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ABSTRACT 

The aim of th~s study is to determi~e quantitatively 

fracture toughness.properties as a function of 'the crack tip 

radius, and the effect of fati~ue damage produced at the 

cr~ck tip.to the critical stress intensity factor, and to 

examine'the fracture behavior of randomly oriented-short-glass­

.f iber:comp0s i te • 

Apart from the intersection of the 5 percent secant line 

with the load vs displacement curve, two other critical points 

are observed. These are characterized as the debanding point, 

and the un~table crack propagation point-. Thus, besides evalu­

ating the K6 value using the ASTM standard, two other stress 

intensity factors are utilized based on the above'mentioned 

critical points. 

The effect of notch 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. 

Prior, 'cyclic loading strongly influences' the toughness behavi­

or since debonding damage is incurred at the notch root. 



t)ZET 

Bu cal1eman1n amae1 cam elyaf1 ile gelieiguzel yonlerde 

takviye edilmie plastiklerin k1r1lma toklugu ile ilgili ozel-

liklerinin, catlak ueunun yuvarlakl1g1've yine bu ucta yara­

t1lm1e yorulma hasar bolgesiyle nas1l degistigini saptamak, 

boyleee bu turmalzemelerin k1r1lma davran1elar1 hakk1nda 

bilgi sahibi olmakt1r. 

Yuzde bee sekant Cizgisinin, Pvs' egrisini kesmesinden 

ayr1 olarak, diger iki kritik nokta,gozlenmektedir. Bunlar el­

yaf <polyester ara yuzeylerininkopmaya baelad1g1,nokta ve 

sabit olmayan catlak ilerlemesinin baelad1g1 noktad1r. Boyle-

ee, k1r1lma toklugu degerinin ASTM standard1na gore hesaplan­

maS1n1n yan1nda, budiger iki kritik noktaY1 referans alan iki 

ayr1 gerilme eiddet faktorli hesaplanmaktad1r. 

Buyaklae1mlar1n sonueu olarak, catlak ueu yuvarlakl1g1n~n, 
I 

0.25-2.5 mm.lik centik ueu yuvarlakl1g1 aral1g1nda, k1r1lma 

ozellikleri uzerine onemlisay~lmayaeak bir etkisi oldugu tes-

bit edilmektedir. Bu etki polimer matrikslericin ihmal edilme-

yeeek kadar buyuktur. Elyaf/polyste.:r::_' ara yuzeylerinin ayr1l-

mas1yla ortaya,C;1kan hasar nedeniyle, ycrulma yuklemesi malze­

menin tokluk davran1e1n1 onemli'dereeede etkilemektedir. 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS 

ABSTHACT 

C>ZET 

, LIST OF FIGURES 

LIST OF TABLES 

LIST OF SYMBOLS 

I. INTRODUCTION 

II. GENERAL CHARACTERISTICS OF DISCONTINUOUS FIBER 

COMPOSITES. 

2.1 Types of Discontinuous-Fiber Composites 

2.2 Fracture Behavior of the Material· 

2.3 Factors Affectfng Fracture Toughness 

2.3.1 The Effect of. Loading Conditions 

2.3.2 The Effect of Crack Size 

2.3.3 The effect of Fiber Concentration 
I 

2.3.4 The effect of Thickness 

III.APPLICABILITY OF LEFM TO RANDOMLY ORIENTED GLASS 

FIBER REINFORCED COMPOSITES 

3.1 Theory of Fracture Mechanics 

3.2 Determination of Candidate Critical Stress 

Intensity Factor, KIQ 

v 

Page 

ii 

iii 

iv 

viii 

, xi 

1 

3 

3 

4 

7 

7 

8 

9 

9 

11 

11 

15 



3.2.1 KIC Testing 

3.2.2 Unstable Crack Propagation Approach 

3.2.3 Debonding Point Approach 

IV. CRACK TIP RADIUS AND DAMAGA AT A CRACK TIP 

4.1 The Variation of Tensile Strength and Work of 

Fracture with Notch Root Geometry 

4.2 Damage Zone at the Crack Tip 

4.2.1 The Development of a Damage zone During 

Monotonic Loading 

4.2.2 The Development of a Damage Zone During 

Cyclic Loading 

V. EXPERIMENTAL WORK 

vi 

Page 

15 

17 

18 

20 

20 

22 

22 

24 

27 

5.1 Test Material 27 

5.2 Specimen Geometry 30 

5.3 Set-Up 32 

5.4 Measurement of the Crack Length 34 

5.4.1 Construction of Crack Detection Compliance 35 

Curve 

5.5 Experimental Procedure 

5.6 Results 

5.6.1 Static tensile testing results 

5.6.2 Fatigue tensile testing results 

36 

40 

40 

40 

5.6.3 Static tensile testing results of pure matrix 41 

with two different notch-tip radius 

5.6.'4 Mechanical Properties of the laminate and pure 56 

matrix 



5.7 Discussion of Results And Recommendation 

5.7.1 Static Tensile Testing R'esu1ts 

5.7.2 Fatigue Tensile Testing Results 

vii 

Page 
57 

57 

58 

5.7.3 Static Tensile Testing Results of Pure Matrix 59 

5.7.4 Recommended Future Work. 59 

VI. CONCLUSIONS 61 

Appendix - A 62 

Appendix - B 63 

Appendix - C 71 



LIST OF FIGURES 

FIGURE NO: 

2 .• 1 Schematic: of Load-Displacement Curve for Fracture 

Tests of (RGFRC) 

2.2 Damage Near the Crack Tip 

2.3 A Typical Fracture Picture of a Random short Fiber 

.. Re inforced Compos i te 

v.iii 

Page 

5 

6 

6 

2.4 The Gripping Configurations 7 

2.5 Variation of KQ with Crack Size forS£(T) specimen 8 

2.6 Variation of KQ with fiber Volume Fraction for Glass/ 9 

Epoxy Composities 

2 .. 7 Variation of KQ with Specimen Thickness for the Brittle 10 

Composites 

3.1 Elastic-Stress-Field Distribution Ahead of a Crack 13 

3.2 Configuration of MODE-I Loading 14 

3.3 Obtaining PQ From Load vs Displacement Plot 17 

3.4 DeterminationPcr From Critical Point 18 

4.1 Sharp and Dull notches of specimens of PC (polycarbonate} 21 

4.2 The Effect of Specimen Notch tip Radius on Measured Work. 21 

of Fracture values 



ix 

Page 

4.3 Stress-Controlled Fatig'ue Response of the Random Glass- 25 

Fiber Reinforced Composites. 

4.4 Monotonic and Cyclic Stress-Strain Curves at Different 25 

Loading Cycles. 

5.1 A configuration of ,the glass Fiber Producing, Method 28 

5.2 'Producing wide plates 29 

5. 3 Dimensi6~s of the specimens 31 

5.4 Faiigue Testing Machine and X-Y recorder 32 

5.5 Schematic of the displacement gage 33 

5.6 Crack Detection Compliance Curve 37 

5.7 Compliance Calibration Curve 38 

5.8 Cyclic Load Function for tensile Fatigue 39 

5.9 Fractured specimen with notch root radius of 2.5 mm 41 

in static tests. 

5.10 Static tensile test result ,according to KIt testing 

Data 

5.11 Static tensile test result 'according to unstable Crack 

propagation ,data 

5.12 Static tensile test result according to debonding point 

data 

5.13 Fatigue tensile 'test :r=sult according to K'rc testing 

data 

5.14 Fatigue tensile test result acco,rding to unstable crack 

propagation data 

43 

45 

47 

49 

51 

5.15 Fatigue tensile test result according to de:bonding point 53 

data 

5.16 Static tensile test data with various crack tip radii 54 

of pure matrix 
I 

5.17 Cumulative Figure according to ~C' testing procedure 55 



x 

LIST OF TABLES 

Page 

TABLE NO: 

2.1 Effect of Loading Conditions on KQ of the composite 8 

4.1 Effect of Notch Geometry on Tensile Strength 21 

5.1 The properties of a Cured Polyster 28 

5.2 The chemical composition of the composite 29 

5.3 Dimensions of the specimens 32 

5.4 Candidate Critical Stress Intensity Factor results 42 

According to K ; testing 
IC 

5.5 Stress Intensity Factor Results According to Unstable 44 

Crack Propagation Approach 

5.6 Stress Intensity Factor Results According to Debonding 46 

Point Approach 

5.7 Candidate critical stres Intensity Results for the 48 

Fatigued Specimens According to KIC testing. 

5.8 Stress Intensity Factor Results for the Fatigued Speci- ;50 

mens According to Unstable Crack Propagation Approach 

5.9 Stress Intensity Factor Results for the Fatigued Speci-· .52 

mens According to Debonding Point Approach 

5.10 Pure Matrix Data With two ,Different Crack Tip Radius '54 

5.11 Mechanical Properties of GFRC ,56 
/ 

5.12 Mechanical Properties of matrix material. ,:56 



af 

a/w 

B 

C 

Lg 

Lt 

g 

ry 

K 

KD 

CSM 

N 

I 

xi 

LIST OF SYMBOLS 

Initial crack length for ~~(~)specimen 

Crack length corresponding to the which is considered 

Crack length-the width of specimen ratio 

Thickness of the specimens 

Compliance 

Gage length 

Tab length 

Notch tip radius 

Eadius of yield zone 

Radius'of debonding zone 

Tensile nominal stress 

stress intensity factor 

Candidate critic'al stress intensity factor 

-3/2 
~racture toughness (kg/mm ) 

Debonding stress intensity factor 

Chopped strand materials 

Number of cycles 

Crack mouth displacement 

Fibre volume percent 



1 

11. 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 composites 

(SMCi sheet Molding Compound, CSMi Chopped Strand Materials, 

for example) 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 in t.h-i.s class of. ma- -

merials -- have n0:t,,,-been fully understood. 

Despite the microscopic heterogeneity among fibers, resin 

matrix, and calcium-carbonate filler, the chopped strand rein­

forcing glass fibers be-ing statistically randomly oriented in: 

the composite, macroscopic planar isotropy of ther~al 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-Fracture Mechanics. In the first area [3] several 

workers have associated fracture with such mechanisms as 

debonding, fiber pUll-out and 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. 

2 

Wu [1] and Beamont [2] have looked at the effect of 

varying crack length. Wu considered the case of a unidirecti­

onal glass 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 significantly with 

crack length. ~eamont and Phillips [2} in their test on car­

bon fiber reinforced epoxy resin and glass chopped strand 

mat reinforced po1yster 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, then it may be possible to furt­

her exploit the considerable volume of theoretical and experi­

mental work which has been carried out on isotropic materials. 

Little is known about the effects of c~ck-tip radius and the 

damage produced by fatigue on the fracture 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 sharphessof the 

notch. [4-12J 



II. GENERAL CHARACTERISTICS OF 

DISCONTINUOUS-FIBER COHPOSITES 

2.1 TYPES OF DISCONTINUOUS-FIBER COMPOSITES 

3 

The combination of short discontinuous fiber (from say, 

3 to 30 mm in length) with thermoplastics or thermosettings as 

matrixes are of increasing technological interest, because the 

resultant materials can be processed by injection molding, 

compression molding or extrusion techniques generally similar 

to those used for polymers themselves. 

The most common fibrous reinforcements are glass,grap­

hitized carbon, and acicular minerals such as asbestos; some­

times glass/carbon hybrids are used as well. A wide range of 

fiber concentrations and geometrical arrays are used, depending 

on the application. Ll:~. 

One common type is a composite containing from 2 to 40 

percent (by weight) of fibrous materials that can be injection 

molded; considerable orientation in the flow direction may be 

expected with this type. Fibers are usually 2-10 mm long for 

this type of composites. 

A second common type is based on the impregnation of a 
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more or less isotropic mat that is made by laying-up short 

fibers (typicall~ ,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, but the properties in a given direc­

tion will'be lower than in the case of preferential fiber 

orientiation along the stress axis. Of course, chopped strands 

can be laid up to yield anisotropic specimens as well and 

short fibers are often blended with long fibers and parti­

culate fillers. In fact, the combination of low cost with 

good strength, stiffness, fatigue resistance, and dimensional 

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 short-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 much lower than 

the maximum fracture loads. 

,Initially, the crack-tip zone is quite transparent and 

when the load is gradually increased, a trans-lucent zone ini­

tiates at the crack tip. The size of this translucent zone 

increases as the load is increased, and finally spreads along 

'the plane of the crack to such an extent that unstable frac­

ture occurs. This translucent zone is an indication of debonding 
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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 2·1) 

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

A small region of nonlinearity is observed on the curve 

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 fracture tests of the notched composites under 

mode-I loading. 

The initiation of debonding (damage) at the crp.ck tip 

can be studied by loading a notched specimen (a/w = 0.3) to 

various fractions of its ultimate fracture load and then by 

examining the region near the crack-tip with a travelling 

microscope. By this procedure, it is found that the damage 

I initiates at 60-65 percent of the fracture load [3]. Pictures 

of damage near the crack tip can be seen in figure 2.2 
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Damage, 5 OX, 90-95% Pf Damage, 100X, 75-80% Pf 

Damage, 100X, 65-70% Pf 

FGURE 2.2 Damage Near Crack Tip ~l 

After final fracture, the pulled out fibers are seen at 

fracture surfaces as shown in figune 2.3 

(aJ ~) 

FIGURE 2.3 A Typical Fracture Picture of Random Short-Fiber 
Reinforced Composite; (a) Virgin specimen 
(b) Mode-I Fracture (ao=15 mm) 
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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 used 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 grippirig arrangements, two 1 in. square pieces (tabs) 

are bonded to the specimen ends to avoid bearing failure at 

the loading points. 

(0) 

• 
• • 

(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. [3} It is 

seen from these results that the KQ values are the same for 

both end condit~ons. 



8 

TABLE 2.1 Effect of Loading Condi tio~s on K.
Q 

of the composi te [3] 

Wedge Grip Loaded Pin loaded 

Gage length,KQ Gage length, KQ 
7in Sin 3in 3in 

9.3 9.3 9.3 9.9 

(ks' ,1/2) 1.ln 

9.6 10.2 9.6 (ks:i.inl/'9 .8 

9.2 9.3 9.8 9.7 

9.2 9.2 10.4 9.9 

(V.f = 0.29, a/w = 0.4) 

2.3.2 The Effect of Crack Size 

Figure 2.S shows the KQ values plotted against the crack 

size for the brittle resin/glass fiber composites. The can-

didate critical stress intensity factor decreases as a/w 

decreases. At larger crack lengths (a/w>0.2) the KQ values 

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

J 
l 
j :P 

~ - " ~g 
': ~ 
] 41 

.$ 

"" 
t 

f . t f 
.:0 
c a 

<.J 

CfClc.k .i-ae. Q \U 

FIGURE 2.5 Vari:ation of KQ with Crack Size for SE(T) specimen [3} 
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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 Krj values increase with increasing fi­

ber concentration. [4J 

.. -~5 
.~ 
-" 

~ (0 •• c 

" .:s 8 
on 
~ 

cll 
Ci ... 
~ 
'c u 4 O/w:O.4-

0·1 0·2. 0·3 0.4-

Fibel" Volu~e ConW\~ro\ion. Vf 

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

2.3.4 The Effect of Thickness 

The fr~cture toughness of metallic materials is known to 

depend, on the thickness of the test specimen. Plane-stress 

conditions exist at the crack tip for· very thin specimens, 

~hereas for thicker specimens, plane-strain conditions can 

exist in the center of the sheet at the crack tip. [4] 



10 

In composites, the situation is different. Figure 2.7 

shows the candidate critical stress intensity .factor as a 

function of specimen thickness for a short-glass fiber/ 

brittle resin composite. The values of RQ. are independent of 

the thickness in the range of 1.27-5.0 mm. The crack propa-

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

~ J41 

f ~ ·f f .~ 40 

~ ~ 
c - H .~ i . 

.~ OIl 

'" .::I. ~ 
U) & cs 

:::! 5 Vt :0·2.9 ... 
34 

a/w·o·+ 
.-f 

1 a 
-:!. 
-0 c: 
0 

<.J 
5 40 tli 1.0 

Thic.knev.. . -t: 

FIGURE 2.7 variation of KQ with specimen thickness for the brittle 
composite [4J . 



III. APPLICABILITY OF LEAM TO RANDOMLY 

ORllElfHED 6!I.ASS F][IBER REINFORCED COMPOSITES 

3.1 THEORY OF FRACTURE MECHANICS 

11 

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. [14,151 

a). Material Toughness; KIC, KC 

Material toughness can be defined as the ability to carry 

load or deform plastically in the presence of a notch andean 

be described- in terms of the critical-stress-intensity factor 

under conditions of plane stress, Kc, or plane strain, KIC, 

for slow loading and linear elastic behavior. 

b). Crack Size; a 

Brittle fractures initiate from discontinuities of various 

kinds. These discontinuities can vary from extremely small 

cracks to much larger fatigue cracks. Although good fabrication 

practice and inspection can minimize the original size· and num­

ber of cracks, structures without discontinuities can not be 

manufactured. Even though only "small" discontinuities may be 

present initially, these discontinuities can grow by fatigue 
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to a critical slze. 

c). Stress Level,cr 

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 three of the above factors can 

be interrelated to predict the susceptibility of various 

structures to brittle fracture. Fracture mechanics is a met­

hod of characterizing fracture behavior in structural para­

meters familiar to the engineer, namely, stress and crack 

size. 

Linear-Elastic Fracture Mechanics (LEFM) technology is 

based on an analytical procedure that relates the stress 

field mqgnitude and distribution in the vicinity of a crack 

tip to the nominal stress applied to..Jthe structure, to the 

size, shape, and orientiation of the crack or crack-like 

discont"inuity 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, KI' de­

signated the stress-intensity factor. (Figure 3.l) 



hOM",AL 
:'1 H'~S 
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FIGURE 3.1 E1astic-Stress-fie1d distribution ahead of a crack. 

CJ 
X = 

KI 

(21Tr) 1/2 
cos + (1 - sin _8_ Sin~) 

2 2 

CJ = __ K_I ___ cos _" 8_ (1 + sin _8_ sm~) 
y (21Tr) 1/2 2 2 2 

+ •••• 

+ •••• 

t xy 
KI 8 8 

= --"""1-./r=2- sin -- cos --
38 cos-- + •••• 

(21Tr) . 2 2 2 

(1) 

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, KC. 
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For mode I deformation, Figure 3.2, and for small crack 

tip plastic deformation (plane~strain condition), the critical 

stress-intensity factor for fracture instability is designa­

ted KIC. 

x 

z 

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 charac­

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 characteristic 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 (a), 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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K = f(g) .cr. ;na- (2) 

where f(g) is a parameter that depends ·on the specimen and 

the crack geometry. This parame~er was given in appendix-A 

as a table for single-edge notched (SE(T)) specimens used 

for this study. 

3.2 DETERMINATION OF CANDIDATE CRITICAL STRESS INTENSITY 

FACTOR, KQ:· 

Generally, the KIC testing procedure is used for 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 workers have attempted to apply to composite materials. 

The method predicts the onset of crack propagation when the 

elastic stress distribution around the crack tip reaches a 

critical level characterized by the Critical stress ~ntensity 

factor (KIC). 

For brittle materials KIC is found to be independent 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 provided a correction is made for 

the region around the cr~ck tip where the stress exceeds the 

yield stress of the material. It is limited to small scale 

yielding 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) [4J 

(3 ) 

where A 1 = -2-1T for plane stress and -i-1T for plane strain 

conditions, and K is the stress intensity factor, cry is the 

yield stress of the material. 

For the randomly oriented glass fiber reinforced polyster 

composites, a sharp notch root can not be produced\ as in the 

case of· . metals , thus ·_a small scale plastic zone or in 

other words, a damage zone is seen at the notch tip in tension. 

Damage or debonding 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 KIC testing for the 

randomly oriented short-glass-fiber reinforced composites, the 

ASTM standard method proposed by Brown and Sra\,lH~y for plane 

strain testing has been implemented where possible to analyse 

the data obtained.· 

This method uses load vs. displacement curve. To obtain 

KIC values from these curves, the ASTM standard method (E"':399-74) 
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suggests that the initial slope Mo of the curve should be 

obtained and aline of slope 5 percent less than Mo be drawn. 

(Figure 3.3). This line intersects the curve at a load termed 

P5. The highest load in the test up to and including the P5 

(usually itself) is termed Po and is used to calculate the 

candidate critical stress intensity factor, (KO). 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/OO) 

t > 2.5 (KIC/OO) 

w > 5.0 (KIC/oO) 

p,. 
a. 

Q « 
3 

DISPLAC.EME.KT , II 
FIGURE 3.3 Obtaining Po 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[5,6,1~ 

is not standardized and the stress intensity value obtained 

can not be termed as a materjal property (fracture toughness) 

Furthermore, the stress intensity value thus obtained is not 

conservative. However, it is easy to determine this value by 

use of the load-displacement curve and it mihgt be used in 

some design applications if incorporated with a safety factor. 

(l. .. 
Q 

a 
-1 

'Dl!)P\..AC.EM ENT , f1 
FIGURE 3.4 Determination Pcr 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 thatKQ 

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 KD, 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 the travelling 

microscope) 
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Gaggar and Broutman [3J have f?und that KD values were 

lower than theKQ values for random-glass fiber epoxy compo­

sites. The more conservative KD values may be more appropriate 

if used in design applications. ·It is again useful to note 

that this approach as well as the above discussed unstable 

crack propagation point approach is of speculative interest 

as yet. 



IV. CRACK TIP RADIUS AND DAMAGE AT A 

CRACK TIP 
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4.1 THE VARIATION OF TENSILE STRENGTH AND WORK OF FRACTURE 

WITH NOTCH ROOT GEOMETRY 

Although the correlation of notch root radius with ten~ 

sile strength and work of fracture does not exactly explain 

the variation of fracture toughness of randomly oriented 

short glass fiber reinforced composites with notch root radius, 

it is useful in that it gives us an 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 600 

notch decreases the tensile strength of unnotched polycarbon­

ate to 40 percent. Rounding of the 60
0 

notch base with a 1.Smro 

radius improves the tensile strength to 90 percent of that of 

the unnotched specimen [16J. (Figure 4.1) 



* 

(Q) (b) 

FIGURE 4.1 Sharp(a) and du11(b) notches of specimens of PC. 
( Po1ycarbonate) 

TABLE 4.1 Effect of Notch Geometry on Tensile Strength [161 

Tensile strenqth kq/mm2 
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Material (a) (b) 

Polycarbonate 2.7(0.40) 6.1(0.91) 

Reinforced Polycarbonate 3.6(0.34) 4.4(0.42) 

Value in parantheses indicates the ratio of of to a unnotched specimen 

Figure 4.2 shows that the measured work of fracture of 

carbon fiber reinforced polyster 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. 
Ole 

h 
~ 1.00 
2! 
:J 

l 00 

7 50 

~ .c.. 

~ ~ 

0·01' 0-4 ()'2. o.s ~·o u 

Nof-,," 1loot ~iu,:,. ~ lmm) 
FIGURE 4.2 The effect of specimen notch tip radius on measured work of 

fracture values for unidirectiona11y.reinforced carbon fiber/ 
epoxy composites [17) . 
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4.2 DAMAGE ZONE AT THE CRACK TIP 

4.2.1 The Development of a Damage Zone During Monotonic 

Loading. 

For many fiber composites, 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 mechanism is thought to be 

more important for randomly oriented short glass fiber rein­

forced resin composites, and the development of a debonded 

zone at a crack tip has been observed by various investigators 

[2,5,6, 7 ,18 J 

The debonding at the crack tip in the composite is ana­

logous to the process of the plastic zone development in the 

plastically deformable materials. The plastic zone s~ze depends 

on the type of stress state at the crack tip and 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 fibers are 

perpendicular to the line 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 

for plastic zone size can be modified by replacing cry with 

the debonding s.tress crD, which can be defined as the ciritical 

stress value at which deboriding 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, 

= (_1_) 

27T 

ITI 
( ____ )2 for plane stress 

°D, 

for plane strain 

(4 ) 

(5) 

where rD is the debonded zone size at the crack tip 118]. 

Using the above equations, it is thus possible to predict the 

debonded zone for planar isotropic composites if ° D for the 

material can be determined. 

Experimentally observed and theoretically calculated 

values of the debonded zone size are quite close to each ot­

her for plane strain conditions [18J . This is not surprising 

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. 

.. ·Tliese indicate that· . the ~. debonded zone 

size is not small compared to the initial crack length and 

the effect of the debonded zone should be included in calcu-

lations of the fracture parameters. For that reason, this 

effect was included in this study in the calculation of Krc 

by means of crack detection compliance curve which gives the 

equivalent amount of slow crack extension or notch 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'. [19,20] Changes in shape and 

size of hyterisis loops during cyclic loading indicate an in­

crease in thermodynamically 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 volume fractions, fiber ori­

entation distribution, dispersion of fibers and filler etc.), 

geometric parameters (e.g., notch root radius, holes,bounda­

ries, and other cut-outs) and environmental conditions (e.g., 

temperature, moisture, etc) [21,22] 

Direct consequences of the fatigue damage are, decrease 

of structural integrity and destruction of load transfer mec­

hanisms in the composite. Considering this feature, when the 

material is subjected to cyclic loading with a peak load equal 

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

situations occur. 

The size of the hysterisis loop9f·the first load excursion 

is much larger than the next ones due to growth of existing 

notch and initiation of a large number of microcracks.Subse~ 

guent 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 



size of the hysterisis loops (Figure 4.3). 
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FIGURE 4.3 Stress-controlled fatigue response of the random-fiber­
glass reinforced composites [21] 

The commonly observed. cyclic 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 ~ranslating the hysterisis loop at that cycle to the origin. 

[21-22]. Hence, the cyclic stress-strain behavior of the com-

posite may be expressed by a family of curves at different 

loading cycles as shown in Figure 4.4 

"0 
Q. 

~ 

en 
en 
w 
a: 
t-
III 

1$0 

100 

$0 

,~L_._I_ •. _ '-. , • I .• L •. L_._,._J 
o 0002 000" 0006 0008 0010 OOil OOt4 0016 

STRAIN 

FIGURE 4.4 Monotonic and cyclic stress-strain curves of different 
loading cycles of randomly oriented glass fiber rein­
forced polyster (Vf=O.5) C2lJ 
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where the first cycle or monotonic stress strain curve is also 

given for comparison. 

In calculating the fracture toughness 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. 

Po1yster used as a matrix is Neoxi1 188N8 and glass fi­

ber reinforcement mat is E-type, G11. They are both supplied 

from Cam E1yaf Sanayi A.S. Laminates 530x690 rom 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
o
C.' 

Generally I Plastics or Po1ysters used here are of the 

thermosettting type. (Neoxi1 188NS). Thermosets are plastics 

which are formed once by heating and then which can not be 

reformed again. Unsaturated Po1yster Resin is the most used 

type po1yster. Its mechanical,. 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 Pd1yster 

Specific Density 1.15-1.25 

Elastic Modulus 3000-4000 N/mm 
2 

Tensile Strength 50-80 N/mm 2 

Bending Strength 30...,.130 N/mm 2 

Deformation Temperature 
50-150 °c Under Loading 

Hardness (Barcol) '" 50 

Ortoph~alic Polyster Resin 

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

Mlxeo C.\(lY 

l Oolom~ 
CJ:xoHiot. 
Co\emoni+e 
CAli 

in -H,c o-Je.n 

.. lube \'0.\lin9 :.mQ\\ hole~ 

I--~'" Reel 

---..... ?ro.luc+ 

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 m'ethod· is used extensively. A convenient die remo­

ver is first spread and polished. After that, 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, it 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 ch~mical composition of the composite 

Reinforcement T~e Weight % 

Etype,GII 32.S 

Matrix Neoxil ISSNS 67.2 
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5.2 SPECIMEN GEOMETRY 

Tensile testing and fatigue testing specimens were chosen 

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 rom and 

a width of 50 rom. The total gage length between grips is l78rom. 

o They are heated to 80 C for 3 hrs as a post-cure with tabs 

and furnace cooled at the rate of 0.1· CO /min.. (Table 5.3) 

After heat treatment, specimens are notched at the same 

length and various notch root radii with a thin circular slitt-

ing saw. The sharp notches whose root radius g<0.25 rom are ac-

hieved by cutting slowly to the depth required with a very 

thin saw and by finishing to the desired notch root radius with 

a knife having sharp edges (0.125 rom 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 rom (sharp) to 2.5 rom and the notch depths are kept cons­

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

viation of +0.6 rom. 

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

ed using parallel-sided strips, namely tabs, made o·f 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-

ce1ikp1astik" • 

The specimen geometry used for unnotched tensile testing 

and for tensile testing of the matrix material are the same. 

(Figure S.3(b) and Table 5.3) 
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FIGURE 5.3 (a) single-edge-notched specimen (SE(r)) 
(b) Tension specimen 

SE(T) specimen is not only a standard configuration for 

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

I 1iance test experiments. 
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TABLE 5.3 Dimensions of the specimens shown" in figure 5.3 

W ao L L Ltab B g 

SE(T) 50 15 178 300 66 3.0-3.5 SPECIMEN 

TENSILE 
STRENGTH 25 7.5 178 66 TEST 300 3.0-3.5 

SPECJMENS 

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 conduc.ted under load control. Load and crack 

mouth displacements are plotted as-the ordinate and the abs-

cissa, respectively. t on an (Hewlett-Packard) X-Y recorder 

(Figure 5.4) 

The displacement 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 %. 

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 

I III 

C\"l~ IN Po~'T'ON 

6R.tD6E 
CIIlL'-' rr 

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

The small tabs inside the _grips were 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 crack length due to the damage developed 

at the tip of the crack.Neasurement of the crack length during 

loading is especially difficult in glass fiber composites be­

cause of the two-phase nature.of the material and the large 

amount of irreversible debonding which occurs around the crack 

tip. Both sih and Thornton [23J (1970) used optical means to 

measure the crack length but experienced difficulty. 

Several methods can 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 success­

ful since the crack does not propagate along a neat line as in 

metals due to the presence of debonding between fibers and the 

matrix. Use of penetrating dyes is not successful eitherpince the 

d¥e 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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measure the crack length directly, but' it is measured b.y 

means of the crack detection compliance curve (Figure 5.6) 

This means that at a specified point on load-displacement 

curve the compliance correspon~ing to ithat 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 defined as 

C = 
J 
p (6) 

where J is 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 natural 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 expected that the 

compliance specimen will simulate the behavior of the frac­

ture test specimen. 

To construct the crack detection compliance curve, the 

load-displacement records are first obtained for specimens 

having cracks of various lengths, all produced by increasing 

the crack length with a Jeweller's saw in 5 mm. increments. 

Initial straight-line portions of the load / displacement re­

cords at various initial notch lengths are used to calculate 

the compliance •. Then 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 also 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 appen~B 

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 three specimens are tested'to obtain 

the 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 causing de­

boriding at the crack tip~ Then, compliances corresponding to 

the crack lengths are determined. After the three specimens 

are tested,the crack detect10n compliance curve is plotted. 

Next, specimens with the same crack lengths (ao =15+0.6mm) 
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but different notch tip radii are pulled to fracture. At the 

same time"l,load-displacement curves are obtained from the 

X-y recorder. For each crack tip radius, three ~pecimens are 

subjected to testing and their load displacement curves are 

used to calculate the candidate critical 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-cycled 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) 

c 
< o 
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TIME 

AP 

-- ----- -
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FIGURE 5.8 Cyclic Load function for tensile fatigue 

After each specimen has been cycled 105 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 ~ection 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 ~s crack tip radius according to KIC testing 

method. 

Figure 5.11 and table 5.5 show the KI variation with 

respect to crack tip radius according 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 KIC 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 toughness 

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 roo,t radi us of 2.5 mm 
in static test. 
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Tab1e-5.4. 5~ress Intensity Factor Results A~cording To 

K~c Testing Data (static) 

§adius !n~ll(ao) ~nalcra.ck Crt. 51. into 
(mm) r eng. eng. l~) fct. KQ 

Sharp 15.0 22.6. 9.0 

Sharp ·15.0 15.2 8.71 

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 22.6 11.2 

0.5 15.2 21.2 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.B .. 

1.0 14.6 - 26.1 10.6 

1.0 . 15.0 19.B 12.4 

1.15 15.0 25.5. 10.75 

1.15 15.0 ~3.5 10.56 

1.15 14.5 20.91 9.86 

2. 5"· 14.8 26.1· 9.5 

2.5 15.2 22.6 1~.5 

2.5 15.25 27.0 9.10 
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Tab1e-5.5 .Stress Intensity Factor Results According To 

UNSTABLE CRCK PROPAGAtION· Data· (static) 

§adiu~ !n~ll(ao) ~nalcrack Crt. 5 t. into 
(mm ~ eng. eng. (at) fct. KQ 
Sharp 15.0 23.7 11.2 

Sharp 15.0 16.B 14.3 

B;':d5 ~~, 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.B 

0.75 14.3 26.B 10.B 

0.75 14.9 23.3 11.3 

l~O;:· 14.9 23.3 12.B 

1.0 14.6 26.6 10.6 

1.0 15.0 20.2 15.0 

1.15 15.0 27.0 B.02 

1.15 15.0 23.6 10.5 

1.15 14.5 20.9 10.6 

2 .. 5 14.B , 27.2 9.95 

2.5 15.2 23.5 13.1 

2.5 15.25 25.4 9.54 
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Tab1e-5.6' Stress Intensity Factor Results According To' 

DEBONDING Point Data (static) 

§adiu~. (mm ~?~l~ ~~~lCra.ck . en . lar) 
crt." t. into 
fct . 

'. 
Sharp '15.0 22.0 7.78 

Sharp 15.0 15 ~'3' 9.9 

'0.25 14.7 18.8 8.46 

0.25 15.6 22.7 7.0 

0.5 15.0 21.2 ~.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 7.15 

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 
I 

, 2 ~'5 . 14.8 25.0 6.15 

2.5 15.2 22.1 8.68 

2.5 15.25 25.7 6.38 

I 

,I 
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, . 
Table- 5.7 Stress Intensity Factor Results According To 

K Testing Data, {fatigue} 
~c 

-

Radius 
. 9 (mm) 

Initial ldo) 
crack len. 

Final crack 
leng. la;) 

Crt. stKont. 
fcdor 

.~ 

Sharp 15.5 17.2 7.26 

Sharp Jl5.2 .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 14.9 16.1 9.6 

0.75 15.1 15.4 8.5 

0.75 14.3 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 8.62. 

1.0 15.0 17.9 8.82 

1.15 15.3 17.1 9.6 

1.15 14.5 2\4.6 9.49 

1.15 15.5 18.4 8.73 

1.15 14.4 17.2 9.62 

2.5 15.0 15.4 9.96 

2.5 14.7 14.9 10.37 

2.5 15.0 15.2 7.67 
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Table-5.8 Stress Intensity: factor Results Accprding 

UNSTABLE CRACK PROPAGATION Data(fatigue) 

Radius Initial tdo) Final crack Crt. s t. into 
9- (mm) crack len. len~t. laF) fcdor ~-

.. 
Sharp ·15.5 17.5 7.57 

Sharp 15.2 "·~6.2 7.56 

Sharp 14.9. 16.2 6.5Ef 

0.25 15.3 18.1 9.33 

0.25 14.6 17.6 8.54 

0.25 15.0 15.2 . 7.34 

0.'5 14.9 18.6 8.56 

0.5 14.8 17.5 ~0.5 

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 .15.0 17.9 9.86 

1.0 '14.6 ·16.2 9.68 

-
. 1.15 15.3 17.2 7.6 

1.15 14.5 25.01 ,10.2 

1.15 15.5 19.1 9.64 

- 1.15 14.4 .17.9 . 10.4 

2:5 . 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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lable-5 ~ 9 '~~" Stress· Intens i ty factor Res ul ts ,According To 

DEBONDING Data '(fatigue) 

Radius Initial lao) Final crack Crt. st. into 
'9 (mm) crack len. leng., (elF) factor Ko-

.. 
Sharp 15.5 16.2 5.0 

.t' Sharp' 15.2 ,', 15.4 ' 5~7 

" 

: 

Sharp 14.9 15.9 ,4.66 

0.25 " 15.3 17.1 6.38 

0.25 14.6 17.6 6.42 

0.25 15.0 15.0 5.0 

0.5 14.9 ' 16.0 a .58, , 

0.5 14.8 17.0 7.0 

0~5 lL4.9 17.2 ' 5.'14' 

0.75 15.1 15.1 " 6.44 

0.;75 14.3 14.9 6.38 

0.75' 15.0 15.1 6.0 

1.0 ,14.85 17.2 7.5 ' 

1.0 14.6 15.0 6.29', 

1.0 15.0 16.2, 6.56 

1.15 15.3 16.2 4.8' 

1.15 14.5 23.3
1 

6.57 

1.i5 15.5 17.4 6.1 

1.15 , 14.4 17.2 6.9 

2.5 15.0 15.8 7.1 

2.5 14.7 15.4 6.9 

I, ' 

2.5 15.0 15.1 7.0 
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DEBONDING STRESS INTENSITY FACTOR, K,f.l ' (Mpa .Ml/2) 
(:!. ' 

~ 

• 
U1 .;c 0\ . '" ~ 

.? 
OJ \0 I-' h-' 
• . " o I-' 

;1 ~ j~·1111111itil1fW' f . ,~.'·r~', Tm~ ~'f'tjltrl"t IlllHlfl 

g , I ; 1
1
: ~y"lJ ," H. I I 4 11,', ~,.t,.~nI'1,' ttm," ,,'.' ',",H-l-HtHl+JtH, H-l,IIU1,111111+1+1+!+H,: ',,' .,I1fffH+,,' ""H"Il+1+., ffH+l. (1) 1 II 'j t~ . ~j J t 11: I ' . , 

, • .' it t ,L "L I ~ 0 II ,lll I ... I 1 ,11 ~ , h ,J 11" l ,~. ". 

,nit 

I%j Il,it 11~' ,',m ' '11~". '1 1 1',. t ' l,'j I, .'t III 1 ., ,. , 1 I r 1 H IttJ 1 ' • ,',.j.' ' 

rt • i I If! ' '1,mt~ ulh ~f 'JJw ,ILt" HI, t "t 1 Jj 

CD IL+i j l.1J, , "I . Jft t n ~l~') . I .. ' ,. " . 1 H i 

:6 :, H'l1ill . I j, Jltl,iJll! }l 1 pu 1M 1 .' .1, f [t ,t ·n.j. 
t:S. U1' '. I~ 'U, j, j";, I' 1 I ' I '1m ,'j ,') i 

! ~ ill' 1.1 F ~ If:' ~r:~ll!i~! fI ~,JI~Mlll~I.®lffilllillffi1~i 
H I ~ti . J " " # It ",' ,·11 urn H \ j~, 1 {t ' .,' ~tI-t ,. II' ,i 
Z tju I' {'j,J r II (j) :'~ "" t J .. ! ' h, "F 

. ttl! " 1 ' tl 1 ~ , .,' Wt 
t\). ~~, ,t ,t , + ' J 111 _.. 

to • ~ ':1-;1 '} , • lIt 1 t J J ~ 1 i 1 J " ,'. ll'" m o t\) .l. t'TJ, '. ' , II - jJ . t· , , "H+ttt+HH 

bO U1 W :&, w',i ~ I~ IJ i tl U j .~. .. IlIlM, 
rt .8tJ'j m'w 11illl"~Lt \'! , '" IIJ 

I-' ,1 ~ b· '. , . ' i1 r ' , ' , '.", 1 ij,. 11· 
(1) I . r ttl Itt. 1f r If 19J+' ',. r t n tl W 

~ 'I tilt t 1 n .Jel .1 rl . U' ' In I, II,' , iii 1 III ' 8. ,Ii, ',' "tll_",",'" If' ~fL ' , , 

~ 0 ~'J t E . 1 tt t J J r I{ nil ~tU11 1111111 If I ' 1, t . , 'lti l . ,1 i . J U~Htlil 
{1 n '1j. t II I 'j t Ii,: fW I~j n t' Wllli 

~ ~ II ' ~ , Ii' J' fit ~ltni1r' u' 1 
~ ~ I f J t jIll 1 t i1 

P U I i I- 'n ,'[ 
I-' U1 j 1 t If t .. t rt t . n I ' I, 

1 lj" ,JI ~,l 'I "',.t' ,tJ l' It lJlLlHiUEl.lltH 

~ 'ftl' f' . '1j·' 
g !:' 1', j 1, 1',,1' t t ; I I. " ',' .. , , J U" liu±l!- Ljl Hfl+I-!'!+HH,+H o U1 lJ 1 .. l'.lliE i a ,11 Ill' rt ,I . 4 '\, t. I'[ffililllfllllt 
.8 ~ J jill r 1, .1 ( ,!~., . jJJ!lilmlil1~"IHlflH\If 
[l ~ IIH'jffiflll Irt'~ r t II~l11 ilUffi L' ~~.I_ 

r'" ij I811!l 

III U1 q,lIftll~!' ~'t.u 1 t ilU~'Ii' ~~; i~' 1 ~ i1 1 j ·il l Jill ~, It li",c..<)Jll j t ttl I' tt'l 1 I it· I ! 'In ijl It,· 
..... II I,.. '1 • 11 j 't j t" , 144 II. t t !~~111,H" 1 ,'l lH lIt,' 'J ull ID~4 1 , ,I .", L llli, tf~," 1jll al t i' . I t I 1 t It . IU q , , rt 1· ,t l' + i11fJe; ItilJ L .!)J m J illl: 1dl JllIlh! i I ! L. .,d UiJ ill ! JLWJ 

£s 



54 

Table-5~10 Pure Matrix Data With Two Different 
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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 wlo 32.8) 

LAMINATE PROPERTIES 

Tensile Strength Elastic Modulus Strain (%) 

(MPa) (GPa) 

1 89.7 ru7.000 ·1.28 

2 90.0 ·ru7.000 1.28 

3 89.0 ru6.900 1.27 

. TABLE 5.12 Mechanical Properties of Matrix Material 

MATRIX PROPERTIES 

Tensile Strength Elastic Modulus Strain (%) 

(MPa) (GPa) 

I 

65-75 3.20 2.0-4.0 

Polyster Neoxil l88N8 ortoftalik thermoset. 
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5.7 DISCUSSION OF RESULTS AND RECOMMENDATIONS 

5.7.1 Static Tensile Testing Results 

As mentioned before, the loads which are used to calcu-

late a Q are chosen by three different methods. Figure 5.10 

shows the result obtained according to the KIC testing pro-

cedure. As seen, scattering is available but is less than 

that in the results obtained from the debonding approach and 

the unstable crack propagation approach. (Figure 5.11 and 5.12) 
l 

Scattering occurs in all cases due to the nonhomogeneity of 

the material. Beyond the sharp notch, the material does not 

show any significant 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 P..', 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 the composite character of the material, "sharp" 

notches may unavoidably lead to local effects. That is, many 

specimens should have been tested to get an "healthy" aver,age 

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 p'. 

Debonding point approach is more conservative than the 
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others in general, but it yields scattered data' Again, uns-

table crack propagation approach yields scattered data too and 

not convenient for calculating fracture toughness value, but 

it is easy to determine the load which is used in the calcu-

lation of the stress intensity factor, 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

S forced polyster resin after 10 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 strength 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 strongly affect 

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 specimens shows some important 
I 

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 10 5 

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 • 125nutf). and bluntly notched (p '=1 mm) 

specimens failed in pevere1y 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 notched specimens is the fracture surface 

smoothness. The surfaces of the sharply notched specimens are 

very shiny and fracture surfaces! of other specimens are re1a-

tive1y rough and opaque. 

In addition, from figure 5.16 the dependence of fracture 

toughness on cra::k 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 on 

KO in detail, it is recommended to perform the tests of KQ vs 
I 

p at several N (number of cycles) typically 104 ,10 5 ,10 6 • We 

do not know whether there is a continuous drop in ~ due to 

debonding. These tests can be repeated at severa1N'for a . 

different amp1itude~ 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) Qn 

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 this class of random short fiber composites, the 

value of candidate fracture toughness (KQ) is approxi­

mately independent of notch root radius between 0.25 

to 2.5 mm. 

2. Application of cyclic loading to the random glass fiber 

reinforced composites causes the candidate fracture 

toughness value to reduce considerably due to the for­

mation of fatigue damage zone at notch tip. 

3. Pure matrix (polysterresin) is notch tip radius de­

pendent and shows very brittle fracture behavior 

4. The results presented in this study suggest that Krc 

testing concept can be a usef.ul approach to study the 

fracture behavior of random fiber composites 

5. Debonding point approach to find the Ko gives more 

conservative values than do the other different methods 

used here. 

6. Crack detection Compliance curve is recommended to 

measure the crack growth since surface observations do 

not yield a healthy average through the thickness. 



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: 

a/b f(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 

The least square equation 

if; 

S = 

S = 

as 
a a). 

as 
aa 

). 

N 

or 

i=l 

= 

N 

~ (ao = + a).xi 
i=l 

N 

2 
Y. ) 0 + a2 x i - = 

). 
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= 

in the reordering' 

in the matrix form; 

(Ex. ) 2 (Ey'i) N (Ex., ) ao 1 1 

(Exj: ) 2 (Ex. 3) (ExiY i:) (Exi ) al 1 

(Ezi ,2 ) (Exi 3 ) 4 2 (Exi ) a 2 (Ex±- Yi) 

M A N 

The solution of the above matrix form gives the coeffici-

ents of the parabola. 
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· ao=15 mm,p"=O.75 mm 

ao=15 mm, p.=sharp(O.125) 
I 

APPENDIX - C 

ao=15 mm,rr=1.15 mm 

ao=15 mm,p=O.50mm 

Tension Specimen 
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ao=15 mm,p-=l.O mm' 

ao=15 mm,p=O.25 
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