SlNzSIN 2 )

Kz 6 .. .0 30
m COS-z— (H'bIN-z-SIN _i—)

FIGURE 3.1 Elastic-Stress-field distribution ahead of a crack.

K _
I
o, = 75 cos g (1 - sin 6 sin 36 ) * eeee
(2nr) ‘ 2 2
K ; '
oy = S cos . (1 + sin 6 sin 39 } + ... (1)
(2mr) 172 2 2 2
Kt
= 173 sin 0 cos 6 cos 36 + otees
Y (2m) e 2 2 2

Consequently, the applied stress, crack shape, size and
the orientiation, and the structural configuration affect the.
value of the stress-intensity factor but do not alter the

stress-field distribution.

One of the underlying principles of fracture mechanics
is that unstable fracture occurs when the stress-intensity

factor at the crack tip reaches a critical value, KcC.
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For mode I deformation, Figure 3.2, and for small crack
tip plastic deformation (planexstrain condition), the critical
stress-intensity factor for fracture instability is designa-

ted Kic.

MODE 1

FIGURE 3.2 Configuration of MODE-I loading

Kic represents the inherent ability of a material to with-
stand a given stress-field intensity at the tip of a crack
~and to resist progressive tensile crack extension under plane-
strain conditions. Thus, Kic, represents the Fracture Tough-

ness of the material.

Dimensional analysis of equations (1) indicates that the
stress—-intensity factor must be linearly related to stress
and must be directly related to the square root of a dharac—
teristic length. Based on Griffith's original analysis of
‘glass members with cracks and the subsequent extension of
that work to more ductile materials, the charaéteristic length

is the crack length in a structural member.

Consequently, the magnitude of the stress intensity fac-’
tor must be directly related to the magnitude of the applied.

nominal stress (o), and the square root of the crack length(a).

In most cases, the general form of the stress intensity

- factor is given by
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X = f(g) .o. Vna . (2)

where f£(g) is a parameter that depends on the specimen and
the crack geometry. This parameter was given in appendix-A
as a table for single-edge notched (SE(T)) speciméns used

for this study.

3.2 DETERMINATION OF CANDIDATE CRITICAL STRESS INTENSITY

'FACTOR, Kg

.Generally, the Ki¢ testing procedure is used fqr calculat-
ing the fracture toughness value for randomly oriented glass
" fiber reinforced composites. But, two other approaches desc-
ribed in 3.2.2 and 3.2.3 are included in this study as well.
Although these approaches are not. standard methods it was

tought that they could be useful for design purposes.

3.2.1 Kic Testing

The critical stress intensity factor, Kic, testing met-
hod to fracture is.the method which is most widely used for
metallic materials and has therefore been the approach which
most workérs have attempted to apply to composite materials.
The method predicts the onéet of crack propagation when the
elastic stress distribution around the crack tip reaches a
critical level characterized by the Critical stress intensity

factor (X1c) ..

For brittle materials Kic is found to be ihdépendent of

~crack length and is therefore regarded as a material constant
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If the material is more ductile the stress intensity approach'
is still found,tO'be'valid providga a correction is made for
the region around the crack tip where the stress exceeds the
vield stress of the material.‘It is limiﬁed to small scale
yieldiﬁg range, however the correction due to Irwin plastic
zone is made by adding an amount to the crack length at fail-

ure given by equation (3) [4]

K )2 (3)
A 0ys~) ;

Ty

é m for plane strain

conditions, and K is the stress intensity factof, oy is the

where A = % n for plane stress and

yield stress of the material.

For the randomly oriented glass fiber reinforced polysterA
composites, a sharp notch root can not be produced: as in the
case of - . metals , thus "a . small‘scale plastic zone or in
otﬁer words, a damage zone is seen at the notch tip in tension.
Damage or débondihg zone of the composite will be given in
detail in section 4. In calculations, total crack. length con-
taining the debonding zone ahead of the crack tip was determined

by using Crack detection compliance curve.

As there is no standard procedure for Kyc testing for the
randomly oriented short-glass-fiber reinforced composites, the
ASTM standard method proposed by Brown and Srawley .for plane
strain testing has been implemented wheré,possible to analyse

the data obtained.'

This method uses load vs. displacement curve. To obtain

- Krc values from these curves, the ASTM standard method (E4399—74f
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suggests that the initial Slope Mo of the curve should be
_obtained and a line of slope 5 percént less than Mo be drawn.
" (Figure 3.3). This line intersects the curve at a load termed
Ps. The highest load in the test up to and including £he éS
(uéually itself) is termed Py and is used to calculate the
candidate critical stress intenSity factor, (KQ). Provided
that certain conditions are satisfied KQ is then a measure

of the plane strain fracture toughness, Kic.

These conditions are :

a > 2.5 (Kic/op)
t > 2.5 (Kyc/op)

"W > 5.0 (Kyc/op)

.“,47’2"/. Less +hen M,
1/
/
I//
!/
Pg‘& .....
a %
. /
Q
<« I,
S 4

DISPLACEMENT , 4
FIGURE 3.3 Obtaining PQ from Load vs Displacement Plot.

3.2.2 Unstable Crack Propagation Approach

In this approach the stress is calculated by using the
load at which unstable crack propagation occurs and then this
stress is substituted into equation 2. to calculate a critical

'stress intensity factor (Figure 3.4)
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‘This approach, although used by some researchers[S,G,lﬂk
is not standardized and'thé stress intensity value obtained
can not be termed as a materiﬂ.property (fracture toughness)
Furthermore, the stress intensity value thus obtained is not
cbnservative. HoweVer, it is’easy to determine this valué by
use of the load-displacement curve and it mihgt be used in

some design applications if incorporated with a safety factor.

Critical Point

Loap ,?P

DISPLACEMENT , &

FIGURE 3.4 Determination Pgy from critical point.

3.2.3 Debonding Point Approach.

Since the critical stress intensity factor should corres-
pond to the crack initiation point, it can be argued that Kg'
should be based on the load corresponding to the onset of

debonding in the material.

If the stress intensity factor corresponding to debonding
is denoted by Kp, its value can be calculated by substituting
65 percent of the maximum load in the appropriate K-equation-2
(This load being the load at which debonding starts has been

verified in this study by observations through thebtravelling

microscope)
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Gaggar and Broutman [3] have found that Kp values were
lower than the Kgp values for random-glasé fiber-epoxy compo-
- sites. The more conservative Kp values may be more éppropriate
if used in design appliéations.-It is again useful to note
thaﬁ this~approaéh as vell as the above discussed unstable
craék propagation point approach is of speculative interest

as yet.
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IV. CRACK TIP RADIUS AND DAMAGE AT A
CRACK TIP

4,1 THE VARIATION OF TENSILE STRENGTH AND WORK OF FRACTURE

WITH NOTCH ROOT GEOMETRY -

Althpugh the correlation of notch rook'radius with ten-
sile étrength and work of fracture does not exactly explain
the variation of fracturé toughness of randomly oriented
short glass fiber reinforced composites with notch root radius;
it is useful in that it gives us aﬁ idea of how this variation
might be.

Table 4,1 shows the effect of the‘notch root geometry on
the tensile strengths of polycarbonate (PC) and randomly ori-
ented glass fiber reinforced polycarbonate. The sharp 60°
notch decreases the tensile strength of unnotched polycarbon-
ate to 40 percent. Rounding of the 60o notch base with a 1.5mm
radius improves the tensile st;ength'to 90 percent of that of

the unnotched specimen [16]. (Figure 4.1)



21

< <

(a) (b)

FIGURE 4.1 Sharp(a) and dull(b) notches of specimens of PC.
(Polycarbonate)

TABLE 4.1 Effect of Notch Geometry on Tensile Strength [}q

Tensile strength kg/mm2
(a) ~ (b)

Material

Polycarbonate 2,7(0.40) 6.1(0.91)

3.6(0.34)  4.4(0.42)

‘Reinforced Polycarbonate

* : .
Value in parantheses indicates the ratio of df to a unnotched specimen

Figure 4.275hows that the measured work of fracture of
carbon fiber reinforced polystep decreases with decreasing
notch root radius. {17) The effect is a relatively minor one.
The sharper the notch, the greater the stress concentration

and the lower the energy input necessary to propagate the

crack.
<4100

Work of Facture, kynt

005 04 O0Z 05 Ao 20

/ : Notch Root Wiua,? (mm)
"FIGURE 4.2 The effect of specimen  notch tip radius on measured work of
fracture values for unidirectionally.reinforced carbon fiber/

epoxy composites.[l7
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4.2 DAMAGE ZONE AT THE CRACK TIP

4,2.1 The Devélopment‘of a Damage Zone During Monotdnic

Loadingi' |

For many fiber composités, the debonding energy and .
‘pull-out energy are the most dominant energy absorption mec-
hanisms responsible for imparting the high fracture energies
to such systems. The debonding mechanisﬁ is thought to be
more important for randomly oriented short glass fiber rein-
forced.resin composites,vand the development of a debonded

zone at a crack tip has been observed by various investigators

[2,5,6,7,18]

uThe‘debonding at the crack tip in the composite is ana- -
1ogbus to the process of the plastic zone development in the
piastically deformable maﬁerials. The plastic zone size depends
on the type of stress state at the crack tip énd the expressi-
ons for such a zone at the crack tip under plane stress and
plane strain conditions are as in equation (3). Randomly ori-
ented glass fiber-resin composites do not yield but instead
debonding betWeen:the fiber and matrix, where the‘fiberé are
perpendicuiar to theline of load, can occur. With increasing
load the damage is intensified until complete seperation of

the specimens occurs.

Sence these composites are isotropic, the expressions
lfor plastic zone size can be modified by replacing oy with
the debonding stress op, which can be defined as the ciritical
streés value at which debonding is initiated in the material

“under a uniaxial tensile load.
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For random glass fiber composites, the plastic zone size

expressions can be modified and rewritten as follows,

| o | |
ry = ( ) | —)" for plane stress - (4)
27 D. ‘
! Xp. .
ry = ( e ) 5n ) ?or plane strain | (5)

where rp is the debonded zone size at the crack tip [18].
Using the above equations, it is thus possible to predict the
debonded zone for planar isotropib composites if Op for the

material can be determined.

Experimentally observed and théoretically calculated
values of the debonded zone size are quite close to each ot-
her for plane strain conditions [18] . This is not surprisihg
because the stress state at the crack tip may be closer to
the plane strain conditions due to the fact that the fibers
provide constraints to the matrix material in the transverse
direction and hence a tri-axial state of»stress exists near the
crack tip, independent of the thickness of the composite.

" These indicate that the - debonded zone
size is not small compared to the initial crack length and
the effect of the debonded zdne‘should be included in calcu-
lations of the fracture parameters. For that reason, this
effect was included in this study in the calculation of K1C
by means of crack detection compliance curve which‘gives the>'
equivalent amount oflslow crack extension or ndtch producing

the same compliance.
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- 4.2.2 The Development of a Damage Zone During Cyclic Loading

During cyclic loading the material's response to tension
clearly changes with the number of cycles and becomes less
resistant to the applied stress. ﬂ9,20] Changes in shape and
size of hyterisis ldops during cyclic loading indicate an iﬁ—
crease in thermodynamicélly irreversible damage in the mate-
rial. The extent and shape of this damage is generally affect-
ed by loading variables (e.g;, the maximum fatigue stress,the
cyclic'stress amplitude, loading frequency),»material prop-
erties (e.g., fiber and filler volumé fractions, fiber Ori;
entation distribution, dispersion of fibers énd filler etc.),
gebmetriC'parameters (e.g., notch root radius, holés,bounda-
ries, and other cut-outs) and environmental conditions (e.g.,

temperature, moisture, etc) [21,22]

Direct'consequences:df the fatique damage are, decrease
- of structural integrity and destruction of load transfer mec-
hanisms in the composite. Considefing this feature, when the

material is subjected to cyclic loading with a peak load equal

to its debondihg load (65% of the fracture load) the following

situations occur.

The size of the hysterisislpqpcfthe'first load excursipn
is much largervthan the next ones due to growth of existing
notch and initiation of a large number of microcracks.Subse-
quent cyclic loading initiates further microdamage and propa-
gates existing cracks but with a decreasing rate. This further
development of homogeneous damage is reflected by a continuous

' decrease in stiffness of the composite and by an increase in
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size of the hysterisis ioops (Figure 4.3).

100

STRESS (MPa)

0. 1 Il
0000 0.005 0.010 0.015
STRAIN - ’

FIGURE 4.3 Stress-controlled fatigue response of the fandom—fiber—
glass reinforced composites [21]

The commonly observed:cydlic stable state in metals and poly-
mers is>never reached in these types of composite materials-'
[22] The stress-strain curve at any given cycle can be obtained
- by translating the hysterisis loop at that cycle to the origin.
[21—22]. Hence, the cyclic stress—strain.behévior of the com-
posite may be expressed by é family'of curves at different

loading cycles as shown in Figure 4.4

STATIC,N=1

Ns10
100
1,000

{MPo)

STRESS

. . JEO%) IRTORIE PUUNY DR Rr—
[} 0002 0004 0006 o008 000 ooi2 oo0i4 Qo
STRAIN

" FIGURE 4.4 Monotonic and cyclic stress-strain curves of different
loading cycles of randomly oriented glass fiber rein-
forced polyster (Vg=0.5) [21]

ROGAZICT {INIVERSITES] KUTUPHANES]
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where the first cycle or monotonic stress strain curve is also

given for comparison.

In calculating the fracture toﬁghnéss of a specimen sub-
jected to a certain number of cyclic loading, the effective
crack length should be calculated by taking into account the

damage produced during fatigue.
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V. EXPERIMENTAL WORK

5.1 TEST MATERIAL

The material which is used in the experimental study is
a sheet containing chopped glass fiber strands randomly ori-

ented in the plane of the sheet as reinforcement and polyester

as matrix.

Polyster used as a matrix is Neoxil 188N8 - and glass fi-
ber reinforcement mat is E-type, Gll. They are both supplied
vfrom Cam Elyaf Sanayi A.S. Laminates 530x690 mm are prepared
in a temperature - and humidity-controlled laboratory by the
wet Lay-Up technique and are allowed to gel for 48 hrs at room

’temperature before being post-cured for 3hrs at 80°¢. -

Generallyv,Pléstics or Polysters used here are of the

thermosetting type. (Neoxil 188N8). Thermosets are plastics
which are formed once by heating and then which can not be

reformed again. Unsaturated Polyster Resin is the most used
type polyster. Its mechanicalb chemical and'electrical prop-
erties and easy usabilities enable it to be used extensively

according to aim of application and design point of view

" (Table 5.1)
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TABLE 5.1 The Properties of a Cured Polyster

Speéific Density 1.15-1.25
Elastic Modulus : 3000-4000 N/mm>
Tensile Strength 50-80 N/mm2
Bending Strength | | 130-130 N/mm®
Deformation Temperatﬁre : ” o
50-150 °c

Under Loading

| Hardness (Barcol) _ \ ~n 50

Ortophtalic Polyster Resin

Glass mat , Gl1l specially, is produced as in the Figure 5.1

MIXED %}39 ‘e
o
: Cooiline
| L_j‘ Colemanite
‘ Cafg .
-~z - ::.' ——p Mealting in the oven ,

5 _-:J_" “Tube having small holes

r . L
i ]

" FIGURE 5.1 A configuration of the glass fiber producing method.
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For producing wide plates, for‘example a truck cabin,
| the LAY-UP method is used extensively. A convenient die remo-
ver is first spread and polished. After-fhat, the polyster
resin is applied to the surface once or twice with a roller.
Then the glass mat is spread in one layer or more, iﬁ is
‘saturated with polyster completely and rolled until the glass
mat is wetted. Finally, it is left to be cured at room tem-

petarure. (Figure 5.2)

FIGURE 5.2 Producing wide plates

The chemical composition of the composite used here is

~given in table 5.2.

TABLE 5.2 The chemical composition of the composite

Type Weight $
Etype,Gll 32.8

Reinforcement

“Matrix _ Neoxil 188N8 67.2
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5.2 SPECIMEN GEOMETRY

Tensile testing and fatigue testing specimens. were choéen.
according to ASTM 3039-74D. Single Edge Notched in Tension
(SE(T)) specimens as shown in figure 5.3 (a) are generally con-
venient for sheet materials. They are used for mode-I fracture

and fatigue tests.

'All specimens are cut from the sheets and milled to the
dimensions required. The specimens have a length of 300 mm and
a width of 50 mm. The total gage length between grips is 178mm.
They are heated to 80°C for 3 hrs as a post-cure with tabs

and furnace cooled at the rate of 0.l»C°/min, (Table 5.3)

After heat.treatment, specimens are notched at the same
length and various notch ;oot radii with é thin circulér slitt-
ing saw. The sharp notches whose root radius g<0.25 mm are ac-
hieved by cutting slowly to the depth required with a very
thin saﬁ and by finishing to the desired notch root radius with

a knife having sharp edges (0.125 mm in thick). The others are

"drilled with various drills. When»obtanining blunter notches,

holes are drilled first through the specimen and a fine saw

used to cut through from the edge of the specimen to the hole.

The notch root radius and length are measured with a sen-

- sitive vernier calipher. The notch root radii are varied from

0.125 mm (sharp) to 2.5 mm and the notch depths are kept cons-

tant at a/w=0.3. The notch depths are about 15 mm. with a de-

viation of +0.6 mm.

The single edge notched tension specimen (SE(T)) is gripp-

ed using parallelfsided strips, namely tabs, made of GRP or
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soft aluminium bonded onto the samples. But, GRP (glass rein-
forced plastics) tabs of the same material as the specimens
are preferred due to the good adhesion achieved. They are

bonded to the specimens with a commercial adhesive, "404-

_gelik.plastik“.

The specimen geometry used for unnotched tensile testing -
and for tensile testing of the matrix material are the same.

(Figure 5.3.(b) aﬁd Table 5.3)

- -l A %
| /J 8 T %

/,’

La
(2]
L
~
VY
W
pS

l .
. l
L w 4 L w i
* " S
| i

—_

I

FIGURE 5.3 (a) single-edge-notched specimen (SE(T))
(b) Tension specimen

SE(T) specimen is not 6nly a standard configuration for

" tension tests but also a common specimen for fatigue and comp-

, liance test experiments.




TABLE 5.3 Dimensions of the specimens shown in figure 5.3

W
a, Lg L Ltab B

SE(T)

cpecmiey | 50| 15 | 178 | 300 | 66 3.0-3.5

TENSILE
STRENGTH
TEST
SPECIMENS

25 7.5 178 300 66 3.0-3.5

5.3 SET-UP

All tests are performed on an. electro-hydraulic closed
loop, MTS ‘812, fatigue testing machine with a maximum capa-

city of 10 tons. (Figure 5.4)

FIGURE 5.4 Fatigue Testing Machine and X-Y Recorder
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Tests are conducted under load control. Load and crack
- mouth displacements are plotted as the ordinate and the abs-
_cissa,‘respectively_,on an (Hewlett-Packard) X-Y recorder
(Figure 5.4)

The displacément is measured using a clip-gage mounted
across the open mouth of the notch. The load is measured thro-
ugh the load cell of the testing unit; The accuracy of the |
load-cell is *1 3. | |

In order to mount the clipgage on the specimens two knife
edges are bonded to the specimens. The schematic of the clip

gage and the knife edges used are shown in Figure 5.5

Shum A:fffi:::E::::]
Gages Notched
ax ~% Seats
= for +ne knife
Spocer Co edpes
Block = 7N
1 3
CLIP GAGE : BRIDGE
CIRCMIT
Knife Bigs

cuf (N PosITION

FIGURE 5.5 Schematic of the displacement gage.
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Grips were specially designed for thin sheet materials.

The small tabs’insideythe»gripsiweré serrated for holding the

specimen completely.

5.4 MEASUREMENT OF THE CRACK LENGTH

In static and fatigue loading, diffuculty can be experien-
ced in measuring the érack length due to the damage developed
at theltip of the crack.Measurement of the crack length during
loading is éspecially difficult in glass fiber composites be-
cause of the two-phase nature .of the material and the large
ambunt'of irreversible debonding which occurs around the crack
tip. Both sih and Thornton [23] (1970) used optical means to

measure the crack length but experienced difficulty.

Several methods cén be tried out to measure the crack

length as a function of damage. These include;

1. Using an optical travelling microscope
2. Using penetrating dyes

3. Using a calibration curve

The method using the travelling microscope is not sucéess—
ful since the crack does not propagate along a neat line as in
métals aue to the presence of debonding between fibers and the
matrix. Use of penetrating dyes is not successful either since the
dye may run along surface cracks which indicate erroneously

large crack length. Usually, these surface cracks do not extend

- through the thickness.

The method using extension gage (clip gage) does not
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measu;e the crack length directly, but it is measured by

means of the crack detection compliance curve (Figure 5.6)

This means that at a spécified point on load-diéplacement
_curvé the compliance corresponding tolthat point is measured,
value of the crack length or damage is then obtained indirectly

from the crack-detection compliance curve for every specimen.
5.4.1 Construction of Crack Detection Compliance Curve

As known, compliance is definéd as
c =2 o »(6)
TP ’ -

where 4 1is the crack-mouth displacement and p is the load.
It should be pointed out that the machined slot necessary to
simulate crack does not provide exactly the same specimen
compliance as a naturai crack. In this study, the machined
crack in the compliance specimens and the fracture test spe-
cimens were of the same type, hence it is ex?eéted that the
_compliance specimen will simulate the behavior of the frac-

ture test specimen.

To constructﬁfhe crack detection compliance curve, thé
load-displacement  records are first obtained for specimens
having cracks of various lengths, all produced by increasing
the crack léngth withia Jeweller's saw in 5 mm. increments.
Initiai straight-line portions of the load / displacement re-
cords at various initial notch'lengfhs are used to calculate
the compliance..Thén the product of compliance and thickness

is-plotted to various crack lengths to obtain the crack detec-
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tion compliance curve. (Figure 5.6). A conventional compliance
calibration curve (EBC vs a/w) is aiso given for general pur-

poses. (Figure 5.7)

The data obtanied from calculations are processed with a
computer program using the least-square method to fit the cur-
ve to the points (Figure 5.6 and 5.7) The program will be

given in the appendixB
5.5 EXPERIMENTAL PROCEDURE

Since this study tries to investigate the effect of notch
root radius on fracture behavior and the effect of fatigue
(cyclic stress) on fracture toughness, experiments are divided

into three sections.

(a) Construction of crack detection Compliance Curve
(b) Static fracture tests (monotonic)-

(c) Fatigue fracture tests (cyclic)

Before starting the experiment, the maphine(is prepared
for the test. The first thréé specimens are tested to obtain
ﬁhe crack detection compliance curve; each one is subjected
to the tensile loading at the same loading rate at various
crack lengths; and for each crack length , load-displacement
curve is plotted by loading and unloading without céuSing de-
bonding at the crack tip. Thén, compliances corresponding to
the crack lengths are determined. After the thrée specimens

are tested,the crack detection compliance curve is plotted.

Next, specimens with the same crack lengths (ao=15:0.6mm)
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but different nqtgh tip radii are pulled to fracﬁure. At the
.same time,wloa@-displacement curves-aié obtained from the
X-Y recorder. For each crack tip radius, three -specimens are
subjected to testing and their load displacement curves are
used to calculate the candidate criticél stress intensity
factor (fracture toughness) with different methods mentioned

section III.

Finally, specimens with the same crack lengths but'diff—
erent notch tip radii are stress-cycléd'in tension (opening
mode) at a rate of 5 Hz. The loading history is of a ramp
function varying between a minimum load (20 kg) to a maximum

positive peak tensile load (270 kg) (Figure 5.8)

STRESS or LOAD (kg)

TIME (second)
FIGURE 5.8 Cyclic Load function for tensile fatigue

: : : 5 ..
After each specimen has been cycled 10~ times, they are
pulled to fracture at a constant loading rate (reaching to

peak load in 200 seconds) . The fracture load is recorded and

/ © . .
the critical stress intensity factor, Kic, is computed using
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the different methods mentioned in section III again.

Results of the notch tip radius and the fatigue on the
apparent fracture toughness,'KQ, will be given in the next

~section. All of these data are associated with specimens which

‘have a crack tip radius varying from 0.125 mm to 2.5 mm

5.6 RESULTS

5.6.1 Static Tensile Testing Results

Figure 5.10 and table»5.4 show the candidate fracture
toughness Value vs crack tip radius according to Kyc testing
method.

: Figure 5.11 and table 5.5 show the K1 variation with
respect to crack tip radiﬁé accqrding to unstable crack.propa-

gation approach.

Figure 5.12 and table 5.6 show the data obtained according

to debonding load with respect to notch tip radius.

5.6.2. Fatigue Tensile Testing Results

Variation of fracture toughness with notch root radius is
‘given in figure 5.13 and in table 5.7 using the KICc procedure
of ASTM, in Figure 5.14 and table 5.8 using the unstable point

approach and in figure 5.15 and table 5.9 using the debonding

approach.
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5.6.3 Static Tensile Test Results of Pure Matrix with two

Different Notch-Tip Radius

figure 5.16 gives the variation of fracture toughnéss
with respect to notch-tip radius for the pure polyster resin.
(Neoxil 188N8) Only static experiments are performed due to
its brittleness. Table 5.10 also gives the data obtained and

shows the fracture stress.

A cumulative figure (5.17) is included to show the diff-

erences between the virgin and cyclicly loaded specimens.

A tYpical fracture picture of the specimens is seen in
figure 5.9. Other pictures which show the fracture behavior
of the specimens with the same crack lengths but different

notch tip radii are given in appendix-C.

FIGURE 5.9 Fractured specimen with notch root radius of 2.5 mm
in static test.
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Table-5.4 Stress Intensity Factor Results According To

K;c Testing Data (static)

Bl e e
Sharp | 15.0 | 22.6 | 9.0
Sharp "15.0 15.2 B8.71
0. 25 14.7 24.8 9.83
0.25 15.6 24.7 | 10.4
0.5 - | 15.0 21.8 9.86
0.5 15.0 1 22.6 11.2
0.5 15.2 | 212 11.6
0.75 14.3 26.1 | 9.48
0.75 | 14,9 | 24.4 11.1
1.0 14,9 -20.4 10.8
1.0 14.6 . 26.1 10.6
1.0 15.0 19.8 12.4
1.15 | 15.0 25.5 10.75
1.15 | 15.0 | 23.5 10.56
1.15 | 14.5 | 20.9) 9.86
2.5 14.3  26.1. 9.5
2.5 15.2 22.6 12.5

2.5 15.25 | 27.0 9.10
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Table-5,5 .Stress Intensity Ffactor Results Acéording To
'UNSTABLE CRCK PROPAGATION Data- (static)-

[ e (PR ERIER R
‘Sharp | 15.0 23.7 11.2
Sharp 15,0 16.8 14,3
8.35. | 14.7 25,2 14.9
0.25 15.6 26.2 10.7
0.5 15.0 23,7 13.0
0.5 15.0 25.3 14.0
0.5 15.2 22.9 14.8
0.75 14,3 26.8 10.8
0.75 14.9 23.3 11.3
1:0: 14.9 | 23.3 12.8
1.0 14.6 26.6 10.6
1.0 lﬁ.u» 20.2 15.0
1,15 15.0 27.0 | 8.02
1.15 15.0 | 23.6 | 10,5
1.15 14,5 | 20,9 10.6
2.5 4.8 | 27.2 9.95
2.5 15,2 23.5 13.1.
2.5 16.25 | 25.4 9,54
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Table—5.6'

Stress

Intensity Factor
DEBONDING Point

Résults
Data (static) -

According

| Badius. niialiea E'fl\slc&::)k'gt Kit int
Sharp 15.0 22,0 | 1.78
Sharp | 15.0 | 15.3- | 9.9
0.25 14.7 18.8 5.46
0.25 15.6 22.7 7.0
0.5 15.0° S21.2 8.11
0.5 15.0 23.6 9.11
0.5 16.2 20.2° | 9.36
0.75 14.3 24.9 7.18
0.75 14,9 22.0 8.0
1.0 14,9 22,2 | ‘8.2
1.0 14,6 24,7 T.15
1.0 15.0 19.1 9.93
1.15 15.0 25.5 5.83
1.15 15.0 22.0 7.24
1.15 14.5 | 19.6 6.91
.

2.5 14.8 25.0 6.15
2.5 15.2 22.1 B.68

' 2.5 15.25 25.7 | 6.38
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Table- 5.7 Stress Intensity Factor Results According To
K Testing Data_(fatigue) ‘

ic

LT e B e 1|
gharp 15.5 | - 17.2 7.26
Sharp 15.2 | 15.4 | 6.95
Sharp 14.9 | 15.7 | 6.08
0.25 15.3 15.9 8.3
0.25 14.6 17.8 8.9
0.25 15.0 15.2 7.31
0.5 14,9 17.4 8.13
0.5 14,8 | 17.3 10.0 |
0.5 1409 16.1 9.6
0.75 15,1 |  15.4 B.5
0.75 S14,3 | 17.3 8.35
0.75 15.0 15.4. 7.75
1.0 14.85 17.5 9.6
1.0 14.6 15.8 B.62 .
1.0 - 15.0 17.9 8.82
1.15 15.3 17.1 9.6
1.15 14.5 24,6 9.49
1.15 15.5 18.4. B.73
1.15 4.4 | 1T.2 | 9.62
2.5 15,0 15.4 | 9.96
2.5 14.7 | 4.9 10.37
2.5 15,0 | 15.2 | 7.67
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- Table-5.8 Stress Intensity Factor Results According To

 UNSTABLE CRACK PROPAGATION Data (fatigue)

Radiue, |iniial (3 | Final crack |7 2L
Sharp | ~15.5 17;5" 7.57 =
Sharp | . 15.2 | a6 | 7.6
Sharp | 14.9. | 16.2 656
d.zs‘ 15.3 | 18.1 9.33
' 0.25 14,6 ;7.6 _ 8.54

. 0.25 15,0 | 15.2° 7.34
0.5 | 14.9 | 18.6 - | B.56
0.5 14,8 | 17.5 10,5
0.5 14,9 | 16.7 12,4
0.75 | - 15.1 | 15.4 - | 8.5
0.75 | 14.3 | 17.9 10.7.
0.75 15.0 15.7 9.0

1.0 14.85 | 18.1 10.18

1.0 | as.0 17.9 | 9.86
1.0 | “14.6 | 16,2 | 9.68

s | o1saa |1t | 1.6
1.15 | 14.5 | 5.0 10.2
1:15 | 15.5 19.1 ~l9.64

1,15 | 14.4 | 17.9 10.4
205 - 15,0 | 15.4. 10.6
2.5 14.7 14.9 | 10.3
2.5 15.0 21.2 10,3
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. Table=5:9 i}Stress: Intensity factor Results Acecording To
' DEBONDING Data -'(fatigue)

Redvs, [l (23 et o [Es
Sharp ~‘15.5j ' f16;2 ; 5,0_ :
. | sharp '15.2- 1 1sa | os.7
Sharp | 14.9 | 15.9 4.66.
0.25 . 15.3 .| 17,1 | 6.38
0.25° | 4.6 17.6 6.42
0.25 '_ 15.0 | 15.0 | 5;6
0.5 | 149 | ‘1600 | 6.5
0.s | 14.8 | 17.0 | 7.0
0.5 C14.9 | 1t.2 5,74
0,75 | 1s.1 15,1 '16.44
0:75 1403 | 14.9 6.38
.9.754f' 15.0 | 15.1 6.0
1.0 ' 14.85 1.2 | 7.5
1.0 | 14.6 | 15.0 6,29
1.0 | 1s.0 | 16.2 6.56
© 1.15 15.9 | 16,2 | aus
1.15 . 14.5 | 23.3; | 6.57
1.15 | 15.5 17.4 6.1
1.15 . |- 14.4 | 17,2 6.9
2.5 | 1s.0 115.8 7.1
2.5 - 14.7 15,4 | 6.9
- 2.5 | 1s.0 | 151 | 7.0
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Table-5.10° Pure Matrix Data With Two Different
- Crack Tip Radius. (Static Tensile Test Data)

RADIUS (mm)| 0F  (Mpa) _Kag

Sharp | . 6.17 [ 1.63

Sharp [ -9.48 | = 2.38
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5.6.4 Mechanical Properties of the Laminate And Pure Matrix.
Table 5.11 and 5.12 gives the properties of the Lamin-

ate and Matrix materials used, respectively.

TABLE 5.11 Mechanical Properties of Glass fiber (Randomly
oriented) Reinforced Polyster Resin (Glass w/o 32.8)

LAMINATE PROPERTIES

Tensile Strength | Elastic Modulus| Strain (%)
(MPa) (Gpra)
1 89.7 ~7.000 '1.28
2 90.0 n7.000 1.28
3 89.0 - 26,900 1.27

" TABLE 5.12 Mechanical Properties of Matrix Material

MATRIX PROPERTIES

Tensile Strength | Elastic Modulus | Strain . (%)
(MPa) (GPa)
65-75 3.20 2.0-4.0

Polyster Neoxil 188N8 ortoftalik thermoset.
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5.7 DISCUSSION OF RESULTS AND RECOMMENDATIONS

5.7.1 Static TenSile‘Tesfing Results

As mentioned before, the lbads which are'used to calcu-
late 0 5 are chosen by three different methods. Figure 5.10
shows the result obtained according to the Kyc testing pro-
cedure. As seen, egcattering is available but is léss than
that in the results obtained from the debonding approach and
the unstable crabk propagation approach. (Figure 5.11 and 5.12)
'Scatéering occurs in all cases due to the nonhomogeneity of
the material. Beyond the sharp»notch, thé material does not
show any siqﬁificant variation in stress intensity factor with
increasing notch root radius if compared with metals and poly-
mers. A smooth line.can approximately be drawn through the
points. It is, however difficult to say anYthing for P<0.25 mm.
‘A drop in toughness with sharper Ry as seen in metals, is not
excluded through this study. This notch root radius effect is

more severe for "unidirectionally" reinforced carbon epoxy com-

‘posites. (see figure 4.2)

Due to thé compbsite character qf the matérial, "sharp"-
notches may unavoidably lead to local effects. That is, many
specimens should have been tested to get an "healthy" average
value. The "sharp" notch ending right at a fiber or matrix or
matrix/fiber interface may give quite different result. Thus,

- looking back now at the reSults,'it is felt that more data are

needed as one moves towards smaller g.

Debonding point approach is more conservative than the
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others in general, but it vields scatﬁered data’ Again, uns-
table crack propagétion'approach yvields scattered data ﬁoo'and'
not convenient for calculating fracture toughness value, buf
i£ is easy to determine the load which is used in the calcu-
lation of the streés intensityAfactor, thus it can be useful

for some engineering applications with a generous safety factor.

5.7.2 Fatigue Tensile Testing Results.

Figure 5.13, 5.14 and 5.15 show the effect of notch root
radius on the fracture toughness of random glass fiber rein-

forced polyster resin after'lo5 cycles of fatigueing.

- Scattering in data is observed again, but Kic testing
gives less scattering than the others. As in the case of the
monotonic test results, the presence of a sharp notch loweres
" the fatigue sﬁrehgth data more than the other notch.rood radii.
Generally, beyond the sharp notch, it can be said that notch
root radii in the range of 0.25 - 2.5 do not stronglyvéffect

the fracture toughness.

During fatigue, the damage zone developed at the notch tip
does not create a sharp fatigue crack but it reduces fracture
toughness of the material due to debonding. Examination of the
fracture surfaces of the fatigued spe?imens shows somé important

points. In areas close to the notch tip, initiation of damage

zone is closely related to the arrangement of local fiber strand.

As seen from figure 5.17, a significant decrease in frac-
ture toughness value (Approximately 15-20% drop in KQ after 105

" cycles fatigueing) is observed in the fatigue case with respect

/
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"to the static case. This tendency is observed for all the
three different ways of determining KQ. Percent drop in KQ

is nearly the same for all approaches.

5.7.3 Static Tensile Testing Results of Pure Matrix

Sharply notched (p=0.125m1), and bluntly notched (p'=1 mm)
specimens failed in severely brittle manner in static tensile
tests. |

There is no plastic zone formation observed at the notch
tip until fracture. The only difference between fracture of
sharply and bluntly hotched specimens is the fracture surface
smoothﬁess. The surfaces of the sharply hotched specimens are
very shiny and fracture surfaces: of other specimens are‘rela—

tively rough and. opaque.

In addition, from figure 5.16 the dependence of fracture
toughness on cractk tip radius is obviously seen. Brittle mat-
rix is known as notch root radius dependent. This was demonst-

rated by this study.
5.7.4 Recommended future work

For an investigation of the'effect of cyclic loading onb
K¢ in detail, it is recommended to perform the tests of Ky vs
p at several N (number of cycles) ty;ically 104,105,106. We
do not know whether there is a continuous drop in Ké due to
débonding. These tests can be repeated at severalfN:for a
different amplitude. It will be useful to discover the effects

of amplitude and number of cycles to damage developed at the

"crack tip.
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In addition to these, it is also recommended to investi-

gate the effect of sharper notch radii (say, p<0.25 mm) On

KQ.
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VI. CONCLUSIONS

The following conclusions have been reached or verified

as a direct result of investigations performed during this

study.

1.

For thié gléss of random short fiber éomposites, the
value of candidate fracture toughness (Ky) is approxi-
mately independent of notch roct radius between 0.25

to 2.5 mm.

Application of cyclic 1oading to the random glass fiber
reiﬁforced composites causes the candidate fracture:
toughness value to reduce considerably due to therfor—
mation of fatigue damage zone at notch tip.

Pure matrix (polyster resin) is notch tip radius de-
pendent and shows very brittle fracture behavior

The results presented in this study suggest that Kic
testing concept can be a uéeful approach to study the
fracture behavior of random fiber composites

bebonding point approach to find the Ky gives more
conservative values than do the other different methods
used here. | |

Crack detection Compliance curve is recommended to

. measure the crack growth since surface observations do

not yield a healthy average through the thickness.
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APPENDIX = A

STRESS INTENSITY-FACTOR EQUATION

The stress-intensity-factor equation for a single edge

notched(sE(T) specimen of finite width is given like that:

Kr=0 Vra f(—}as— )

[t T

2b

a/b ' £(a/b)
0.1 1.15
0.2 1.20
0.3 1.29
0.4 1.37
0.5 1.51
0.6 1.68
0.7 1.89
0.8 2.14
0.9 2.46
1.0 2.86

Correction factors for a Single-Edge-Notched
Plate (Barsom)



APPENDIX - B

The least Square Method and Computer Program

If points are convenient for a parabolic curve we can

use the equation of -
2
Yy =38 * ai1 x + ap x

The least square equation

N
= 2
S = ¥ (Yi-yi)
1=]1 .
or
N 2 2
S = I (ag + a3 X3 + azxj - Y.)
i=1
N
if; 95 = I (a, + a,;X;, + anxjy = Y.) =0
/ . o 184 241 i
Ja i=1 !
1
N .
39S - 5 -
= (ag + ayxj + agxj - Y. +x) =0
3a i=



(ap + a3x

1

3.8 N 2
E i

2 i
in the reordering

Nap + (Ix;) a; + (inz) ag = 1LY}

' 2 3
(Zx3) ap + (Ix;7)ap + (in )az

L1}
™
X
)

2 3 A2
(fo )ao +‘(in )al-+ (in )a2 = in Yi

in the matrix form;

| N (Zx;) (2xi.2‘) I i ag -
Gx) Gx?) Gl |
(Zzi.z) (2x5) '(z:xi")_J |
) M , | - A

+ azxi - Y; + Xi)=0

64

(Zy3)
( IxY4)

(ZXi. Yi.)

The solution of the above matrix form gives the coeffici-

ents of the parabola .
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APPENDIX

.0 mm-

p=1

-ao=l5 mm;,

J15 mm

.=l

15 mm,p

ap=

.5 mm

p=2

15 mm,

ao=

=0.25

apg=15 mm,p

0.50mm

p':

15 mm,

ap=

,M=0.75 mm

ap=l5 mm

imen

Spec

Tension

an=15 mm, p.=sharp(0.125)
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