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(ABSTRACT) 

The effect of specimen size on the uniaxial tensile stress/strain response of sublaminate- 

level scaled composite specimens, and the four point flexure load/deflection response of 

ply- and sublaminate-level scaled composite specimens was investigated. 

Three laminates were studied in the tensile program, namely [+30/-30/902];5, [+45/ 

-45/0/90}ns and [90/0/90/0|ns, where n = 1, 2, 3, 4. Two material systems were used, 

namely AS4/3502 graphite/epoxy and APC-2 graphite/PEEK, to investigate the relative 

effect of resin toughness. 

Three laminates were also studied in the flexure program, The baseline lay-ups were 

(45/0/90 }ans, [0/90/0/90 Jans and [45/445 Jans, where n = 1, 2, 4. Ply- and sublaminate- 

level scaling were used to increase specimen thickness. All flexure specimens were of 

AS4/3502 graphite/epoxy. 

Enhanced X-ray radiography and edge photomicroscopy were used to examine damage 

development in specimens loaded to various fractions of their ultimate stress. This non- 

destructive examination was coupled with observations of critical events in the stress/strain 

response to try to correlate scaling effects with the damage development in the specimens.



Analytical and numerical methods were employed in order to understand the stresses 

driving certain damage modes observed. 2-D and 3-D finite element models were used to 

find delamination stresses in an undamaged laminate, and an approximate clasticity 

approach was used to find stresses duc to cracks in the 90° plies. 

It was found that the tensile strength of the [4-30/-30/902}ng and [4+45/-45/0/90) ns laminates 

gencrally increased as n increased. This effect was more pronounced for the matrix- 

dominated [+30/-30/902],5. Both the [+30/-30/902|,5 and the quasi-isotropic 

[+-45/-45/0/90]ns laminates seemed to be approaching a maximum strength, beyond which 

the strength scaling either stops, or is reversed. As # increased from 1 to 4, these two 

laminates exhibited a delay in the onset of certain damage mechanisms, such as 

delamination and transverse matrix cracking. 

The [90/0/90/OJxs laminates showed no tensile strcss/strain response scaling effects, 

although the stress at which first ply failure occurred was found to increase as 7 increased. 

{+45/0/90 Jang and [445/445 ]ays flexure specimens showed no strength scaling cffects 

when sublaminate-level scaling was uscd, but significant decreases in s{rength were found 

when specimen size was increased using ply-level scaling. [0/90/0/90]a,5 specimens 

showed no global load/deflection scaling effects.
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I. INTRODUCTION 

In order for advanced composite materials to be more widely used for structural applica- 

tions, it is necessary to understand the nature of changes in mechanical behavior as com- 

posite laminates are scaled in size. In order to reduce development costs, full scale struc- 

tures are typically designed using small scale coupon and/or scale model testing. These re- 

sults must then be used to predict the behavior of the full scale part. It is necessary, there- 

fore, to know if composite materials show any "scaling effect" or "size effect," which can 

be defined as any deviation in the mechanical response of a material from some accepted 

law of mechanics. As an example, it is well known that brittle materials, such as glass, 

show a significant decrease in ultimate tensile stress (strength) as the size of the specimen is 

increased [1]. 

Several researchers [2-7] have found that brittle matrix composite materials also exhibit 

scaling effects in tensile strength, as well as damage initiation and damage development. 

Depending on the laminate stacking sequence, type of loading, method of increasing the 

thickness, etc., these scaling effects may be more or less pronounced. Hence, there exists a 

need to understand the damage processes and other factors that alter a material's response



with size, so that data obtained from small scale (model) specimens can be used in the de- 

sign of full scale structures. 

Because fiber diameter and interface/interphase geometry cannot be scaled, two practices of 

scaling the thickness of a laminated composite coupon have been used [4]. Ply-level scaling 

increases the thickness of each ply by placing laminae of the same orientation adjacent to 

each other, thus "blocking" the plies. This is done in order to satisfy, as closely as possi- 

ble, the requirements of similitude when scaling the laminate thickness. Sublaminate-level 

scaling increases the laminate thickness by repeating a basic sublaminate. Figure 1.1 illus- 

trates the difference between ply-level scaling and sublaminate-level thickness scaling. 

According to Classical Lamination Theory (CLT) and ply failure criteria that have been 

used previously [8], uniaxial tensile stiffness and strength should be independent of size, 

regardless of the method of scaling. Kellas and Morton [6] have shown that for ply-level 

scaled coupons loaded in tension, the initial laminate stiffness is indeed independent of 

size. However, these same specimens do not exhibit identical load/displacement response 

in that the initiation and development of damage can vary greatly with size. Their findings 

show a marked decrease in strength when plies are blocked together to create a geometri- 

cally scaled laminate. 

Kellas and Morton [4] also studied the £45° specimen in both ply-level and sublaminate- 

level scaling. They found that while the ply-level scaled specimens showed a significant 

decrease in scaled strength, in agreement with their earlier work, sublaminate-level scaled 

specimens showed a marked increase in scaled strength and strain to failure. 

With the desire to understand more about scaling effects in laminated composites, it was 

determined to continue with the work started by Kellas and Morton. The study presented 

herein describes two different experimental programs. The first (as a continuation of Kellas



and Morton's [6] ply-level tensile scaling work) investigates scaling effects found in tensile 

specimens scaled at the sublaminate level. The second experimental program is a study of 

the response of scaled coupons loaded in flexure. In order to move from tensile properties 

to an eventual investigation of compressive properties, it was decided to load specimens in 

flexure, which involves a combination of tensile and compressive loading. Four point flex- 

ure loading was chosen in order to minimize the influence of shear stresses on the re- 

sponse. 

CLT and simple beam theory indicate that the bending stiffnesses, as defined by Whitney 

[9], of ply-level scaled specimens of a given laminate stacking sequence should be inde- 

pendent of size. Bending stiffnesses of sublaminate-level scaled coupons may increase or 

decrease in larger scaled specimens, depending on the stacking sequence (Figure 1.2). 

Four stacking sequences were used previously by Kellas and Morton [4, 6]. These in- 

cluded a delamination-type stacking sequence similar to that used by previous investigators 

(e.g. [10]), a quasi-isotropic stacking sequence, a crossply stacking sequence, and a +45° 

stacking sequence. 

Enhanced radiography and optical microscopy were used to evaluate damage processes and 

modes of failure. Characteristic response curves for the different sizes were normalized and 

compared for each laminate stacking sequence, and observed damage processes were corre- 

lated with specific features on the stress/strain curves. 

Finite element analysis and an approximate elasticity solution were employed to find inter- 

laminar stresses leading to ply delamination under tensile loading.



2. EXPERIMENTAL PROCEDURE 

The material for most of the specimens was AS4/3502 graphite/epoxy. In addition, tensile 

coupons were machined from two panels of APC-2 graphite/PEEK to determine if matrix 

toughness affected the tensile response of the specimens. 

2.1 Lay-ups 

Since this work builds on past research, the stacking sequences were chosen in order to 

compare the results obtained with the previous results. 

2,1,1 Tension 

The stacking sequences for the three sublaminate-scaled laminates were as follows: 

[+30/-30/902]|ns denoted Lay-up A, 

[+45/-45/0/90]n,; denoted Lay-up B, 

[90/0/90/0]ns denoted Lay-up C, 

where n = 1, 2, 3 or 4. 

APC-2 panels were of Lay-up B, where n = 1 and 4.



The APC-2 panels were chosen to be of Lay-up B since quasi-isotropic lay-ups have a 

wide range of application in industry and research. Lay-up C was chosen with 90° plies 

(instead of 0° plies) on the outer surfaces in order to eliminate the need for end tabs. 

Abrasive cloth was used between the jaws of the testing machine and the specimen to im- 

prove gripping. 

2.1.2 r 

The stacking sequences for the three sublaminate- and ply-level scaled laminates were as 

follows: 

[+45/-45/0/90]2ns and 

[+45,/-45,/0,/90n]25 denoted Lay-up B, 

[90/0/90/0]2ns and 

[0,,/90,,/0,/90n 125 denoted Lay-up C, 

[+45/-45/+45/-45 ons and 

[445,/-45n/+45,/-45nl25 denoted Lay-up D, 

where n = 1, 2 or 4. 

2.2 Specimen Preparation 

All AS4/3502 panels were fabricated from unidirectional prepreg and cured in an autoclave 

following the manufacturers recommended curing cycle. Following fabrication, each panel 

was C-scanned to assess quality. The two APC-2 panels used in the tensile work were 

fabricated and C-scanned by ICI*. All coupons were cut using a water-cooled diamond 

saw, and stored at nominal room conditions. 

  

* Imperial Chemical Industries Pic.



2.2.1 Tension 

Although only the 2/4 scale specimens conform with the size restrictions set by ASTM, the 

ASTM D 30339 tensile test was used as a guideline for all testing. 

After all tensile specimens were tested, it was deemed necessary to fabricate a second set of 

8- and 16-ply panels. Since all of the original prepreg had been used, these panels were 

made from a different batch of AS4/3502 material. Therefore, when discussing the 8- and 

16-ply tensile specimens, the terms "batch /" and “batch //" will refer to the original and 

subsequent material batches, respectively. Batch J specimens were used for comparison of 

stress/strain response, while batch /] specimens were used to assess damage onset and de- 

velopment in the tensile work only. 

The in-plane dimensions of the tensile specimens were chosen to be (12.5)” mm X (125)n 

mm where n = 1, 2, 3 or 4. These sizes are denoted by lower case letters a, b, c and d, 

corresponding to 1/4, 2/4, 3/4 and 4/4 scale, respectively. 

The notation used to identify a given tensile specimen type has 3 characters: the first being 

an upper case letter referring to the stacking sequence, the second being a lower case letter 

referring to the in-plane dimensions, and the third being a number corresponding to the 

number of plies in the specimen. As an example, an Aa-8 specimen would be one of Lay- 

up A, in-plane dimensions 12.5 x 125 mm, and having 8 plies. 

Tensile specimen sizes were scaled in three ways to study different effects. These are de- 

noted as: 

¢ 1-D scaling — in-plane dimensions remain constant, while thickness is scaled 

¢ 2-D scaling — in-plane dimensions are scaled, while thickness remains constant 

e 3-D scaling — in-plane dimensions and thickness are scaled together



The differences between 1-, 2- and 3-D scaling are illustrated in Figure 2.1. Tables 2.1 and 

2.2 represent the test matrices for the AS4/3502 and APC-2 specimens studied. Moving 

horizontally, vertically or diagonally along the table corresponds to 1-, 2- or 3-D scaling, 

respectively. 

2.2 F 

The in-plane dimensions of the flexure specimens were chosen to be (12.5) mm x (75)n 

mm where n = 1, 2 or 4. These sizes are denoted by lower case letters a, b and d , corre- 

sponding to 1/4, 2/4 and 4/4 scale, respectively. Only 3-D scaled (Figure 2.1) specimens 

were tested. 

The notation used to identify a given flexure specimen type has 2 or 3 characters, depend- 

ing on the size: the first being an upper case letter referring to the stacking sequence, the 

second being a lower case letter referring to the specimen size, and the third (sizes b and d 

only) being a character (s or p) corresponding to sublaminate- or ply-level scaling, respec- 

tively. As an example, a Ba specimen would be one of Lay-up B and in-plane dimensions 

12.5 X 75 mm, whereas a Bdp specimen would be one of Lay-up B, in-plane dimensions 

50 x 300 mm, and having blocked plies (ply-level scaling). 

2.3 Mechanical Testing 

For each specimen size and laminate stacking sequence, at least five coupons were tested to 

failure. Typical load/deflection response was then examined, and points of interest were 

identified. The remaining specimens of each type were then loaded to different proof loads, 

corresponding to these points of interest. These pre-loaded specimens were then removed 

from the testing machine and examined for damage using non-destructive techniques.



2.3.1 _Tension 

Load was recorded directly from the testing machine, and longitudinal strain was recorded 

using extensometers with both scaled and unscaled gage lengths. The crosshead speed was 

varied with the specimen gage length to yield a uniform 2.8 % strain/min. for all speci- 

mens. 

2.3.2 Flexure 

Load and crosshead displacement were recorded directly from the testing machine, and the 

specimen top and bottom longitudinal strains were recorded using longitudinal foil-type 

strain gages. The crosshead speed was varied with the specimen gage length to yield nomi- 

nally equivalent strain rates. 

2.4 Damage Evaluation 

Pre-loaded specimens were examined using two non-destructive techniques. These were 

penetrant-enhanced X-ray radiography, and optical microscopy. 

2.4.1 X-ray Radiography 

Pre-loaded specimens were soaked in an X-ray-opaque zinc iodide dye penetrant solution, 

and washed. With the specimens placed directly on the film, contact exposures were then 

made to yield radiographs of the damage in each preloaded specimen. 

Some of the specimens were reloaded after the X-ray process; therefore, it was assumed 

that the zinc iodide solution had negligible effect on the behavior of the composite material. 

Reloading was performed as quickly after penetrant soaking as practically possible in order 

to minimize any adverse effects.



2.4.2 tical Microsco 

After loading, the edges of the specimens were polished using 1 um aluminum oxide pow- 

der. The specimen edges were then examined and photographed using an optical micro- 

scope. These micrographs were used to locate the plies in which damage occurred. Damage 

sites seen on the radiographs could then be directly compared with optical micrographs of 

the same region of the specimen edge in order to better characterize the damage. This 

yielded the ability to develop a 3-D understanding of the damage in the specimens. 

2.5 Apparatus 

2.5.1 Damage Evaluation 

All radiographs were made using Kodak Industrex M X-ray film and a Faxitron Series 

43805N X-ray cabinet. Prints of the negatives were made on Kodak Ploycontrast F paper. 

Micrographs of specimen edges were taken using a Nikon UM-2 OPTIPHOT microscope 

and Polaroid type 55 90xX120 mm positive/negative film. 

2.5.2 Data Acquisition 

Load and strain information for the batch / tensile specimens was logged using an IBM PC 

based data acquisition package (hardware and software) with 8 bit resolution. Load, strain 

and displacement information for batch IJ and APC-2 tensile specimens, and for all flexure 

Specimens was logged using Apple Macintosh based data acquisition hardware and soft- 

ware with 12 bit resolution.



2.5.3 __Tension 

Load Frames 

All of the batch J specimens were loaded on a 260 kN (60 kip) MTS servo-hydraulic testing 

machine equipped with hydraulic grips. Batch J] specimens were loaded on a 45 kN (10 

kip) Instron screw driven testing machine equipped with mechanical wedge-action grips. 

Extensometers 

AS4/3502 batch 77 and APC-2 specimens were fitted with an MTS 25 mm gage length ex- 

tensometer. Batch / specimens were fitted with an MTS 25 mm gage length extensometer, 

and/or with one of four custom-built extensometers. These extensometers, shown in Figure 

2.2, were designed with 37.5, 75, 112.5 and 150 mm gage lengths for size a, b, c and d 

specimens, respectively. Some of the smaller specimens (sizes a and b) were fitted with the 

MTS extensometer, and the remaining were fitted with the custom extensometer. The larger 

specimens (sizes c and d) accommodated both custom and MTS extensometers on the same 

specimen. 

2.5.4 Flexure 

Load Frame 

All flexure specimens were loaded on a 45 kN (10 kip) Instron screw driven testing ma- 

chine, with 0.0 - 10.0 V analog output. 

Fixture 

A four point flexure was designed and built for the tests. The fixture allowed geometric 

scaling of the moment arms, roller diameters, etc. by employing scaled brackets that could 

10



be fixed to the base and top plates. Specimens were loaded in flexure by a applying tensile 

load to the top plate. See Figure 2.3. 

Strain Gages 

All specimens were gaged top and bottom with Micro-Measurements EA-06-125BZ-350 

type strain gages from Measurements Group, Inc. to measure longitudinal strain. Micro- 

Measurements type 2210 signal conditioners/amplifiers were used to provide 0.0 - 10.0 V 

analog output. 

11



3. METHODS OF ANALYSIS 

3.1 Tension 

In order to better understand the response of the scaled specimens, numerical and analytical 

methods were employed. Edge effect stresses through the thickness of undamaged lami- 

nates were found using the finite element method. These stresses were needed in order to 

understand failure modes, particularly delamination, observed in Lay-ups A and B. An ap- 

proximate elasticity approach was used to find stresses around a crack in a 90° ply. 

3.1] Finite Element Analysis 

Tensile through-the-thickness edge stresses appeared to be responsible for delamination in 

Lay-ups A and B. Therefore, both 3-D and 2-D generalized plane strain finite element 

models were generated in order to find the stress distributions through the thickness of the 

laminate caused by edge effects. Both models were 16-ply (n=2) laminates. Both Lay-ups 

A and B were modeled. Figures 3.1 and 3.2, respectively, show the meshes used for 3-D 

and generalized plane strain models. The generalized plane strain model was a more highly 

refined model, with eight elements through each ply, compared to only four elements 

through each ply in the 3-D model. Both meshes were generated using PATRAN by PDA 

12



Engineering, and the finite element analysis was run using ABAQUS, on an IBM 

RISC/6000 work station. The difference between cure and service temperatures was as- 

sumed to be -140°C. 

raliz rain M. 

The generalized plane strain model assumed that the plies were all orthotropic, neglecting 

the presence of shear/extension coupling, but the stress of interest, namely the through-the- 

thickness stress 0; (see Figure 3.1), depended only on the Poisson's ratio mismatch (the 3- 

D model was used to verify this assumption). Using symmetry arguments, only one quar- 

ter of the cross-section of the laminate (the y-z plane) was modeled. Six-node quadrilateral 

elements, and five-node triangle elements were used, where the last two nodes in each case 

specified the extensional strain in the x-direction, and angles of rotation about the y- and z- 

axes. The model was given a 0.1% strain in the x-direction (see Figure 3.2), and zero rota- 

tion about the y- and z-axes in order to simulate a simple tensile test. 

3-D Model 

The 3-D model was used to provide a rough check on the generalized plane strain model 

used to find o;. Because of the size of the problem, only a relatively course mesh was 

used. Because the 3-D model incorporated off-axis plies, and the resultant shear/extension 

coupling, no symmetry about the z-axis existed and one half of the laminate was the sim- 

plest model that could be used. Eight node brick elements, and 6 node wedge elements 

were used throughout. Figure 3.2 shows the boundary conditions used. 

13



3.1.2 Analytical Model 

The finite element model used could only predict the stresses of undamaged specimens. 

Since the actual specimens contained 90° ply cracks before delamination occurred, some 

method of incorporating stresses generated by the presence of cracks was needed. 

An approximate elasticity approach was implemented. The method used herein is a modifi- 

cation of an approach developed by Vasiliev [11]. His model is a four-ply symmetric 

[0°/90°], lay-up containing a crack in the central block of two plies (Figure 3.3). All plies 

were of the same thickness. Figure 3.4 shows the more general laminate used in the present 

development. The three dimensions h; in Figure 3.4 are of arbitrary thickness, and symme- 

try about the midplane is not required. The model assumes that layers 1 and 3 (see Figure 

3.4) are homogeneous, orthotropic plies. Of course, the stresses in these layers will be in- 

correct, but the stresses in layer 2 are those of interest, and will be correct. The properties 

of layers 1 and 3 can be found using lamination theory, and the properties of layer 2 are the 

properties of a 90° ply. Neglecting Poisson effects, we begin with equilibrium, 

  

    

00x , OT _¢ 
ox oz’ 

OO, , OT xz _ 
dz * ox” (3.1) 

where 

— 7 gan” 2 3G, (0H, a" 
Ox = Eye 0, = E, az ? Txz = Cra (5 + a (3.2) 

It is known that at the crack surface (x=0), 0,2) = t,,) = 0. In addition, as x > °°, 0,(2) 

—> 6(2), where 0,(2) is the far field stress in layer 2. Therefore, the stresses in the x-direc- 

tion can be thought of as a combination of a penetrating and a boundary solution. The ap- 

proximating assumption is that the boundary solution depends only on x, as follows: 

14



ox) = 0,0) + o1(x), 

Ox) = d9() + on(x), (3.3) 

0,2) = 09) + o3(x) , 

where o;(x) are stresses (functions of x only) in each layer caused by the crack, and 

Oo!) = Ey & , Op(2) = Ep Ey , O93) = E3 Eo. (3.4) 

In Equations 3.4, 

Eg = Ph, E\+h2E2+h3E3) , (3.5) 

where P is the applied load in the x-direction. By integrating the first equilibrium equation 

for layer 1, and taking into account the boundary condition at z = hy+h2+h3, it can be 

shown that 

2) = (hy +ho+h3-z) o1' - (3.6) 

Integrating of the second equilibrium equation for layer 1, and taking into account the ho- 

mogeneous boundary condition at z = hy+h2+h3 (top surface), leads to 

o,(1) =4 (z-hy-ho-h3)2 o1" . (3.7) 

Doing the same for layer 3 with homogeneous boundary conditions at z = 0 (bottom sur- 

face) it can be shown that 

173) = -z 03}, (3.8) 

and 

o,(3) =3 z2 93". (3.9) 
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Continuing with layer 2, and (using the functions of integration) matching the boundary 

conditions in layers 1, 2 and 3 at z = Ay and z = hy+hp, it can be shown that all stresses can 

be written in terms of 0> and its derivatives, as follows. 

0) = o,()) + Hy 09(x) , 

Tz) = Hy (hy + ho + hy - 2) 02'(x) , (3.10) 

o(1) = 3 Hy (2 - hy - hp - hy)? 09"(x) 

0x2) = Oo) + on(x) , 
Txz(2) = [hg (1 - H) - 2] O21), (3.11) 

0,2) = [- 4 2 + hy (1 - Ha) 2 +5 hs? 3H? - 1)] 02"(x), 

6,3) = 0,03) + Hz o2(x) , 

T%23) = -Hzz o'(x), (3.12) 

0,3) =5 Hz? 02"(x). 

where 

hz _(ho-h3) hz _(ho-h) = 2 = 2 . l 
t= hy U-2hgthy) hag U-2hg+ hs) G.1) 

In the process of finding these expressions for the stresses, relationships are found ex- 

pressing 0) and 03 in terms of 0» , as follows. 

01 = Hi 02, 063 = H2 02, (3.14) 

The appendix contains a detailed development of the above equations. Now the w 

displacement can be solved for by using the second of Equations 3.2, and satisfying 

compatibility of displacements using functions of integration. With the third of Equations 

3.2, the u displacement can be found. It was noted that the first of Equations 3.2 cannot be 

satisfied exactly. This is in reality a compatibility equation in strains that can be solved 

16



approximately using the principle of minimization of strain energy. The strain energy can 

be written 

  

(3.15) 

and substituting in the expressions for stresses, can be simplified to the form 

U= | F (02, 02’, 02")dx. (3.16) 

The Euler Equation, 

OF gq| OF d2 | OF 
—— - + = 3. 17 

002 dx\d02'! dx2 \da2" 0, (3.17) 

then yields the characteristic equation 

  

fc He, hp, h Hahy Ap Ha hy 2hPHP hy hp Hrhy, mHPh} HP 3 on 

  

  

    

t my v t t 5 

10E 106% 2E® 3 Eo 3 Eo E®) 2E° 10 £9) 

,{2abHe, 2hp | 2hp Hr hy, 2H? hp, 2H? 3 ; 

3 G? 3 GY) GY GY 3 GY? (3.18) 

+ 2h, Ay eA + o0)] + 2 hol + o,)| + 2 An hs [2 + o,3)| o =0. 

FA) FO) £3) 
x x x 

The solution to any homogeneous, linear, ordinary differential equation with constant co- 

efficients of the form 

A 02'" + B02" +C 02=0 (3.19) 

can be written as 

0) = Ci enx+ C2 erX + C3 esx + C4 em, (3.20) 
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where r7,2 3,4 are the roots of the equation 

Ar4+ Br2+C=0. (3.21) 

If the roots are distinct and real, two will be positive, and two negative. One of the condi- 

tions of a boundary-type solution is that it decays to zero as x goes to infinity. Therefore, 

the coefficients C7 2 of the two positive roots must be zero. 

If the roots are complex, the solution can be rewritten as 

0 = eax(C, sin Bx + C2 cos Bx ) + e-ax(C, sin Bx + C4 cos Bx ) (3.22) 

Again, the solution must decay to zero as x goes to infinity, so the coefficients Cj, 2 must 

be zero. The other two coefficients C34 can be found by substituting Equation 20 or 22 

into Equations 11, and using the boundary conditions at the crack. 

3.2 Flexure 

In a uniaxial tensile test, if the material properties of the specimen remain linear to failure, 

the stress/strain response will also be linear. With laminated composite materials, the 

Stress/strain response tends to be quite linear until damage begins to propagate in the 

specimen. Hence, the observation of the specimen's response, and in particular, noting the 

onset and magnitude of non-linearities present, yields certain information about the initia- 

tion and propagation of damage in the specimen. 

It would be hoped that a similar technique could be employed with the flexure specimens. 

However, because of the geometry of the test fixture, and the fact that the deflections are 

too large for the application of small deflection beam theory, the load/deflection response 

for even linear elastic materials is non-linear throughout the response. In order to provide a 

means whereby the experimental response could be accurately compared with the case of 

18



linear material properties, the response of the specimen in the fixture was modeled numeri- 

cally. 

2.1 rical M 

The model used the non-linear bending simple beam equation, and the geometry of the test 

fixture and specimen. 

de=M (is (af)? (3.1) 

The computer code employed a fourth-order Runga-Kutta routine to reduce the second- 

order differential equation to a first-order equation, and then used Euler's method to solve 

the remaining equation for the shape of the beam. The beam was discretized, and the ge- 

ometry of the specimen and fixture were used to calculate bending moments applied as a 

function of position along the beam. 

In the absence of friction at the rollers, the load was always applied normal to the surface of 

the specimen. The typical linear friction model could then be employed to calculate fric- 

tional forces, assuming some friction coefficient. The vertical component of the load, 

crosshead displacement, top and bottom surface strains, etc. could then be output for com- 

parison with the experimental data. The specimen surface strains were calculated using both 

the bending moment strains, and the extensional strains arising from axial loading of the 

specimen. 
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4. RESULTS (TENSION) 

The general trends in sublaminate-scaled tensile specimens were to enhance properties such 

as strength, strain to failure, etc. with increased specimen size. However, scaling effects 

were present in varying degrees in the different stacking sequences studied. Results for the 

AS4/3502 and APC-2 composites will be discussed separately. 

4.1 Stress/strain Response 

All strain measurements were taken using extensometers. Initially, difficulties were en- 

countered with the APC-2 specimens. These specimens had smooth, hard surfaces that did 

not allow the knife edges of the extensometer sufficient friction to resist slipping. This 

problem was overcome by lightly abrading the surface of the specimens, which provided 

sufficient friction to avoid slipping. 

Tables 4.1-4.4 summarize the initial laminate stiffness of Lay-ups A, B and C. Figure 4.1 

shows the initial modulus for the 3-D scaled specimens of each laminate plotted versus 

specimen size. Initial laminate stiffness was found by dividing the load by the cross sec- 

tional area of the specimen to yield the average laminate stress, and using a linear regres- 

sion fit of the stress/strain response between 0 and 0.2% strain. All stress/strain curves 

exhibited linear response in this region. As indicated in Figure 4.1, there is some slight 
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variation of the stiffness for different sized specimens. This makes direct comparison be- 

tween stress/strain curves of different specimens more difficult. Hence, a normalization 

with respect to volume fraction was deemed useful. 

In the process of curing, some variations in panel thickness are inevitable, but the load car- 

rying capacity of the specimen should depend only on the number of plies (and hence, 

fibers) in a given orientation. Changes in thickness only represent slight differences in vol- 

ume fraction, or the amount of polymer matrix material surrounding the fibers. Thus, two 

crossply specimens of the same material, stacking sequence, and width, will carry the same 

load, even if they have slightly different thicknesses because of curing effects. The number 

of 0° fibers in each specimen is the same, and the load carrying capacity will be the same. If 

the actual thickness were used, as above (Figure 4.1), one would conclude that the speci- 

mens had slightly different stiffnesses. If, however, a nominal thickness (based on the 

number of plies) were used, both specimens would exhibit the same stiffness, and their 

stress/strain responses would be directly comparable. Therefore, when stress/strain plots 

are shown in this work, the stress calculations will be as follows: 

o,=-—P , (4.1) 
ntow 

  

where P is the load, n is the scaling factor, ty is the nominal thickness of the n=1 (baseline) 

specimen, and w is the width of the specimen. 

4.1.1 AS4/3502 Specimens 

Figures 4.2-4.4 show the typical tensile stress/strain response of 3-D scaled Lay-ups A, B 

and C, respectively. The Figures show results from both the 25 mm MTS extensometer, 

and the custom extensometers. It must be noted that the smaller two specimen sizes (a and 

b) had only one extensometer mounted on each specimen, whereas the two larger sizes (¢ 

and d) had both the MTS and the custom extensometer mounted on the same specimen. As 
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a result, the stress/strain curves for the a-8 and b-16 specimens come from different 

specimens in plots (a) and (b) in Figures 4.2-4.4, while the stress/strain curves of the c-24 

and d-32 specimens represent the same specimen in both plots. 

Each curve represents the response of one coupon from its size and stacking sequence, al- 

though the coupon selected was representative of the typical response of all specimens in 

the group. The repeatability of the response is depicted in the stress/strain curves of Figure 

4.5, in which eight specimens of a given stacking sequence are shown. 

It was found that the factor that had the greatest influence on the tensile stress/strain re- 

sponse was the scaled thickness. Figures 4.6 and 4.7 show stress/strain responses for 1-D 

and 2-D scaled specimens of Lay-ups A and B, respectively. Note that scaling the in-plane 

dimensions alone (2-D) yields virtually identical response, but that scaling the thickness 

alone (1-D) produces a change in both the non-linear behavior and the strength, similar to 

the response exhibited by 3-D scaled specimens. 

One of the features of the stress/strain plots of Lay-ups A and B (shown in Figures 4.2 and 

4.3) was the point at which the response deviated from linearity, which will be referred to 

as the "non-linear knee." Unlike Lay-ups A and B, the response of Lay-up C specimens 

was typically linear to failure, as shown in Figure 4.4. Tables 4.5 and 4.6 summarize the 

non-linear knee stresses for all sizes of Lay-up A and AS4/3502 Lay-up B specimens, and 

Figure 4.8 shows the effect of specimen size upon the knee stress, for 3-D scaled speci- 

mens. The values in the figure are normalized with respect to the size a specimens for pur- 

poses of comparison. The knee stress increases with increased specimen size. 
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Lay-up A_[30/-30/90/90]ns 

Note from Figure 4.2 that the stress/strain responses of the all Lay-up A specimens are 

very similar in shape. Note also that the differences in the stress/strain responses of these 

specimens follow a definite trend. Upon inspection of individual stress/strain curves from 

each size of specimen, it was determined that the non-linear knee stress was higher for 

larger specimens (Table 4.5). Also the failure stress and strain are greater for larger speci- 

mens. All specimens deviated significantly from linearity before final failure. However, de- 

spite the non-linear response, the stress/strain curves of all sizes virtually coincide until ap- 

proximately 90% of the failure load of each specimen, when even more severe non-linear 

effects take place. 

Lay-up B [45/-45/0/90]ns 

The response of Lay-up B specimens showed a different kind of trend with increased size. 

Not only did the non-linear knee stress and failure stress increase, but the specimens 

showed stress/strain responses that changed in character with increased specimen size. 

Note in Figure 4.3 that whereas 8-ply specimens demonstrated pronounced non-linearities, 

larger specimens tended toward linearity. 

Lay-up C [90/0/90/0]ns 

From Figure 4.4, it can be seen that Lay-up C specimens exhibited a response that was lin- 

ear to failure, and independent of scaled size. The responses of all sizes were virtually 

identical, including the failure strength and strain. 
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4.1.2  APC-2 Specimens [45/-45/0/90]ns 

All APC-2 specimens were of the quasi-isotropic Lay-up B. Figure 4.9 shows the 

stress/strain response curves of several specimens cut from the same 8-ply panel. Some 

were size a-8 and some were size b-8, but as noted before with respect to the AS4/3502 

specimens, scaling the in-plane dimensions while leaving the thickness constant (2-D) pro- 

duced virtually no size effect. Figure 4.10 shows a schematic of the panel from which the 

specimens were cut, with the specimens numbered as shown. The relatively large amount 

of scatter observed in Figure 4.9 can be directly correlated to the location on the panel from 

which the specimen was cut. Those specimens cut from regions near the edge of the panel 

exhibited moduli of approximately 80% and strengths of about 85% of values for speci- 

mens cut from the center of the panel. 

Figure 4.11 shows the initial modulus and ultimate strength as functions of position in the 

panel. It is shown that the variation in properties is much less for specimens cut from the 

interior of the panel, compared to specimens cut from the edges. Therefore, throughout this 

report, values discussed for comparison of APC-2 specimens will be for specimens from 

within the center portion of the panel. 

Figure 4.12 shows the typical stress/strain response from the two geometrically scaled 

APC-2 specimen sizes. The responses are nearly linear, although a slight deviation from 

the original slope of the response can be detected. It is significant to note that no scaling ef- 

fects are present. This is true also of APC-2 specimens that were scaled in the 1- and 2-D 

regimes. The response is independent of specimen thickness and in-plane dimensions. 
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4.2 Damage Processes 

4.2.1 AS4/3502 Specimens 

The investigation of damage processes was performed on batch // specimens. Figure 4.13 

shows the stress/strain response of two Ba-8 specimens. One is a batch / specimen and the 

other is a batch /7 specimen. Note that although the non-linear knee occurs at different 

stresses, the main features of the stress/strain plots are similar for both specimens. There- 

fore, it is expected that the general correlation between damage and stress/strain response 

observed in the batch // specimens will be similar to that of the batch J specimens. 

One purpose of the damage investigation was to pinpoint the first ply failure for each type 

and size of laminate. Because there was no identifiable event on the stress/strain response 

corresponding to this first ply failure, this was accomplished by loading a specimen until 

the first audible crack was heard, and then unloading and examining the specimen. It was 

found that there was a one-to-one correlation between the number of cracks heard while 

loading a specimen, and the number of cracks observed in the subsequent radiographs of 

that specimen. However, only one specimen per Lay-up/size group was used to find the 

first ply failure. Therefore, although the data may be used to observe general trends, more 

tests would be needed to accurately determine an average first ply failure stress. Tables 4.7 

- 4.9 and Figure 4.14 show the resulting normalized first ply failure stresses for the 3-D 

geometrically scaled specimens for Lay-ups A, B and C. 

A second goal of the damage evaluation was to characterize the types of failure mechanisms 

present in each of the different laminate stacking sequences. In order to do so, several 

specimens of each size and stacking sequence were tested to destruction. After observing 

the stress/strain behavior of each laminate type, points of interest, such as deviation from 
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linearity or abrupt changes in slope, were identified for investigation. Some of the remain- 

ing specimens were then loaded to stresses corresponding to these points of interest, and 

unloaded. Non-destructive techniques were then used to observe the damage in these pre- 

loaded specimens in order to sequentially record the damage processes of each type of 

laminate. 

Lay-up A - 

Figure 4.15 shows the typical stress/strain response of the Aa-8 specimens. Included are 

micrographs and radiographs that document the damage associated with various features on 

the stress/ strain curves. It can be seen that first ply failure occurred within the linear region 

of the response (point A in Figure 4.15). In the 16-ply and larger specimens, first ply fail- 

ure was in one of the outer blocks of 90° plies, not in the center block of four 90° plies. 

At progressively higher loads, the transverse crack density continued to increase, with most 

of the cracks in the larger specimens concentrated in the outer 90° plies, and the stress/strain 

response started to deviate from linearity. 

As loading increased, the crack density remained relatively uniform throughout the gage 

section. From Figure 4.15 it can be seen that at a certain point, areas of higher transverse 

crack density developed. It was observed that the areas of higher crack density were asso- 

ciated with regions where cracks had formed in the -30° plies adjacent to the 90° plies (point 

B in Figure 4.15). This is most obvious in the small region of delamination. However, 

when examined microscopically, it was found that other regions of high crack density also 

contained -30° cracks. Crossman and Wang [12] have also noted such behavior in a similar 

lay-up. 
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At some higher load, the -30° edge crack began to propagate along the 30°/-30° interface, 

and eventually the crack propagated through the +30° ply to the surface of the specimen, or 

to the next 90° ply if it was not a surface +30° ply. Subsequently, an area of delamination 

formed at the outermost 90°/-30° interfaces (point C in Figure 4.15). Even though the 

stress/strain response was already non-linear as a result of the 90° cracks, a knee was pre- 

sent in the stress/strain response due to a reduction in stiffness as delamination initiated 

(point C in Figure 4.15). The knee corresponded to the point at which the delamination ini- 

tiated, and the stiffness dropped appreciably. 

Although there were cracks at +30°/-30° and 90°/-30° interfaces throughout the thickness in 

all specimen sizes, the areas where these crack systems connected to form distinct delami- 

nations were always confined to the outermost 90°/-30° interfaces in the Ab-16 and larger 

specimens, as seen in Figure 4.16. 

It was observed from failed Aa-8 specimens that before this localized delamination could 

grow to form a general edge delamination, global failure of the laminate occurred. Larger 

specimens, however, showed delaminations along a greater length of the specimen edge, to 

the point that the Ad-32 specimens had delaminations formed in the outer 90°/30° inter- 

faces along almost their entire length prior to global failure. 

It was observed that in thicker specimens, the transverse cracks in the outermost 90° plies 

tended to be at some angle as viewed from the edge, as seen in Figure 4.17, indicating the 

presence of some edge-effect interlaminar shearing stresses in addition to the normal 

stresses. These cracks twisted as they propagated through the width, so that on opposite 

edges of the specimen, they were angled in opposing direction. Figure 4.18 shows the fail- 

ure modes of the 3-D scaled specimens. 
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Lay-up B [45/-45/0/90]ns 

Figure 4.19 shows a typical stress/strain response of an AS4/3502 Ba-8 specimen, as well 

as micrographs and radiographs that document associated damage. It can be seen that first 

ply failure occurred within the linear region of the stress/strain curve (point A in Figure 

4.19). Thicker Lay-up B specimens failed first in the central block of 90° plies. As the 

transverse matrix cracks continued to increase in number, most cracks in the thicker speci- 

mens were located in the central block of 90° plies, rather than the outer 90° plies. There 

was also a slight deviation from linearity following point A in the stress/strain curve as 

transverse cracking continued. This non-linearity due to cracking in the 90° plies alone be- 

comes more pronounced, and of longer duration in the larger specimens. 

At approximately 335 MPa, a distinct knee occurred (point B in Figure 4.19). Upon exam- 

ination of a coupon loaded to this point, it was determined that a small thumbnail shaped 

delamination had started at one of the edges of the specimen at the -45°/90° interfaces (see 

radiograph B in Figure 4.19). The delamination switched interfaces periodically as shown 

in Figure 4.19, and did not occur at both interfaces simultaneously. In thicker Lay-up B 

specimens, this "delamination knee" occurred further into the non-linear response. In other 

words, the non-linearity due to 90° cracking continued for a longer period before delamina- 

tion onset. Tables 4.10 and 4.11 show the average strain and stress, respectively, at the 

onset of delamination. Figure 4.20 shows the 3-D scaled delamination knee stress. 

As this small delamination grew, and others like it formed, the stiffness continued to 

change. Some 8-ply specimens showed another knee in the stress/strain plot, seen as point 

C in Figure 4.19. This was the point at which the localized regions of delamination con- 

nected to form a general edge delamination. As the now general delamination continued to 

propagate widthwise, the stiffness was further reduced. In the 8-ply specimens, the edge 
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delaminations propagated through the width until the coupon was almost completely di- 

vided into two separate sublaminates of stacking sequence [+45/0]7 with blocks of 90° 

plies at intervals adhering to the 0° plies. 

Larger specimens experienced delamination only at the central 90°/0° interfaces, and the de- 

gree to which delamination propagated was significantly reduced. While delaminations in 

the 8-ply specimens propagated to the middle of the coupon, delaminations in larger speci- 

mens were confined to a few millimeters in from the edge (Figure 4.21). Just before global 

failure, matrix cracks occurred in the +45° and -45° plies. Figure 4.22 shows the typical 

failure modes of the 3-D scaled specimens. 

Lay-up C [90/0/90/O]ns 

First ply failure occurred as transverse matrix cracks, always in the surface 90° plies. As 

loading continued, cracks formed throughout all 90° plies, with the characteristic crack 

density increasing. However, no other damage modes were observed. Finally, fiber frac- 

ture caused global failure of the specimens. Figure 4.23 shows the typical failure modes of 

the 3-D scaled specimens. 

4.2 -2 45/-4 

Recall that results discussed will be for APC-2 specimens cut well away from the edges of 

the panel. This minimized the variation of properties related to the specimen’s position 

within the panel. 

The APC-2 Lay-up B specimens failed in a manner unlike the AS4/3502 Lay-up B speci- 

mens. From the radiographs it was observed that the first ply failure was by transverse 

matrix cracking in the 90° plies. These cracks typically did not run through the width of the 

specimen, as cracks did in the AS4/3502 specimens. Upon examination of the specimen 
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edges under an optical microscope, no delamination could be found. In fact, the only dam- 

age that could be seen under the microscope was the presence of the cracks in the 90° plies. 

4.3 Ultimate Stress and Strain 

Tables 4.12-4.15 summarize the ultimate stress measured for each specimen size for Lay- 

ups A, B and C. Recall that when moving along the diagonal from size a-8 to size d-32, 

all dimensions are scaled geometrically (3-D). When moving down or across the table, the 

in-plane dimensions (2-D) or the thickness dimensions (1-D) are scaled, respectively. 

Normalized ultimate stress results from the 3-D scaled specimens of Lay-ups A, B, and C 

are plotted versus size in Figure 4.24. 

Tables 4.16-4.19 summarize the effect of specimen size upon failure strain for Lay-ups A, 

B and C, respectively. Figure 4.25 shows the normalized failure strain for the 3-D scaling 

of each laminate plotted with specimen size. 

4.3.1] AS4/3502 Specimens 

Lay-up A_[30/-30/90/90]ns 

Lay-up A showed a pronounced increase in strength with size for the 3-D scaled speci- 

mens. Also note that the strength appears to level off as the specimen size is increased. The 

strength seems to be approaching a maximum strength, beyond which increased size would 

either have no effect, or could perhaps lead to a strength decrease. Strain to failure follows 

the same increasing trend with increased specimen size. 

Lay-up B [45/-4 

AS4/3502 Lay-up B specimens followed a similar trend in strength as Lay-up A specimens 

did, but the effect was not as pronounced. In fact, the three larger sizes seem to have es- 
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sentially the same strength, with only the 8-ply specimen showing a lower ultimate stress. 

In all cases, however, the strain to failure was essentially constant as the presence of 0° 

fibers tends to control the failure of the specimen. 

Lay-up C [90/0/90/0]ns 

Lay-up C specimens showed no significant scaling effect in ultimate stress or strain. 

Again, this is due to the presence of 0° fibers, which control the failure. 

4.3.2  APC-2 | 45/-45/ 

Like the Lay-up C specimens, APC-2 Lay-up B specimens showed no trend of strength 

change with increased size (see Tables 4.14 and 4.15). However, APC-2 Lay-up B speci- 

mens had an average strength and strain to failure of nearly 10% greater than the largest 

AS4/3502 Lay-up B specimens, even though the same fiber is employed in each material. 

Note from Tables 4.2 and 4.3 that the average stiffnesses are the same for both laminates, 

indicating that the fiber volume fractions are not significantly different. 

4.4 Finite Element Model 

The finite element model was used in order to determine the interlaminar tensile stresses. It 

was hoped that this would lead to an understanding of why Lay-up A specimens always 

delaminated at the outermost -30°/90° interfaces, whereas the Lay-up B specimens always 

delaminated at the central 0°/90° interfaces. Figure 4.26 shows o; as a function of position 

through the thickness for the n = 2 case for both Lay-ups A and B. Note that tensile edge 

stresses are maximum in the outer 90° plies for both lay-ups. However, the difference be- 

tween primary and secondary peaks is much larger for Lay-up A than for Lay-up B. Ratios 

of secondary to primary peaks were 59.6% for Lay-up A vs. 85.3% for Lay-up B. 
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4.5 Analytical Model 

Figure 4.27 shows typical stresses in the 90° ply in the vicinity of a single crack. The axial 

stress O, must be zero at the free surface, after which it builds to the value of the far field 

stress in that layer. The shear stress t,y also must be zero at the crack surface. It increases 

to a maximum value, and then must decay to zero as x goes to infinity. The through-the- 

thickness stress 0; has its maximum value at the crack surface, passes through zero into 

compression, and decays back to zero. 

4.5.1 Lay-up A [30/-30/90/90]ns 

For comparison with the finite element model, the n = 2 case was used to calculate stresses. 

Table 4.20 gives o; predicted by the model for Lay-ups A and B at the outer 90° plies, and 

the central 90° plies. In addition, Table 4.20 gives o; for the finite element calculations at 

locations of maximum stress in the central and outer 90° plies. Note that sz at the outer 90° 

plies in Lay-up A specimens was significantly higher than o; at the central 90° block, 

adding to the stresses calculated in the finite element analysis. Hence, the combination of 

the finite element and the analytical models still predicts that Lay-up A specimens will de- 

laminate at the outer 90° block, as observed in experiment. 

4.5.2 Lay-up B [45/-45/0/90]ns 

From Table 4.20 note that the opposite trend is predicted by the analytical model for Lay-up 

B specimens. Through-the-thickness stress 0; for a single crack is greater at the central 

block of 90° plies by about 6%. However, this is not enough to compensate for the finite 

element results. When o, from the finite element model is added to o; for the analytical 

model with a single crack, the combination still predicts delamination failure in the outer 90° 

ply. However, in the actual specimens, there are multiple cracks. As mentioned earlier, 
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cracks in the central 90° block are significantly more closely spaced, with an average spac- 

ing of about 0.2 mm between cracks. This is close enough for tensile o; stresses from ad- 

jacent cracks to interact, adding to the tensile 0, stresses. Just prior to delamination, crack 

spacing in the outer 90° ply was on the order of 0.5 mm, which does not allow interaction 

of tensile 0, stresses from adjacent cracks (see Figure 4.28). 
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5S. RESULTS (FLEXURE) 

All strain measurements were taken using longitudinal strain gages on the top and bottom 

of the specimens. Load and crosshead displacement were measured directly from the test- 

ing machine. 

The spans between inner and outer rollers on the fixture were scaled at 252 mm and 55n 

mm respectively, and the span to depth ratio used was nominally 30. 

Due to the nature of laminated composite materials, some bend/twist coupling exists in Lay- 

ups B and D. This coupling is most pronounced in the baseline/ply-level scaled specimens, 

where the coupling terms are about 16% and 19% of the bending stiffness terms for Ba 

and Da specimens, respectively, and less pronounced with increased sublaminate-level 

scaled size. Coupling terms are 4% and 5% of the bending stiffnesses in Bds and Dds 

specimens, respectively. 

5.1 Verification of Numerical Model 

The numerical model required a knowledge of the frictional forces imparted to the specimen 

through interaction with the fixture's rollers, which were equipped with ball bearings in 

order to minimize the effect. The frictional forces were found by applying a known vertical 

34



load to the top plate of the fixture, and measuring the force required to move the specimen 

laterally in the fixture. Because of the ball bearings, no specimen/roller slippage occurred. 

Rather, rolling friction in the bearings was responsible for the forces. It was found that the 

load/roller force relationship was linear, and that the effective coefficient of friction at each 

bearing was 0.014. The effect on the load/deflection response was so minimal in compari- 

son with the frictionless case that it did not effect the analysis. 

The numerical simulation was checked against three isotropic materials in order to validate 

the predictions obtained. Uniaxial tensile tests were performed first on steel, aluminum and 

polymethylmethacrylate (PMMA) specimens in order to obtain Young's Modulus E. This 

stiffness, and the specimen and fixture geometry were entered as the only inputs for the 

program, and predicted load/deflection plots were produced. Flexure tests were then per- 

formed on the same specimens. Figures 5.1-5.3 show the resulting predictions and exper- 

imental results. Excellent agreement was obtained for the portions of the response before 

plastic yielding occurred in each case. Having validated that the shape of the predicted 

load/deflection curves was accurate, a method of comparing experimental load/deflection 

plots with the non-linear load/deflection predictions for linear elastic material behavior was 

then available. 

5.2 Load/Deflection Response 

Because the responses of different sizes of flexure specimens cannot be directly compared, 

some method of normalization was needed. A natural way to do this would be to simply 

remove any geometrically-dependent terms. This can be accomplished by considering the 

Strain at the specimen surface according to simple beam theory. 

_P Le 5.1 
© Esl OL) 
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The length L, the half thickness c, and the second moment of area / are scaled as follows: 

L=nL', 

c=nc", (5.2) 

T=n4I*, 

where L*,c* and J*are the dimensions of the baseline specimens, and xn = 1,2,4. 

Recognizing that the scaled deflection will be 

d=nod, (5.3) 

and substituting Equations 5.2 into Equation 5.1 yields 

  

eaPLic’ 

n Eo’ (5.4) 

These equations give the correct order of the scaling factor n to be used in the normalization 

process. In addition, since the bending stiffness of each size of sublaminate-level scaled 

specimen will vary according to CLT (Figure 1.2), the bending stiffness Ey was used in the 

normalization process. Hence the equations used were simply 

  

nee (5.5) 
A=9, 

n 

This normalization collapses the elastic responses of all geometrically scaled specimens 

onto the same curve, so that differences in response with scaled size can be readily com- 

pared. Because the first of Equations 5.5 is based on the elastic surface strain of the beam, 

any value of [7 (within the linear elastic properties range) represents a specific value of sur- 

face strain regardless of scaled specimen size. This is also true of A. 
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Figures 5.4-5.6 show the normalized ply-level and sublaminate-level scaled responses of 

Lay-ups B, C and D. Note that even though the material properties were assumed to re- 

main linear, the load/deflection response predicted was non-linear. The initial stiffening of 

the response comes about as a result of changing geometry. As the specimen begins to de- 

flect, and the contact point between the rollers and the specimen begins to move inward. 

The moment arm thus becomes smaller, and it takes a higher load to apply a given moment 

(Figure 5.7). Subsequent softening of the response occurs after the specimen has deflected 

significantly. This is because the testing machine can only measure the vertical component 

of the load. Since the load is applied at some angle (ideally normal) to the surface of the 

specimen, there is a portion of the applied load not being measured by the testing machine 

(Figure 5.8). Hence, as deflection continues, a given measured load will apply a somewhat 

higher moment, depending on the angle of contact at the roller. 

Given these considerations, the response is in reality a structural response, not a material 

response. However, with the aid of the numerical solution, deviation from linear material 

properties can still be detected. This point of deviation from linear properties should lend 

clues to the failure processes in the composite laminate. 

Tables 5.1-5.3 present the bending stiffness, ultimate load and ultimate deflection of each 

lay-up, and Figures 5.9-5.17 show the normalized values of stiffness, strength and ulti- 

mate deflection for each lay-up. These are values extracted from the load/deflection plots of 

each specimen type, and are averages of several specimens each. 

Note in Figures 5.12-5.17 that the ply-level scaled specimens show a pronounced reduc- 

tion in strength as the size of the specimen increases. Flaggs and Kural [18] used an energy 

based method to model the damage in [0°/90°,,], laminates. Kellas and Morton used the 

same model to predict reductions in strength as ply-level scaled composites were increased 
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in size. They showed that Flaggs and Kural's equation could be reduced to Equation 5.6 in 

the case of ply-level scaled specimens, where o°7- is the critical strain at which damage is 

propagated, and n is the scaling parameter. The subscripts p and » refer to prototype and 

model sizes, respectively. 

APS ah
 (5.6)   

Hence, when strength or damage results are presented in the following sections, they will 

be plotted against Equation 5.6 for comparison to the ply-level scaled specimens only. It 

was previously noted that the equation used by Flaggs and Kural yielded no predicted scale 

effect in sublaminate-level scaled specimens. 

All specimens of each lay-up showed some deviation from uniform linear properties. This 

behavior was most pronounced in the Lay-up D specimens, but even in Lay-up C speci- 

mens, some deviation was present in the load/deflection response. Tables 5.4-5.5 give the 

loads and deflections at which this deviation occurred, and Figures 5.18-5.23 show the 

normalized loads and deflections at deviation for each lay-up. 

5.2.1 Lay-up B [45/-45/0/90]ns and [45n/-45n/On/90n]s 

Figure 5.4 shows the ply- and sublaminate-level scaled flexure responses of Lay-up B. 

They are normalized with respect to the geometry and stiffness of the specimen (Equation 

5.5), so if there were no scaling effect, all responses would be identical. Note that the re- 

sults of the numerical model assuming linear material properties is plotted with the results 

for comparison. Deviation from this prediction would indicate a deviation of the beam from 

linear elastic response, and thus indicate that some damage in the specimen or other effect is 

taking place. 
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From the results of Kellas and Morton [6], it was expected that a reduction in strength 

would result from the practice of ply-level scaling Lay-up B specimens. This is indeed the 

case with the ply-level scaled flexure response. 

However, there is no corresponding increase in scaled strength when sublaminate-level 

scaling is employed. In the tensile portion of this work, it was observed that sublaminate- 

level scaled specimens of a stacking sequence similar to Lay-up B exhibited a marked in- 

crease in strength with size when loaded in uniaxial tension. This is not the case with the 

flexure specimens of this class. In fact, there was a significant decrease in failure strain as 

the coupon size was increased using sublaminate-level scaling. 

Note that all responses except the n=4 case in ply-level scaling (Bdp) follow the same 

load/deflection response, but fail at various locations along that response. The Bap speci- 

mens deviate significantly from that response before failure, indicating perhaps that there is 

some different failure mechanism at work in this case. 

Tables 5.1-5.3 give the bending stiffnesses and failure loads and deflections for each 

specimen size, and scaling method. Figures 5.9, 5.12 and 5.15 depict the bending stiff- 

nesses and normalized failure loads and deflections, respectively. 

2 : / / 

Figure 5.5 shows the normalized ply- and sublaminate-level scaled flexure responses of 

Lay-up C. The load/deflection curves of these specimens remain identical to the linear pre- 

diction throughout most of the response. Based upon the tensile results of Kellas and 

Morton [6] and the tensile portion of this work, this would be expected since the only dam- 

age modes present in the tensile Lay-up C specimens was transverse cracking in the 90° 

plies. 
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However, there is a pronounced difference in the ultimate load and deflection with scaled 

size. This constitutes a departure from trends observed under tensile loading. 

Note that the load/deflection response typically shows an initial failure, at which the load 

drops to about 70-80% of its previous value, followed by additional elastic response of re- 

duced modulus. A second failure of the specimen is accompanied by an even greater drop 

in load. Notice also that in the case of the ply-level scaled specimens, the secondary elastic 

responses seem to coincide with one another. 

The secondary failure was associated with tensile fiber fracture. It was observed that the 

first drop in load was associated with delamination and buckling of the outer compressive 

ply (or plies) between the two inner rollers, as depicted in the box in Figure 5.5. Plotted in 

the figure, for comparison purposes, is the numerical prediction of the response where the 

outer compressive plies of a ply-level scaled specimen have been discounted. 

Tables 5.1-5.3 give the bending stiffnesses and failure loads and deflections for each 

specimen size, and scaling method. Figures 5.10, 5.13 and 5.16 depict the bending stiff- 

nesses and normalized failure loads and deflections, respectively. 

Lay-up D [45/-45/45/-4 45nl-45n/45nl-4 

Figure 5.6 shows the normalized ply- and sublaminate-level scaled flexure responses of 

Lay-up D. These specimens never suffered a catastrophic failure, as the other lay-ups did. 

Loading could have continued beyond that shown. The tests were stopped after a maximum 

load was reached, and the load began to fall. For the purposes of comparison later, the 

point at which the maximum load occurred was called the failure load, except for the n = 4 

ply-level scaled case where the location of the first drop in load was called the failure point. 
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As expected from previous tensile studies, the ply-level scaled response shows the typical 

decrease in failure load and deflection. However, the sublaminate-level scaled specimens 

showed no corresponding increase in failure load. Indeed, their responses were essentially 

identical until the maximum load was reached. Even the n=2 ply-level scaled case deformed 

identically to the sublaminate-level scaled specimens for a significant portion of the non-lin- 

ear response. Ddp specimens showed a significant departure from the response of all other 

specimens just prior to 2 mm normalized deflection. With the exception of the n=4 ply-level 

scaled case, no discontinuities in the load were present. 

Tables 5.1-5.3 give the bending stiffnesses and failure loads and deflections for each 

specimen size, and scaling method. Figures 5.11, 5.14 and 5.17 depict the bending stiff- 

nesses and normalized failure loads and deflections, respectively. 

5.3 Strain Response 

In addition to monitoring load and deflection, the strains at the top and bottom of the 

specimen were measured. It can readily be shown, based on simple beam theory, that the 

surface strain vs. roller displacement response is intrinsically independent of the bending 

stiffness of the specimen. For a given size specimen, the surface strain vs. roller displace- 

ment relationship for the four-point bend fixture employed is as follows: 

Ex é, (5.7) = 3c 
4(4+34) 

where &;, is the longitudinal surface strain (top or bottom), c is the half thickness of the 

specimen, 6 is the relative roller displacement, and 4 and 4 are inner and outer roller 

spans, defined in Figure 5.24. For scaled specimens, both c and the length measurements 

fo and 4 , are scaled, leading to a factor of 1/n in the coefficient of 6 above. This indicates 

that if A = d/n were employed, the response would be independent of size also. This re- 
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sponse is not dependent on the stiffness, but does assume that the material properties do 

not vary as a function of position along the beam. Deviation from the predicted strains 

would therefore not strictly indicate non-linear properties, but rather a change in properties 

over a portion of the specimen. The strain/deflection response itself will be non-linear, due 

to the fixture geometry and significant deflections. 

Figure 5.25 shows a typical strain vs. scaled roller displacement response, along with the 

Strains predicted by the numerical simulation. Note that the experimental response diverges 

significantly from that predicted by the model assuming uniform elastic material properties. 

In addition, the deviation from the prediction is not symmetric, which results in a shift of 

the neutral axis away from the center of the specimen as the loading proceeds. 

Figures 5.26-5.28 show the strain/deflection plots for Lay-ups B, C and D, along with 

numerical predictions assuming uniform, linear properties, and negligible friction. These 

plots consist of five curves each, representing typical load/strain curves for each specimen 

size and scaling type. By plotting both the average strain (€'+ €x5)/2, and the deviation 

from the average strain (€x'— €,)/2, it can be seen both how different the top and bottom 

strains are, and how much the response has diverged from the case of uniform properties. 

It was not possible to capture the response all the way to specimen failure, as the strain 

gages failed before that point. The cause of the gage failures seemed to be surface damage 

propagating in the specimen, consisting of either transverse cracking of the 45° plies in 

Lay-up B and D specimens, or delamination and buckling of the compressive 0° plies in 

Lay-up C specimens. 

Both Lay-ups B and D showed very consistent strain/deflection plots. Specimens of each 

size and scaling method displayed virtually identical response. The responses showed the 
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same initial slope, the same point of deviation from the uniform properties prediction, and 

continued to coincide in the region of non-uniform properties. Specimens of Lay-up C 

showed similar trends. However, the Cds specimens did not lie on the same curve as the 

others of its lay-up, with variations in strain ranging as high as 13% for a given value of A. 

This indicates some difference in the way the Cds coupons responded to load. 

However, in all cases, there was a significant shift of the neutral axis of the coupons as 

load was applied. Although the isotropic materials tested also showed a shift in the neutral 

axis upon loading, the composite specimens showed a much more pronounced effect. This 

can be seen in Figure 5.29, which shows the response of a Lay-up B specimen along with 

the response of the PMMA isotropic specimen. 

Lay-up B showed the greatest shift in the neutral axis, whereas Lay-ups C and D showed 

similar magnitudes in neutral axis shift. Lay-up D showed the greatest deviation from the 

uniform properties prediction. Lay-up C showed very little deviation from the uniform 

properties prediction. 

5.4 Damage Processes 

Deviation in both load/deflection response and deflection/strain response, from predictions 

based on uniform linear elastic material properties, were expected to be due to the initiation 

and propagation of damage in the specimens, as was the case in the tensile work. This 

damage was monitored using non-destructive techniques outlined before, and the point of 

initiation of various failure modes was compared among different scaled sizes of each 

specimen type. First ply failure was missed for three specimen types. These were the Bds, 

Cdp and Ddp specimens 
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Since strain gages were not able to capture the entire response up until failure, A was used 

to define points of initiation of damage. The relationship between A and the specimens' 

surface strains, while not linear, is still unique regardless of specimen size. 

Comparison of radiographs, and micrographs taken of polished specimen edges showed 

that some transply cracks were fine enough that they did not appear on the radiographs. 

This was not true of the tensile scaling work, where all cracks viewed in the micrographs 

also appeared on the radiographs. 

5.4.1 Lay-up B [45/-45/0/90]ns and_[45n/-45n/On/90n]s 

In all sizes, the first damage mode was matrix cracking in the outermost tensile 90° plies 

while the load/deflection response was still in the range of linear material properties. With 

continued loading, cracking continued in the outer 90° tensile plies. These 90° cracks were 

normal to the major axis of the specimen between the inner rollers of the loading fixture, 

confirming the lack of shear stresses in the gage section of the specimen. Beyond the inner 

rollers, the cracks were at an oblique angle indicating the presence of shear stresses as, ex- 

pected based upon beam theory. 

Table 5.4 presents the deflection at the onset of cracking in these specimens. Figure 5.30 

shows the corresponding normalized deflections corrected for the strains in the 90° ply. In 

sublaminate-level scaled specimens, the outer 90° ply lay in a relative location that was 

closer to the surface than the ply-level scaled specimens. Since the strain distribution is lin- 

ear (valid for small strains, as was the case here), finding the relative strain involved no 

more than a geometric correction for the ply's relative position in the laminate. This is illus- 

trated in Figure 5.31. A* in Figure 5.30 is simply h*/h A, and represents an effective strain 

in the 90° ply.



From Kellas and Morton [6], and from the tensile part of this work, it was expected that the 

first ply failure strain of ply-level scaled specimens would decrease, and that the ply failure 

strain of sublaminate-level scaled specimens would increase, with increased specimen size. 

This is indeed the case for Lay-up B specimens. 

Damage that occurred in Lay-up B specimens subsequent to the outer 90° cracking de- 

pended on the specimen size and method of scaling employed. Figures 5.32-5.36 show 

typical load/deflection curves from Lay-up B specimens, showing damage modes and their 

occurrences. 

Ba Specimens 

At some point in the loading of a size specimens, some of the 90° cracks extend into the 

adjacent +45° plies. Figure 5.32 depicts the failure process in the Ba specimens, correlated 

to a load/deflection plot. These +45° plies were confined to a region within about 1 mm 

from the specimen edges. Subsequently, delaminations initiated in the outer 90° tensile 

plies. These delamination cracks tended to follow along the 0°/90° interface, with penetra- 

tions into the 90° ply. Final failure was by fiber fracture in the 0° plies. 

Bbp Specimens 

Damage in the size b ply-level scaled specimens initiated in much the same manner as the 

Ba specimens. Cracking in the outermost 90° tensile plies was followed by propagation of 

some of the 90° cracks into the adjacent +45° plies (see Figure 5.33). As with the Ba 

specimens, the +45° cracks did not propagate through the specimen width, but were con- 

fined to the specimen edges. 

As loading continued, delamination in the outermost tensile 90° ply initiated and propa- 

gated. At some point, cracks in the tensile surface +45° plies propagated across the full 
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width of the specimen, followed in each instance by a crack (confined to a few mm from 

the edge) in the adjacent -45° ply. Final failure was by fiber fracture in the 0° plies. 

Bdp Specimens 

These specimens followed damage modes in the Bbp specimens with two additions. The 

cracks in the tensile surface plies propagated into delaminations at the outermost tensile 

+45° interface. As the delamination grew (see Figure 5.34), additional cracks occurred in 

the -45° plies. The second addition is the presence of delaminations at the outermost tensile 

-45°/0° interface (see Figure 5.34). Note that even though cracks already existed in the -45° 

plies, the -45° crack that initiated the delamination did not follow any of these. Again, final 

failure was by fiber fracture on the tensile side. 

Bbs Speci 

The size b sublaminate-level scaled specimens failed in much the same way as the size a 

specimens. The only difference was that there were additional 90° plies that could crack be- 

fore ultimate failure. Figure 5.35 shows the failure process in these specimens. 

Bds Speci 

The largest size sublaminate-level specimens experienced 90° tensile cracking, as other 

sizes did, however, the delamination in the outer 90° ply was delayed considerably. As the 

loading continued, cracks in the outermost 90° tensile ply continued, followed by cracking 

in the second and third 90° tensile plies (see Figure 5.36). Not until the load increased to 

over 90% of the failure load did 90° delaminations appear. No +45° cracks were detected 

before final failure of the specimen by fiber fracture in the 0° plies. 
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4.2 - 0/90/0/9 and_[0 90 

The first damage mode observed in Lay-up C specimens was 90° matrix cracking. Table 

5.4 gives the deflection of each specimen type and size at the onset of 90° cracking. Figure 

5.37 shows the strain-corrected normalized deflections in the outer 90° ply at damage onset. 

Again, in sublaminate-level scaled specimens, the outer 90° ply lay in a relative location that 

was Closer to the surface than the ply-level scaled specimens, so ratios of relative position 

were employed to account for the strain in the desired ply for a given normalized displace- 

ment A (similar to Figure 5.31). Although the initiation of damage in the size ¢ ply-level 

specimens was not captured, it can nevertheless be seen that both the sublaminate-level and 

ply-level scaling methods leads to a decrease in the initiation of 90° cracking. 

The material properties of the specimens remained linear until damage began to propagate in 

the 90° plies. Cracking continued as load was increased, and in larger sublaminate-level 

specimens, 90° cracks occurred several plies deep in the tensile portion of the specimen. As 

a result, the response began to deviate from linearity. 

Lay-up C specimens showed signs of local crushing on the tensile side under the outer 

rollers of the fixture, and on the compressive side under the inner rollers. As mentioned be- 

fore, ultimate tensile-side failure of the specimens was preceded by buckling and delamina- 

tion of the compressive surface 0° plies between the inner two fixture rollers, causing a 

significant drop in load. Figure 5.5 shows the load/deflection response of the ply-level 

scaled specimens showing the linear predictions for both an undamaged specimen, and a 

specimen whose compressive surface ply has failed. This was done by assigning the outer 

compressive 0° ply zero stiffness in a lamination theory calculation, and finding the reduc- 

tion in bending stiffness. Note that after the drop in load associated with the buckling of the 

47



compressive plies, the load/deflection responses of these specimens coincide with the linear 

prediction using properties that simulate buckled surface plies. 

After this drop in load associated with buckling of the compressive surface plies, the 

specimens continued to take load. Final failure was by fiber fracture at the tensile surface. 

4 - 45/-45/45/-4 4Snl-45n!45n/-4 

In all cases, first ply failure was experienced as a single crack in the tensile surface +45° 

ply. Table 5.4 gives the deflection at the onset of damage. Since it was the surface ply in all 

cases, no correction was needed in order to compare normalized failure deflections, as in 

the other two lay-ups. Figure 5.38 gives the normalized damage onset deflections. 

While Lay-ups B and C both showed linear material response until damage onset, Lay-up 

D specimens deviated dramatically from the linear prediction before any damage (except in 

the Ddp specimens) could be detected by microscope or X-ray. Specimens loaded well into 

the non-linear region of the load/deflection response sustained permanent deformation upon 

unloading, but still did not show any signs of matrix cracks. All specimens, except the 

Ddp specimens, underwent basically the same damage development, although the Dbp 

specimens underwent each damage mode earlier in its response. Ddp specimens delami- 

nated at the outermost +45° interface just prior to 2 mm normalized deflection. This is the 

reason that the response diverges from the response of the other specimens in Figure 5.6. 

Figure 5.39 shows the type of damage sustained by the Lay-up D specimens. The first 

damage that could be detected was a matrix crack in the tensile surface +45° ply. This was 

followed by a short crack running along the +45° interface that then turned and ran through 

the -45° ply. The delamination then began to grow along the outer t45° interface, with 

cracks in the adjacent -45° ply forming as the crack extended. Subsequently, cracks began 
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to form in deeper and deeper +45° plies. The specimens never failed catastrophically, but 

kept deforming and cracking in successively deeper 45° plies. At very high levels of dis- 

placement, the cracking went beyond the midplane of the specimens and into the plies be- 

low. One 16-ply specimen that was loaded until it physically popped out of the fixture 

contained damage down to the 11" ply. 

One difference between the ply-level scaled specimens and the sublaminate-level specimens 

was that the ply-level specimens tended to form larger areas of delamination (Figure 5.40) 

that ran across the width of the specimen, whereas the sublaminate-level specimens formed 

delaminations that were confined to the edges of the specimen. 

5.5 Ultimate Load and Deflection 

Tables 5.2 and 5.3 present the ultimate load and deflection for the scaled flexure speci- 

mens. From the tensile portion of this work, and previous research done by Kellas and 

Morton [6], it was expected that those specimens failing in tension would follow the trends 

of ply- and sublaminate-level scaling. That is, ply-level specimens would show a decrease 

in normalized ultimate load and deflection, and the sublaminate-level coupons would ex- 

hibit an increase in ultimate load and deflection. While the ply-level specimens followed the 

trend, the sublaminate-level specimens did not. 

I - 45/-4 45n/-4 

Lay-up B specimens were the only ones where the ply that was critical to failure (in this 

case, the outermost 0° ply) was not a surface ply. This means that the results for ultimate 

load/deflection have to be corrected for the strains present in the 0° ply. Again, as in section 

5.4.1, a simple geometric correction that accounts for the relative position of the 0° plies in 

the laminate was used. Figures 5.12 and 5.15 show the strain-corrected scaled normalized 
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ultimate load and deflections. The ply-level scaled specimens showed a marked decrease in 

ultimate load and deflection, while the sublaminate-level specimens showed no signs of any 

scaling effect. 

5.5.2 Lay-up C [0/90/0/90Jns and [On/90n/On/90n]s 

Figures 5.13 and 5.16 show the scaled ultimate load and deflections for Lay-up C speci- 

mens. Like Lay-up B specimens, the ply-level scaled specimens showed a marked decrease 

in ultimate load and deflection, but the sublaminate-level specimens also exhibited a de- 

crease in ultimate load and deflection. However, recall that the failure of these specimens 

was different than Lay-up B specimens. The compressive surface plies buckled between 

the inner rollers of the fixture, causing premature failure in these specimens. Data plotted in 

Figures 5.13 and 5.16 are for this first drop in load caused by fiber buckling and delamina- 

tion. 

It was decided after most specimens had already been loaded to failure that the crushing of 

the 0° fibers on the surface of the specimens led to the buckling of the plies. Therefore, two 

additional Ca specimens, and one each of Cb and Cd specimens were tested using shims 

between the specimen and rollers, as in Figure 5.41. This padding was sufficient to sup- 

press buckling, and the specimens failed by fiber fracture on the tensile surface. Figure 

5.42 shows the load/deflection curve of a Ca specimen with the shims compared to a typi- 

cal Ca curve without the shim material. 

0.25 mm paper shims were used on the Ca specimens. Cb and Cd specimens incorporated 

3 mm thick polycarbonate shims between the specimen and the rollers, rather than the paper 

ones. The reason was simply to supply additional assurance that the rollers would not 

cause fiber damage on the compressive side. No unfailed Cdp specimen was available. 

Figure 5.43 shows the scaled load/deflection response of the Lay-up C specimens using 
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the shims, and Figure 5.44 presents the ultimate normalized load. Averages for failure load 

and deflection could not be calculated, as there were not enough specimens tested. 

Although the Ca, Cbp and Cbs specimens cannot be said to be statistically different in 

their ultimate failure, the Cds specimen appears to have failed well below the failure load 

and deflection of the other specimens. 

. 451-45/45]-4 45n/-4 -4 

Lay-up D specimens did not fail catastrophically. They simply continued to bend. 

Therefore, the ultimate deflection was taken to be the deflection at which the load peaked. 

Figures 5.14 and 5.17 show the ultimate load and deflections of scaled specimens. Only 

the ply-level scaled specimens showed any scale effect in the load/deflection plots, and they 

suffered dramatic reductions in their ultimate load and deflection. 
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6. DISCUSSION (TENSION) 

It can be seen that, in general, the degree to which strength scaling effects are present in the 

AS4/3502 specimens depends, at least in part, on the relative amount of 0° fibers present in 

the lay-up. Although the first ply failure stress of the crossply Lay-up C specimens in- 

creased notably as the scaled size was increased, no dependence of strength on specimen 

size was manifest because the 90° plies carried only a small portion of the total load. This 

can be seen by observing the stress/strain plots (Figure 4.4) of the crossply laminates. No 

notable change in stiffness is associated with failure of the 90° plies, hence the strain energy 

is being stored almost entirely in the 0° plies. 

In Lay-up A and AS4/3502 Lay-up B specimens, the non-linear effects were quite pro- 

nounced. On the other hand, the Lay-up C specimens, in which the strain energy was 

stored almost entirely in the 0° fibers, and APC-2 Lay-up B specimens, in which matrix 

damage was vastly reduced, showed no size effects on the stress/strain behavior. This indi- 

cates that scaling effects depend upon the strain energy released due to damage processes, 

and how that energy release changes as the specimens are increased in size. Therefore, the 

nature of the matrix damage occurring in a given lay-up was observed and insights relative 

to size effects were sought. 
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The character of the non-linearities in the stress/strain response proved to be repeatable for 

specimens of the same size and lay-up. It was interesting, therefore, to note the correlation 

between certain identifiable features on the stress/strain curves and the damage developing 

in the coupon at that point. 

Also presented is a brief discussion of the strain energy release rate model proposed by 

O'Brien [10]. Originally, Lay-up A was chosen for this study to investigate scaling effects 

in delamination. However, as has been noted previously, the stress/strain response of Lay- 

up A specimens was already non-linear before delaminations formed. The delamination 

model was therefore applied to the quasi-isotropic Lay-up B specimens. 

6.1 Stress/Strain Response 

If no scaling effects were present, the stress/strain responses for all sizes of a given lami- 

nate would be identical. However, Lay-up A and AS4/3502 Lay-up B specimens showed 

significant scaling effects in stress/strain response. Differences with increased size included 

variations in strength and strain to failure, location of the non-linear knee and locations of 

other identifiable features of the stress/strain response. 

ld -up A - 

Figure 4.2 shows the response of 3-D scaled batch J specimens of Lay-up A. The plots 

indicate a steady increase in ultimate stress, strain to failure and the non-linear knee stress 

as the size of the specimen increases from n=1 to 4 . They also showed a very regular trend 

in the change of the stress/strain curves. All curves exhibit the same initial modulus, and 

although the general shape of the curve is the same for all sizes, the non-linear effects are 

delayed in the larger specimens. The similarity in stress/strain curve shape indicates that the 

same type of damage is occurring in the three sizes of specimen, while the delay in non-lin- 
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earities shows that the initiation and propagation of damage occurs at increasingly higher 

applied stress and strain levels for the larger specimens. 

- 45/-4 

Figure 4.3 shows the response of 3-D scaled AS4/3502 Lay-up B specimens. Again, as 

the specimen size was increased, the general trend was toward higher ultimate stress and 

delay in the stress at which non-linearity occurs. 8-ply specimens showed a behavior com- 

pletely different from the other specimen thicknesses. Note in Figure 4.3 that the three 

largest specimens were almost linear to failure, whereas the Ba-8 specimens exhibited 

highly non-linear response. This change in the degree of non-linear effects is related to the 

manner in which the thickness was increased using sublaminate-level scaling. The tech- 

nique of repeating sublaminate groups affects the way that damage is propagated in the 

laminate, specifically with regard to delamination, as will be discussed later. This depen- 

dence of the stress/strain response on damage propagation can also be seen by observing 

the response of the APC-2 Lay-up B specimens. No delamination, and reduced 90° ply 

cracking was present in these specimens. As a result, the response was linear to failure, 

and was independent of the size of the specimen. 

Recall also that the response of the APC-2 specimens varied as a function of its position in 

the panel. Cantwell et al. [16] have reported that the properties of APC-2 composites can 

vary significantly with different cooling rates. Differences in cooling rates lead to variations 

in the degree of crystalinity in the semi-crystalline PEEK matrix material. In the fabrication 

process, it is likely that the edges of the panel cooled more quickly than the center. This 

non-uniform cooling rate would then lead to non-uniformities in the laminate mechanical 

properties throughout the panel, as was found experimentally. 
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6.1.3 Lay-up C [90/0/90/0] ns 

Like the APC-2 Lay-up B specimens, Lay-up C specimens showed no size effects (Figure 

4.4). Reasons for this, and the linear stress/strain response will be discussed in the next 

section. 

6.2 Damage Processes 

Kellas and Morton [6] observed that for the larger sizes of AS4/3502 ply-level scaled lami- 

nates, transverse matrix cracks existed in cut, but unloaded coupons. No such transverse 

cracks were observed in any of the sublaminate-level scaled specimens. This seems to sup- 

port their conclusion that ply thickness is an important scaling parameter controlling dam- 

age propagation [6]. However, ply thickness alone cannot fully account for scaling phe- 

nomena, since it was observed that the first ply failure was delayed in larger sublaminate- 

scaled specimens. All sublaminate-scaled specimens had the same ply thickness. Kellas and 

Morton [4, 6] suggested, further, that the manner in which a crack or flaw in a given ply is 

constrained by neighboring plies may also contribute to scaling effects. 

As mentioned before, Flaggs and Kural [18] used an energy based model for the transverse 

cracking of a 90° ply constrained by 0° plies, from which Equation 5.6 was derived [4]. 

The model can also be used to yield Equation 6.1 [20], where b¢ and E¢ are the thickness 

and stiffness, respectively, of the constraining plies; and t and E2 are the thickness and 

stiffness of the 90° plies, respectively. The subscripts p and j, refer to prototype and model 

sizes, respectively. 

  or (6.1) = 
m 

cr c c Cc ¢ 1/4 Ey DE |OnEm + te, . 

bo ES [bcE° + tE, | 
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In order to investigate the cracking of 90° plies in sublaminate-level scaling, Equation 6.1 

can be simplified to Equation 6.2, where first ply failure occurs in the linear response 

range. The constraining plies are all plies in the laminate except the ply under investigation. 

  

  

1/4 

~ | ae] 
fr Se .)__|PP eo J) (6.2) 

[3_ ply Os py 1+ E, 

(8n—2)E> 

Flaggs and Kural [18] used this energy based model to investigate damage in [0°/90°y|; 

laminates, with some success in modeling the reduction (with increased values of n) in the 

strain at which damage initiated. Kellas and Morton [6] also used the model (Equation 5.6) 

in order to predict the reduction in strength as ply-level scaled specimens increased in size. 

Equation 6.2 predicts the scaling effect in sublaminate-level scaling to be negligible. The 

maximum value of Equation 6.2, in the case of sublaminate-level scaling, is approached as 

n goes to infinity. In this case, the denominator goes to unity, and the equation reduces to 

the numerator, all of whose values are constant with respect to specimen size. With typical 

values (where E2 << Eg_pjy ), the numerator is quite close to unity, and hence predicts 

minimal scaling effect. 

However, other fracture mechanics models can be useful for describing the sequence of 

damage in a laminate. Consider a homogeneous isotropic material under tensile loading. 

The mode I stress intensity factor, ki, is given by Equation 6.3, where o is the applied 

load, and F(a/W) is a geometric function of a and W called the compliance function. 

ki = Ae) ovna. (6.3) 
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Two cases are presented in Figure 6.1. Case (a) represents an edge crack in a plate. Case 

(b) represents a central crack in an otherwise identical plate. In both of these cases, the 

crack half length is a. In the case where a/W tends to zero, it is well known that for cases 

(a) and (b), respectively, 

k,=112 o{ma ,andki=oYna. (6.4) 

This indicates that an edge crack will propagate before a central crack. In a similar manner, 

all other things being equal, a surface ply of a given orientation will crack before a central 

block of two plies of the same orientation, as was noted by Kellas and Morton [4]. 

Finally, Kellas and Morton [6] also noted that for fiber dominated Lay-ups scaled at the 

ply-level, the ultimate failure mode depended on the size of the specimen. It was found that 

for the sublaminate-level scaling, this was not the case with Lay-ups B and C. 

6.2.1 Lay-up A _[30/-30/90/90]ns 

Because there are no 0° plies in the Lay-up A specimens, the 90° plies contribute signifi- 

cantly to the laminate stiffness. As the 90° plies lost their integrity through increasing trans- 

verse cracking, the laminate stiffness changed. To determine how much cracking of the 90° 

plies could affect the laminate stiffness, CLT was employed to model a damaged laminate. 

Using a [+30/-30/902]ns stacking sequence, the stiffness transverse to the fibers (E22) in 

the 90° plies was assigned a value of zero, while the other ply stiffnesses remained un- 

changed. Obviously, this is an extreme case, and in practice, delamination initiated before 

transverse cracking reached this point. It was found that this led to a 10% reduction in 

laminate stiffness, thus indicating that transverse cracking in the 90° plies is one factor that 

contributed to the reduction in laminate stiffness in Lay-up A. 
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The second factor contributing to the non-linear stress/strain response was the formation of 

delaminations. In the larger sizes, the delamination always occurred at the outermost 

-30°/90° interfaces. In effect, the +30° plies on the outer surfaces of the specimen were lost 

as the delamination propagated. The 30° plies on both surfaces, therefore, can be thought 

of as "weak" plies, since they lose their structural integrity before the other plies in the 

laminate. This produces a scaling effect, since the relative effect of losing the four surface 

plies would be diminished as the thickness is scaled, and more +30° plies are available to 

carry the load. The Aa-8 specimens failed shortly after the +30° plies were delaminated. 

This leads to a difference in the way the specimen fails. The delamination of the Aa-8 

specimens allows separation of the coupon without fiber fracture. Larger specimens con- 

tained additional +30° plies, which resulted in the ability to sustain a more extensive delam- 

ination lengthwise, but required that fibers fracture in order to break the coupon. Thus, 

only the larger specimens exhibited fiber fracture in the ultimate failure mode. 

Finally, as noted before, the first plies to fail in the Lay-up A specimens were always the 

outermost 90° plies. Since there are no surface 90° plies (which would fail first according to 

reasoning associated with Equation 6.4), Equation 6.1 leads to the conclusion that the 

thicker center block plies would fail first. Recall, however, that cracks in the outer 90° plies 

were at some angle other than perpendicular to the applied loading. Hence, these plies were 

experiencing some additional stresses other than would be predicted by CLT. These 

stresses result from interlaminar shear stresses at the free edges, caused by the shear con- 

straint of the adjacent +30° plies. The surface angle-plies, being less constrained than inte- 

rior angle-plies, would give rise to higher interlaminar shear stresses at the free edge. It is 

felt that these additional stresses would account for the location of the first ply failure being 

in the outermost plies, rather than the central blocked plies, in spite of the fracture mechan- 
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ics reasoning presented earlier. Recall that these arguments were based on the assumption 

that all plies were orthotropic in the global reference frame. 

- 45)-4 

First ply failure in all sizes of Lay-up B specimens was in the center block of 90° plies, as 

expected based upon the fracture mechanics arguments presented. The outer 90° plies are 

separated from the +45° plies by 0° plies, so they do not see the same shear constraint that 

caused the Lay-up A specimens to fail there first. 

The effect of the delamination process on the stress/strain curve was to reduce the stiffness 

of the laminate by decoupling its constituent plies. This reduced stiffness produced higher 

laminate strains for a given load. Since there are 0° plies present in the laminate, the failure 

is fiber strain dominated. Note in Figure 4.26 that the average strain to failure of the scaled 

specimens remains roughly constant. One effect of the delamination, then, is to precipitate 

early failure of the specimen by decreasing the stiffness, and thereby reducing the average 

stress required to reach the failure strain of the fibers. The degree to which a specimen de- 

laminates will then determine the extent of the failure stress reduction. 

This is an important observation, since the propensity of a sublaminate-scaled Lay-up B 

specimen to delaminate is reduced with increased size. The change in the extent of delami- 

nation is an unavoidable result of the method employed in scaling the laminate thickness by 

repeating sublaminate blocks, as will be discussed in the next section. 

Another way to change the nature of delamination is to change the toughness of the matrix 

material. It was anticipated that the higher toughness of PEEK matrix material would 

significantly reduce the damage propagated in the APC-2 Lay-up B specimens. Still, upon 

examination of the radiographs of the APC-2 specimens (see Figure 4.24), there was evi- 
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dence of cracking in both the 90° plies, and the +45° plies. In addition, there appeared to be 

delaminations at the specimen edges, although the regions of delamination lacked the sharp 

clarity at their boundary that the AS4/3502 delaminations exhibited. However, when the 

specimen edges were viewed under the microscope, no delaminations were present, and no 

cracking of the 45° plies was present. Furthermore, the cracking in the 90° plies was not as 

extensive as appeared in the radiographs. Therefore, some other mechanism was responsi- 

ble for the observations on the radiographs. Perhaps there was fiber/matrix debonding that 

allowed the dye penetrant to be absorbed at the fiber/matrix interface, and the images to be 

recorded. More research is needed to determine the cause of this phenomenon. 

The PEEK resin system did prove to render a composite with significantly higher tough- 

ness (as compared to the AS4/3502), which yielded much less damage in the Lay-up B 

APC-2 specimens. The lack of delamination, and significantly reduced cracking in the 90° 

plies produced the linear stress/strain response of the APC-2 specimens, which, because 

the failure was fiber strain dominated, resulted in a lack of strength scaling effects. 

6.2.3 Lay-up C [90/0/90/0] ns 

Figure 4.4 shows the typical stress/strain response of the specimens of Lay-up C. The re- 

sponse was nearly linear to failure, and there was no indication of any influence of size on 

the strength. The first ply failure occurred at a higher stress for the full scale case (Figure 

4.14), but this did not affect the global stress/strain response, which is almost entirely con- 

trolled by the 0° fibers. 

First ply failure occurred in the surface plies, which is consistent with the arguments asso- 

ciated with equations 6.4. The sublaminate-scaled crossply laminates also displayed a local 

failure across the width of the specimens, as opposed to the longitudinal splitting of the 0° 

plies noted by Kellas and Morton [6] in similar ply-level scaled specimens.



6.3 Delamination 

O'Brien [10] has used a fracture mechanics approach to study delamination and has pro- 

posed a test specimen for use in determining an effective combined mode fracture tough- 

ness G-. His analysis proposed that G, is a material property (independent of stacking se- 

quence), which can be determined from the ply properties, and a small number of tests. 

Once obtained for a given material, G,; can then be used to predict the onset of delamination 

in other stacking sequences. O'Brien's equation is 

Go= 4 2 tlE Lan -E*), (6.5) 

where &, is the critical strain at the onset of delamination, t¢ is the thickness of the laminate, 

Ezam is the stiffness of the undamaged laminate, and E” is the stiffness of a totally delami- 

nated specimen. As mentioned before, the stress/strain response is elastic in nature. It is 

assumed that deviation from linearity is simply a reflection of the changing elastic stiffness 

due to progressive decoupling of the sublaminates produced by the delamination. If the 

specimen were unloaded at any point along the stress/strain curve, the response would trace 

a linear path back to zero permanent deformation (Figure 6.2). If then loaded again, the re- 

sponse of the specimen would return along this same linear path of reduced modulus, until 

the stress/strain reached the point at which damage could again be propagated. As the de- 

lamination propagates all the way to the center of the specimen, the decoupling is com- 

pleted. The slope of the line passing through the origin, and tangent to this final portion of 

the curve yields E*. 

O'Brien proposed that E* can also be found using CLT by modeling the delaminated 

specimen as three separate sublaminates as shown in Figure 6.3, and finding the average 

stiffness using a rule of mixtures approach [10]. The critical strain &, is the strain at which 
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delamination starts. As noted above, this strain coincides with the first knee in the 

stress/strain response, and is determined experimentally by testing a small number of de- 

lamination specimens. 

O'Brien originally proposed a stacking sequence similar to that of Lay-up A for his delami- 

nation studies, namely [+30/+30/90/90]s. Because of the additional set of +30° plies, the 

interlaminar shear and normal stresses are higher in this laminate than in Lay-up A in this 

study, causing his specimens to delaminate more readily. Consequently, O'Brien observed 

general edge delamination, which was not the case with the Aa-8 and Ab-8 specimens 

discussed previously. 

In a more recent work, O'Brien [13] proposed the use of a [35/0/90] 5 as a standard test 

specimen. The performance of this Lay-up is quite similar to the quasi-isotropic specimens 

of Lay-up B. Since the data from the Lay-up B specimens were available, it was decided 

that a closer examination of O'Brien's model might prove useful. Figure 6.4 shows a typi- 

cal Ba-8 stress/strain plot, along with the average experimental values for Ezgm, E* and 

the critical strain, E,. 

The ply property data for AS4/3502 graphite/epoxy are given in Table 6.1. Values for both 

ELam and E* measured from the stress/strain curves of the baseline Ba-8 specimens com- 

pared very well with those predicted by CLT. These computed values are also included in 

Figure 6.4. 

After G- was found using Equation 6.5, &, was predicted for the different sizes of Lay-up 

B by finding the new E* for each size, and inverting Equation 6.5 as shown in Equation 

6.6. 

Eo = 4 | ———* (6.6) 
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Figure 6.5 shows the model's predictions of &, for the four 3-D scaled Laminate B sizes, 

along with the observed experimental data. G, was found from the Ba-8 specimens, and 

was then used in the prediction of the other sizes. Although the model predicts €, well for 

the Bb-16 specimens, the prediction is off for the larger sizes. This is because the larger 

specimens undergo more extensive transverse cracking in the 90° plies prior to delamina- 

tion. O'Brien's model neglects strain energy released due to transverse cracking, and 

showed this to be valid [10] for specimens that did not undergo extensive cracking prior to 

delamination since negligible strain energy is released. This is evidenced by the linear 

stress/strain response to the point of delamination in Figure 6.6(a). However, because the 

delamination onset stress for the larger specimens was higher, the transverse cracking 

could progress to a greater extent before delamination initiated. In fact, the larger specimens 

underwent non-linearities in their stress/strain response before delamination onset, as seen 

in Figure 6.6(b). 

CLT was used to determine the loss of stiffness due to damage in the 90° plies, as de- 

scribed in section 6.2.1. It was determined that the laminate stiffness could be reduced by 

4% if damage was extensive. Figure 6.6(b) shows that indeed the stiffness was reduced, 

and hence appreciable strain energy was released prior to delamination. Therefore, less en- 

ergy was available to drive a delamination crack than was predicted by O'Brien's model, 

and delamination was delayed. It is for this reason that the experimental data do not agree 

with predictions based on O'Brien's approach. 

As mentioned before, as n increased, the extent of delamination of the specimen became 

less. While the 8-ply specimens delaminated completely before global failure, the larger 

specimens exhibited reduced levels of delamination. Two of the 32-ply specimens had not 

developed delaminations along their entire edges before they failed catastrophically. In all 
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32-ply specimens, the effect of delamination on laminate stiffness was very small, as indi- 

cated by CLT where E* approached Ej gm. This indicates that it becomes less energetically 

favorable for delamination to occur as n increases using sublaminate-level scaling. Hence, 

the stress/strain response tends toward linearity, as observed experimentally. 

6.4 Ultimate Stress and Strain 

The main goal of this study was to understand the nature of the changes in the ultimate 

stress and strain in scaled composite laminates, and to determine the reasons behind these 

changes. Since the ultimate failure depended on the state of the damage introduced into the 

specimen, differences in damage processes for the different sizes of specimen were ob- 

served. 

The data in Tables 4.12-4.15 show that differences in laminate strength due to specimen 

size were less pronounced in laminates with 0° fibers. This indicates that for sublaminate- 

level scaling, the size differences are caused by damage states in the angle-ply and 90° 

laminae. The global response of the laminate is then governed by how the 0° fibers can 

compensate for the changes brought about by the damage. 

As an example, in Lay-up C, size differences in the first ply failure stresses of 90° plies 

were definitely present, but the global stress/strain responses of scaled Lay-up C speci- 

mens showed no net effect because the load is carried almost exclusively by the 0° plies. 

Ultimate failure of the laminate is controlled by fiber fractures in the 0° plies which do not 

appear to be affected by specimen size. 

In all cases, the scaled strength seemed to approach some maximum beyond which speci- 

men strength became insensitive to scaled size. In the case where 0° plies made up one 

quarter of the plies in the laminate, such as the quasi-isotropic Lay-up B, the ultimate



strength of an 8-ply laminate was about 80% the full scale strength, and a 16-ply had es- 

sentially reached full scale strength for the lay-up. Hence, for most structural applications, 

which contain at least 25% 0° fibers, the testing of a 16-ply laminate should yield results 

close to the limiting value for full scale structures. 

In fact, the delamination of a laminate can be reduced or eliminated by reordering the 

stacking sequence. Herakovich [17] noted that the [+45/0/90],,, laminate is the worst case 

arrangement of the twelve unique permutations of 8-ply quasi-isotropic stacking sequences. 

If the stacking sequence were changed to minimize interlaminar stresses, delamination 

would be suppressed, and the response would be more linear. In this case, the scaling ef- 

fects would also be minimized. 

The reason that the strength of Lay-ups A and B reached maximum values as the size of 

Specimens increased lies in the way in which damage occurred in the laminates. When ma- 

trix damage was reduced, as in the case of the APC-2 specimens, or when the fibers domi- 

nated the response, as in the case of Lay-up C, strength scaling effects were not present. 

6.4.1  Lay-up A [30/-30/90/90 Ins 

In Lay-up A specimens, significant non-linearity existed in the stress/strain curve before 

delamination onset. This was because the 90° plies contribute significantly to the laminate 

stiffness. As the 90° plies failed by transverse cracking, the stiffness of the laminate de- 

creased. It might be expected that the larger specimens would have the same stress/strain 

response as the smaller specimens, since they have the same relative amount of 90° plies, 

but the non-linear knee was delayed in the larger specimens. This indicates that damage in 

the 90° plies was delayed in the larger specimens, due to different ply constraint. 
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In addition, the surface +30° plies delaminated in all specimen sizes. In the process of de- 

lamination, these surface plies were damaged enough that their contribution as load bearing 

plies was greatly reduced. The remaining plies, therefore, were forced to share the added 

load, increasing the stress in these plies. In the case of the Aa-8 specimens, shortly after 

one of these areas of delamination started, the specimen failed. However, as n was in- 

creased, other +30° plies were able to take up the load, so the specimens could sustain more 

extensive delamination before global failure. In the case of the Ad-32 specimens, the weak 

plies constituted a relatively small portion of the total number of plies. 

Hence, not only did a larger Lay-up A specimen require higher stress to propagate damage 

in the 90° plies, but larger specimens also contained a relatively smaller percentage of weak 

plies, resulting in a smaller rise in stress in the other plies when the weak plies failed. The 

combination of these two effects produced a pronounced strength scaling effect. 

6.4.2 Lay-up B [45/-45/0/90]ns 

As the thickness of an AS4/3502 Lay-up B specimen is increased using sublaminate-level 

scaling, the amount of energy released during delamination is decreased. This is predicted 

by O'Brien's model [9], where E™ approaches Ezgm as the stacking sequence is changed 

from [+45/0/90], to [£45/0/90]4s. 

As delamination developed, there was a progressive decoupling of the lateral constraint im- 

posed by the 90° plies on the [45/-45/0]r sublaminate blocks. This decoupling due to de- 

lamination, which was more pronounced in the smaller specimens, yielded higher strains 

for a given load. AS4/3502 Lay-up B specimens, however, showed only a slight increase 

in strain to failure as the specimen size increases. This is because the strength response was 

dominated by the fibers in the 0° plies. When the failure strain of the fibers was reached, 

failure was precipitated. Therefore, if delamination is retarded, the stress/strain response of 
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the Lay-up B specimens will be more linear, as was is the case with the larger AS4/3502 

specimens and the APC-2 specimens. In this case, the ultimate strength would not be ef- 

fected by specimen size. 

Finally, the results from the APC-2 test program showed that scaling effects can be elimi- 

nated altogether by toughening the matrix material. This is because when the matrix mate- 

rial is toughened, transverse cracks in the 90° plies are reduced, and delamination is elimi- 

nated. Since the scaling effects are a result of the initiation and growth of damage in the 

specimen, then retarding the onset of damage by toughening the matrix, should reduce the 

scaling effect. As mentioned above, the thinner specimens tend to delaminate more readily 

than the thicker specimens because of the strain energy that is released upon damage. If, as 

in the case of APC-2, even the small specimens do not delaminate, then no scaling effect is 

present. 

6.4.3  Lay-up C [90/0/90/Ojns 

Lay-up C specimens showed no strength or strain to failure scaling because the load was 

carried almost exclusively by the 0° plies. Because the 90° plies are so compliant compared 

to the 0° plies, only very small stress concentrations result from cracks in the 90° plies. 

There was also no tendency to delaminate, so the stress/strain response was linear to fail- 

ure. Hence, the 0° plies controlled the response, and no strength scaling effects were ob- 

served. 

6.5 Finite Element Model 

Finite element analysis was used to find the through-the-thickness edge stresses driving 

delamination. The 2-D model was chosen in order to avoid the large number of degrees of 

freedom that a full 3-D model would require. Generalized plane strain elements allowed the 
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modeling of a cross section of the specimen in the y-z plane, as shown in Figure 3.1, with 

a prescribed strain in the x-direction. Because the model was only 2-D, a relatively high 

degree of mesh refinement was possible, with eight elements through the thickness of each 

ply. 

In order to use the generalized plane strain model, the angle plies had to be modeled as or- 

thotropic plies with the lamination theory properties of a symmetric + 8 laminate. This in- 

corporated the effect of the Poisson's ratio of the angle plies, but did not allow the model- 

ing of shear/extension coupling. However, the shear behavior does not give rise to edge 

stresses in the z-direction 0,. Rather, shear coupling produces out-of-plane shear stresses 

Tz near the edge. Hence, the generation of o, edge stresses is solely a result of mismatches 

in the effective Poisson's ratio of the different plies, and can be modeled using the general- 

ized plane strain elements. 

In order to check this, a more crude 3-D model was used. Only four elements through the 

ply thickness were used in order to limit the total number of degrees of freedom. Figure 3.2 

shows that the two models are in agreement, with the 2-D model showing smoother stress 

distribution. 

Stresses calculated by the model predicted delamination at the outermost 90° plies for both 

Lay-ups A and B. However, the difference between peak stress in the outer 90° ply, and 

the stress in the central 90° plies in Lay-up B , was much smaller than the same difference 

in the Lay-up A specimens. Recall that the Lay-up B specimens delaminated in the central 

90° block, not the outer 90° plies. Therefore, some other stresses must be present in order 

to cause the delamination at the central block. Recall also that the specimens contained 

many cracks in the 90° plies, which were not modeled in the finite element model. 

Through-the-thickness stresses will result from the cracks in 90° plies. Hence, a way to 
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calculate the stresses due to the presence of a crack was employed. The two mechanisms of 

producing o; are uncoupled, and can be added linearly. 

6.6 Analytical Model 

The method used models a crack in the middle ply of a 3-ply laminate (see Figure 3.4). All 

layers are modeled as orthotropic plies, with the crack located in layer 2. The method is an 

extension of a model by Vasiliev [11], with the added capability of handling cracks in lay- 

ers that do not lie on the mid-plane of the specimen. This allows finding the stresses due to 

a crack in the outer 90° plies of the lay-ups in this work. 

When modeling the laminates in this study, the model in effect smears the stiffness of some 

of the plies in the laminate into a single ply with a given “effective” stiffness. Since all an- 

gle plies exist in balanced +6 pairs, this is not a bad assumption. 

The stresses found in an n=2 Lay-up A specimen added to the finite element results to pre- 

dict delamination in the outer 90° plies (Table 4.20), as observed in the experiments. 

Stresses calculated in an n=2 Lay-up B specimen showed the reverse trend. The finite 

element model calculated higher o; stresses in the outer 90° plies by about 17%. With the 

crack present, the analytical model predicted 0; stresses to be higher in the central 90° plies 

by about 6% (see Table 4.20). When added together, the stresses in the undamaged finite 

element model and the cracked analytical model still predicted o; stresses to be slightly 

higher in the outer 90° plies, by about 11%. However, upon examination of the damage in 

Lay-up B specimens just prior to delamination onset, it was noted that the crack spacing in 

the central 90° block was on the order of 0.2 mm, whereas the crack spacing in the outer 

90° plies was on the order of 0.5 mm. Note from Figure 4.29 that this allows interaction of 

adjacent cracks in the central plies, but not in the outer 90° plies. Stresses from neighboring 

cracks in the central plies could add together to cause ©; to be higher in these central plies. 
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7. DISCUSSION (FLEXURE) 

When coupons are loaded in flexure, there is a certain amount of anticlastic curvature asso- 

ciated with the bending. If this curvature is restricted by rollers, the response will be 

slightly stiffer than if the specimen were allowed to bend free of anticlastic curvature con- 

straint. This curvature effect was assumed to be small in the present work. 

In general, the ply-level scaled flexure response was as expected from previous research 

[4, 6], but the sublaminate-level scaled specimens did not follow trends observed in the 

tensile portion of this work. No increase in specimen strength in Lay-ups B and D was 

noted with increased sublaminate-level scaled size. It is unlikely that the compressive load- 

ing of a portion of the specimens was a major contributor to this lack of strength increase, 

as Lay-ups B and D failed in the tensile plies. Lay-up C specimens did fail by compressive 

buckling, but as will be discussed in this chapter, using shims between the rollers and the 

specimens eliminated compressive buckling. 

7.1 Numerical Model 

The numerical model was compared to three isotropic materials. These were steel, alu- 

minum and polymethylmethacrylate (PMMA). One of the differences between isotropic 
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materials and composites is that the bending stiffness of a composite laminate depends 

upon the stacking sequence, and is completely independent of the longitudinal tensile stiff- 

ness. The bending stiffness can be predicted by using some theory, such as Classical 

Lamination Theory, or some higher-order plate theory, but this prediction is only approxi- 

mate and is limited by the approximations made in developing the theory. By contrast, the 

bending stiffness of isotropic materials is equivalent to the extensional stiffness, or 

Young's modulus. 

Hence, the extensional stiffness of the three isotropic materials was found, and along with 

the specimen and fixture geometry was input into the numerical model. Load/deflection 

plots were generated using the model, and the results agree quite well with the experimental 

load/deflection plots until plastic yielding occurred (Figures 5.1-5.3). 

This model was then used to find the actual bending stiffnesses of the composite laminates. 

The shape of the curve agreed very well with the composite specimens as well up to a point 

where the experimental response diverged from the predicted. It was found that in the cases 

of Lay-ups B and C, this divergence was directly associated with damage occurring in the 

specimens. Lay-up D specimens did not show cracks in individual plies at the point of di- 

vergence from the prediction, indicating that some other form of damage, that could not be 

detected by the methods employed, was present. 

In light of the above, it was found that the model provided a convenient way to determine 

when damage in a specimen became important to the stiffness of that specimen. 

7.2 Load/Deflection Response 

As discussed in chapter 5, in order to compare the load/deflection responses of different 

sized specimens, some sort of normalization method was needed. It was decided to use a 
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normalization based upon the strain at the specimen surface (See Equations 5.5). This 

method of normalizing the load/deflection response collapses the response of any scaled 

size of specimen to the same curve, regardless of stiffness. 

For ply-level scaling the normalized ultimate load, ultimate deflection, response curve 

shape, etc., should be identical if no scaling effect is present, as the strains in each ply or 

block of plies of a given orientation should be the same for any value of A. In general, this 

was not true for the laminates studied. Hence, there is indeed a scaling effect in ply-level 

scaled specimens, and the general trend is toward degraded properties as more plies are 

blocked together. Note in Figures 5.12-5.17 that the model used by Kellas and Morton [6] 

predicted this drop in ultimate load and deflection, although the degree to which the model 

fits the data depends upon the stacking sequence. Note in particular Figure 5.38, where the 

buckling failure mode was eliminated from the Lay-up C specimens. This dependence on 

stacking sequence is not modeled by Equation 5.6. 

The interpretation for sublaminate-level scaling was not as simple. The normalized 

load/deflection response should have the same shape as the ply-level scaled specimens, but 

it is not necessarily true that the normalized ultimate load and deflection should be unaf- 

fected if no scale effect were present. Depending upon the critical failure mode and the 

Stacking sequence, the mechanics of the problem may still suggest differences in the nor- 

malized load/deflection at which failure occurs in sublaminate-level scaled specimens. 

- 45-4 45n/-4 

All but the Bdp specimens showed very similar normalized load/deflection response, even 

in the non-linear properties range. This indicates that similar failure processes were taking 

place. Final failure occurred at different normalized load and deflection levels, but the fail- 

ure mechanisms that govern loss of stiffness were very similar. 
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The Bdp specimens showed severe non-linearities before any of the others showed any 

signs of damage. This was a combination of two different effects. The first was the fact 

that larger ply-level scaled specimens show damage at lower strain levels than smaller ones. 

Hence, damage began to accumulate early in these specimens. Secondly, there was a dam- 

age mode in these specimens that did not occur in the other specimens. This damage mode 

was delamination at the -45°/0° interface (see Figure 5.29). Large portions of the +45° 

blocks on the tensile surface simply delaminated and lost their load carrying capacity. Note 

that in Figure 5.4, the prediction based on the complete loss of these surface +45° plies is 

plotted along with the data. The Bdp specimens were clearly approaching this case, but did 

not quite reach it before failure of the 0° fibers. 

7.2.2 Lay-up C_ [0/90/0/90Jns and [0n/9Qn/On/90n]s 

Lay-up C should show very little or no scaling effect, based on tensile. Figure 5.5 seems 

to indicate that there was a pronounced scale effect, but recall that the outer compressive 0° 

plies buckled before failure of the tensile surface 0° plies. Figure 5.37 shows the scaled re- 

sponses of Lay-up C specimens when no compressive buckling took place. Unfortunately, 

there is no Cds specimen, and only one or two specimens of each of the other sizes were 

available. Therefore, it is not known if these normalized load/deflection plots are typical, 

and there is no way of calculating average load and deflection at failure. 

It can be seen, however, that there was very little stiffness loss due to cracking in the 90° 

plies, as most of the strain energy is stored in the 0° plies. This result is similar to that noted 

in the tensile work. 

Buckling was averted by placing compliant shims between the rollers and the specimen, as 

in Figure 5.35. These shims distributed the load of the rollers to a wider area on the speci- 
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men, thus avoiding crushing of the 0° surface ply. As crushing was avoided, no buckling 

occurred. 

2 -up D [45/-45/45]-4 45nl-45n/45nl-4 

Sublaminate-level scaled Lay-up D specimens showed no scaling effects at all to very high 

non-linear strain levels. Ply-level scaled specimens followed what would be expected from 

previous work by Morton and Kellas [6] (Equation 5.6). 

Like the Bdp specimens, the Ddp specimens showed a departure from the load/deflection 

response of the other types of specimen. This early departure was due to the comparably 

more sever delamination of surface +45° plies, as seen in Figure 5.34. As this severe de- 

limitation propagated, the surface +45° plies lost their load carrying capacity, and the stiff- 

ness changed significantly. 

7.3 Strain Response 

It is seen in Figures 5.20-5.22 that there are two independent deviations from ideal uniform 

elastic response of the beam specimens. One effect is that the top and bottom strains did not 

remain equal in magnitude, opposite in sign, indicated by the fact that the average strain 

does not remain zero throughout the response. This shift may be due several factors, one of 

which could include the addition of compressive axial loading of the specimen. 

Compressive axial loading is indeed present in the gage section due to differences in the 

horizontal components (R in Figure 5.8) of the applied load at the inner and outer rollers. 

However, using the numerical model, it was found that this axial loading could account for 

only about 4% of the actual strain deviation observed (see Figure 7.1), indicating that other 

mechanisms control the effect. A second possible explanation is the shift from linear strain 

distribution through the thickness. It is well known that as deflections become large, the 
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strain distribution through the thickness becomes slightly non-linear, which would cause a 

shift in the neutral axis. However, the deflections at which the deviations occurred in the 

specimens were still small, starting at about one specimen thickness. 

The second variation from ideal elastic response is the deviation of the magnitude of the 

strains from that predicted by the model. Both using simple beam theory, and the non-lin- 

ear bending equation in the numerical model of the beam, it was assumed that the material 

properties remained linear and uniform throughout the beam. Equation 5.6 shows that for 

small strains, the deflection/strain response is independent of stiffness, as long as the prop- 

erties remain uniform. Therefore, experimental deviation from the uniform properties pre- 

diction, such as is seen in Figures 5.20-5.22, indicates that something has affected some 

local portion of the specimen (the gage section), which leads to local softening of the beam 

specimen. The softened structure allows greater strain in the gage section for a given roller 

displacement, as illustrated in Figure 7.2. 

This local stiffness change could be due to two possible effects, namely elastic non-lineari- 

ties, and specimen damage. Damage tends to reduce the stiffness of a flexure specimen in 

the local region of the gage section, which would lead to deviation from the uniform prop- 

erties prediction. This could also lead to a shift in the neutral axis if damage occurs asym- 

metrically about the specimen mid-plane. As noted before, damage in the specimens ob- 

served under the microscope was concentrated in the tensile plies, which would lead to a 

shift of the neutral axis in the positive z-direction. However, the shifts noted were always 

in the negative z-direction. In addition, the shifts of neutral axis and deviations from the 

uniform properties prediction occurred at displacement levels below those at which damage 

initiated in each specimen type, with the exception of the ply-level scaled specimens, which 

contained damage in virgin specimens. 
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Unidirectional composite materials have been shown to exhibit strain hardening properties 

in tension, and strain softening properties in compression [19]. In the range of strains rep- 

resented in Figures 5.20-5.22, all laminates have been shown to be linear elastic under 

tensile loading [4, 6, and chapter 4 herein]. However, in compression, there may be some 

non-linear material property behavior. Note in Figure 5.19 that the deviation from the pre- 

diction is almost entirely in the compressive strain. This was true of both Lay-ups B and 

C. Lay-up D specimens showed deviation from linearity in both tension and compression. 

In light of the above, it is thought that the shift in neutral axis in Lay-ups B and C was a 

result of local softening caused by the compressive loading of a portion of the laminate be- 

fore damage initiated. 

Recall that each of Figures 5.20-5.22 consists of five typical curves, one for each specimen 

size and scaling method. With the sole exception of the Cds specimens, all curves for the 

same lay-up coincide, indicating that the same amount of local stiffness variation is occur- 

ring in each specimen of the same lay-up. 

7.4 Damage Processes 

Considering the findings of Kellas and Morton [6], it was expected that the ply-level scaled 

specimens would follow the trend they did. Larger ply-level scaled specimens began the 

failure process at considerably lower strain levels than their sublaminate-level scaled coun- 

terparts. 

However, there was no corresponding increase in strain levels needed to initiate damage in 

the sublaminate-level scaled specimens, as was found in the tensile part of the current 

work. This may be due to the fact that only a small portion of the coupon actually sees high 

tensile strains. 
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7.4.1 Lay-up B [45/-45/0/90]ns and [45nl-45n/0n/90n]s 

Unfortunately, the first ply failure was missed in the Bds specimens. It is therefore not 

known what the trend in sublaminate-level scaled specimens would be. It would not be 

conclusive to say that based on the first two sizes, there is an increase in first ply failure 

strain. 

One thing of interest is the change in failure modes present in the two scaling methods. Ply- 

level scaled specimens had damage in the surface 45° plies, whereas the baseline and 

sublaminate-level scaled specimens did not. The Bdp specimens did not delaminate in the 

90° plies, but rather, the delimitation at the outermost 45° interface propagated. As the de- 

lamination grew in size (see X-rays in Figure 5.29), cracks in the -45° plies continued to 

occur. At some point, the -45° plies began to delaminate from the 0° plies beneath them 

(Figure 5.29). This released enough strain energy that the delamination in the 90° plies did 

not initiate. 

The sublaminate-level specimens all behaved like the baseline specimens as far as which 

failure modes were present, with the exception that larger specimens had more 90° layers in 

tension. These additional plies could then fail by transverse cracking. 

7.4.2 Lay-up C_[0/90/0/90]ns and _[0n/90n/On/90n]s 

Lay-up C sublaminate-level specimens followed a trend similar to the ply-level scaled 

specimens, with decreasing strains in the 90° plies at first ply failure. However, this differ- 

ence in first ply failure strain with increased scaled size had little effect on the ultimate fail- 

ure of the specimens. The cause of failure in these specimens was compressive buckling of 

the surface 0° plies. This buckling was precipitated by indentation and damage caused by 
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the steel rollers that applied the load to the specimens. When a shim was added to eliminate 

the crushing damage, no buckling was present. 

Another way to avoid buckling would be to modify the stacking sequence so that no 0° 

plies were on the surface. If the baseline stacking sequence had been the 16-ply analog of 

that used in the tensile work, namely [90°/0°/90°/0°]2s, the surface 90° plies would have 

prevented buckling. 

4 -up D [45/-45/45]-4 45nl-45nl45nl-4 

From Figure 5.6 it can be seen that the load/deflection response of Lay-up D specimens 

varies from the linear properties prediction after about 2 mm of normalized deflection A. 

However, the first damage observed by either penetrant-enhanced radiography, or pho- 

tomicroscopy, did not occur until nearly 4 mm normalized deflection. Yet, specimens 

loaded into the non-linear range, but below the damage initiation range, showed permanent 

deformation upon unloading. Therefore, some form of damage that could not be detected 

by either of the above methods was occurring. This could have been plastic yielding of the 

matrix, or fiber/matrix debonding among other things. 

7.5 Ultimate Load and Deflection 

1 Lay-up B [45/-45/0/ 45n!-45n/ 

The failure of Lay-up B specimens was governed by failure in the 0° fibers, but these 

specimens did not contain any 0° surface plies. As discussed above, there is no problem 

when comparing load/deflection response of ply-level scaled specimens. For a given value 

of A, the strains in the plies of any fiber orientation are the same, and since the failure is 

controlled by the fiber strain, different sized ply-level specimens should fail at the same 

value of normalized load or deflection. However, when discussing sublaminate-level scaled 
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specimens, the strain in the outermost 0° fibers will be different for different sizes. For a 

given A, the surface strains are the same for any size specimen using any scaling method, 

but the outermost 0° plies are closer to the surface than their counterparts in ply-level scal- 

ing (similar to Figure 5.25). 

Since the strain at the surface of the specimens is a function of the normalized values of 

load and deflection (JT and A), the strain in the outermost 0° fibers will be simply some ra- 

tio multiplied by the surface strain. As the strain distribution is linear, that ratio is simply 

the ratio of the ply's position with respect to the surface of the specimen, as noted in Figure 

5.25. Therefore, the failure loads and deflections presented in Figures 5.12 and 5.15 are 

corrected using this ratio for the larger sublaminate-level scaled specimens. 

These figures show that the sublaminate-level scaled specimens show no scaling effect with 

respect to ultimate failure. Although this may not appear to be consistent with the tensile 

work presented earlier, it does show some consistency with those previous findings. The 

reason the Lay-up B tensile specimens showed scaling effects is simply the fact that the 

baseline specimens delaminated much more severely than the other sizes, causing signifi- 

cant loss of stiffness, and therefore reaching the fiber failure strain at a lower stress. When 

the damage modes between sizes were similar, as in the case of the APC-2 specimens, 

scaling effects were reduced or eliminated. 

Lay-up B flexure specimens showed the same damage modes in all sublaminate-level 

scaled sizes, and the stiffness loss was the same for all sizes. Hence, the failure strain of 

the fibers was reached at the same load level and no scaling effect was present. 

Ply-level scaled specimens lost strength as the size was increased, which is consistent with 

the previous findings of Kellas and Morton [6]. 

79



7.5.2 Lay-up C_[0/90/0/90]ns and_[On/90n/On/90n]s 

Figures 5.13 and 5.16 show a decrease in strength with increased scaled size using both 

scaling methods. However, as noted before, these failures were by buckling of the com- 

pressive surface 0° plies. When shims were placed between the fixture and the specimens, 

this buckling phenomenon did not occur. Instead, failure was by tensile fiber fracture. 

Figure 5.38 shows the normalized ultimate load when the shims were used. 

Unfortunately, only one specimen from most specimen types, and no Cds specimen was 

available for testing. Hence, no averages could be computed, and it cannot be concluded 

whether the apparent slight drop in strength of the ply-level scaled coupons is real or not. If 

the effect is real, it is very slight. This agrees with previous findings showing crossply 

laminates to be insensitive to scaling effects. 

7.5.3 Lay-up D [45/-45/45/-45]ns and [45n/-45n/45nl-45n]s 

Further research into the nature of the non-linear behavior of Lay-up D specimens is 

needed before specific conclusions can be drawn about its flexural response. If damage is 

occurring, it is damage unlike that in the other two lay-ups, as it could not be seen as 

transply cracks or delaminations until well into the non-linear response. In the other two 

lay-ups, the initiation of damage could be directly correlated to the onset of non-linear be- 

havior. 
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8. CONCLUSIONS 

Because design of large scale structures is often begun by tests on small scale coupons, a 

study was performed to investigate the effect of specimen size and laminate stacking se- 

quence on the uniaxial tensile and four-point flexure response of carbon fiber composite 

specimens of four different laminate stacking sequences. 

The purpose of the study was to determine any change in the load/deformation response of 

a given stacking sequence as the size of the specimen was increased. Two methods of in- 

creasing the thickness of scaled laminates were used, namely ply-level and sublaminate- 

level scaling. These methods of scaling thickness are illustrated in Figure 1.1. The tensile 

program built on work done previously by Kellas and Morton [6] wherein they investigated 

the ply-level scaling of composites loaded under uniaxial tension. Hence, the tensile work 

presented herein studied only the sublaminate-level scaling of composites loaded under uni- 

axial tension. The flexure program investigated both ply- and sublaminate-level scaling of 

composites under four-point flexure loading. 

This work shows unequivocally that there are scaling effects in composite laminates. 

Although it is understood in the composites community that blocking plies together, the 

ply-level work presented above points to some important scaling considerations. In addi- 
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tion, sublaminate-level scaling has been shown to have an effect on certain laminate stack- 

ing sequences in brittle matrix composites. 

It was found that any effects scaling had on the global load/deformation response of speci- 

mens could be linked directly to damage propagation in plies that contributed significantly 

to the strength or stiffness of a laminate. Because of this, scaling effects were more pro- 

nounced in laminates whose response was governed significantly by matrix properties, and 

less pronounced in fiber dominated Lay-ups. Four major factors were found to govern the 

extent to which damage propagation effected the stress/strain response of a given coupon. 

These factors were 1) the laminate stacking sequence, 2) the thickness of the scaled speci- 

men, 3) the toughness of the matrix material, and 4) the method of scaling the specimen 

thickness. 

8.1 Tension 

Only sublaminate-level scaling of the thickness was used in the tensile portion of this work 

because Kellas and Morton [6] have previously reported the ply-level scaling effects ob- 

served in the three stacking sequences studied in this work. 

The stacking sequences chosen for the program were [+30/902]|ns, [£45/0/90]ns and 

[90/0/90/0]ns. These stacking sequences were designated Lay-ups A, B and C, respec- 

tively. Two material systems were investigated. Most specimens were fabricated of 

AS4/3502 graphite/epoxy. In addition, two panels of Lay-up B were fabricated of APC-2 

graphite/PEEK to study the effect of matrix toughness on scaled response. 
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8.1.1 Lay-up A [30/-30/90/90]ns 

It was found that Lay-up A specimens contained "weak" +30° surface plies. These four 

plies lost structural integrity before interior +30° plies because of damage resulting from a 

delamination propagated always at the outermost -30°/90° interface. 

A combination of finite element analysis to model interlaminar edge stresses, and an analyt- 

ical model used to account for the presence of damage in the form of 90° transply cracks, 

was used to find the through-the-thickness stresses. It was found that these methods were 

able to predict that the delimitation would occur in the outermost 90° plies. With the delimi- 

tation, the two sets of surface +30° plies physically separated from the rest of the speci- 

mens, and were damaged to the extent that they could no longer carry significant load. 

Hence, the remaining plies in the laminate were forced carry the added stress. In the case of 

the Aa-8 specimens, this delamination precipitated global failure, since there were no other 

plies to take up the load. As the number of plies increased, additional +30° plies were avail- 

able to bear the load, and the delamination became less of a controlling factor in the global 

failure of the specimens. As a result, the strength increased with increasing specimen size, 

but leveled off at some maximum value as the four surface plies constituted less of the total 

makeup of the laminate. 

8.1.2 Lay-up B [45/-45/0/90] ns 

Lay-up B specimens with the brittle 3502 epoxy-matrix system exhibited delayed first ply 

failure stresses, decreased tendency toward delamination and more linear stress/strain re- 

sponse for specimens scaled at the sublaminate level. The decrease in extent of delamina- 

tion was due to the fact that as the thickness was scaled by repeating sublaminates, less 

Strain energy could be released through propagation of a delamination crack. 
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The analysis techniques described in chapter 3, were used to describe the through-the- 

thickness stresses in a Lay-up B specimen containing cracked 90° plies. It was found that 

with a single crack in each 90° layer, the delimitation was predicted in the outermost 90° 

plies. However, the experimental results showed that the specimens were significantly 

more densely cracked in the central 90° block than in the other 90° plies. Just prior to 

delamination, the central 90° cracks were close enough that tensile through-the-thickness 

stresses could interact, and their effects be added. With this consideration, delamination 

would occur in the central 90° block, as was found in experiment. 

Delamination of the specimen was the major contributor to the non-linear stress/strain re- 

sponse. Non-linear softening in the response yielded higher strains for a given load. As a 

result, the failure strain of the 0° fibers was reached at a lower average stress, and prema- 

ture failure resulted. Scaling effects in the AS4/3502 Lay-up B specimens could then be 

considered as artifacts resulting from the manner in which the thickness was scaled. By 

changing the thickness using sublaminate-level scaling, the propensity to delaminate was 

changed, and it was the degree to which a specimen delaminated that controlled the tensile 

response, since more extensive delamination yielded changes in modulus, higher transverse 

crack densities, and early failure. 

In the case of the APC-2 specimens, even the small specimens did not delaminate. Hence, 

the non-linearities present in the tensile response are virtually eliminated. Where damage is 

delayed or suppressed, the response is more nearly linear, and strength of the specimen 

tends to be independent of size. Where damage is allowed to propagate, non-linearities are 

present in tensile response, and strength is lower. 

Therefore, any method used that suppresses delamination would also avoid scaling phe- 

nomena. Choosing a stacking sequence that does not delaminate readily, or using a tougher 
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resin system would be two ways of assuring less scale-dependent results. It was noted that 

for the [+45/0/90]ns5 stacking sequence, using PEEK as the matrix material eliminated the 

scaling effects. Even if an epoxy system were used, switching the quasi-isotropic Lay-up 

from [+45/0/90]ns to [90/0/45], would suppress delamination in all specimen sizes, and 

therefore yield more uniform stress/strain response among the scaled sizes. 

613 ] ay-up ¢ ' [90/0/90/0] ns 

Postponement of first ply failure with increased specimen size was most pronounced in 

Lay-up C specimens, due to differences in the way in which plies are constrained. 

However, no scaling effects were present in the stress/strain response of these specimens 

because the 90° plies did not contribute significantly to the load carrying capability of the 

specimen. Although the 90° plies were damaged extensively during loading, they did not 

effect the stiffness of the laminate. No other type of damage occurred until global failure of 

the specimen. 

8.2 Flexure 

The baseline stacking sequences chosen for the flexure program were [+45/0/90]2s, 

[0/90/0/90]25 and [445/+45]o5. These stacking sequences were designated Lay-ups A, B 

and C, respectively. Both ply- and sublaminate-level scaling of the thickness were used. 

The material system used in the investigation was AS4/3502 graphite/epoxy. 

In general, ply-level scaling led to reductions in the strength of the laminates, whereas 

sublaminate-level scaling did not affect the structural response. Unlike the tensile scaling 

work, no increases in flexural response properties were found with sublaminate-level scal- 

ing. 
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For comparison of the response curves of specimens of different size, a load and deflection 

normalization was used. The normalization process collapsed all load/deflection responses 

onto the same curve. Differences in response between sizes would then indicate that the 

damage mechanisms were different. 

In addition, since the response was non-linear due to fixture and specimen geometry, a 

numerical model was developed in order to predict the response if properties remained lin- 

ear elastic. In this manner, deviations from linear material properties could be noted and ex- 

amined. 

2.1 -up B [45/-4 nd [45n/-4 / 

Lay-up B specimens showed a reduction in normalized strength, and the normalized load at 

which damage initiated, with increased size using ply-level scaling. In addition, there was a 

change in the types of damage the largest size specimen sustained. 

Baseline specimens (Ba) showed cracks in the outermost 90° ply and in the adjacent +45° 

ply, as well as edge delaminations in the outermost 90° ply. This was also true of the Bbp 

specimens, with the addition of cracks in the surface +45° plies. However, the Bdp speci- 

mens showed no delamination in the outermost 90° plies. Instead, a delamination developed 

at the outer +45° interface, followed by a delamination at the -45°/0° interface. These delam- 

inations grew, and large portions of the tensile surface +45° plies were simply detached 

from the specimen before global failure of the specimens by fiber fracture of the tensile 0° 

plies. 

Sublaminate-level scaled specimens showed a decrease in the normalized load and deflec- 

tion they could sustain (Figure 5.4), but it could not be called a scaling effect. Because the 

outermost 0° lies relatively closer to the surface in the larger sublaminate-level scaled 
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specimens (similar to Figure 5.25), the same normalized load or deflection will produce a 

higher strain in these plies. Figures 5.12 and 5.15 show the failure load and deflection cor- 

rected for the strain in the outer 0° plies. No scaling effect is present in sublaminate-level 

scaled specimens. 

2 - / and [On!/90n/On/90n]s 

Lay-up C specimens showed no significant scaling effects in either ply- or sublaminate- 

level scaling. Figure 5.5 indicates an apparent effect, but the specimens failed prematurely 

due buckling of the compressive surface 0° plies. This buckling was caused by indentation 

and crushing damage from the rollers on the fixture that introduced the load. When shims 

were used to prevent local crushing, no buckling took place, and no significant scaling ef- 

fect was present (Figure 5.38). 

8.2.3 Lay-up D [45/-45/45/-45]ns and [45n!-45nl45n/-45n]s 

Because Lay-up D specimens contained no 0° plies, they behaved somewhat differently 

from the other two lay-ups. Non-linear material properties began quite early in the re- 

sponse, and unlike the other two flexure lay-ups, no damage could be detected associated 

with the initiation of non-linear material properties. Not until over 3 mm normalized deflec- 

tion did damage in the form of matrix cracks occur in the specimens (except Ddp speci- 

mens). Further investigation into other possible damage modes would need to be carried 

out in order to understand the non-linear behavior in these specimens. Two possible expla- 

nations may be either plastic deformation in the matrix, or fiber/matrix debonding. Global 

scaling effects on the load/deformation response were only present in the ply-level scaled 

specimens. Sublaminate-level scaled specimens showed identical response in all sizes. 
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9. RECOMMENDATIONS 

This research can be expanded by looking more specifically at fiber dominated lay-ups that 

are practical from a structures point of view. In this work, the most pronounced scaling ef- 

fects were noted in either non-structural laminates (as in the tensile Lay-up A specimens, 

and the flexural Lay-up D specimens), or in lay-ups that should be avoided in practice 

(namely the baseline tensile Lay-up B, as edge stresses are very high in this lay-up). 

Although fiber dominated lay-ups showed no significant scaling effects (compared to scal- 

ing effects in matrix dominated lay-ups) in this work, one must remember that the largest 

specimens were only four times the size of the smallest. When, for instance, the aircraft in- 

dustry engages in testing and certifying of materials that will be used in large structures, it 

is possible that the difference in size between coupons and the full scale parts may be or- 

ders of magnitude. If volumetric scaling has even a slight effect on the response of a mate- 

rial, it must be known in order to accurately predict the response of the full scale structure. 

In addition, the types of scaling used in this work may not be practical for applications in 

industry. It may be that a stacking sequence being considered for a full scale structure has 

no real means of being scaled down using sublaminate groups. The most practical course to 

follow may be testing of net thickness specimens, in which case it must be known how 

much scaling of the in-plane dimensions affects the structural response. 
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Table 2.1 Test matrix for AS4/3502 specimens indicating the specimen dimensions and 
the nominal thickness for each case. Note that specimens a8, b16, c24, and d32 are 

scaled in three dimensions. 

Size Designation 
Size (mm) 8-ply (1.0 mm) = _16-ply (2.0 mm) 24-ply (3.0 mm) 32-ply (4.0 mm) 
  

  

a (12.5x125) a-8 _ 
Baseline a-16 a-24 

b (25x250) _ _ 
b-8 b-16 

¢ (37.5x375) _ _ oA _ 
C- 

d (50x500) _ _ _ 4132 

  

Table 2.2 Test matrix for APC-2 specimens indicating the specimen dimensions and the 
nominal thickness for each case. 

— 

Size Designation 
Size (mm) 8-ply (.0 mm) = 16-ply (2.0 mm) 24-ply (3.0 mm) 32-ply (4.0 mm) 
  

  

a (12.5x125) a-8 _ _ _ 
Baseline 

b (25x250) _ _ 
b-8 b-32 

¢ (37.5x375) 

d (50x500) 
d-32 | 
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Table 4.1_Average* stiffness (Lay-up A). 

Stiffness - GPa (Coefficient of Variation) 
Size (mm) 8 [+30/90>]. 16 [+30/909]9, 24 [+30/909]3, 32 [+30/902]4, 

39.5 (5.52) _ 
a (12.5x125) 42.4 (2.44)3 45.8 (1.64)15 44.1 (2.77)5 

42.0 (4.22)4 _ _ 
b (25x250) 38.7 (1.36)4 42.5 (2.03)34 

_ _ 46.4 (4.64 _ 
¢ (37.5x375) 45.8 (1.62)34 

_ _ _ 41.6 (3.60 
d (50x500) 42.2 (3.91) 3 

* average of at least 8 specimens unless otherwise indicated. 
1 batch JI material. 
2 different autoclave run. 
3 custom extensometer used. 
4 average of 4 specimens. 
5 average of 5 specimens. 

Table 4.2 Average* stiffness (AS4/3502 Lay-up B). 

Stiffness - GPa (Coefficient of Variation) 

Size (mm) 8 [+45/0/90], 16 [+45/0/90]2, 24 [+45/0/90)]3, 32 [+45/0/90]4. 
  

  

50.2 (5.73) _ 
a (12.5x125) 50.9 (4.823 56.5 (4.97)1;5 49.4 (1.39)5 

50.8 (2.484 _ _ 
b (25x250) 49.4 (4.46)4 50.1 (0.64)3.4 

_ _ 50.3 (2.94 _ 
¢ (37.5x375) 51.1 (1.91)36 

_ _ _ 56.2 (5.36)> 
d (50x500) 54.6 (5.09)2,3,6 

* average of at least 8 specimens unless otherwise indicated. 
1 batch I] material. 
2 different autoclave run. 
3 custom extensometer used. 
4 average of 4 specimens. 
5 average of 5 specimens. 
6 average of 6 specimens. 
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Table 4.3 Average stiffness (APC-2 Lay-up B). 

Stiffness - GPa (Coefficient of Variation) 

Size (mm) 8 [45/0/90], 16 [+45/0/90]., 24 [+45/0/90]3. 32 [+45/0/90]4. 
  

a (12.5x125) 51.1 (2.61)2 

b (25x250) 50.6 (2.90)2 - 50.2 (0.37)! 

¢ (37.5x375) 

d_(50x500) 7 - 49.1 (1.20)? 
1 average of 2 specimens. 
2 average of 5 specimens. 

Table 4.4 Average* stiffness (Lay-up C). 

Stiffness - GPa (Coefficient of Variation) 
Size (mm) 8 [90/0/90/0]; _ 16 [90/0/90/0}2, 24 [90/0/90/0]3, 32 [90/0/90/0]4s 
  

69.2 (3.83) _ _ 
a (12.5x125) 73.1 (4.84)3 76.5 (4.13)15 

70.8 (2.16)6 _ _ 
b (25x250) 68.7 (4.82)4 69.7 (2.88)356 

_ _ 70.8 (3.57 
c (37.5x375) 71.5 (2.90)37 

_ _ _ 75.3 (5.87 
d (50x500) 73.1 (7.06)*3 
  

* average of at least 8 specimens unless otherwise indicated. 
1 batch 7 material. 
2 different autoclave run. 
3 custom extensometer used. 
4 average of 2 specimens. 
> average of 3 specimens. 
6 average of 4 specimens. 
7 average of 6 specimens. 
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Table 4.5 Average* non-linear knee stress (Lay-up A). 
  

Non-linear Knee Stress - MPa (Coefficient of Variation) 

Size (mm) 8 [+30/90>]. 16 [+30/90%]5, 24 [+30/909]3. 32 [+30/902]4. 

142 (5.80) _ _ 
a (12.5x125) 144 (5.63)? 278 (2.92)5 

218 (2.10)4 _ _ 
b (25x250) 154 (7.71)4 206 (4.00)2:4 

_ _ 251 (6.90 _ 
c (37.5x375) 228 (0.67)2:3 

_ _ 268 (4.90)! 
d (50x500 258 (7.72)1,2 

* average of at least 8 specimens unless otherwise indicated. 
1 different autoclave run. 
2 custom extensometer used. 
3 average of 3 specimens. 
4 average of 4 specimens. 
5 average of 5 specimens. 

Table 4.6 Average* non-linear knee stress (AS4/3502 Lay-up B). 

Non-linear Knee Stress - MPa (Coefficient of Variation) 
Size (mm) 8 [+45/0/90], 16 [+45/0/90]}o, 24 [+45/0/90]3. 32 [+45/0/90]4. 

  

  

252 (4.26) _ _ 
a (12.5x125) 244 (3.37)2 376 (3.19)3 

289 (5.52)3 _ _ 
b (25x250) 243 (3.96)3 268 (2.20)23 

_ _ 332 (4.63)5 _ 
¢ (37.5x375) 335 (4.44)2,5 

_ _ _ 447 (1.92)1,4 
d (50x500) __ 448 (3.08)1;2,5 

* average of at least 8 specimens unless otherwise indicated. 
1 different autoclave run. 
2 custom extensometer used. 
3 average of 4 specimens. 
4 average of 5 specimens. 
5 average of 6 specimens. 
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Table 4.7 First ply failure (Lay-up A). 

First Ply Failure Stress* - MPa 
Size (mm) 8 [+30/90>], 16 [+30/909]o. 24 [+30/909]3. 32 [+30/909]4. 
  

a (12.5x125) 1702 

b (25x250) 7 1702 

¢ (37.5x375) 7 1751 

d (50x500 2101 

* one specimen. 
1 batch J material. 
2 batch // material. 

Table 4.8 First ply failure (AS4/3502 Lay-up B). 

First Ply Failure Stress* - MPa 
Size (mm) 8 [+45/0/90], _ 16 [+45/0/90}o, 24 [+45/0/90]3, 32 [+45/0/90]4. 
  

a (12.5x125) 2502 

b (25x250) 7 2452 

¢ (37.5x375) 300! 

d (50x500) 275! 
* one specimen. 
1 batch J material. 
2 batch /7 material. 
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Table 4.9 First ply failure (Lay-up C). 

First Ply Failure Stress* - MPa 
Size (mm) 8 [90/0/90/0], _ 16 [90/0/90/0]2, 24 [90/0/90/0]3, 32 [90/0/90/0]4s 

a (12.5x125) 3802 

b (25x250) 7 4402 

¢ (37.5x375) 7 5301 

  

1 batch J material. 
2 batch /T material. 

Table 4.10 Average* delamination knee strain (AS4/3502 Lay-up B). 

Delamination Knee Strain - % (Coefficient of Variation) 

Size (mm) 8 [+45/0/90], 16 [4+45/0/90]o. 24 [+45/0/90]3, 32 [+45/0/90]4. 

0.62 (5.40) _ _ _ 
a (12.5x125) 0.61 (4.01) 

_ 0.84 (5.23)5 _ _ 
b (25x250) 0.76 (4.15)23 

_ _ 1.06 (3.61)5 _ 
¢ (37.5x375) 1.07 (4.12)2:5 

_ _ _ 1.10 (5.12)154 
d_(50x500) 1.11 (3.82)12,5 
* average of at least 8 specimens unless otherwise indicated. 
I different autoclave run. 
2 custom extensometer used. 
3 average of 4 specimens. 
4 average of 5 specimens. 
5 average of 6 specimens. 
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Table 4.11 Average* delamination knee stress (AS4/3502 Lay-up B). 

Delamination Knee Stress- MPa (Coefficient of Variation) 

Size (mm) 8 [+45/0/90], 16 [+45/0/90],. 24 [+45/0/90]3, 32 [+45/0/90]4. 
  

306 (3.26) _ _ 
a (12.5x125) 295 (3.37)2 545 (3.19)3 

423 (5.02)3 _ _ 
b (25x250) 298 (3.96)3 396 (2.20)253 

_ _ 532 (2.63)5 _ 
¢ (37.5x375) 536 (4.44)255 

_ _ _ 600 (2.92)1,4 
d (50x500) 604 (3.08)1,2,5 
  

* average of at least 8 specimens unless otherwise indicated. 
1 different autoclave run. 
2 custom extensometer used. 
3 average of 4 specimens. 
4 average of 5 specimens. 
5 average of 6 specimens. 

Table 4.12 Average* ultimate stress (Lay-up A). 

Ultimate Stress - MPa (Coefficient of Variation) 

Size (mm) 8 [+30/90>1, 16 [+30/902]2, 24 [+30/902]3. 32 [430/909]. 
  

a (12.5x125) 262 (2.72) 331 (2.67)1,4 368 (1.56)4 

b (25x250) 271 (4.85)3 353 (2.67) 

¢ (37.5x375) - 7 406 (2.17) 7 

d (50x500) - a a 414 (2.64)? 

* average of at least 8 specimens unless otherwise indicated. 
1 batch /7 material. 
2 different autoclave run. 
3 average of 3 specimens. 
4 average of 5 specimens. 
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Table 4.13 Average* ultimate stress (AS4/3502 Lay-up B). 

Ultimate Stress - MPa (Coefficient of Variation) 
Size (mm) 8 [+45/0/90], __ 16 [+45/0/90].. 24 [+45/0/90]3. 32 [+45/0/90]4, 

a (12.5x125) 548 (4.59) 662 (5.89)1,4 612 (10.24)4 

  

b (25x250) 526 (2.79)3 660 (3.28) 

¢ (37.5x375) 7 - 652 (6.00) 7 

d_(50x500) i - a 677_(6.78)2>4 
* average of at least 8 specimens unless otherwise indicated. 
1 batch J7 material. 
2 different autoclave run. 
3 average of 4 specimens. 
4 average of 5 specimens. 

Table 4.14 Average ultimate stress (APC-2 Lay-up B). 

Ultimate Stress - MPa (Coefficient of Variation) 
Size (mm) 8 [+45/0/90], _ 16 [+45/0/90]o, 24 [+45/0/90]3, 32 [+45/0/90]4. 
  

a (12.5x125) = 765.7 (6.61)2 

b (25x250) 752.4 (6.14)2 7 764.1 (3.73)! 

¢ (37.5x375) 

d (50x500) 7 745.0 (1.15)2 
1 average of 2 specimens. 
2 average of 5 specimens. 
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Table 4.15 Average* ultimate stress (Lay-up C). 

Ultimate Stress - MPa (Coefficient of Variation) 
Size (mm) 8 [90/0/90/0], __ 16 [90/0/90/0]2, _24 [90/0/90/0]3, _32 [90/0/90/0]a4. 

  

a (12.5x125) 956 (5.92) 1091 (1.97)1,4 968 (1.56)4 

b (25x250) 946 (0.12)3 951 (5.84) 

¢ (37.5x375) 7 - 908 (6.32) - 

d_(50x500) 7 — ~ 971 (8.43)? 
* average of at least 8 specimens unless otherwise indicated. 
1 batch /7 material. 
2 different autoclave run. 
3 average of 2 specimens. 
4 average of 3 specimens. 

Table 4.16 Average* strain corresponding to ultimate stress (Lay-up A). 

Ultimate Strain - % (Coefficient of Variation) 
Size (mm) 8 [+30/909]. 16 [+30/909]2, 24 [+30/909]3, 32 [+30/90|4. 

  

0.77 (5.15) _ 
a (12.5x125) 0.77 (4.06)3 0.88 (6.53)1;5 0.95 (5.10)> 

0.90 (3.77)4 _ _ 
b (25x250) 0.78 (8.33)4 0.95 (4.88)3.4 

_ _ 1.10 (6.71 _ 
¢ (37.5x375) 1.04 (2.79)354 

_ _ _ 1.09 (3.12)2 
d (50x500) 1.11 (3.90)2)3 
  

* average of at least 8 specimens unless otherwise indicated. 
1 batch JT material. 
2 different autoclave run. 
3 custom extensometer used. 
4 average of 4 specimens. 
> average of 5 specimens. 
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Table 4.17 Average* strain corresponding to ultimate stress (AS4/3502 Lay-up B). 

Ultimate Strain - % (Coefficient of Variation) 

Size (mm) 8 [+45/0/90]. 16 [+45/0/90].. 24 [+45/0/90]3, 32 (+45/0/90]4, 
  

1.23 (2.78) 
a (12.5x125) 1.40 (7.79)3 1.27 (4.82)15 1.24 (10.09)5 

1.36 (1.04) _ _ 
b (25x250) 1.18 (14.50)4 1.32 (3.30)3 

_ _ 1.37 (4.12) _ 
¢ (37.5x375) 1.40 (3.06)5 

_ _ _ 1.30 (8.91) 
d_(50x500) 1.28 (8.00)?.355 

* average of at least 8 specimens unless otherwise indicated. 
1 batch /7 material. 
2 different autoclave run. 
3 custom extensometer used. 
4 average of 4 specimens. 
5 average of 5 specimens. 

Table 4.18 Average strain corresponding to ultimate stress (APC-2 Lay-up B). 

Ultimate Strain - % (Coefficient of Variation) 
  

  

Size (mm) 8 [+45/0/901], 16 [+45/0/90]>. 24 (+45/0/9013. 32 [+45/0/90]4. 

a (12.5x125) 1.55 (7.82)2 - 7 7 

b (25x250) 1.52 (6.38)2 - 7 1.55 (4.56)1 

¢ (37.5x375) 

d_ (50x500) 1.49 (1.64)2 

1 average of 2 specimens. 
2 average of 5 specimens. 
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Table 4.19 Average* strain corresponding to ultimate stress (Lay-up C). 

Ultimate Strain - % (Coefficient of Variation) 
Size (mm) 8 [90/0/90/0]. 16 [90/0/90/0].. 24 [90/0/90/0]3, 32 [90/0/90/0]4,_ 

1.29 (6.42) _ _ 
a (12.5x125) 1.37 (5.39)3_ 1.38 (3.83)15 

1.29 (5.246 _ _ 
b (25x250) 1.32 (2.13)4 — 1.31 (4.17)5:6 

_ _ 1.25 (7.91 
¢ (37.5x375) 1.31 (3.65)357 

_ _ _ 1.28 (5.98)? 
d_(50x500) 1.28 (6.71)23 
* average of at least 8 specimens unless otherwise indicated. 
1 batch /7 material. 
2 different autoclave run. 
3 custom extensometer used. 
4 average of 2 specimens. 
> average of 3 specimens. 
6 average of 4 specimens. 
7 average of 6 specimens. 

Table 4.20 Through-the-thickness stresses predicted from FEM and analytical models. 

  

  

6, (MPa) 

2-D FEM Analytical 
model model 

[+30/90]2, 183 (outer plies) 145 (outer plies) 
109 (central plies) 79.3 (central plies) 

[+45/0/90]2. 159 (outer plies) 54.5 (outer plies) 
136 (central plies) 57.6 (central plies) 

102



Table 5.1 Average* bending stiffness Ep. 

Bending Stiffness - GPa (Coefficient of Variation) 
  

  

Lay-up n=l n=2 n=4 
(12.5mmx75mm) (25mmx150mm) (50mmx300mm) 

Bs [45/-45/0/90 Jans 37.8 (2.24) 46.1 (1.74) 47.7 (1.73)! 
Bp = [45,/-45,0;/90xlos 42.5 (1.89) 56.1 (5.14)! 

Cs = [0/90/0/90)} ns 71.0 (2.53) 70.3 (1.59) 67.2 (0.47)2 
Cp [07/90,07/90n)25 77.2 (1.10) 80.0 (4.40)2 

Ds [45/-45/45/-45 Jons 20.3 (4.34) 19.8 (1.51) 22.2 (1.89)! 
D [45 /-45 145 n/-45 alos 21.0 (1.35) 20.1 (3.46)2 

  

average of at least 7 specimens unless otherwise indicated. 
1 average of 4 specimens. 
2 average of 5 specimens. 

Table 5.2 Average* ultimate load Py. 

Maximum Load - KN (Coefficient of Variation) 
  

  

Lay-up n=1 n=2 n=4 
(12.5mmx75mm) (25mmx150mm) (50mmx300mm) 

Bs [45/-45/0/90Jons 0.923 (3.50) 3.68 (2.32)3 14.9 (5.20)! 
Bp = [45,/-45,A01/90n]os 2.79 (3.56)2 7.52 (1.39)2 

vCs  [0/90/0/90] ans 1.37 (3.91) 4.94 (3.24) 19.4 (1.24)2 
Cp —_ [02/90 7/07/90 p25 4.31 (3.22)3 14.8 (10.4)4 

Ds = [45/-45/45/-45 Jans 0.295 (0.95) 1.29 (1.03)3 5.24 (0.42)! 
8 1.14 (0.25)! 2.85 (2.16)2 _ 

  

D p [45,/-45 1/45 n/-45 los 

average of at least 6 specimens unless otherwise indicated. 
1 average of 2 specimens. 
2 average of 3 specimens. 
3 average of 4 specimens. 
4 average of 5 specimens. 
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Table 5.3 Average* ultimate deflection 6,. 
  

Maximum Deflection - mm (Coefficient of Variation) 
  

  

Lay-up n=1 n=2 n=4 
(12.5mmx75mm) (25mmx150mm) (50mmx300mm) 

Bs [45/-45/0/90 Jans 5.89 (4.74) 10.2 (3.17)3 18.2 (5.54)! 
Bp = [45,/-45,0,/90nlos 8.20 (3.16)2 13.4 (5.79)2 

Cs = [0/90/0/90}],,,. 4.90 (4.66) 8.61 (5.00)3 16.4 (2.82)2 
Cp _[0,90,,0,/90nleos 6.99 (4.67) 13.2 (8.42)4 

Ds [45/-45/45/-45 ons 6.91 (3.47) 14.0 (2.20)3 27.0 (0.13)! 
Dp [45 n/-45 1/45 n/-45 nos 11.3 (1.75)! 10.2 (6.56)2 

average of at least 6 specimens unless otherwise indicated. 
1 average of 2 specimens. 
2 average of 3 specimens. 
3 average of 4 specimens. 
4 average of 5 specimens. 

Table 5.4 Average* load at deviation from linearity Pp. _ 

Non-Linear Load - KN (Coefficient of Variation) 
  

  

Lay-up n=l n=2 n=4 
(12.5mmx75mm) (25mmx150mm) (50mmx300mm) 

Bs —_ [45/-45/0/90 ons 0.503 (15.4) 1.93 (8.93)4 5.43 (9.60)2 
Bp [45 n/-45 nO n/90 nos 1.29 (5.86) 4.09 (7.62)! 

Cs = [0/90/0/90 Jans 0.934 (14.8) 2.63 (6.74)4 9.04 (1.98)2 
Cp [0790/07/90 pn] 2.65 (5.28)4 9.01 (2.04)3 

Ds —_[45/-45/45/-45 ons 0.104 (7.66) 0.460 (3.48)4 1.47 (5.88)2 
Dp [45p/-45 wA5p/-A5nhos 0.390 (7.40) 1.24 (6.3993 
    

* average of at least 7 specimens unless otherwise indicated. 
1 average of 3 specimens. 
2 average of 4 specimens. 
3 average of 5 specimens. 
4 average of 6 specimens.



Table 5.5 Average* deflection at deviation from linearity 4,. 
  

Non-Linear Deflection - mm (Coefficient of Variation) 
  

  

Lay-up n=I1 n=2 n=4 
(12.5mmx75mm) (25mmx150mm)  (50mmx300mm) 

Bs [45/-45/0/90 ons 2.87 (15.9) 4.95 (9.29) 6.43 (10.0)2 
Bp [45,/-45,0,/90nIos 3.63 (6.43) 6.15 (7.88)! 

Cs [0/90/0/90 Jans 3.25 (15.3) 4.39 (7.46) 7.54 (0.85)2 
Cp {0,/90,,/0,/90,]os 4.27 (4.57) 7.39 (7.38)3 

Ds [45/-45/45/-45 Jons 1.35 (8.88) 2.79 (3.76) 4.27 (5.47)2 
3.78 Dp [45 f-45 45 n/-45 alos 2.39 (8.29) (6.48) 

average of at least 7 specimens unless otherwise indicated. 
1 average of 3 specimens. 
2 average of 4 specimens. 
3 average of 5 specimens. 

Table 5.6 Damage initiation. 
SE 

Deflection* at onset of damage - mm 
  

  

Lay-up n=1 n=z2 ni4 
(12.5mmx75mm) (25mmx150mm) (50mmx300mm) 

Bs [45/-45/0/90 ons 2.8 5.1 — 

Bp = [45 n/-45nAr/90 nos 4.9 7.2 

Cs [0/90/0/90 Jons 3.2 5.1 9.4 
Cp = [0,/90,/0,/90n]2s 5.0 — 

Ds [45/-45/45/-45 Jons 3.8 7.0 — 
6.5 7.6 
  

Dp [45 n/-45 1/45 n/-45 nos 

one specimen per value. 

Table 6.1 Ply properties of AS4/3502 graphite/epoxy. 

E11 137.2 GPa 
E22 9.86 GPa 
G12 4.83 GPa 
V12 0.29 
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Figure 1.1 Ply-level vs. sublaminate-level thickness scaling. 
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Figure 1.2 Normalized CLT bending stiffnesses of Lay-ups B , 
C and D in both sublaminate- and ply-level scaling, as functions 

of specimen size. 
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Figure 2.1 1-D, 2-D and 3-D scaling, where the letter represents the 
specimen's in-plane dimensions, and the number represents the 
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Figure 2.2 Schematic of custom extensometers. 
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Figure 2.3 Schematic of four-point flexure fixture. 
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Figure 3.3 Vasiliev's [11] symmetric cracked laminate model. 
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Figure 3.4 More general laminate with crack in 90° ply. 

Ex 

115



  

A B (AS4/3502) 

x /E T 7 
Xm 1 SS ee Seo ee ee HK 

B (APC-2) J : 

  

' 
t
r
y
 
i
t
 

r
y
t
 

      

- 

0 TC { | jo | 

1 2 3 4 

Specimen Size (n) 

Figure 4.1 Normalized initial modulus for 3-D scaled specimens. 
When the actual thickness of the specimen was used (as above), 

variations in stiffness reflect differences in volume fraction. 
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Figure 4.2 Typical stress/strain response of Lay-up A 3-D scaled 
specimens, measured with MTS (a) and custom (b) extensometers. 

117



  

    
  

  

    
  

800 a es a ee en ee ee ee eee ee ee ee ee es ee ee eee ee ee ee es a 

— Bd-32 ; 

‘ 
E Be-24 | 

E Bb-16 

Stress | 

(MPa) [ Ba-8 q 
F j 
r 1 

r | 
0 > A A OO 

0 . 0.016 
Strain 

(a) 

800 A ee ee ee a ea ee ee ee ae ee ee ee ee ee 

r Bd-32 

E Bb-16 \ , 

r Bc-24 

E | 

Stress [ 
P J 

(MPa) r Ba-8 1 

P 
r 
C 

0 Le se Ln pt Tg gt gt tt lg lg 

0 0.016 
Strain 

(b) 

Figure 4.3 Typical stress/strain response of AS4/3502 Lay-up B 3-D 
scaled specimens, measured with MTS (a) and custom (b) extensometers. 
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Figure 4.4 Typical stress/strain response of Lay-up C 3-D scaled 
specimens, measured with MTS (a) and custom (b) extensometers. 
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Figure 4.5 Stress/strain plots of all eight Aa-8 specimens that 
were tested to failure, showing repeatability of response. 
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Figure 4.7 1-D (a) and 2-D (b) scaling of AS4/3502 
Lay-up B specimens. 
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Figure 4.8 Normalized non-linear knee 
stress for 3-D scaled specimens. 
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Figure 4.9 APC-2 stress/strain plots showing variability of 
response. All specimens were cut from the [+45/0/90]s panel. 

  

      
  

Figure 4.10 APC-2 [+45/0/90]s panel showing position of specimens. 
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Figure 4.12 Typical stress/strain response of APC-2 3-D scaled 
specimens showing identical response of Ba-8 and Bd-32 specimens. 
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Figure 4.14 Normalized first ply failure for 3-D scaled specimens. 
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Figure 4.15 Stress/strain response of Aa-8 specimen with 

damage modes indicated. 
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Figure 4.16 Micrograph of outer 90° 
delamination in an Ad-32 specimen. 
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Figure 4.17 Cracks in outermost 90° ply in an Ad-32 specimen, 

showing characteristic oblique angle. 

131



 
 

132 

final failure modes. ing Figure 4.18 Lay-up A specimens show



S600   

    
  

  
  

      
  

  

      

  

                          
  

  
  

      

I | 
; Linear >" 1 

L cy : 

a 
Stress [ | 
(MPa) [ A ; 

H | 

: 
| 

LC | 
J 

0 fo dd a dl a a a a a 

0 Strain 0.012 

Schematic of X-ray (in-plane view) Schematic of Micrograph (edge view) 

(A) 

(B) 

Strain 

(C) 
          

  

                
  

  

Figure 4.19 Stress/strain response of AS4/3502 Ba-8 specimen with 
damage modes indicated. 
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Figure 4.20 Normalized delamination knee stress for 3-D 
scaled AS4/3502 Lay-up B specimens. 
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Figure 4.21 Micrograph of central 90° delamination in 

a Bd-32 specimen 
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Figure 4.22 Lay-up B specimens showing final failure modes. 

136



 
 

lure modes. Figure 4.23 Lay-up C specimens showing final fai 

137



S /S 

  

  

  

      

' 
C A 4 
- 1 

- B (AS4/3502) 4 

E | 

km 1 bo--- IG 
— 7 

F B (AS4/3502) “7 // - 
E B (APC-2) 7 

: : 
F | 
E - 

r 3 
0 a | l | 

1 2 3 4 

Specimen Size (n) 

Figure 4.25 Normalized strength for 3-D scaled specimens. 
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Figure 4.27 Finite element results showing through-the-thickness 
stress 6z for Lay-up A (a) and B (b). 
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Figure 4.28 Analytical model results showing normal and shear 
stresses in 90° ply near crack. 
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144



  0.5 —T ™ T yy T rT TF Tr “T tT T ™ T T T Tv 

- linear = —$_»~7 7 
properties 7 

oo : 
r 7 

Load i 

(KN) 

“
T
_
T
 

T 
T 

{
4
 

a
 
a
 

| 

' 
mi

 
T 

T
T
.
     0 1 phd | L Sd gt | pol 1) dl 

  

Deflection (mm) 25 

Figure 5.3 Load/deflection response of PMMA specimen vs. prediction. 
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Figure 5.5 Normalized load/deflection response of Lay-up C 
specimens (ply- and sublaminate-level scaling). 
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Figure 5.7 Schematic of specimen and roller showing inward 
movement of contact point as specimen deflects. 
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Figure 5.8 Schematic of specimen showing the load P read by the testing 
machine, and the actual load F that applies load to the specimen. 
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Figure 5.9 Normalized Lay-up B experimental bending stiffness 
plotted with respect to specimen size. Bars indicate standard deviation. 
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Figure 5.10 Normalized Lay-up C experimental bending stiffness 
plotted with respect to specimen size. Bars indicate standard deviation. 
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Figure 5.11 Normalized Lay-up D experimental bending stiffness 
plotted with respect to specimen size. Bars indicate standard deviation. 
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Figure 5.12 Normalized failure load of Lay-up B specimens. 
Sublaminate-level scaled values are adjusted to account for the 

strain in the outermost 0° fibers. Bars indicate standard deviations. 
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Figure 5.13 Normalized failure load of Lay-up C specimens. 
Bars indicate standard deviations. Compare with Figure 5.38. 
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Figure 5.14 Normalized maximum load of Lay-up D specimens. 
Bars indicate standard deviations. 
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Figure 5.15 Normalized failure displacement of Lay-up B specimens. 
Sublaminate-level scaled values are adjusted to account for the strain 

in the outermost 0° fibers. Bars indicate standard deviations. 
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Figure 5.16 Normalized failure displacement of Lay-up C 
specimens. 
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Figure 5.17 Normalized displacement corresponding to maximum 
load of Lay-up D specimens. 
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Figure 5.18 Normalized load corresponding to deviation from linear 
material properties. Lay-up B specimens. 
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Figure 5.19 Normalized load corresponding to deviation from linear 
material properties. Lay-up C specimens. 
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Figure 5.20 Normalized load corresponding to deviation from linear 
material properties. Lay-up D specimens. 
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Figure 5.21 Normalized deflection corresponding to deviation from 
linear material properties. Lay-up B specimens. 
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Figure 5.22 Normalized deflection corresponding to deviation from 
linear material properties. Lay-up C specimens. 
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Figure 5.23 Normalized deflection corresponding to deviation from 
linear material properties. Lay-up D specimens. 
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Figure 5.25 Typical strain vs. roller displacement curves 
showing shift of neutral axis due to unsymmetric local strain 

softening in the specimen gage section. 
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Figure 5.26 Lay-up B scaled surface strains vs. roller deflection. 
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Figure 5.28 Lay-up D scaled surface strains vs. roller deflection. 
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Figure 5.30 Normalized deflection of Lay-up B specimens at 
failure of the outermost 90° ply. Sublaminate-level scaled values 
are adjusted to account for the strain in the outermost 90° fibers. 
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Figure 5.31 Difference in strain in outermost 90° fibers in Lay-up B 
when sublaminate-level scaling is used. For a given surface strain, the 

strain in the outer 90° fibers will be different in sublaminate-level 
scaled specimens than in ply-level scaled specimens. €90 is the strain 

of the outermost 90° fibers and €s is the surface strain. 
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Figure 5.32 damage in Ba specimens 
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Figure 5.33 damage in Bbp specimens 
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Figure 5.34 damage in Bbs specimens 
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Figure 5.35 damage in Bdp specimens 
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Figure 5.36 damage in Bds specimens 
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Figure 5.37 Normalized deflection of Lay-up C specimens at 
failure of the outermost 90° ply. Sublaminate-level scaled values 
are adjusted to account for the strain in the outermost 90° fibers. 
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Figure 5.38 Normalized deflection of Lay-up D 
specimens at failure of the surface 45° ply. 
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Figure 5.39 Damage in Lay-up D specimens 
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Figure 5.40 Damage in Ddp and Dds specimens 
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Figure 5.41 Shims placed between rollers and specimen in order prevent 
crushing of surface plies that causes delamination and buckling. 
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Figure 5.44 Normalized failure load of Lay-up C specimens 
with shims between rollers and specimens. 
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Figure 6.2 Schematic stress/strain response of a delaminating 
specimen showing possible loading/unloading paths. 
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Figure 6.3 Schematic of sublaminates formed by delamination 
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Figure 6.4 Stress/strain response of a AS4/3502 Ba-8 specimen 
showing average experimental values of E ,,yand E *, as well as 

values calculated with CLT. 
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Figure 6.5 Predicted vs. observed delamination strain for 
AS4/3502 Lay-up B. 
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Figure 6.6 Ba-8 (a) and Bd-32 (b) stress/strain plots showing 
differences in response. 
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Figure 7.2 Local softening in gage section leads to greater 
longitudinal strain for a given deflection. 
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hi 

  

  

  

    

  

Ega— h2 

h3 

Equlibrium equations: 

00x, . OTe Ox -0 
Ox * Oz , 

00, . OTx, 
=O ; 

Oz * Ox 

where 

O O ou oO 
0; = Ey = 0:= Ex 5, Txz = Guz se Se 

Assume: 

G%= of + a), 

C= 0+ ox), 

of = of + osx), 

where o;(x) are functions of x only, 

OM=E &, 6M=F,&, 5M =E36,, 

and 

Ey =P /(hyE, + hoE2 + h3E3). 

Consider the first of Equations A.1 in conjunction with layer (1): 

07,4) aos? 
Oz Ox 

  

(A.1) 

(A.2) 

(A.3) 

(A.4) 

(A.5) 

(A.6) 
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Substituting from Equations A.3: 

a7,¢) 
oz =— 0; (x), 

where (’) indicates differentiation with respect to x. Integrating with respect to z: 

t0) =— 2 0400) + fi). 

But the shear boundary condition at the top surface is 

T(x, z=hy+hoth3) = 0 , 

SO 

fix) = (ay thgths) 0,0) © 

  

    
G1) = (hy thgth3—z) 0,2) | 
  

Consider the second of Equations A.1 in conjunction with layer (1): 

  
a0, at,f 

dz Ox 

Substituting from Equation A.11: 

do, 
ss (hy+hy+h3-z) 0; (x).   

Integrating with respect to z: 

Of) = —2 (hythyths-hz) oj (x) + fra) | 

But the normal stress boundary condition at the top surface is 

of M(x, z=hy+hyth3) = 0 , 

(A.7) 

(A.8) 

(A.9) 

(A.10) 

(A.11) 

(A.12) 

(A.13) 

(A.14) 

(A.15) 

197



sO 

fal) = 4 (aithaths)? of) 

  

  
of) = > (e—hy—ha-hg)? 01 2). 

    

Consider the first of Equations A.1 in conjunction with layer (3): 

dt.) _ 30.) 
    

oz ox 

Substituting from Equations A.3: 

01,.°) a =~ o3(2). 

Integrating with respect to z: 

Of) = —z 03(x) + f(x) . 

But the shear boundary condition at the bottom surface is 

T(x, z=0) = 0, 

sO 

f3(x) =0 . 

  

    t6) =—2 03(x)] 
  

Consider the second of Equations A.1 in conjunction with layer (3): 

a0, at, 
  

Oz ox 

(A.16) 

(A.17) 

(A.18) 

(A.19) 

(A.20) 

(A.21) 

(A.22) 

(A.23) 

(A.24) 
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Substituting from Equation A.23: 

  

Integrating with respect to z: 

0°) = 4.2? os(x) + falx) 

But the normal stress boundary condition at the bottom surface is 

o,9)(x, z=0) =0, 

sO 

f4(x) =0 . 

  

  o,°) = 52? 03 (x) .     

Consider the first of Equations A.1 in conjunction with layer (2): 

324 ao, 
  

Oz ox 

Substituting from Equations A.3: 

04,62) 
Ay 02%) 

Integrating with respect to z: 

Th) = — 2 On(X) + f(x) . 

But the shear boundary condition at the layer 2/layer 3 interface is 

(A.25) 

(A.26) 

(A.27) 

(A.28) 

(A.29) 

(A.30) 

(A.31) 

(A.32) 

(A.33) 
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so substituting from Equation A.23: 

f(x) = hglox(x) — 03(x)] - 

Also, the shear boundary condition at the layer 1/layer 2 interface is 

Tx, z=hyths) = Tq (x, z=haths) , 

so substituting from Equation A.11: 

f(x) = hy © (x) + (ha+hs) O2(x) , 

Equating Equations A.34 and A.36: 

o,(x) =— i 0, (x) - a 03(x). 

Integrating with respect to x, and recognizing that horizontal equilibrium must be 
maintained: 

  

  
ox(x) =~ FE) FW) . 

  
  

Consider the second of Equations A.1 in conjunction with layer (2): 

2 2 00,” __ any? | 
dz Ox 
  

Substituting from Equation A.32: 

(2) . ; 
oo =—z 0; (0) +f5 (x).   

Substituting from either Equation A.34 or A.36: 

dO, (2) 

Oz 
  =—2 O> (x) + h3 O> (x) —h ©; (x), or 

do, 
  =-—7 © (x) + hy 0; (x) + (hz +h3) G3 (x) , 

(A.34) 

(A.35) 

(A.36) 

(A.37) 

(A.38) 

(A.39) 

(A.40) 

(A.41) 
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Integrating the first of Equations A.41 with respect to z: 

og, =— 52? O> (x) + 2 hg Oy (X)— 2 hg 03 (x) +fg(X) 

But the normal stress boundary condition at the layer 2/layer 3 interface is 

0, (x, z=hs) = 6, O(%, z=h3) , 

so substituting from Equation A.29: 

fol) =~ 5 he? [0p (x) - 3 03) . 

Also, the normal stress boundary condition at the layer 1/layer 2 interface is 

0, (x, z=h2+h3) = 6, M(x, z=ho+hs) , 

so substituting from Equation A.17: 

Fol) = 5 hy 1 (2) + 4 (ha — hs) G(X) + hs (hatha) 03 

Equating Equations A.44 and A.46: 

2 
Ly h " " on (x) =- “Eo @) + 8 [B -2) 0500. 

hj 2 \h2 

(A.42) 

(A.43) 

(A.44) 

(A.45) 

(A.46) 

(A.47) 

Integrating with respect to x, and recognizing that Op(x) must decay to zero as x->°°: 

  

2 

n(x) = (x) +488 — 2} x(x) 
hy ain .       

Integrating the second of Equations A.41 with respect to z: 

o, =- , 22 Oy (x) +z hy Oy (x) +z (hoth3) 9'(X) + fy(0) - 

But the normal stress boundary condition at the layer 2/layer 3 interface is 

o, (x, 2=h3) = 0, © (x, z=h3) , 

(A.48) 

(A.49) 

(A.50) 
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so substituting from Equation A.29: 

fil) = — hy hs Oy (2) — hes(heat Fg) 0 (3) + 5 hy’ 3 (0). 

Also, the normal stress boundary condition at the layer 1/layer 2 interface is 

6, (x, z=ha+h3) = 0, (x, z=ho+hs) , 

so substituting from Equation A.17: 

Fit) = Ay (haths) + 5 hy] 0, @)— 5 (haths)? 0 (x). 

Equating Equations A.51 and A.53 

" i" he » 
(x) = H(A 2} 6) osx), 

2 \h2 hy 

(A.51) 

(A.52) 

(A.53) 

(A.54) 

Integrating with respect to x, and recognizing that 02(x) must decay to zero as x00: 

hy . on(x) = BL (Mt 2] a(x) - “2 oye 
22 hy 

Substituting from Equation A.48: 

  

  

  
his oi(x) = BF) os) | 

    

Substituting back into Equation A.48: 

[o1@) = Hi ox) J or 

[o3(x) = Hz H(x)] 
a 

where 

iy (h-hs) 
I= hy U-2hythay ? 24 

_ hy (hy-hi) 
2 hy (hy-2hyth3) | 

(A.55) 

(A.56) 

(A.57) 

(A.58) 
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From Equations A.3, A.11, A.17, A.23, A.29, A.32, A.34, A.42 A.44 and A.57, the 
stresses in all layers can finally be written, in terms of stresses in layer 2, as: 

0,1) = ol) + Hy on(x), 

Tx2(1) = Hy (hy + hy + hg — 2) (x), (A.59) 

o,{1) = > Hy (2 — hy — hy — hg)? &"(x) , 

0,2) = o,(2) + a(x) , 

Tz2\2) = [hg (1 —H2) — 2] o'(x), (A.60) 

0,0) = [4 22 + hy (1 Ha) z +5 hs? BH2— 1) o2"(x), 

6,9) = 093) + H2 on(x), 

Txz3) = —H2 z O'(x) , (A.61) 

0,3) = 5 He z2 09"(x). 
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