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ABSTRACT 

Design of advanced fiber composite structures requires a knowledge of the 

strength and stiffness of laminates. For modulus. designs rely on classical lamination 

theory. For strength a failure criterion is needed. For off-ais plies this is nomally a 

maximum stress criterion. or smoothed out versions such as "Tsai-Wu". They are based 

on early experiments on long and narrow specimens. However. tests on short and wide 

specimens gave much higher results both for modulus and strength. These are contirmed 

by test on tubes. which have been available in the literature and appear to have been 

ignored by designers. The problem is due to an edge softening effect. The edge sofiening 

efTect cm cause the stiffness and the stren-@h to be undervalued in tensile tests. 

Experimental data on carbodepoxy angle ply laminates' tensile properties are 

presented here based on tests of short and wide specimens and ASTM specimens. ï h e  

wider specimens gave higher moduli than the narrow ones for l a p p  angles of 15'. 30'. 



and 45'. This trend disappeared when the angles were bigger than 45'. The moduli were 

within classical lamination theory prediction boundaries. Measured Poisson's ratios were 

much less than the theoretical values due to the end constraint. The angle ply laminates 

showed non-elastic defonnation at low stress levels except for the 0' and 90' lay-ups. 

h e  photoelastic method \vas used to provide an overail strain image in the gauge 

area. The images showed a uniform stress distribution when the sarnples were in the 

elastic range and a non-uniform stress distribution at higher stresses. The fiber presence 

was observed fiom lines or bands visible in the pictures. 

It is clear from the results that there are ineffective or partially effective regions in 

the test sprcirncns. and the size of thesr dcpend both on plu angle + and specimen aspect 

ratio. h edge sofiening model has been set up based on the results. The model fined the 

test data very well for the stifiess but only fairly well for the strength. 
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1.1. Composite Materials 

1.1.1. Geoeral Description 

Structural materials can be divided into four basic categories: metals, polymen. 

ceramics and composites. Composites, which consist of two or more separate materials 

combined in a macroscopic stmctural unit, are made fiom various combinations of the 

other three matenals. Although many man made materials have two or more constituents. 

they are generally not referred to as composites if the structural unit is formed at the 

microscopic level rather than at the macroscopic level. Thus metallic alloys and polymer 

blends are usually not classified as composites. Table 1.1 [ I l  indicates the scale of 

polymer fiber composites relative to atomic, molecular. and cornplete engineering 

structure sizes. 

The relative importance of the four basic matenals in a historical context has been 

presented by Ashby [2], as shown schematically in Figure 1.1. In this the steadily 

increasing importance of polymen. composites, and ceramics and the decreasing role of 

metals is shown clearly. Fiber composites are generally used because they have desirable 

properties which could not be achieved by either of the constituent matenals acting alone. 



Table 1.1. The scale of polymer fiber composites [l) 

Atom 

Polymer molecules 

Biological high poiymen 

Crystaliite 

Fiber diameter 

Lamina thickness 

Laminate thickness 

Laminate length 

- 

Usable structure 

Figure 1.1. Relative importance of materials as a function of time [2] 
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Composite materials can be observed in many naturally occurrhg substances. 

Wood is an organic composite composed primarily of bundles of cellulose fiben 

embedded in an amorphous lignin matrix at a ratio of about two to one. The strong 

cellulose fiber and the strong bonding between the fibers and the lignin make wood 

strong and stiff. 

Fibrous reinforcement is very effective because many matenals are much stronpr 

and stiffer in fiber f o m  than they are in bulk form. This phenornenon was probably first 

demonstrated scientifically in 1920 by Griffith [3], who measured the tensile strengths of 

elass rods and glass fibers of different diameters. Griffith found that as the rods and fibers 
Li 

got thinner, they got stronger, see Figure 1.2. This apparently is because the smaller the 

diameter. the smaller the likelihood that failure-inducing surface cracks would be 

generated during fabrication and handling. By extrapolating these results, Griffith found 

that for very small diameten the fiber strength approached the theoretical cohesive 

strength between adjacent layers of atoms whereas, for large diameters, the tiber strength 

dropped to near the strength of bulk glass. 

Results similar to those published by Griffit!~ have been reported for a wide 

variety of other matenals. The reasons for the difference between fiber and buk 

behavior, however, are not necessarily the same for the other matenals. For example. 

polyrneric fibea are stronger and stiffer than bulk polymers because polymer chains in 

the fiber are highly aligned and extended, wbile, in the bulk polymen the polymer chains 

are randomly onented. A similar effect occurs in crystalline matenals such as graphite. In 



addition, a single crystal, which is very small in diameter and very long, tends to have a 

lower dislocation density than a polycrystalline solid, so single crystal "whisker" 

materials are much stronger than the same material in polycrystalline bulk form. Indeed. 

"whisken" are currently the saongest reinforcing materials available. 

Extrapolate.; tcr approxiinate 
strcngth of bui k glass 

25.000 psi { 170 MN/m2 1 - 

Figure 1.2. Griffith's measurements of tensile strength as a function of fiber 

thickness for g l a s  fibers [3] 

Although fiben allow us to obtain the maximum tensile strength and stifiess of a 

material, there are obvious disadvantages of using a material in fiber form. Fibers alone 

cannot support longitudinal compressive loads and their transverse mechanical properties 

are generally not so good as the conesponding longitudinal properties. Thus fiben are 

generally useless as structura1 materials unless they are held together in a structural unit 

with a binder or matrix material. Transverse reinforcement is generally provided by 



onenting fibers at various angles according to the stress field in the structure of interest. 

The matnx also provides protection for fibes kom environmental attacks and extemal 

darnage. 

Composites have many mechanical characteristics that are different from metals. 

poiymers, and cerarnics. Tai: most important propertizs of composites arc cikir 

inhomogeneity and anisotropy. An inhomogeneous body has nonuniform propenies over 

the body, i.e., the properties depend on the position in the body. An anisotropic body has 

material properties that are different in al1 directions at a point in the body. For p o l p e r  

matrix composites, along the fiber direction, it is stiff and strong but this is not so in the 

transverse direction. Tensile strengths in the longitudinal and transverse directions cm 

differ by at least one order of magnitude; ofien much more. This is known for wood. 

which shows less extreme differences than for celery, and for banana skins. They are 

easily split in the longitudinal direction, and show substantial pull-out of fibers when any 

atternpt is made to try to break them by applying longitudinal loads, see Figure 1.3 and 

1.4. 

Figure 1.3. Longitudinal and transverse failure in a banana skin 



Figure 1.4. Fiber failure in a celery section 

The need for fiber placement in different directions, according to a particular 

application. has led to various types of composites: continuous fiber composites. woven 

fiber composites, chopped fiber composites, and hybrid composites. Ln the continuous 

fiber composite laminate. individual continuous fibedmatrix laminae are oriented in the 

required directions and bonded together to fom a laminate. This is used extensively in 

the aerospace industry and other industries where high performance is required. Most 

woven fiber composites have balanced properties in both fiber directions. It is easier to 

process them. As the fibers are not as straight as in the continuous fiber laminate. some 

saength and stifiess are sacrificed. Chopped fiber composites are cheap so they are used 

extensively in high volume applications. But their mechanical properties are poorer than 

those of continuous fiber composites. Hybrid composites may consist of mixed fiber 

types such as glasdgraphite or mixed chopped fiben and continuous fibers. The design 

flexibility offered by these and other composite configurations is obviously quite 

attractive to designers, and the potential now exists to design not only the structure, but 

also the structural material itself 



1.1.2. Constituent Materials and Manufacturing of Composites 

Glass fiben consist pnmarily of silica (silicon dioxide) and metallic-oxide- 

modifies. The fibers are generally produced by the mechanical drawing of rnolten g las  

through small orifices. E-glas accounts for most glass fiber production and is the most 

widely uied. S-glass, which has about 30°/n greater tende stren-gth and 20% geater 

modulus of elasticity than E-glass, is not as widely used as E-glass because of its higher 

cost. S-glass actually has greater streogth than rnost advanced fiben, but its relatively low 

modulus limits its application. 

Carbon fibers are the most widely used advanced fiben. Carboniepoxy 

composites are now used routinely in aerospace structures. These fibers are usually 

produced by subjecting organic precursor fiben, such as polyacrylonitrile (PAN) or 

rayon. to a sequence of heat treatments, so that the precursor is converted to carbon by 

pyrolysis. The higher treamient temperature results the higher carbon contains in the 

fiber. Table 1.2 [4] lists the properties of some fibers and buik metals. 

Aramid polymer fibers, produced pnmady by E. 1. Du Pont de Nemoun & 

Company under the trade narne "Kevlar(W"' were originally developed for use in radial 

tires. Kevl-29 is still used for this purpose. A higher modulus version. Kevlad949. is 

extensively used in structural composites. Its density is about half that of giass and its 

specific strength is among the highest of currently available fiben. KevlarB 49 also has 

excellent toughness, ductility, and impact resistance. 



Boron fibers are composites consisting of boron coathg on a tungsten or carbon 

substrate. The diameter of a boron fiber is among the largest of al1 the advanced fibers, 

typically 0.05-0.2 mm. Boron fibea have much higher strength and stiffhess than carbon 

fiben. They also have higher density. Borodepoxy and boron/aluminurn composites are 

widely used in aerospace structures, but their high cost still prevents more widespread 

use. 

Polymen, metals, and cerarnics are al1 used as matrix matenals in composites. 

depending on the particular requirements. The matrix holds the fibers together in a 

structural unit and protects them from extemal damage, transfers and distributes the 

applied loads to the fibers, and in many cases contributes sorne properties such as 

ductility, toughness, or electrical insulation. A strong interface bond between the fiber 

and matrix is desirable in polymer composites, so the matnx m u t  be capable of 

developing a mechanical or chernical bond with the fiber or achieving so by a interface. 

The lber  and matrix should also be chemically compatible, especially under high 

temperature. 

Polymers are the most widely used matrix matenals in advanced composites. Both 

thermosets (e.g., epoxy, polyester, phenolic) or thennoplastics (e-g., potyimide (PI). 

polysulfone (PS), polytheretherketone (PEEK), polyphenylene sulfide (PPS)) are widely 

used. Upon curing, thermosets form a bighly cross-linked, three dimensional molecular 

network which does not melt at high temperature. Thermoplastics are based on p o l p e r  



chahs which do not cross-link. As a result, a thermoplastic will soften and melt at hi& 

temperature, then harden again upon cooling. 

Table 1.2 Selected propeties of fibers and bulk metals [4] 

Density Tensile strength 

/ Bulk 606 L T6 (Aluminurn) 
I 

1 0.3 1 1 0.7 

Tensile modulus 

1 Bulk SAE4340 (Steel) 1 1.03 1 0.2 

1 Glass Fibers 1 

S-Glass Fibers 

Carbon fibers (PAN Precursor) 

A S 4  (Hercules) 

IM-7 (Hercules) 

/ T-300 (Amoco) 1 
/ T-650/42 (Amoco) 1 

Carbon fiben (pitch precursor) 

1 P-55 (Amoco) 

P- 1 O0 ( A ~ o c o )  2.24 

P-75 { A ~ o c o )  

1 Kevlar829 (Dupont) / 3.79 

2.07 

1 Kevl&49 (Dupont) 1 3.79 

Epoxies and polyesters bave been the principal polymer matrix materials for 

seveml decades, but advanced thermoplastic such as PEEK and PPS are receiving 

Boron fibers 

0.1 mm diameter (Textron) 

1.4 mm diameter (Textron) 

L 

3.5 1 

3.5 1 

0.40 

0.40 



considerable attention for their excellent toughness and low moisture absorption. 

Aerospace grade epoxies are typically cured at about 1 7 7 ' ~  and generally not used above 

150 '~ .  For higher temperatures, PI can be coosidered. 

By using lightweight metals, such as aluminum, titanium, and magnesium. and 

their Aloys, 3 n2t1-i~ nîterials, ?he conperites cm be tised under high temperatures. For 

example titanium can be used up to 1250'~. Other advantages of rnetal matrices are their 

bigher strength. stifiess, and ductility compared to polymers. at the expense of higher 

density. Ceramic matrix materials such as silicon carbide and silicon nitride can be used 

at temperatures of up to 1 6 5 0 ~ ~ .  Ceramics have poor tensile strength and are notonously 

brinle. There is a need for further research before the materials can be routinely used. 

Carbonicarbon composites can be used at temperatures approaching 2760 '~ .  if there is no 

oxidization. The cost of such materials is very hi@ and they are only used in a few 

critical aerospace applications. 

With composites we design and build not only the structure but also the structural 

matenal itself. The selection of a fabrication process is important and depends on the 

constituent materials in the composite, with the rnatrix material being the key. Only a few 

fabrication processes for polymer matrices are mentioned here. Components in the form 

of panels can be formed with heat and pressure ushg autoclave or hot press molding. 

Figure 1.5 shows an autoclave the author used. Structure components, with constant 

cross-section such as rods, tubes or beams, cm be formed by pultrusion, where 

continuous reinforcements impregnated with resin are pulled through a heated die. 



Filament windhg, where continuous reinforcement impregnated with resin is wound onto 

a mandrel at specific angles, is usefûl in producing vessels or other hollow structures: see 

Figure 1.6. For thin structures with complex shapes, hand lay-up of prepregs is still used 

despite the high labour cost. In the case of thicker and more complex structures. resin 

transfer moulding (RTM) is used to force the resin into pre-shaped fiber preforms. For 

short fiher composites. hot press moulding is used for relatively simple shapes while 

injection moulding is used to produce more complex stnicnires. Figure 1.7 shows 

composite processing maps which address the concems of polymer rnatrix, reinforcement 

aspect ratio and its orientation in the final structure. The part complexity as well as 

production volume are also considered [ 5 ] .  

1.1.3. Applications 

Composite structural elements are now used in a variety of components for 

aerospace, automotive. marine, and architectural structures in addition to consumer 

products such as skis. go!f clubs, and tennis rackets. Since much of the advanced 

composite technology evolved fiom aerospace applications, it is appropnate to start an 

overview there. 



Figure 1 S. An autoclave with a molded C E  panel 

Tension adjut _ 

Figure 1.6. Filament winding process 

Military aircraft designers were among the first to realize the tremendous 

potential of composites with high specific strength and high specific stiffhess since 

performance and maneuverability of those aircrafts depend so heavily on weight. 

Composite construction also leads to smooth surfaces (no rivets or sharp transitions as in 

metallic construction) which reduce drag. The general Dynamics F-1 1 1 wing-pivot fitting 

was the first part which used a borodepoxy "band-aid" to reduce the stress level[6]. 



Figure 1.7 Composite processing maps: (a) materiais (b) orientation (c) volume [SI 



Composite structurai elements, such as horizontal and vertical stabilizers, flaps, 

wing skins, and various control surfaces, have been used in fighter aircraft such as the F- 

14, F-15, and F-16 with a typical weight saving of about 20%. The AV-8B has more 

composite parts which reduce its weight by 26%. Figure 1.8 shows composite matenals 

used on the F-I8CID which save 35% of the weight. One of the most demanding 

applications thus far ic the use of a pphitekpoxy composite wing structures on the 

forward-swept wing X-29A fighter fiom Gnimman, see Figure 1.9. Although the concept 

of a forward-swept wing for improved maneuverability is not new. conventional 

aluminum structures could not withstand the aerodynamic force acting on such a wing. so 

the implementation of the concept had to wait for the development of advmced 

composites. The Northrop Grumman B-2 Stealth Bomber, see Figure 1.10. has most 

extemal parts are made from various composite matenals. This is because of its radar- 

absorption. Furthemore it c m  be formed into shapes that naturally lower the radar cross 

section. However the details are not pubiicly availabie. 

Figure 1 -8. F- 1 8C/D composite matenals usage 



Figure 1.9. Grumman X-29A 

Figure 1.10. 8-2 Stealth Bomber 
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Figure 1.1 1. Boeing 777 (Hybrid is glass and carbon.) 

Composite applications in commercial aircraft have been steadily increasing as 

matenal costs corne down. as design and manufachiring technology evolves. and as the 

experience with composites in aircraft connnues to increase. The Boeing 757 and 767 

were arnong the fint commercial airliners to make extensive use of composites. The 

Boeing 757 used about 1.350 kg composites, and about 30% of the extemal surface of the 

Boeing 767 consists of composites. Figure 1.1 1 shows composites, about 8,400 kg, used 

on the Boeing 777 for both primary structure (a fint for Boeing) and secondary structure 

for a total of 10% of the smcnire weight. 

Due to the tremendous cost per unit weight to place an object in space, the value 

of weight saved is even greater for spacecraft than for aircraft. Thus, composites are 

extremely attractive for spacecraft. The NASA Space Shuttle has a nurnber of composite 

parts, including graphite/epoxy cargo bay doon and an experimentd graphitelepoxy solid 



rocket booster motor case. Some pphite/epoxy stnictwes can be tailored to have a zero 

coefficient of thermal expansion. This is a big advantage for large antemas that must 

pass in and out of the sun, and yet maintain dimensional stability for accuracy of pointing 

the signal. For example, a graphitelepoxy tniss is used to stabilize and support the Hubble 

Space Telescope. 

To reduce weight and increase average gas mileage from the current 1 1.7 km/[ to 

34 km/l is the main reason for using composites in automotive applications. The attempts 

started with Henry Ford's "corn cob car" in the late 1930's. Since then, progress has been 

made year by year. Although the bottlenecks are still the cost of the composite matenals 

and the slow manufacture process, compared with the metal starnping in the car industry. 

there are some parts which have sunived, such as leaf springs, and drive shafts. The 

achievernent of the goal for composite car relies on the breaking of the bottlenecks. 

Composites are also increasingly used as surgical implants in medical applications 

due to their lightweight, chemical inertness, and the ease of fabrication. Figure 1.12 

shows a Ieg brace designed and fabncated by the author in which carbon reinforced 

polypropylene was used. 



L 
Figure 1.12. CarbonlPP leg brace 

Composite rnatenals found their way into commercial applications very quickly 

when costs were conuolled or were not an issue. Fiberglass fishing rods. for example. 

were produced in the 1940s and became a standard by the 1960s. Many other fiberglass 

products, such as boats, cars to a limited extent, tennis rackets. skis, and surfboards. 

became popular. Costly fibers such as the boron, and carbon are used in golf clubs and 

tennis rackets. In fact, the early use of carbon in golf clubs was a significant factor in 

enhanced use in military aircraft because the increased production volume reduced the 

carbon fiber cost for al1 usea. Carbon/epoxy is quite effective in reinforcing already built 

columns of bridges in seismically active regions such as Japan. More and more 

applications will occur as the world's inventors use theù imagination and cunning to 

improve old products and create new products. 



1.2. Composite Stiffness and Strength 

The mechanical properties of the fiber laminates are quite different from isotropic 

hornogeneous matenals. This is because of the strongly directional nature of the 

rnechanical properties of the layers, and because of the complex interactions between the 

h y e n  171. In connection with this, special efiects c u l  occw which are not very important 

in homogeneous matenals, such as kee-edge efiects, which give highly localized 

interlarninar stress. Here we shall review some experimental evidence of measurement of 

laminate properties in tems of stiffhess and strength. Ln sections 1.3 to 1.6. we shall also 

present the classical lamination theory. the laminate failure criteria, the edge effecr. and 

the principle of photoelastic measurement required for an understanding of the 

experimental results and the theoretical development. 

1.2.1. Measurement of Composite Elastic Constants with Flat Specimens 

The test methods for composites are developed £Yom those used for isotropic 

matenals. Earlier work done by Tsai [8], see Figure 1.13, which has been widely cited. 

used very long and narrow specimens (63 mm gauge length and 4.6rnm width) to test the 

composite tensile elastic constants and strength. Ever since then long and narrow 

specimens have been widely used ro test laminate tensile properties. In the recent ASTM 

standard D 3039/D 3039M -95a, a long and narrow specimen (150mm gauge Length and 

25mm width) is used for determinhg the in-plane tensile properties of a polymer matrix 



composite reidorced by high-modulus fibers with balanced and symmetric laminae [9]. 

With such a specimen shape the edge effect may be important. 

m i  ormmna O UICCMESI 

Figure 1.13. Tsai's results of stifniess and strength for glass/epoxy [8] 

For example. Kress [IO] measured carbodepoxy "long" samples with different 

widths, which varied from 6mm to 20mm. The lay-up sequences he used were two 

groups of [0J90b],, [(=15)J9Ob],, [(d0)$9Ob],, [(=45)J90b],, where a = 2, b = 1 and a 4. 

b = 2. and another revened sequence group of [90dO,],, [9Od(= 15)& [90d=30),],, 

[90J(*45).],, where a = 2 and b =l .  He found that al1 the stifiess results were below the 

classical lamination theory (see Section 1.3) prediction. The stifiess decreased 

progressively with the reduction of sample width. The 15' and 45' laminates had the 

largest stiffness reductions, about 22% less than the classical lamination theory 

prediction. 



The composite elastic constants can only be measured correctly if a good 

experiment is carried out. Hine et al [11,12] used ultrasonic velocity measurements to 

detemine Poisson's ratios for carbodepoxy and glasdepoxy angle-ply laminates. They 

measured the angle-ply laminate stiffness constants by means of measuring time of flight 

for a 2.25 MHz sound pulse to travel through the sample. Their results agreed very well 

: \ r i th  l i e  cl-ssical !mination theory. Figure 1.14 shows their Poisson's ratio result for 

carbodepoxy in which the Poisson's ratio approached two in the lay-up [+20]>. 

Khatibzadeh and Piggott tested [=45], carbon/epoxy and glass/epoxy laminates 

with different gauge length to width aspect ratios [13]. They found that the laminate 

stifiess increased with the decrease of the aspect ratio. see Figure 1.15. 

The free edge effect due to interlaminar stress will be discussed later (section 1.5). 

This effect has been noticed earlier and treated theoretically [14-171. Closed-foms or 

numerical solutions to evaluate the stifiess under the fiee edge effects have been 

developed. 

O 15 30 45 60 75 90 
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Figure 1.14. Poisson's ratio tested by Hine et ai [ I l ,  121 



Figure 1.15. Stifiess venus specimen width for g l a s  and carbon [145], laminates [ 131 

1.2-2 Measurement of Composite Strength with Nat Specimens 

Snell used angle ply laminates to test carbodepoxy strength [18]. The specimens 

he used were 20 mm sauge length and 20 mm width. He obtained higher strengths than 

that Tsai-Wu failure critenon (see Section 1.4) predicted. His work seems to have been 

ignored. 

Sun and Quinn [19] found that interactive criteria, such as Tsai-Wu criterion, c m  

significantly underestimate ultimate laminate failure. 

Khatibzadeh and Piggott [20] found that [A+], angle-ply laminates could be five 

times stronger than that predicted by the Tsai-Hill criterion and the maximum stress 

criterion, if moderately wide and short specimens were used. They also observed that the 



strength increased with increasing of specimen width. They developed an equation to 

calculate the angle-ply laminate strength. This was: 

where oua is the laminate strength, olp<riu and ri?, are the lamina longitudinal tensile and 

w 
shear strengths respectively, and + is the lay-up angle. 6 & = arctan(-) . W is 

L 

specimen width. L is specimen gauge length. They found b=48' for their specimens. 

1.2.3. Measurement of the Composite Properties with Tubular Specimens 

Soden et al [2 1-23] used E-glasdepoxy tubes with [= 1 5],, [=3 5],, and ['45], lay- 

ups to test the composite elastic constants and strengths under uniaxial and biaxial loads. 

The specimen they used was 300 mm long with 100 mm intemal diarneter and 60 mm 

gauge length. They claimed the moduli agreed with classical lamination theory. Their 

Poisson's ratios were less than the theory prediction. Their testing results are shown in 

Figures 1.16 and 1.17. 

Based on previous numencal analysis done by Whitney and Pagano, and Daniel 

[24-261, Toombes and Swanson [27] designed and analyzed a tubular specimen which 

was modified Iater by Smith and Swanson [28]. They believed their specimen avoided the 



stress concentration due to the end effect, generated by clamps, and provided a unifom 

stress in the gauge area. The tube had thickened ends so it could be used for both hoop 

Figure 1.16. Stifiess results of Soden et al [2 1-23] 

A n g l e  ( D e g r e e s )  

Figure 1.17. Poisson's ratio results of Soden et al [Z 1-23] 

and axial loading and for biaxial loading. The intemal diameter of the specimen was 96 

mm. Different lay-ups were used which gave different wall thickness. The length of the 

tube changed a Little between the early work and the later work. Dimensions of the latea 



specimen are shown in Figure 1.18. In this section the 0' refers to the tube hoop direction. 

whicb is denoted by x. The y refers to the tube longitudinal direction. 

Figure 1.18. Tubular specimen used by Swansoo 

They [29-341 tested carbon/epoxy tubes with the lay-ups of [0/=45/90],,. 

[03/=45/90],,, [0/(=45)2190] ,,, [90/=45/0],,, [O/k60],, [k45I3, and [O],, where n is one. 

~ o ,  or three. The loads they used were interna1 pressures plus an axial force. They 

normally used 3 strain gauge rosettes located at the axial mid-plane and spaced around 

the circumference. Each strain gauge rosette had three strain gauges stacked together at 

0'. 90'. and 45'. The average reading was taken from the three rosettes. 

About 60% of their laminate tube stiffhesses agreed with the classical lamination 

theory, as can be seen in table 1.3. In table 1.3 ' the p', c, mi G, are the sample 

stiffness in x, y directions and shear modulus respectively. Swanson reported no - 

Poisson's ratios. 



Tennyson et al [35, 361 used [+$Is glass/epoxy and carbodepoxy tubes to test the 

laminate strengths under biaxial loading. They found the composite tube failure pressures 

were much higher than the prediction fiom the Tsai-Wu critenon. They developed a 

cubic mode1 to predict the laminate strength and the mode1 fined their experimental data 

better than the Tsai-Wu criterion. 

Soden et al 's [2 1-23] strength results showed that the angle ply laminate strength 

could be five tirnes higher than those predicted by the Tsai-Wu criterion. 

Swanson et al's [29-341 results showed that the Tsai-Wu criterion did not agree at 

a11 with the experimental data. The measured strengths f?om tubular specimens were 

much higher than those predicted by the Tsai-Wu cnterion. They claimed that, in general. 

the maximum strain generated in longitudinal tensile flat coupon tests could be used as a 

failure criterion. Because of the low in-plane minor Poisson's ratio. using the maximum 

stress instead gaves essentially the same prediction. 

Bai et al [37-391 used glass/epoxy [&35]" filament wound tube to snidy the 

composite mechanical behavior and damage mechanisms. They also found the tubes were 

much stronger than that predicted by Tsai-Wu criterion prediction. Their results agreed 

with Soden et al's [2  1-23]. 



Table 1.3. Stiffness of C E  laminates (GPa) measured by Swanson et al [2833] 

Matenals 

AS413 50 1 -6 

- - 

Note: x: I direction. Longitude direction 

,h: Theoretical data from the classical laminate plate theory (gr: graphite A%. gl: S-glass) 

- 
No standard deviation for the T80013900-2. We could assume for the for Q it is 5. and for G it is 

= 1. 

1.3 Classical Lamination Theory 

1.3.1 Lamina Stress-strain Behavior 

The generalired Hook's Iaw relating stresses to smins can be written in 

contracted notation as: 



0, = Ci,&, i , j = l ,  ........ 6 

where oi are the stress components shown on a 3-dimention cube in x, y, z, 

coordinates, see Figure 1.19. 

Figure 1.19. Stresses on an element 

C ,  is the stiffness matrix, and E, are the strain components. The smins are defined 

where u. v, w are displacements in the x, y, z directions or the 1,2, 3 directions. 

Figure 1.20. Unidirectional reinforced lamina 



I f  we consider a plane stress condition, and put a lamina longitudinal direction 

along the 1 direction, as shown in Figure 1.20, then 

where Si, are the cornpliance, that is: 

in which: 

El. E2 are lamina Young's (extension) moduli in the 1.2 directions. v ,  are 

the Poisson's ratio (extension-extension coupling coefficient), 

E ,  that y, = - for a, = o and al1 other stresses are zero. and Gil is the shear 
6 1  

modulus in the 1-2 plane. 

Equation 1.4, the strain-stress relations, can be inverted to obtain the 

stress-strain relations 



Where the Q,, are the reduced stifiesses for a plane stress state in the 1-2 

plane, determined by 

#en the stresses and strains were are applied at an angle 4 to the principal 

material directions, as shown in Figure 1.2 1, then a method of transforming stress-strain 

relations from one coordinate system to another is needed. 

The transformations are commonly written as 



and 

Figure 1 .Z 1. Positive rotation of material axes fiom x-y axes 

where 

cos' ( sin2( 2 sin 4 cos 4 

cos' ( - 2sin (cos ( 

- sin 4 cos # sin 4 cos # cos' # - sin' # 1 
Then the stress-strain relations in x-y coordinates are 





Cornparhg equation 1.14 with equation 1.5, the engineering constants in x-y 

plane can be expressed as 

1 
sin' @cos2 4 + -(sin4 #+cos4 () 

G, Gt2 

1.3.2 Laminated PlateTheory 

The laminate is presumed to consist of perfectly bonded laminae. Moreover. the 

bonds are presumed to be infinitesimally thin as well as non-shear-deformable. That is 

the displacements are continuous across lamina boundaries so that no lamina can slip 

relative to another. Thus, the laminate acts as a single layer with very special properfies 

that constitute a structure element. 

If the laminate is thin. the Kirchhoff hypothesis for plates and the Kirchhoff-Love 

hypothesis for shells applied. These are that a line originally straight and perpendicular to 

the middle surface of the laminate, i.e., a normal to the rniddle surface, is assumed to . 

remain straight and perpendicular to the middle surface when the laminate is deformed, 

e.g., bent, extended, contracted, sheared, or twisted. This means the shearing strains in 



planes perpendicular to the middle surface is ignored, that is y,-yYL=O, where z is the 

normal direction to the middle surface, see Figure 1.22. In addition. the nomals are 

presumed to have constant length so that the strain perpendicular to the middle surface is 

ignored as well, that is ETO. 

Y?" 2 
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Figure 1.22 Geometry of defornation in the x-z plane [40] 

The implications of the Kirchhoff hypothesis on the laminate displacements u, v, 

and w in the x, y, and z directions are derived by use of the laminate cross section in the 

x-z plane s h o w  in Figure 1.22. The displacement in the x direction of point B fiom the 

undeformed middle surface to the deformed middle surface is uo. The sub-note "0" here 

is used to designate middle-surface values of a variable. Because line ABCD remains 

straight under deformation of the laminate, the displacement at point C is 



where z, is the distance from the rniddle surface to point C, and B is the slope of 

the larninate middle surface in the x direction, that is, 

h o  pz- 
& 

Then the displacement, u, at any point z through the larninate thickness is 

By similar reasoning, the displacement, v, in the y direction is 

The laminate strains have been reduced to cX, E,,, and yXy by virtue of the Kirchhoff 

hypothesis. For small strains (linear elasticity), those strains are defined in tems of 

displacements as 

Thus for the displacement u and v in equation 1.17 and 1.18, the strains are 



Where the middle surface strains are 

and the middle-surface curvatures are 

The last term in equation 1.22 is the twist curvature of the middie surface. Since 

only the middle-surface is the reference surface to the cwatures, the note "O" is not 

necessary. 

In a laminate, the stress strain relations for k' lamina can be written as 



where the Q,, are given in equation 1.12. 

By substitution of the strain variation througb the thickness, equations 1.21 and 

1.24 can be expressed in terms of the laminate middle-surface strains and curvatures as 

The el, cm be different for each layer of the laminate. so the stress variation 

through the laminate thickness is not necessarily linear, even thou& the strain variation is 

linear. There is a hidden assumption here, that is the stress and strain in a layer are 

uniform and tinear. 

The resultant forces, N, and moments, M, acting on a laminate are obtained by 

integration of the stresses in each layer or lamina through the laminate thickness as 

and 



where t, zk and zk.1 are dehed  in basic laminate geometry of Figure 1.23. 

Figure 1.23. Geometry of an N-layered laminate [40] 

We rearrange the equations 1.26 and 1.27 to take the advantage of the fact that the 

stifhess matrix for a lamina is ofien constant within the lamina, the forces and the 

moments become 



Since the CO,, goy, Yoxy, K~, and K~ are not h c t i o n  of Z, but are middle-surface 

values, they ran be removed h m  within the summation signs. Thus we have eeneralized 

classical lamination theory as: 

w here 

In equations 1.30, 1.3 1 ,  and 1.32, the A,, are extensional stiffhesses, the Bi, are 

bending-extension coupling stiffnesses, and Dij are bending stifiesses. 



1.33. Balanced Angle Ply Laminates 

For balanced angle ply laminates with the lay up angle of kt$, the shear extension 

coupling Alé and the bending extension coupling, Bi,, and the bend twist coupling, 

DI6 and Dzs, are al1 zero. Thus the classical lamination theory becornes 

If the Iarninate plies are al1 made fiom the sarne prepreg tape. thickness t after 

cure. then equation 1.32 becomes 

In the tensile test, the load is applied along the x direction. If the angle ply 

specimen is very long, relative to its width and thickness, there are uniaxial stress 



conditions [41]. This means that the stresses a, and rxy vanish and only a, is nonzero 

with 

6, = @ I I  -vwQi? )Ex = E,E, 
(1.35) 

Here Ex is the specimen modulus and v, is the principal Poisson's ratio. given by 

When a sample is extremely wide. relative to its length, we assume that the @ps 

prevent Poisson's shnnkage from taking place, so there are uniaxial strain conditions 

[40]. This means the strain E, and y, vanish and gives the stress: 

From equations 1.36 and 1.38 we can see that for angle ply laminates with al1 

angles in the range 0' to 90': 



In the actual case, the test specimens have finite lengths. Equation 1.35 is valid 

only if the specimen is long enough so that the end effects are not significant in the gauge 

length. The decay of such localized effects with distance away from the source is justified 

by the use of Saint-Venant's principle. The decay length, h, the distance iYom end of the 

specimen over which the stress decays to l/e of the value of the stress at the end for 

oithotropic composites, is given by [4]: 

Where b is the width of the s e p .  

1.4 Lamina Failure Criteria 

We shall review some of the most widely used composite failure cnteria and we 

shall restrict ounelves to biaxial loading here. 

1.4.1. Maximum Stress Criterion and Maximum Strain Criterion 

The maximum stress cntenon predicts failure load and mode by comparing 

lamina stresses ai, oz, and separately. Interactions between the stresses are not 

considered. The maximum stress criterion for tende loading involves three equations: 



C r x  = = l u  

cos = $6 

%u 
t T x  =- 

sin ' ( 

ox = 
sin 4 cos 4 

ci,, 02" and riz,, are the lamina longitudinal strength, transverse strength. 

and shear strength respectively. 

The maximum strain cntenon is similar to the maximum stress critenon since the 

lamina is presumed to fail elastically. The equations are: 

Cr = 0 1 "  

sin' 4 - v,, cos' ( 

The only difference between the maximum stress critenon and the maximum 

strain cnterion is that the latter includes Poisson's ratio tenns. 



f .4.6. Tsai-HiU Failure Criterion 

The Tsai-Hill criterion is one of the interactive criteria. These critena predict the 

failure by using a single quadratic or higher order polynomial equation involving al1 

stresses or strains. The theory is based on the distortion energy failure theory of von- 

Mises fm isoüopic marcïials. ( R e  total strain energy in n body consists of t \ ~  pans. one 

due to a change in volume, called dilation energy, and the second due to a change in 

shape and is called distonion energy.) It is assumed that failure takes place when the 

distortion energy is greater than some critical value called the failure distortion energy of 

the material. Hill adapted the von-Mises distortional energy yield critenon to anisotropic 

materials. and then Tsai adapted it to a unidirectional lamina. This gives the equation: 

1 cos' (45 
-= , +[&-- l , 'i cos2qhin2#+- -  sin a 4 

The criterion gives a smooth cuve rather than cusps obtained with the maximum 

stress and maximum strain criteria. 

1.4.3. Tsai-Wu Failure Criterion 

One obvious way to improve the correlation between a criterion and experiment is 

to increase the number of terms in the prediction equation. Tsai and Wu did this to 

develop an improved interactive critenon. The new criterion is based on the total main 

energy failure theory of Beltrami (see reference [40]). The criterion is: 



Where 

JFI IFX 
F is an expenmental determined parameter, Tsai assumes FI = - 

3 
.i 

o 1 and a?,. are the lamina longitudinal compressive strength and transverse 

compressive strength respectively. 

When the compressive strengths equal to the tensile strength. the Tsai-Wu 

critenon reduces to the Tsai-Hill critenon. 

1.4.4. Other Composite Failure Criteria 

Soden et al [42] recently organized a failure exercise, in which people were 

invited to predict composite strength and stress strain behavior under different loading 

cases. Table 1.4 lists the failure criteria used in the exercise and their representatives. 
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1.4.5. Laminate Failure Analysis 

For a laminate, or a composite, there is a lack of faith in the failure critena in 

current use. There is even no universal definition of what constitutes "failure" of a 

composite. In the broadest sense, a designer would define "failure" as the point at which 

the stnicriire or cornponent ceases to fi~!fi!! i~ function. Therefore, the failure is t~ the 

specific application. It would be the weeping of tluid through the pipe wall to the pipe 

designer, or it would be a 10% loss of stifiess to a bridge designer. Also there is lack of 

evidence to show whether any of the critena provide accurate and meaningful predictions 

of failure over anything other than a very limited range of circumstances. 

A composite plate exhibits progressive failure on a layer-by-layer basis. Because 

of the various characteristics of composite laminates, it is dificult to determine a strength 

criterion in which al1 failure modes and their interactions are properly accounted for. 

Moreover. the verification of a proposed strength cnterion is greatly complicated by 

scatter in measured strengths caused by inconsistent processing techniques and 

inappropriate and rnisleading experirnental techniques. 

Before using the lamina propeties to predict laminate strength, Hashin's words in 

a letter to Soden, quoted in Hinton and Soden's recent paper (1998) [43] are worth 

noting: "My only work in this subject relates to failure critena of unidirectional fiber 

composites, not to laminates. I do not believe that even the most complete information 

about failure of single plies is sufficient to predict the failure of a laminate, consisting of 



such plies. A laminate is a structure which undergoes a complex damage process (mostly 

of cracking) until it finally fails. The analysis of such a process is a per requisite for 

failure analysis. While significant advances have been made in this direction we have not 

yet arrived at the practical goal of failure prediction. 1 must say to you that 1 penonally 

do not know how to predict the failure of a laminate (and furthemore, that 1 do not 

Selievc 'bat anybody else does)." 

Al1 composite laminate strength criteria depend on the strengths in the lamina 

principal matenal directions, which likely do not coincide with laminae principal stress 

directions. Therefore, the strength of each lamina in a laminate must be assessed in a 

coordinate system that is likely different fiom those of its neighboring laminae. ïhis 

coordinate mismatch is but one of the complications that characterize even a macroscopic 

strength critenon for laminates. Figure 1.24 shows the laminate strength analysis 

elements, 

LAMINATE STRESS ANALYSlS CURE AND USE CONDlTîONS 
l 1 1 1 

Figure 1.24. Laminate strength anaiysis elements [40] 



A laminate can be subjected to thermal, moisture, and mechanical loads. A 

method of strength analysis is required to detemine either the maximum loads that a 

given laminate can withstand or the laminate characteristics necessary to withstand a 

given Load. Figure 1.25 shows the analysis flowchart for laminate strength and load- 

deformation relations. 
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Figure. 1.25. A flowchart of the analysis of laminate strength and load-deformation [40] 

The procedure is a layer-by-layer analysis. The interaction between the layers is 

neglected. The lamina failure criteria are not mentioned explicitly in the flowchart. The 

entire procedure for strength analysis is independent of the actual lamina failure criteria, 

but the result of the procedure, the maximum loads and deformations. do depend on the 

specific lamina failure critena. As in the stifhess analysis and lamina strength analysis, 

the lamina is assurned to be uniformly loaded, which is not true in acnial applications. 



1.4.6. Thermal and Hydroscopic Stress Analysis 

Laminates normally are cured at temperatures different fiom the operating 

ternperature. In such case, the thermal stresses arise and must be accounted for in the 

strength analysis. 

The three-dimensional thennoelastic anisotropic strain stress relations are 

~ , = s , , o , + c r , A T  i , j=1.2 ,...., 6 ( 1.45) 

wherein the total strains E, are the surn of the mechanical strains Sijq and the six 

free thermal strains. aiaT, for a temperature change AT. 

The three-dimensional stress strain relations are obtained by inversion 1.45 

In both equations 1.45 and 1.46, the six ai are the coefficients of thermal 

expansion and AT is the temperature difference. In equation 1.46, the terms C,a,AT are 

the thermal stresses if the specimen strain is zero. 

The stress in a lamina under thexmal and applied strains are 



The stresses in laminate coordinates for the kh layer are obtained by 

transformation of coordinates to give 

where the appearance of a,, signities an apparent coefficient of thermal shear or 

distortion as in Figure 1.26. 

Figure 1.26. Thermal expansion and distortion of an orthotropic lamina [40] 

Using equation 1.32 with equation 1.48 we obtain 





Equations 1.5 1 and 1.52 can also be used for moisture induced stresses if we 

replace the aj by the coefficients of moisture expansion, P,. The moisture effects arise 

because polymer materials absorb moisture and expand. 

1.5 Interlaminar Stresses 

One of the key limitations of the classical lamination theory is that each ply is 

assumed to be in plane stress in the x-y plane, and the interlaminar stresses associated 

with z mis are neglected. The interlaminar stresses can cause delamination, or separation 

of the laminate. A three dimensional elasticity solution by Pipes and Pagano [44] has 

shown that even in a laminate under simple uniaxial loading, see Figure 1.27. there is a 

boundary layer region along the free edge where a three dimensional state of stress exists. 

and that the boundary iayer thickness is roughly equal to the laminate thickness. 

Pipes and Daniel [45] then performed experiments to confim Pipes and Pagano's 

solution for interlaminar stresses by using Moire technique. They used [+EO& 

25'd+25$] long and narrow specimen (152 mm gauge length and 25 mm width). The 

results, as shown in Figure 1.28, agreed well with the elasticity solution. 



Figure 1 2 7 .  Syrnmeüic angle-ply laminate georneûy and stresses [44] 

Figure 1.28. Moire fnnge pattern [45] 

The significance of interlaminar stresses relative to laminate stifiess. strength, 

and life is determined by classical lamination theory, i.e. classical lamination theory 

stresses are accurate over most of the laminate except in a very narrow boundary layer 



near the free edges. Thus accordhg to this work laminate stiffhesses are affected by 

global, not local, stresses, so laminate stiffnesses are essentially unaffected by 

interlaminar stresses. Nevertheless, as noted early (section 1.2.1 ), the proxirnity of free 

edges have been observed experimentally to reduce stifniess and this also been confirmed 

theoretically. 

On the other hanci, the details of locally high stresses dominate the failure process 

whereas iower global stresses are unimportant. nius, laminate strength is dominated by 

interlaminar stresses in certain loading cases. 

1.6 Photoelastic Measurement 

The photoelastic method consists of bonding a thin sheet of photoelastic coating 

matenai to the surface of the specimen, such that the bonded interface is reflective [46]. 

When the specimen is loaded the surface strains are transmitted to the coating and 

produce a fnnge pattern that is recorded and analyzed by means of a reflection 

polariscope. A perfect strain transmission yieids: 

w here 

Superscripts c and s refer to the coating and the specimen respectively. 



The difference in principal strains and the coating birehgence are related by the 

strain-optic law. This is: 

6; -&: =&i -E: =of 

where the n is f i g e  order and f i s  the coating f h g e  value. 

When the composite is orthotropic with the elastic axes of symmetry x, y 

coinciding with the axes of matenal, geometnc, and loading symmetry, the coating 

birehgence is related to the principal stresses in the composite by: 

- 
Q Where v- is the minor Poisson's ratio. which equals to 2. 
Q, 1 

1.7 Project Objectives 

We have pointed out in section 1.2.1 that classical lamination theory does not 

appear to be obeyed by angle ply laminates. Thus the nominal stifiess of a [=45Ir 

laminate increases with increasing specimen widtb at a fixed gauge length (see Figure 

1.15). Furthermore, some theoretical descriptions of some edge effects have been 

available. But test specimen aspect ratio effect appears not yet to have been examined in 

any detail. 



Thus the Khatzibadeh work showed that a long and narrow specimen cannot be 

used to rneasure the laminate properties correctly because it cannot represent the 

composites used in the real structures, such as in the airplane wing skh. where the 

composite structure is very wide and short. In these structures the fiee edge effects may 

be considered to be limited. The composites under such conditions perform differently. 

The problem with the long and narrow specimen, such as the ASTM D3039 test 

coupon, is probably that there is no fiber going across from grip to grîp when the lay-up 

angle is larger than 9'. In this situation, we do not fully stress the fibers. If we do not 

break the fibers we do not test the composite. 

In generai. to rneasure iaminate elastic constants and strengths accurately is very 

important. Any kind of under estimation may cause danger or over estimation may result 

in waste of matenals. Surprisingly, there is little agreement in the literanire about how to 

relate laminate properties to the lamina then ont0 the fiber and matrix properties. Perhaps 

the major reason for this is that experiments on laminates have proved quite difficult to 

perform. These dificulties are largely due to complications peculiar to composites, such 

as the edge effects and the gripping effects, the difference in strength between fiber and 

rnatrix, and the general sensitivity of composites to stress concentrations. 

The objective of this project is to measure the mechanical properties of angle ply 

laminates as accurately as possible and to develop a simple mode1 to descnbe the angle 

piy laminate rnoduius and strength. This work is based on the works conducted by 



Kbatibzadeh using wide and short specimens to study the effect of fiber alignment on 

composite strength. The test results and the modeling are presented in this thesis. 



2.1 Material and Test Samples 

2.1.1 Materials and Laminate Consolidation 

Two cabon epo- prepregs obtained from Hexcel were used in the experiment. 

The T7G 145-12-F584-9 prepreg was used in making tensile specimens and the R6376- 

TENA)<-HAT- 134 prepreg was used in making a compressive specimen. Cut sheets were 

laid in a steel mold of 89 mm x 127 mm size for short and wide specimens and in another 

steel mold of 3 10 mm x 3 10 mm for ASTM specimens. They were then hot pressed under 

about 1.6 MPa pressure following the temperature profile recommended by Hexcel. This 

profile specified heating at 2' Clmin to 180' C. holding for 120 min.. then cooling at 

8'~lrnin to room temperature. The thickness of each laminate was measured atier 

consolidation. They were 1 + 0.05 mm. 

2.1.2 l'ensile Specimen 

The laminates were then cut using a diamond band saw with water-cooling to 

produce [*$]-, tensile specimens. The short and wide specimen sizes were 25 mm. 43 

mm. and 100 mm width with 125 mm. 125 mm. and 87 mm Iength respectively. The 

ASTM specimens were 25 mm wide and 250 mm long. The specimen thickness wvs 

about 1 mm. The gauge length of a11 the wide and short specimens was kept to 10 mm. 

The ASTM specirnen gauge length was 150 mm. The @ used were 0'. l jO.  30'. 45'. 60'. 

75'. and 90'. The specimens' edges were then polished using t80 then #120 Sic papers. 



Four holes of 1 1.4mm diameter were drilled in the 100m.m width specimens as shown in 

Figure 2.1. 

Figure 2.1. 100 mm width specimen (Unit in mm) 

A strain gauge, CEA-13-062WT-350, obtained fkom the Measurements Group. 

inc., was bonded ont0 the middle of the specimen gauge area along the x and y 

directions, where the load was applied along the x direction. The bonding agent was M- 

Bond 200 from the same supplier. The specimen surface, where the gauge was bonded, 

was sanded to remove the mold retease agent using #120 and then #500 S i c  papers. The 

surface was then cleaned with tissue paper soaked with acetone. Then the 326-DFV 3 

cable, £iom the same supplier, was fixed to the gauge using rosin core solder. 

The short and wide specimens with 43mm and 25mm widths and the ASTM 

specimens were then end-tabbed. The end tab for short and wide specimens was 



aluminurn plate with 53 mm long and widths equal to the specimen widths. The same 

aluminurn was also used for the ASTM specimen but the length was 50 mm. The end tab 

surface was sand blasted before bonding. The specimen surfaces, where the end tab was 

bonded, were sanded to remove the release agent using the #120 Sic paper. The end tab 

was then bonded by epoxy with a little pressure applied. The epoxy was cured at room 

Length 
I I 

Width 

Strain Gauge 

Figure 2.2. Specimen with the strain gauge and end tab 

A special clamp was used for the 100 mm width specimens to fit into the test 

machine grips. This clamp is s h o w  in Figure 2.3. The clamp held the specimen by 4 

screws of 9.3 mm diameter tightened by a toque wrench set to about 500 kg-cm. 

Another clamp for the 100 mm width specimen was also tried. This clamp is 

show in Figure 2.4. It did not hold the sample tightly, and slippage occurred at very low 



load. There was no significant difference observed between the two clamps when testing 

the sarnples. The detailed dimensions of the two clamps are s h o w  in the Appendix. 

Figure 2.3. Clamps for the 100 mm width specimens 

Figure 2.4. Clamps for the 100 mm specimens 

2.13 Tensiie Photoelastic Specimen 

A photoelastic coating material, PS-1 sheet, with 0.25mm thickness was used. 

The C O ~ M ~  came kom the sarne supplier that provided the strain gauge. The coating 



fiinge value, f, was 7570 p d m  f i g e .  The sheet was cut to 20 mm long and 43 mm wide 

using a paper cutter. The adhesive for bonding the coating material was PC-1 adhesive 

fiom the same supplier. 

The specimens used for the photoelastic analysis were 43 mm wide with a strain 

g m g e  bonded on one side as specified îbove. On the other side, a specimen surface was 

sanded by #120, then #500 Sic  paper and cleaned by tissue paper soaked with acetone. 

The PC-1 adhesive was then applied on the treated surface and the PC-1 coating was 

bonded. A linle pressure was applied to the sample by putting a flat steel bar about lkg 

on it, and the sample was left at room temperature for curing for 24 hours. The specimens 

were then end-tabbed as specified above. The photoelastic specimen is shown in Figure 

3.5. 

2.1.4 Compressive Specirnen 

A laminate with [i15Is lay-up was cut, as specified in 2.1.2, to 63.2mrn long and 

77.5mm wide. The specimen edges were polished using #120, #320. #500. #800. #1200. 

X2400 Sic papers, and then were repolished using 1 pm OP-Alumha power provided by 

Stmers. The specimen thickness was 3.9 mm. 

Three strain gauges, CEA-13-062WT-350, were bonded ont0 the specimen as 

shown in Figure 2.6. The bonding method was same as that used in t ende  specimens. 



A PS-1 photoelastic coating sheet of 35 mm length and the same width as the 

sample was bonded on the other side of the specimen gauge area as s h o w  in Fi_we 2.6. 

The thickness of the coating was Imm. The coating f i g e  value, f. was 1892 @rn 

fnnge. The bonding method was same as that used in the tensiie specimens. 

Front Back 

Photoelastic 
coating, 025mm 

Figure 2.5. Tensile specimen with 

Front - 

f+ 

photoelastic coating 

Back 

3.9 J I  Photoelastic 
2 38.75 coating of 1 mm 

Figure 2.6 Compressive specùnen with photoelastic coating 



2.2 Mechanical Tests 

2.2.1 Tensile Test 

The samples were tested in a MTS hydraulic machine at a constant cross head rate 

under stroke control. Ihe test rate was about 190 strain per minute. 

The load was measured by the MTS 100 kN load ceil and recorded by an MTS 

43 1 X-Y recorder. The strain was read by two digital strain indicators. one was P-3500 

strain gauge indicator and the other was the VISHAYIELLIS-20 digital strain gauge 

indicator. The strain was recorded through the indicators by a two-pen Linear 1200 

recorder. 

The test system. the MTS machine and the strain measurement system. was tested 

by using three alurninum specimens. which were I j O m  long. 2jmm wide. and 3. l jmm 

thick. with known modulus of 70GPa and Poisson's ratio of 0.33. The tested modulus 

was 69.2 + 0.7 and the tested Poisson's ratio was 0.3 1 2 0.01 . 

The bending of the specimen on the MTS machine was dso tested by using 

ASTM specimens according to ASmI D3039. This standard suggested that the percent 

bending in the specimens should be less than 3%. The test result was 1%. 



The test results were the average from five to six sarnpies. In the case of less than 

five samples being used, the data were marked. The broken specimens were 

photographed after the test using Kodak DC2400 digital camera. The fracture surfaces 

were then measured using a d e r  with accuracy of 11 mm. 

2.2.2 Compressive Test 

The test was conducted in the Institute for Aerospace Research. NRC. The samplc 

was put between the compressive heads and. tested under the loads set manually. The 

strains from the three strain gauges were read through an 8-channel strain gauge switch 

box using the P-3500 strain gauge indicator. The maximum load applied on the sample 

was within the elastic range. 

2.3 Photoelastic Analysis 

2.3.1 Tensile Test 

A circular polariscope was designed and made. The principle of the polariscope 

design is s h o w  in Figure 2.7. 

The samplr with the photoelastic coating was mounted in the MTS machine. The 

loads were set manuaily. The photoelastic image was recorded by a colour photograph 

taken at a certain load. and the strain fiom the strain gauge was recorded at same tirne. 



The maximum stress used in the analysis was about the half of the sample strength. The 

set-up of the testing is s h o w  in Figure 2.8. About ten photographs were taken for each 

sarnple with Kodak 400 color film. The film was then developed by the 1.2.3 Photo Siiop. 

2.3.2 Compressive Test 

The same test sarnple used in 2.2.2 was used. A 0.Ojmm thick T d o n  film was 

put between the sample and the compressive head surfaces. A Kodak EOS DCS 5 digital 

camera then recorded the photoelastic image at certain loads. The strain gauge readings 

were recorded at the sarne time as specified in 1.2.2. 

Figure 2.7. Schematic representation of reflection polariscope 

Figure 2.8. Set-up of tensile photoelastic test 



3. EXPERIMENTIAL RESULTS 

3.1. Stress-Strain Response in the Temile Test 

The test results are shown in Figures 3.1 to 3.7. In each figure, the strain 

icsponses io the x direction and tbc y direction s e  sho~vn with differect widths. Srnooth 

curves are drawn here, the actual responses were jerkier. 

O 0.2 0.4 0.6 0.8 O 0.05 0.1 0.15 0.2 0.25 

Strain x (%) Strain y (%) 

Strain x (%) Strain y (Oh) 

Figure 3.1. Stress-strain responses of [Ois samples 
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Figure 3.2. Stress-strain responses of 111 51, samples 



Figure 3.1 showed that the stress-strain response in the x direction for the [O18 

laminates was fairly linear for both 25 mm and 43 mm widths. For the 43 mm width both 

strain and stress were somewhat smaller than for the 25 mm width. The y direction strain 

responses were far fiorn iinear, but sudden changes were accompanied by noise corn the 

specimens of both widths. 'The y strains were rnuch smaller than the x strains. The 100 

nm widt! smp lcs  :ver= nsted dso Sut none of t h e n  were swxessfd. The samples were 

pulled out between the sarnple ends and the holes in the clamp. 

For the [=15]> laminates. shown in Figure 3.2, the ASTM samples showed fairly 

linear responses both in x and y directions. The x strain responses for both 25 mm and 43 

mm samples were moderately linear but with a lower slope than for the [018 samples. The 

y strain responses were less scattered than the but the 43 mm width sample had a 

much higher dope near the origln. Both 25 mm and 43 mm widths gave lower stress at a 

given strain than the althou& for the [=1512, the 43 mm sample had y strains which 

were about half those for the 25 mm samples. The ASTM sample gave even lower stress 

at a given strain in both x and y directions. Sudden changes in the y strain for the 43 mm 

width samples were accompanied by cracking sounds. The 100 mm samples also gave 

roughly linear x stress-strain responses. but the slopes were lower. The y strain slopes 

were very high initially, but then became lower than those for the 43 mm width. 
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Figure 3.4. Stress-strain responses of [&45l2, samples 



In Figure 3.3, which shows the [h3Ola laminates, the stress-strain responses 

indicated fairly linear relationships in the x direction. The responses had two slopes, the 

initial slope being the larger. This tendency became clearer with the increasing of sample 

width in the non-standard samples. Both slopes were significantly smaller than those of 

the [=15]>. The strains in the y direction had a similar trend as those in the x direction. 

nie slopzs in the y directim werc much larger thai those of the ['15]&. ïh: 43 ma 

width samples gave more scattered results than the others did, and the sudden changes in 

the y direction strains were accompanied by cracking sounds. We did not hear these 

sounds in testing of the ASTM samples. (The stress scales used in Figure 3.3 are different 

arnong the different sample widths.) 

For the [i45I2, laminates. in Figure 3.4. the x direction stress strain responses 

showed two slopes linear relations for al1 the sample widths in which the initial slopes 

were larger than the second ones. Compared to [i.30I2, samples, the Iower slopes, both 

the initial and the second, were observed here in the x direction. In the y direction. 

rnoderately linear stress strain relations with two slopes were observed. The slopes near 

the origin were bigger than the second ones. The y strains were srnaller than the x strains 

under given stresses. Different strain stress scales have been used in the figure. The 43 

mm width samples were tested under a load control mode of 2.3 kN/min. (The othen 

were tested under the stroke control mode as specified in Section 7-21.) The wider 

specimens gave more scatter results. 
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Figure 3.5. Stress strain responses of [=6012, samples 
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Figure 3.6. Stress strain responses of [=7512, samples 
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Figure 3.7. Stress main  responses of sampies 



In Figure 3.5, the [k60Ir, laminates, fairiy linear stress strain relations were 

observed in the x direction. The ASTM and 25 mm width samples appeared more linear 

than the 43 mm and 100 mm samples that gave two slopes and the initial slopes were 

larger than the second ones. The y direction stress strain relationships had a similar trend 

to those of the x direction. The lines with 2 slopes in the 43 mm and 100 mm samples 

became more obvious than those in the x direction. Different strain scaIes have been used 

in the figure. 

The [=75]% Laminates, in Figure 3.6, showed moderately linear stress strain 

relations for al1 the widths in the x direction. In the y direction they also showed fair 

linearity but with some slope changes in the 43 mm and 100 mm samples. The 25 mm 

and 43 mm samples gave more scattered results than the 100 mm ones. Different stress 

strain scales have been used in the figure. 

In Figure 3.7 the laminates showed fairly linear stress strain relations in the 

x direction in general. The 100 mm samples had two slope c w e s  with the initial dope 

larger than the second one. The 25 mm sampies showed linear stress strain responses in 

the y direction. The 43 mm samples gave fairly linear response with the slope made 

smaller. but the results were scattered. The 100 mm samples had similar y stress strain 

responses as did the 43 mm samples. Six 100 mm width specimens were tested but only 

two were successfiil. 



32. StressStrain Response in the Compressive Test 

The compressive test results are s h o w  in Figures 3.8 a and b. In Figure 3.8b. 

0.05mm Teflon films were placed between the sample and the platens, and the sample 

was retested after the test. ï h e  results are shown in Figure 3.8a. The strain gauge 1. 3, 5 

were in the x: direction where the load applizd. The sirain gaugc 2. 4, 6 xerc in y 

direction. The specimen aspect ratio, the specimen gauge length over the specimen width. 

was about the same as those of the 43 mm width tensile sample. 

Figure 3.8. Compressive stress strain responses of [= 15]& sampie 

The stress strain responses in x direction were very similar to the tension response 

in Figure 3.2. The strain responses in different positions had similar patterns but different 

values. There was no significant difference between the x strains with and without Tetlon 

film. 



However the strain responses in y direction were quite different fiom the tension. 

see Figure 3.2, being aimost linear except for an initial build up in strain gauge 6 which 

was at an edge of the specimen. Mer putting the Teflon film the y strain increased 

significantly in the case of strain gauge 6 but had only a small increase in the other nvo. 

3.3. Tensile Strength 

The angle ply laminates tende strengths are s h o w  in Figure 3.9 and Table A2 to 

Table A5 in the -4ppendix. The [OIg, [kl5I3, and [+;O], short wide sarnples were tested 

for strength some days after the eiûsticity tests. The rest were tested for strength at the 

same time as the clasticity tests. Note that in this and subsequent figures. the data are 

offset slightly to avoid overlap. 

4 ASTM 
A 25mm . 43mm 

Angle (Degrees) 

F i e  9 Tensile strength of angle ply laminates 



The wide specimens had higher tensile strength than the nmow ones when the 

lay-up angles were less than 60'. Different width samples gave almost the same strengths 

at 60' and 75' lay-up angles, the differences were within test erroa. The wide sample 

gave less strength than the narrow one in the iay-up. The [OIS strength was from the 

25 mm width specimens because we could not break the 43 mm samples even when they 

were norcheci. Tne ciamp used for the iOO mm width samples couid no: be üsed to bis& 

the samples. The samples were always pulled out between the edges and the holes. There 

are no strength data for the 100 mm width samples. 

3.4. Ultirnate Tensile Strain 

The ultimate tensile strains of the angle ply laminates are shown in Figure 3.10 

and Table A2 to Table A5 in the Appendix. The strains are the strain gauge readings in 

the x direction when the specimens were broken. 

As in the saength results, the ultimate strain of [Ois laminates was obtained from 

the 25 mm width samples. In the lay-up angle 115', the results from different width 

samples were quite close to each other and the wide sample had higher ultimate strain. 

The strains were al1 less than that in the 0'. The ultimate strains appeared higher in the 

130' than those in the =15%but had the same trend, which is that the wide specimen had . 

higher ultimate strain than the narrow one. The ultimate strain difference among the 

different specimen widths became bigger. The 25 mm width specimens gave an ultrahigh 



ultimate strain in the 145' lay-up? which is about 6%. The 43 mm width specimens gave 

the lowest. The 25 mm and the ASTM samples gave higher ultimate strains than those in 

the 130' while the 43 mm sarnples gave the lower result. in the 160'. the results were 

similar to the *l j0 but the narrow specimens gave lower ultirnate strains while the wider 

one gave higher result. The differences arnong the results from different sample widths 

different specimen widths were within the test errors. 
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3.5. Fracture Image of the Angle P i y  Laminates 

The broken tensile specimens are shown in Fiaues 3.1 1 to 3.17. The photos were 

taken afier the tensile tests. The clamp tooth prints visible on the end tabs mean nothing 

since the end tabs were reused. The specimens were clamped so that they kept the right 









Figure 3.17. Fractures of [90Is samples 

Three different failure patterns were observed in the fractures. They were: 

0 Total fiber failure. Ln this pattern, ail the fibers were broken. 

0 Half fiber failure. ui this pattern, only the fiben along one $ direction 

were broken. In the other direction fiber was split apart. 

Matrix failure. The failure occurred only in the matrix, no fiber was 

broken but fiben were split apart. 

The observation and the measurements of the sample failure are listed in table 3.1. 

The measurements were along the specimen width (y direction) where the broken 

happened. 

3.6 Photoelastic Tests 

Table 3.2 gives the fiinge orders corresponding to the colon seen on the images. 



3.6.1. Photoelastic Fringe Pattern in Tension 

The photoelastic images in tension are shown in Figures 3.18, and 3.20 to 3.2 1. 

Figure 3.19 shows a sequence of photoelastic images for [=4512, at various stresses. 

Figure 3.21 shows the images while the laminates were in an entirely eiastic region. 

Fi-me 3.22 shows the images when the laminates were in the non-elastic region. The 

whole photoelastic images cm be found in the Appendix A2.1. Due to the low printer 

resolution some of the detailed information have not been present well in the figures. 

Table 3.1. Specimen fracture patterns 

Fracture Description Lay-up Specimen 
width 

(mm) 

/ [=15]& / ASTM 1 Total fiber failure and half fiber 
failure 

[OIS 25 

Total fiber failure and half fiber 

[=60]> 1 ASTM 1 Ha 

Total fiber failure and matrix 
failure 

43 

[=3012, 

,f fiber failure 

Total fiber failure and half fiber 
failure 

.f fiber failure 

ASTM 
35 

33 

.f fiber failure 

Half fiber failure 
Total fiber failure and half fiber 
failure 
Total fiber failure and half fiber 
fai1we 

.f fiber failure 

.f fiber failure 

.f fiber failure 
,f fiber failure 
if fiber failure 
trix failure 

trix failure 

Fracture Measurement 1 

Total 1 Half 1 Matrix 1 



The fine horizontal lines appearing on the photo prints were fiom the printer and 

were not on the original images. The pnnter could not pnnt out some very fine details. 

The images showed the photoelastic coating as being 43mm wide and 20mm long. 

The readings from the strain gauge on the back of the specimens. corresponding 

:a the photoelastic images in Fig i e  3. K3, a i  ploned in ligure 3.!9. Because rhc MTS 

machine could not hold the load steady, the load or the stresses shown in the photoelastic 

images in tension were not constant. The readings fiom the strain gauge kept changing 

when the machine was held at constant load. Thus an average reading from the strain 

eauge was taken. especially for the strains in the y direction. 
C 

The light source was on the lefi side of the polariscope and it appeared too strong, 

so the images did not show the detailed information on the left side. Since the 

development of the film and the photos was not under our control, the colors appearing in 

the photos may differ from the tme colon. But we still could recognize them since the 

colon should appear in sequence as listed in Table 3.2. 

Table 3.2. Fringe orders corresponding to colors 

1 color 1 Fringe Order (N) 1 Color 1 Fringe Order / 

Black 
Gray 
White 
Pale Yellow 
Orange 
Dull Red 
Purple 
Deep Blue 
Blue-Green 
Green-Y ellow 

O 
0.28 

0.45 
0.60 

0.80 

0.90 

1 .O0 

1 -08 
1.22 
1.39 

Rose Red 
Purp le 
Green 
' Green-Yellow 
Red 
RedlGreen 
Green 
Pink 
PWGreen 

1.82 , 

2.00 
2.35 
2.50 

2.65 

3 .O0 
3-10 
3.65 
4.00 
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Figure 3.18. Photoelastic f i g e  patterns of [*45]a sample 
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Figure 3.19. Strain gauge readings with the photo images in Figure 3.19 

In Figure 3.18. at 33 MPa the strain was roughly uniform. as indicated by no or 

very little pattern. At higher stresses strain non-uniformity appeared with the highest 

stress being near the center of the sarnple near the upper grip. At 66 MPa. the material 

was showing inelastic behavior (see Fig. 3.4.). and fibers were showing their presence in 

the pattern. in the du11 red and deep blue regions and this continued up to the highest 

stress. At 66. 77. and 88 MPa. the deep blue color indicates a fnnge order of 1.08. The 

green color appearing at 99 and 110 MPa corresponded to a fringe order of 2.35. The 

highest hinge order of 2.65 was observed at 1 10 MPa represented by the red color in the 

center near the upper grip. When the load was released white color stiIl appeared on the 

sample indicating the residual stress caused by the plastic deformation. 

.A similar sequence could be seen at other Iaminate sarnples. but very little tiber 

presence was seen at [Ois and [90Is. 



[O18 with 200 MPa (Ex*. 144%, ~ d . O 8 %  ) [klslz~ with 100 MPa (~,=0.088%, ey= 0.06) 

[&30]& with 80 MPa (cx=O. l65%, 153% ) 
[*45I2s with 33 MPa (~~=û.147%, ~ ~ ' O . 1 2  1% ) 

[Mol% with 17 MPa (sx=û. 123%, ~pû.143% ) [*7512, with 25 MPa (~,=û.076%) 

r90ls with 17 MPa (E~=O.IO~%) 

Figure 3.20. Photoelastic f i g e  panans of angle ply laminates within elastic range 



[klSl2 with 350 MPa (~,=0.348%, ~,=0.323% ) [&30l2, with 200 M'Pa (~,=0.637%, ~ ~ 4 . 7 5 7 %  ) 

rk45la with 99 MPa (~,=0.769%. ~,=0.727% ) 

11751~ with 72 MPa (~,=0.294%) 

Figure 3.21. Photoelastic patterns of angle ply laminates in non-elastic range 

in Figure 3.20 the mains were uniform in the gauge area. The f i g e  patterns did 

not show the fiber presence or then showed littie fiber presence. The highest f i g e  order 

show in the figure is about 0.60, represented by the pale yellow color. Some stress 

concentrations dong the upper and boaom edges of the gauge area couid be observed in 



the [0Ii, [=15]>, [=45la, and [=75J2, samples. The Iight spot shown on the [*60]% and 

[=75]> samples was due to the reflections of the ligbt source. 

When the loads went higher, the sample deformed plastically as shown in Figures 

3.2 to 3.6. The fnnge pattems indicated non-uniformed stresses had developed in the 

rauge areas in FiEuz 3.21. Thr fiber presencc xas also shoux Sj. the fnnge patterns. 
L. 

This was obvious in the [=15]>, [=30]>, [=45]>, and [=75]> lay-ups. The principal mess 

directions were along the fiber iay up directions. The higbest stress areas were on the 

nght side for the [A 512,, in the middle on the bottom for the [+30]>, in the middle on the 

top for the [=4512, and [i60]-,, and in the middle for the [f75]& The highest ffinge orders 

shown were 1.08. 4.15. 2.35, 1 .O8 and 1 .O8 for the [=1Sl3, [=30]>, [=4513, [=60Irs and 

[=75]?, respectively. The readings from the strain gauges on the back of the specimrn are 

s h o w  with the fringe patterns. 

3.6.2. Photoelastic Fringe Pattern in Compression 

In Figure 3.22. the photoelastic fiinge pattems in compressive are compared with 

those in tension for similar stresses. The strain gauge readings in the middle position are 

listed under the pattems for the compression. The readings fkom other positions can be 

found in Figure 3.8.b. The strain readings for the tension h g e  pattems are listed under 

the patterns. The whole images cm be found in Appendix M.2. 



Figure 3.22. Cornparison of [*1512. photoelastic h g e  patterns in compression and tension 

The tensile and compressive tests gave different f%ge patterns as shown in 

Figure 3.22. When the load were around 100 MPa, the f i g e  pattern showed more 

unifonn stress developed in the gauge area in the tension than in the compression. No 

fiber presence was show in the compression but linle fiber presence was shown in the 

tension. The strains in the x and the y directions were smailer in the tension than those in 

the compression. The highest f i g e  orders were 1.3 9 and 0.45 in the compression and the 

tension re~pectively~ When the load was around 300 MPa, the fiber presence in tension 

became more obvious but no such pattern was observeci in the compression. The strain 

readings f?om the gauges became bigger in the tension than those in the compression. 

Both compression and tension f i g e  patterns showed that the principal stresses were 

almg the fiber lay-up directions of il P. 



4. DISCUSSION 

In this section we shall establish the significance of the test results before we 

discuss any of them. We shdl then discuss the elastic constants beginning with stress 

strain relationships of the angle ply laminates. from which the elastic constants. stifmess 

and Poisson's d o .  will bc rvorked ou[. Mier  that Br yieiding of rht: test samples wiii 'o(l 

discussed in conjunction with the photoelastic images. Later. angle ply laminate strenphs 

and failure strains will be discussed. Then the mode1 to describe angle ply laminate 

stiffness and strength will be developed. 

4.1. Reliability of the Trends 

[t is appropriate to check the reliability of the test results before we discuss them. 

The stiffnrss discussed here is the stiffness calculated using the initial slope from the 

origin to just before the first kink or the first sign of curvature in the stress suain curve. 

The same approach is used to calculate the Poisson's ratio. ï h e  values thus calculated are 

eiven in Tables A2 to A5 in the Appendix. 
C 

4.1.1. Coefficients of Variation 

The coeficients of variation for stifiess were mostiy about 10% to 15% with the 

maximum variation about 27% for the Umm specimens at 30'. see Figure 4.1. The 

variations of the apparent Poisson's ratio were much higher. Le. around 10% to 30% in 

most cases with the 100 mm specimens giving the highest variations except the 25 mm 



specimens at 0' which gave about 70%; see Figure 4.2. Note that the ASTM sarnples 

were not used for tensile tests of the 0'. 75'. and 90' laminates. Also the 0' laminate was 

not tested at width o f  100 mm. 

O 15 30 45 60 75 90 

Angle (Degrees) 

Figure 4.1. Coefficients of Variation for stiffnesses 

5 ASTM 
C) 25mm 
m a m m  
I iOOrnm 

O 15 30 45 60 75 90 

Angle (Degrees) 

Figure 4.2. Coefficients of variation for apparent Poisson's ratios 



The stren-gh coefficients of variation were around 10% to 15% when the lay up 

angles were less than 60'. The bigger angles generated higher variations. see Figure 4.3. 

The failure suain variations were less than 15% to 20% except for the 43 mm specimen at 

30' which gave about 27%: see Figure 4.4. 

Angle  ( D e g r e e s )  

Figure 4.3. Coefficients of vaxiation for strengths 

Ang le  (Degrees) 

Figure 4.4. Coefficients of variation for failure strains 



Since the variations of the test results were rather large, statistical analysis has been 

carried out to test: 

1. whrther the effect of specimen width was significant, 

2. whether the coefficients of variation of specimens with different widths at any 

given value of 4 are significantly different. 

These are cione in the next two sections. 

4.1.2. Significance of Width Difference 

We assume that the test enors are normally distributed. Since al1 the samples were 

tested on the MTS machine using the same settings. we also assume the testing 

population variances are the same. but unknovm. 

We then compare the test results. the mean values. between different specimen 

widths to verîfy if the differences between the results were due to the change of specimen 

width or were purely due to random errors. The cornparison was done using the t test 

[47]. We set 95% confidence level. which means that the result is probably not due to 

random errors. The results are shoctn in table 4.1 to table 4.4. 



Table 4.1. Significance tests of modulus 

Table 4.2. Significance tests of apparent Poisson's ratio 

ASTM-2Smm 
ASTM43rnrn 
ASTM- 1 0 0 m  

i - 

1 LSrnrn- 1 OOmm I Y ~ Y  j Y Y i N i Y i N i  

Note: Y means the difference is statistically significant: N means the difference is not 
statistically significant at the 95% confidence level. 

15 

- 
- 
- 

I 43 mm- 1 OOmm Y Y Y I N N 1 Y ~ Y J  

Table 4.3. Significance tests of strength 

30 

25mm-43m.m 1 N 
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43mrn- 1 00mm 
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Y - 
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Y 

Y 
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N 
Y 
Y 

- 
- 

1 5  

N 
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Table 4.4. Significance tests of failure strain 

Y Y 
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Y 
N 
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ASTb1-43 mm 
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60 

75 

- 
- 
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N 

- 
90 1 

- 
- 
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60 

Y 
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N 
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- 

75 

Y 

- 1 

- 1 Y 

45 

Y 
Y 
Y 
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- 
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N 

90 

- 

Y 

30 
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N 
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- 
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Y 1 Y 
Y I  Y 
Y 

O 1 15 

Y 
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- 
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The results in tables 4.1 to 4.4 confinn that the differences in the test results 

between the ASTM samples and the short wide samples were due to the change of 

specimen width and length. The differences among the short wide samples were not al1 

significant. 

4.1.3. Gniforrnity of the Test Results 

Again we assume the test erron are normally distributed. We use the F test [47] to 

compare the uniformity between the test results to see if the test results from one 

specimen width are more variable than other results from other specimen widths at a 

oiven O. With the 95% confidence level. there were no significant differences. Thus the e 

qualities of the test results are al1 the sarne. 

4.1.4. Possible Sources of the Variances 

The variances could have come from fiber misalipunent during the hand lay-up 

process. This included prepreg cutting. and the prepreg lay-up into the mould. Since these 

were done manually. mors  could be introduced into the fiber alignments. Misalignment 

could have corne From the curing process as well. Since the resin flowed in the mould and 

this might have changed the lay-up angles. Misalignment could also have come from 

cutting the samples fiom the molded sheet. However. it is considered that the 

misalignment caused by ail the above was no more than 3 degrees. 



The variation could have corne fiom the mechanical testing process. The sample 

alignment between the MTS clamps was adjusted manuall y. The alignment relies heavil y 

on the expenence of the tester and may Vary a small amount among the samples. This 

could have affected the short specimens more than the long specimens. The strain was 

recorded by a hvo-pen recorder. The recorder transferred the analog signals t'rom the 

strair. gnuge boxes tu the distarces bat thc pens mord.  This is nor thought :o i~tiodücc 

any significant error because the system was checked using aluminum. which has a 

known Young's modulus and Poisson's ratio and these are close to the values measured 

in these test. 

The variations in apparent Poisson's ratios were veq  big. This ivas probably 

caused by the cracking which happened during the tests. especially for the longitudinal 

tests of the 25 mm specimens. Strains in the y direction were strongly affected by the 

cracking. The 100 mm specimens also had big variations. This was probably due to the 

special grip used. Here there could be variations in how ive11 the screws were tightened. 

rven although a torque wench was used for this. 

The wider samples generated srnaller strength variations than the narrow ones 

when the fiber failure was the dominant failure mode. Le. when the 4 srnaller than 45'. 

For 4 bigger than -15'. the wider specimen gave the greater strengh variations. This could 

have been because the failure was more fiber matrix interface dependant and more 

depended on the matrix itself. Here bigger volume and more interfaces were involved 



wiîh wider samples. The higher variation with the 43 mm specimens at 30' was because 

some of the specirnens were broken in the end tabs. 

1.2. Elastic Constmts 

.i.Z.i S tress-Striiin Relationships in Tension 

The stress-strain relationships in the y direction of the angle ply laminates were 

not iinear when the piy angles were less than 45'. In [018 laminate the y strain responses 

were not steady as shown in Figure 3.1. 

Cracking sounds were heard during the test of 25rnm width [OIS specimens. These 

sounds were also heard when Jh rn  specimens. with lay up angles %om 0" to >ou. were 

tcsted. Sudden changes in the y strains were observed accompanying the sounds. in 

Figure 4.5 the .u and the y strains are shown when the tirst sudden changes in y strains 

happened. 

Although the scatter made the trend less significant here. the narrow specimens 

normally gave higher first cracking strains. This indicated that Poisson's stress generated 

by the g i p s  was less when the specimens' widths were reduced. 



Data are offiet 
A 25mm~, 

.A 25mm~, 

O r 1 I 
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Figure 4.5. Strains when the cracking happened 

Due to the very short gauge len+&s used in the specimcn. the end constraints 

prevented Poisson's shrinkage. which caused Poisson's stress in the y direction. When 

the E, approached the ultimate strains in the y direction. cracking would be initiated and 

developed. When the cracking happened. the strains in the y direction became unsteady. 

The strain gauge was bonded in the middle of the specimen. The cracking would 

be initiatrd anywhere in the gauge area along the fiber directions. Thus the strain gauge 

would have different responses according to where the cracking happened. The y strains 

could escalate if the cracking began under the gaup.  The y strain could also drop d o w  

temporarily if the cracking happened outside the areas which were nor covered by the 

eauge. because the stress in the y direction could be released by the cracking occurring at 
Li 

that time. 



The cracking was initiated along the fiber direction as shown in Figure 4.6. The 

cracks along the zero degree Iay-up did not affect the modulus value too much for the [OIS 

because they were localized dong the x direction. For the rest of the lay-ups. the 

specimens sofiened since the cracks went across the x direction. This was indicated by 

the two dope stress strain curves in the test of the specimens when @ljO. On the other 

iiand. h c  [OIS had a iinrar stress strÿin c u v e  up tu fi~iiai laihue. 

cracks 
f cracks 

T*4lls 

Figure 4.6. Cracks developed dong the fiber directions 

4.2.2 The Stressatrain Relationship in Compression of [*15]as Laminate 

The compressive specimen had a similar aspect ratio. gauge length thver viidth. as 

the 43 mm specirnens in tension. The compression sample did not produce ven; linear 



stress strain curves; Figure 3.8. Moreover. the three m i n  gauges gave somewhat 

different readings. while strain gauge 1. 2. and 3. 4. were fairly close. strain gauges 5 .  6 

were significantly different from the rest. This is probably because of uneven loading. 

Using a Teflon film only helped a linle. the stress strain curves were very similar and the 

right hand side strain gave about the same differences as that without the Teflon film. 

There wrs slightly increrse in Poisson' rztio. h m  0.56-~0.!3 to 0.369.10. but tiis ~ 3 s  

probably not significant. There was almost no change in the Young modulus. €rom 110*7 

to 116k9 GPa, The stiffhess was a little lower than the tensile value, which was I4l*ZO 

GPa. and the Poisson's ratio was higher than the tensile value. Le. 0.3310.13. Again the 

results were barely significantly different. Thus the compressive results were roughly in 

agreement with the tensile. but uneven loading reduced the precision. 

4.2.3 The Stiffness of the Angle Ply Laminates 

Since the stress-strain relationships shotved inelasticity in the x direction for rnost 

of the lay-up angles. the initial slopes from the origin to the first kink or first noticrable 

curvature were used to calculate the stiffness. These stiffnesses are shown in Figure 4.7 

and Tables A2 to A5 in the Appendix. in the figure the theoretical curves of E,. s,, . and 

1 
are also shotvn, These stiffnesses are caiculated based on the ciassical lamination 

SI 1 

theory. We input El=151 GPa which is our test result fiom the 73 mm [OIS specimen. 

This value is very close to the value provided by Hexcel. 14319 GPa. We input E1=10.7 

GPa. which is the test result from the 25 mm [90Is specimen. We use 25 mm [*J5Ii, 



specimens' tensile result to calculate the G12 using G,, = Er . This comes to 
3(I + v,) 

5.3GPa. This value is very close to Glz values obtained with carbon epoxy tubes [34] and 

by Iosipescu method [48]. We assume vlz is 0.27 which is a most widely used 

carbon/epoxy composite Poisson's ratio value [4]. 

The stiffness results showed that the widrr specimen was stiffer than the narrow 

one. The only exception was the [*1512, in which the 100 mm sarnple appears to be 

giving a lower result. This was probably due to the non-unifomity of stressing. The 

h u r e  holding the specimen \vas probably not stiff enough to iùlly load the outer edges 

of the sarnple. Thus most of the loading flowed through the center as shown in the 

photoelastic image in Figure Al 1 in the Appendix. The more massive grip assrmbly 

could perhaps have solved this problem. but unfortunately allowed excessive slippage. 

Further work on better gripping systems for wider test specimens is recommended. 

The end constraints provided by the grips seem to be not hl ly effective. Perfect 

resuaint wouid give moduli on the upper curve in Figure 4.7. rnarked g,, . The lower 

curve. labeled Ex. gives the moduli where there is no end constraint. The measured results 

From short and wide specimens are close to the E,. The ASTM specimens gave the results 

1 
significantly lower than the E, but above the 7. tvhich should be the Young's moduli 

Sir 

of lamina under off avis loading. 



If we followed the ASTM standard D3039, in which it is suggested to use the 

strain range of 25% to 50% of the laminates ultimate süain. we obtained the st if iess 

shown in Figure 4.8 and Tables A6 to A8 in the Appendix. The theoretical data of g,, . 

1 
Ex, and - are also s h o w  in the figure. based on the sarne data as those used for in 

SI 1 

modal nature of the stress-strain cuves. The evidence shows that the ASTM standard 

recomrnendation appears not to work very well for the elastic property measurements. 

Following the standard would yield somewhat low values for the moduli for angle ply 

1OOmm 
43mm 
25mm . ASTM 
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Figure 4.7. Stiffness using initial dopes 
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43 mm 
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Figure 4.8. Stiffness using ASTM D3039 criterion 

4.2.4. Modeling of Stiffness for ASTM Specirnen 

We model the ASTM specimens' stiffness using an çmpirical approach. 

kcording to the loading conditions we can divide the ASTM specirnen into two regions. 

as  show^ in Figure 49a. Region I is the area where the fibers go into one of the clamps. 

Region II is the area where no fibers go into the clamps. Since Region II is expected to be 

much softer than the region 1. we cal1 region II the supersofi region. Because the strain 

oauge was bound in the middle of the sample. the test is measuring the Young's modulus 5 

and Poisson's ratio of the supeeoft region. 



Region 1 W 

a Figure 4.9. 

We use Tsai's carly results to 

ASTM specimen b 

mode1 the ASTM sample assuming that the 

1 1 
modulus he measured was actually (see Figure 1.13; which shows that it was - 

Si 1 SI i 

within the esperimental error). Suppose that we can divide the ASTM specimen into sdge 

1 
regions with modulus :. and center region with modulus E, as shown in Figure J.9b. 

Si t 

Further suppose that the specimen aspect ratio of the two edge regions added togethrr is 

equal to Tsai's specimen aspect ratio. which is 13.7. Thus the width of each region is 

Li27.4 as s h o w  in Figure 4.9. 

The empirical equation for ASTM specimen stifhess is then: 



Figure 4.10 shows the cornparison of theoretical results from the equation 4.1 and 

the test results. The equation fits the test data quite well. 

O 15 30 45 60 75 
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Figure 4.10. Cornparison of equation 4.1 with test results 

4.2.5. Modeling of Stiffness for Short Wide Specimen 

The edge softening rffect probabiy arises fiom the ioad not being directly applied 

to the fibers emerging from the specimen edges. as shown in Figure 4.1 1. This et'fect is 

assumed to account for the reduction of both laminates stiffhess and strength. The edge 



softening ef5ect is different fiom the edge effect that causes edge delamination. Figure 

4.1 1 divides the specimen into three regions according to the fiber Ioading conditions. 

These regions are: 

Supersofi region (II): 

Soft region (Ili): 

Stiff region (IV): 

no fibers go into the grips 

the fibers go into one of the gips 

the fibers go across the grips 

... 4 
' . '. 

Grip Region 

StitT 
S uperso fi (Rrgion IV) Disabled îïbers 
(Region II) *.+ -.+ 

- , r d  -.-. >.̂  ---.-.-.-.-.-.---.---.---.- 
so fi Grip Region 

(Region f i11  

Figure 4.1 1. Test sample divided into three regions and grip region. 

The different loading conditions for the fiber in the angle ply laminates c m  be 

simplified as shown in Figure 4.12 which is meant to represent the case for a11 widths and 

angles. The black color represents fiber and the clear part represents matrix. In Region II. 

we assume the possible stifiess value is the sarne as the value expressed by equation 4.1. 

In Region VI. we use the upper bound of the stiflness is g,, . which assumes E, = O .  In 

Region III when the angle is smail. the fibers go a long way into grips. giving greater 



stiffhess. while when the angle is large. the fibers go into the edge sooner. giving smaller 

stiffness. For this region we use Eu, where E,,, c Eu < s,, . 

Figure 4.13. 

stiff 
so fi 
Region III 

Sirnplified loading situation of different regions 

Since the specimen shown in Figure 4.12 is symmetrîc. we only take the top half 

rdge region to mode1 the stiflness of the edge regions: see Figure 4.14. This is. for 

convenience of calculation. dividrd in two parts. one which has modulus E(1) and the 

I 

other having E(2) I 
I 

4.14. One half of the edge region of a short wide sample 



Let us estimate E(l)  first. The area is shown in Figure 4.15. The load is applied 

dong the .u direction. We divide the specimen into sûips with width dy. 

"1 + 4 J A  

Figure 4.1 5 .  The E( 1 ) area 

To estimate E(y). the modulus of the strip. we use a series model. apply a stress o, and 

add the displacements to get the total displacement as: 

E(J9 Er, LE,,, 

but since 



Using equation 4.4. equation 4.3 becomes 

To esrimate E(1) we use the parallel model. which means we s u m  the moduli for 

each element of dy. i.e. we integrate E(y) with respect to y 

Equation 4.6 has the t o m  

w here 



Integrating equation 4.6, using the limits. and re-arranging the resulting equation. we 

have 

Figure 4.1 5 .  The E(2) area 

As before we add the detonnations to obtain: 

Lo, g r  o r  - =(+-x)-+x7 
W y )  Eu Q,, 



we can rearrange the equation 4.10. this gives 

Again usinp the parallel model. we estimate E(7) by integrating these E(y) as: 

Equation 4.13 also has the form of Equation 4.7. We integrate rquation 4-15. using the 

limits. and rearranging the resulting equation. this gives 

The stiffness of the edge region show in Figure 4.13 is the combination of E( 1 ) 

and E(2) in parallel. Since the areas of E(1) and E(2) are the same. the modulus of the 

edge region. Eeder. is simply the mean of E(1) and E(2). Le. 



The stifhess of the short Mde specimen is the combination of two edges and the 

center part with stiffhess VI , .  Let k be the critical angle above which no fiber goes 

across the clamps. Thus /, =arc  tan(^/^). Adding the stifmess in proportion to the 

widths involved gives. for the case where $ < 4'. : 

Substitute the equation 4.15 into Equation 4.16. and let s = LiW . where s is the sarnplc 

aspect ratio. This gives the short wide specimen effective modulus: 

s no stiff region. regi on IV. in th e specim en. Altho ugh. th ere 

are different combinations of the region II and region III. in this case it is adequate to use 

the Eedec. - equation 4.15. to descnbe the specimen modulus since the differences among 

- 1 
the Q, , . E ,  . and =-- are very small at the angle @$,. Thus for O>+, 

Si1 



Because Eu must be somewhere between the modulus of region III and that of 

region N. we will assume it is the mean value. Le. 

Using equations 4.1. 4.17. 4.18. and 4.19. we can calculate short wide specimen 

stifhess and compare the theoretical results with the test data. The cornparison is s h o t i  

in Figure 4.16. The mode1 fits the test data moderately well. 

Data are offset 
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Figure 1.16. Cornparison of equation 4.1 7 with test results (Supersoft: E.4srai) 



1 
Furthemore if we assume the supersofi region has the modulus of =- instead of 

Si1 

1 
EASTM. we use in the equation 4.1 7 and 4.19. This also gives a moderately good fit 

si1 

for the experimental data as shoun in Figure 4.17. 

Data are offset 

Figure 4.17. Cornparison of equation 4.17 with test results (Supersoft: l'Si 1 ) 

4.2.6 The Principal Poisson's Ratio 

Since the o, # O due to the Poisson's stress. the Poisson's ratios measured from 

the short wide specimen were not Poisson's ratio but apparent Poisson's ratio. The 



principal apparent Poisson's ratios estimated fiom the initial slopes are shown in Figure 

4.18. which is fiom the initial slopes. Ln Figure 4.19. the apparent Poisson's ratios were 

calculated according to the ASTM 3039 criterion. The theoretical Poisson's ratios. 

calculated from classical laminate theory based on the properties used in Figure 4.7. are 

shown by the curves in the figures. 

Data are ofiset 
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Figure 4.1 8. Apparent Poisson's ratios using initial slopes 

The grips did constrain the specimens as shown by the low values of the apparent 

Poisson's ratios in Figures 4.1 8 and 4.19. The narrow specimen always gave the highest 

apparent Poisson's ratios and the widest specimen gave the srnailest values. The 

measured Poisson's ratios of the ASTM samples are very close to the theoretical values 

but the rest are much less than the theoretical ones when the lay-up angles are less than 

thirty degrees. When the lay-up angles increased. the 25mrn sample approached the 



theoretical value at forty-five degrees. and a11 the samples agreed with the theoretical 

values at seventy-five and ninety degrees. 

Data are offset 
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Figure 4.19. Apparent Poisson's Ratios using ASTM il3039 cnterion 

By using the higher strain of 35% to 50% to calculate the apparent Poisson's 

ratio. as suggested by the ASTM standard. we got higher results (see Figure 4.19). The 

Zjmm and the 43mm samples had a similar trend to those in Figure 4.18 but the l OOmm 

samples were not always the lowest values. This was probably due to the different 

clarnping conditions between the 100mrn specimens and the 25mm and 43mm ones. 



We observed non-elastic deformation both in the stress strain curves and in the 

photoelastic images for wide and short specimens in tension. This was probably due to 

the cracks developed in the specimens as discussed before. These cracks were caused by 

rhe Poisson's stress. The uppe: low: Voud for Poisson's jIïcsj in a t e n d e  test are 

E, = O (upper). and o, = O (lower). which could ideally be achieved with very big 

specimen aspect ratio and very small aspect ratio respectively. In practice with specirnens 

having finite length. as with our Z O m m  gauge length specimens. we have o, > O. We can 

thus estimate o, from the difference between the measured Poisson's ratios and the 

theoretical values from the lamination theory. Assuming. for simplicity. that the 

deformarions dong the specimen sides are uniform. the Poisson's stress o, c m  be 

expressed as: 

where vth and v,,, are the theoretical Poisson's ratio and measured apparent Poisson's 

ratio respectively. thus 

where cr, is the applied stress. 



Poisson's stresses for the 25 mm, 43 mm and 100 mm width specimens. estimated 

using equation 4.21. are s h o w  in Figure 4.20. The curve in the figure shows the 

Poisson's stress when the specirnens are totally constrained. i.e. equation 4.31 with 

v,xp=0- 

Data are offset / 6 
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Figure 4.20. Poisson's stresses 

As expected. the wider specimen generated higher Poisson's stress. The 100 mm 

specimen gave the highest Poisson's stress at 60'. while the 43mm specimens had two 

peak values at 45' and 75'. The 25 mm specimen had the peak value at about 30'. 

We photoelastic image. figures 3.19. 3.21. 3.27. and 3.23. indicated non 

uniformity of suain differences in the specimens during the loading. As long as the 



difference between the maximum principal strains is constant. no frhges or other details 

appears. This c m  be seen in the pictures at low applied strains. 

When the specimens were loaded beyond the elastic range. the colour patterns 

showed that non-uniform strains developed in the gauge area. The fiber presence vas also 

fibers were rnost highly stretched. These areas included fibers which went across the 

a-ips. The plastic deformation was confirmed in most cases. by the colour patterns 
C 

remaining after the loads were released. 

The cornparison of the stresses in the stress strain curves when the first kink or 

sign of curvature happened and the stresses when the Liber presence was observed in the 

photoelastic image. both for the 43 mm specirnens. are listed in the table 4.5. From the 

table. we can see the results correlated quite well remembering that the photos w r e  taken 

at large stress intervals. Moreover the strain gauge results give the first indication of 

inelasticity while the photoelastic results indicating the yielding of the material. 

Table 1.5. Cornparison of stresses when non-elastic deformation happened 

Photoelastic image 1 
( M W  

150 

9 
(Degrees) 

15 

S tress-strain curve 

(bIPa) 
1 0 3 7  



We observed different colour patterns in the compression of the [* 1 516, specimen. 

The strain distribution was not uniform in the plastic range (see Figure 3.23). This was 

probably due to non-uniform contacts between the platens and the specimen since by the 

results fiom strain gauges in the different position were different. The stress strain plot 

fiom the strain gauges were not linear (see Figure 3.8a). However. when re-stressed 

(Figl-P. 3%) the stress str~r. n!e% I f o l ! e ~ d  tk.i saxe WL!. r indicatinp th-! my nez- 

elastic effects were reversed on de-stressing. While the appearance of the fibers in the 

photoelastic patterns in tension may indicate some matrix plasticity around fibers. the 

absence of a similar pattern in compression suggests that the inelastic compressive 

process ma? be different. 

We also obsemed yielding in ASTM [kJ5]2s specimens (Figure 3.4). According to 

Rotem and Hashin [J9]. the 45' angle ply laminate has a unique failure mechanism and it 

exhibits ductile behavior. They back lighted their giassiepoxy specimen. 19 mm wide and 

220 mm long. and observed initiation of yielding or inelasticity coincident with the 

appearance of a dark line following one of the fiber directions. The crack did not 

developed very much. Instead new cracks appeared criss-crossing the whole specimen. 

The number of the cracks increased with the elongation until interlaminar yielding 

started. which caused bundles of fibers to rnove and change orientation. They measured 

an angle change of 7' at failure. Other lay-ups. [*30]> and [&60l3. did not do this. 

Instead only few dark lines appeared and extended locally. started on edges in the [=30], 

and in the specimen of [*6OIzs. until one of them caused the specimen failed. 



4.4 Strengths and Ultimate strains 

4.4.1. Strength 

The strengths of the angle ply laminates are s h o w  in Figure 3.9. In Figure 4.21 

the cornparisons of the tested strengths with Khatzibadeh-Piggott (marked KP) and Tsai- 

?'lu prcdictions. as !is:cd in cquations 1 .1 aiid : 4 5 .  arc çhoivn. 

In the Tsai-Wu criterion (1.45) the q, and 02, are 1.9 GPa and 0.06 GPa 

respectively. which are from our test results. The q2, is 0.06 G P a  which is fiom the 

=m 
[&45], 25 mm sample test results. using r,,, = - . The compressive strength q,,, and 

7 - 

azsu are taken as O,,, and 602 ,  respectively. The experimental factor FL2 is taken as 0.5. 

Two different loading regimes are applied to the Tsai-Wu criterion which give the 

limiting cases of: 

. 0, = O  

,As c m  br seen in Figure 1.7. the Tsai-Wu criterion significantly underestimates 

the angle ply laminate strengths for @=ljU.  30'. and 45'. whichever loading case is used. 

With q = O .  the theoretical cuve is M e r  away from the experimental values. The Tsai- 

Wu criterion has been widely used in composite designs. This criterion only works well 

when no fiber is being fully stretched. as in the case of using narrow and long specimçns 

such as in Tsai-s early work [8]. Based on our test data many composite structures used 

in the aircrafi industry are over designed if the strength design criterion is used. 



43mm width 

A 25mm width 

Data are offset 

Tsai-Wu. \ 
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Figure 3.3 1 .  Failure criteria compared with test results 

Based on same parameter used by Khatzibadeh [SOI. which is 410=48". and 

ol,=1.9GPa. which is our test value. equation 1 . 1  tends to over-estimate the strength as 

shown in the figure. marked KP25mm and KP43m.m. However. the $0 is an adjustable 

parameter which we c m  adjust as shown later in the modeling section. 

4 . 2  Ultimate Strains 

The angle ply ultimate strains of the larninates were shown in Figaxe 3.10 and are 

repeated here for convenience, in Figure 4.22. 



The 25mm [~45]-, specimen gave a very high failure strain of more than 6%. 

Rotem and Hashin [49] observed similar strains with g la s  epoxy [k45], angle ply 

laminates. They dso observed that the laminate angle changed by about two degrees 

during the test. This is called the "scissors effect". It is due to the matnx not being stiff 

ciioügh ts hold ihc frbcrs fimly. Thc fibcrs ïoratcd in a scissoring cÿaing. 

A 25 MM 
a 43 MM 

+ ASTM 

Data are offset 
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Figure 4.22. Ultimate strain of the angle ply laminate 

At 4 equals 1.5'. 30'. and 60' the wider specimen gave higher ultimate suains than 

the narrow ones. while at 4 equals 75'. and 90' the narrow specimen gave higher results. 

At 4 equals 45'. the 25 mm specimens generated the highest ultimate strain. the ASTM 

gave the second higher result, while the 43 mm specimen gave the lowest. This can be 

related to the failure mechanism of the laminates. When the angles were less than 60'. but 



not equals to 45'. the edge effect probably initiated the failure. The wider the specimen. 

the less the effect was. This is different from the observations of Rotem and Hashin [49] 

in which the edge eflect was important up to 4 ~ 4 0 ~  for their long and narrow specirnen. 

When 4>60°, failure initialized fiom the center. They obtained a unique result at +=4j0. 

basically in agreement with our results for [*4jla laminates. These involved a unique 

failure mechanism as discussed before: i.e. the gradua1 initiation of small cracks which 

did not develop. The yielding process they observed. if occurred here. does not depend on 

the specimen's width. since there is no width trend shown in Figure 4.22. 

4.4.3. tModeling for Strength 

We model the angle ply laminate strength based on the edge softening. W r  

assume that fibers conuibute to the larninate suength Fully when they are broken. If the 

tibers are not broken. they do not make any contribution. 

We model the shon and wide specimen first. As shown in Figure 4.23. we assume 

that the initial fracture rvas generated at one of the corners. marked A. which was 

considered to be the weakest point. The fracture developed from the corner dong the 

fiber direction to the point C where the three regions. stiff. soft. supersoft. joined. At that 

point the fracture further developed across the specimen to point D. 



Figure 4.23. Fracture surface of short wide specimens 

L 
Table 4.6 lists the calculated half fiber broken lengths BC. using BC = - tan#. 

2 

(see Figure 4.23) compared with the measured half fiber broken lengths. From the table 

we can see that the calculated values are very close to the measured ones for $=l jO but 

not so good for $=No. However. they are close rnough that it seems reasonable to use 

this rquation for BC. 

Table 4.6. Calculated BC compared with measured ones 

Laminate Angle (Degrees) 
1 Calculated Leneth (mm) 

The fracture dong the fiber direction (AC) broke half of the fibers. The fracture across 

the specimen (BD) broke al1 of the fibers. This failure mode1 is based on a brittle failure 

nature. From the fracture image shown in Figure 3.1 1 to 3.18 we can see it is true for the 

$ equds 15' and 30'. 

15 1 
50 

i 

8* 1 i 
8* 1 1 

L Y .  L 
5.4 

Measured Length of 25mm Sample (mm) 
11.5 

S* l 
, Measured L e n ~  of 43rnm Sarn~le (mm) 1 51 1 



As suggested by Khatibzadeh and Piggott [XI], composite strength can be estimated by 

using equation 1.1. which is reprinted here for convenience: 

region while the second term is the strength of the supersoft region. They further 

proposed that 

01 O = Y ,  a,, + y,,~,. 

where VI. and V, are tlber and resin volume fractions respectively. o,, is resin strength. 

and ofu+ is the strength of fibers crossing cracks obliquely at an angle 4 and. 

where q u a  is the normal fiber strength. 

Using a data fitting technique. they suggested that 

agreed with their txperimental results well enough to be used to make approximate 

1 
predictions. In equation 4.24. Oh is the half strength angle at which ofum=-a,, . For 

3 



carbon fibers they found Oh=4o0. Although they developed equation 4.73 to 4.25. they did 

not use them but to used that assuming O,, = o,, was adequate to fit their test results. 

We combine equations 4.22 to 4.25 and have composite strength as 

The 45' lay-up is a special case since it e?diibits ductile behavior. So we cannot 

use equation 4.16 to mode1 the 45' lay up. When $=4j0. we use the maximum strength 

cnterion. a, = (1.42). ~hen@45'. we use o, = - . The material 
sin (cos ( sin- 4 

properties needed for rvaluation of the equations are listed in Table 4.7. The Vf. a,.. and 

were provided by Hexcel. The 01, and 02, are our test results fiom the 25 mm 

sprcimens. We use 41~=45' for both sample widths and @o=450 and 35' for the 43 mm 

samples and 25 mm sarnples respectively. We use +, and as adjustable parameters: this 

is because testing a laminate is probably different from testing single fibers. Figure 4.74 

shows the results calculated from equations 4.26 and 1.42 compared with the test results. 

The equations fit the experimental data fairly well. 

Table 4.7. Properties of the composite materials 



We next model the strength for the ASTM samples. Since half of the fibers were 

broken in dl the [i$I2, ASTM specimens (0~<+<904, we use equations 4.23 to 4.25. 

divided by two. Figure 4.25 shows the cornparison of the equation with the test data. The 

mode1 fits the data fairly well. 

Data are offset 
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Figure 4.14. Strength model compared with test data 
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Figure 4.25. Strength mode1 compared with test data (ASTM samples) 

4.5. New Understanding of Composites 

Traditionally we have treated composites as orthotropic or nonisotropic materials 

that have different properties in threr mutually perpendicular directions or have material 

properties that are different in al1 directions. We believed that the composite properties 

could be estimated from the constituents. fiben and rnah-ix. and the way they are 

combined together. We considered a composite as a whole body when we carried a 

mechanical analysis and did not connect the composites' properties with its shape. 

Our current results show that the properties of a laminated composite not only 

depend on the constituents and the Iay-up angles. but also depend on the size and shape. 



This tells us that a composite is not a material but a structure and should be treated as 

such. 

The lay-up angles and constituents provide 

L 
boundaries for angle ply laminates. Le. , , and =- 

Si1 

within these boundaries. depends also on the shape. 

the upper and lower stiffness 

respectively. The tme stiffness. 

i.e. tvhether or not the fiber is 

directly loaded. One problem with the application of classical lamination theory. which 

was not noticed previously. is when we transfer the laminate stifiess from El .  E?. G12. to 

E,. E,. G,,. we not only transfer the stresses and strains but also transfer a hidden 

assurnption that a ply is homogeneous. This homogenization cm only b r  transfcrred 

when the ply is infinitely wide and long which is not true in the real world. 

This is also true for the angle ply laminates' strength. There is no size- 

independent composite strength. rxcept for the combination of 0' and 90' lay-ups. Sincr 

the shape factor and the failure mechanism have been involved. the strength we measured 

is the strength which belongs to a certain composite structure. i.e. a composite structure 

strength. ï h e  constituent properties provide the upper and lower boundaries for which the 

mixture laws may be used. These are the oi, and G~, respectively. When the lay up angles 

are not a combination of 0' and 90'. the IV-up angles and the shape of the structure have 

to be involved. This implies that we cannot estirnate the strenh@h of a particular piecr of 

composite correctly if we treat the composite as a material. Moreover. the failure 

rnechanism is a key issue for undentandhg the composite strength. For angle ply 

laminates. when the lay-up angles are less than *4j0. the failure is caused by the fibers 



being highly stressed and flexed. The failure mechanism of the *4j0 laminate appears to 

be in agreement with Rotem and Hashin mechanism. Le. the onset of failure is due to 

lamina cracking. The specimen does not fail but continues to sustain the load. Cracking 

occurs progressively in various domains [J9]. 

We believe we cm obtain ansle ply laminates' ptiffness and rtrengt-h va!lies which 

approach the tme values with our Bat sample. The criterion here should be the degree to 

which we have succeeded in stressing the fibers. Earlier work on tlat laminates [?O] 

appears to have been successhil in measuring the strength. since. when the specimens 

failed. a very large fraction of the fibers were broken. In this work. fewer fiben were 

broken. However. the use of notches to achieve the higher result meant that accurate 

values of elastic constants could not be obtained. 

1.6. Implications for Design 

Design software relies heavily on classical laminated plate theory. since most 

designs require specific stiffness values. This work. and the work on tubes already 

available. confirms that these designs c m  be used with confidence. so long as the rdge 

effect and gripping effects are not too great. Edge softening effects seriously reduce 

stifhess for any angle ply component that has a width less than its length. whilr gripping 

etiects are likely to constrain any angle ply component that has a length less than its 

tvidth. 



However. major companies. such as Boeing. do not use angle ply designs for 

civilian aircrafi. The possibility of designing your material. much vaunted in the early 

days, and still to be found in many fiber composite texts. e.g. [39], has barely been 

realized. The main structure used is based on combinations of 0'. 45'. and 90' Iayers. 

This has the drawback that the 90' layer tends to spiit rather easily. thus Iimiting its 

usefulnesr. .4~g!e :!y luninates -re not&!e by their rbsence. for the probablc ;cason t4at 

the Tsai-Wu cntenon is a general stress interaction critenon that is said to be used in 

industry. This can underestimate the strength of an angle ply larninate by more than a 

factor of3 .  

The rquivalent of angle ply laminates is widely used in the pressure vesse1 

industry. whcre they have been shown to have excellent propenies. They have been 

proven to be even better under bimial than under uniaxial stresses. These are potentially 

more efficient designs than the aforementioned civilian aircrafi standard. However. the 

question of gripping constraints leading to premature cracking needs to be addressed. 

Nevertheless. it is high time that the design software was reformrd to agree with actual 

strength properties. 



5. CONCLUSIONS 

Our short wide sample tests gives values which agree well with classical 

lamination theory boundaries for the principal modulus E, but not for Poisson's ratio. The 

best result for E, are at a length/width ratio of about one half. 

A senous edge soflening existed in the specimens. The edge softening reduces 

laminate stiffness and strength. Edge softening is different from the well k n o t n  edge 

effects which is caused by edge delamination. 

The ASTM D3039 method is not capable of giving reliable moduli except for the 

0/90 combinations. Funhermore. initial slopes should be used For determining whethrr 

moduli agree with lamination theory. The mean slope between one quarter and one half 

of the ultimate strain. as recommended in the standard. may however. be useful for 

design purpose. 

The "industry" failure criteria are seriously in error and should not be used in 

composite design. Nor should ASTM D3039 method be used to estimate the strength or 

çtiffness for any structure with other than 0' or 90' plies. Notched wide Bat sample tests 

appear to be the best option here. However pressurized tube tests should be carried out to 

provide confirmation data. 
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An edge softening model has been set up. Angle ply laminate stiffhesses can be 

well estimated by using the model. Angle ply 

estimated by using the model. 

laminate strengths can also be fairly we 
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7. LIST OF NOMENCLATURE 

Where possible. standard nomenclature has been used. Duplication could not be avoided entirely. 

but each symbol is described hl ly  in the appropriate part of the thesis. This symbol system is 

adopted fiom [7]. 

extensional stiffness: always has subscripts indicating directions e.g. A,, 

bending-extensional coupling stiffness: always has subscripts indicating directions. 
e-g. BiJ 

stiffness: always has subscripts indicating directions e.g. C,, 
bending stiffness: always has subscripts indicating directions e.g. DiJ 
Young's modulus: usually has subscripts indicating directions or rnaterials. 
e.g. E,. El. Ef. E, 
strain concentration factor 
Tsai-Wu failure criterion factor: always has subscripts indicating directions. 
e.g. FI:. Fil 

shear modulus: always has subscnpts indicating directions. e.g. G y  
specimen gauge length 

moment of force: always has subscripts indicating directions. e.g. M, 

resultant force: always has subscripts indicating directions. e.g. N, 
reduced stiffness: subscripts indicate directions 

transfomed reduced stiffness: subscripts indicate directions 
compliance: subscripts indicate directions 

reduced compliance: subscnpts indicate directions 
temperature 
trruisformed matrix for rotation of axes 

volume fraction: subscript indicates material or form 
specimen width 
width of strips 
tube diameter 
fringe value 
specimen thickness 
number of laminate Iayers 
fnnge order or a variable number 
specimen aspect ratio LIW 
displacement in x direction 
displacement in y direction 



Subscripts 

displacement in z direction 
distance from laminates mid plane; subscripts indicates layers 
direction 
direction 
direction 

thermal deformation coefficient 

coefficient of moisture expansion 

di fference 

strain; subxripis indiiatc directions or matcïial. or linit 

angle of avis rotation 

shear strain: subscripts indicate shear plane or material 

laninate middle surface curvature: subscripts indicate directions 

stress decay length over which the stress decays to I/e of the value of the stress at end 

Poisson's ratio: subscripts indicate directions or matenal 

tensile stress: subscripts indicate direction or material. or limit 

shear stress: subscripts indicate direction or material. or limit 

experimental factor for strength 

indicates neutral surface or a number 
direction or number 
compressive or critical values 
experiment 
fiber 
rnatrix 

symmetric 
theoretical 
ultimate 

direction 
direction 

direction 

direction 

Superscripts 

O indicates neutral surface or a number 

c coatinp material 

s specimen 
T thermal 



8 APPENDIX 

A.1 test in^ Method 

Af .1 .  Test Instmment 

Load Cell: 

Load Recorder: 

Strain tndicaror: 

MTS 10 TONS Load ce11 

MTS 43 1 Recorder 

P-5 500 Strain tndicator 

VISHAY / ELLIS-20 Digital S train Indicator 

Both from the Measurement Group Inc. 

Ttvo Pen Recorder: Linear 1200 

A. 1.2. Clamps 

Figure A 1. Clamp for l OOmm width specimens (Unit in mm) 



Figure A2. The other clamp for the 1OOrnm width specimens (Unit in mm) 

A 2  Photoelastic Analvsis 

Table Al .  Isochromatic Fringe Characteristics 

1 Colour 1 Approximate Relative 1 Fnnge Order (N) 
1 

1 
Retardation (nm) 

Black 1 O 

1 Du11 Red 

O 1 

Gray 
White 

Pale YelIow 
Oran~e 

L 1 

l Purple 

160 
360 
345 
460 

575 
Deep Blue 
B lue-Green 

" 

Green-Yellow 
Orange 

1 Green 1 1350 1 2.35 

0.28 
0.45 1 

0.60 
4 

0.80 

I 1 .O0 1 

Rose Red 
Pumle 

620 
700 
800 
93 5 

1 .O8 
1 2 2  
1.39 1 , 
1.63 

1050 1 I 
1.82 

Green-Yellow 
Red 

Red/Green 
Green 
Pink 

P ink/Green 
Green 

1150 2.00 

1430 2.50 I 

1520 
1730 
1800 
2100 
2300 
2400 

I 

l 

2.65 

3 .O0 
+ 

3.10 i 
3 -65 1 
4.00 
4.15 



200MPa Load 

A.2.1. Photoelastic Fringe Pattern in Tension 

Figure A3. Photoelastic f i g e  patterns of [O]* sample 

400 MPa Load 

600 MPa Load 

Load Released 

300 MPa Load 

500 MPa Load 



Figure A4. Photoelastic h g e  patterns of [*151a sample 



360 MPa Sample after the Load Released 

Figure AS. Photoelastic fringe patterns of [*30]% sarnple 



O Load 

Sample after the Load Released 

Figure A6. Photoelastic f i g e  patterns of [*45]% sample 



O Load 16.6 MPa 

72.6 MPa 

Sample with Load Released 

Figure A7. Photoelastic h g e  patterns of [*6012, sample 



O Load 24.9 MPa 

71.7 MPa 

Figure A8. Photoelastic f i g e  patterns of [*75]% sample 



O Load 17.3 MPa 

39.2 MPa Sample with Load Released 

Figure Ag. Photoelastic fringe patterns of [90]8 sample 



A.2.2. Photoelastic Fnnge Patterns in Compression 

O Loading 

-223 MPa 

The Principal Stress Directions 

Figure A10. Photoelastic f i g e  pattern of [*1512, sarnple in compression 



A.3 Elastic Constants and Strewths 

Table AL. Elastic Constants and Strength of ASTM Samples 

Table A3. Elrstic Constants and Strength of 25mm Width Samples 

Table A4. Elastic Constants and Strength of 43mm Width Samples 



Table A5. Elastic Constants and Strength of lOOmm Width Samples 

*: Average of 2 specimens. 

A.4 Elastic Constants (ASTM D3039 Criterion) 

Table A6. Elastic Constants and Strength of 25mm Width Samples 

Table A7. Elastic Constants and Strength of 43mm Width Samples 



Table AS. Elastic Constants and Strength of lOOmrn Width Samples 

* : Average of 2 specimens. 

A5. Stress Concentration on 100 mm Specimen 

Figure A1 1. The 100 mm [* 1 512, specimen under 1 .8 kN load 


