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Abstract 
 
 

The present study investigates microcracking and damage progression in IM7/977-2, IM7/5555, 

and IM7/5276-1 [0/90/90/0] laminates. For each material system, seven to eight small coupons 

were axially loaded in a tensile substage. At increments of around 50 MPa the surfaces of the 

specimens were inspected via optical microscopy so that a history of microcracking damage as a 

function of applied loading could be charted. In the IM7/977-2 laminates microcracks were 

found to initiate on average at around 1050MPa; microcracking initiation for the other two 

systems was around 850 to 900 MPa. Also, the IM7/977-2 system displayed a steeper increase in 

crack density as a function of applied loading than the other two systems. The IM7/5555 system 

was the only system that achieved a microcracking saturation density; the saturation density was 

found to be around 17 cracks per centimeter. While the IM7/977-2 and IM7/5276-1 systems 

typically broke into two pieces at failure, the IM7/5555 specimens shattered into pieces. In 

addition, delaminations were observed in a majority of the IM7/5555 specimens at loadings 

250MPa under the failure loads. 
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1. Introduction 

 

The application of composite materials can be seen from sports to bridges to satellites. Man has 

been using composite materials from centuries before, but in meeting the current day challenges, 

composite materials play a vital role in technology, making it an edge over conventional 

materials.  The National Aerospace and Space Association (NASA) is developing a completely 

Reusable Launch Vehicle (RLV) in its mission of exploring outer space. This vehicle would 

make use of composites extensively.  The composite materials in the current study finds their 

application extensively in major structural blocks of the aerospace structures due to having 

structural stability, being light-weight and being cost-effective. One concern is the use of these 

composites in applications such as pipelines and containment-type vessels. For these types of 

applications, permeability is an issue. Understanding the microcracking behavior of potential 

candidate composites for use in these applications is important. 

 

The materials under investigation in this study are IM7/977-2, IM7/5555 and IM7/5276-1 carbon 

fiber epoxy resin matrix advanced composite materials in the [0/90/90/0] orientation.  These 

composite materials were supplied by Lockheed Martin Corporation to investigate the 

microcracking behavior of these material systems. Preliminary studies for these systems included 

loading each specimen to some predetermined load and then inspecting it via X-ray 

microtomography [1]. The microcracking density obtained from this inspection then allowed for 

one point from each sample to be plotted on a microcracking density versus applied stress plot. 

While this method allowed for a better assessment of three-dimensional damage that had formed 

in the specimen, a history of damage for each specimen could not be charted. 



 2

 

In this study, the primary aim is to obtain microcracking progression data as a function of 

loading for each specimen. Optical Microscopy (OM) is used to scan the external surface of the 

laminate in real time while the composite coupon is subjected to a tensile load. This allows the 

number of microcracks formed across the thickness of the ply to be counted. A secondary aim is 

to obtain damage progression data (mainly due to delamination) that evolves in the specimens at 

higher loads. A final aim of the study deals with predicting the microcracking fracture toughness 

of the material systems based on the data obtained in these studies.  

 

The following chapter reviews current literature related to damage in composites, microcracking 

initiation and propagation, and the finite fracture approach for predicting matrix microcracking. 

Chapter 3 presents a discussion of the experimental set-up and procedures. Results of the 

experimental data, including a comparison of microcracking progression in the three material 

systems, a comparison of damage progression in the three systems, as well as the calculation of 

the microcracking fracture toughness of the IM7/977-2 system, are presented in Chapter 4. 

Conclusions and recommendations for future work are discussed in Chapter 5. 
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2. Literature Review 

 

A composite material is a combination of two or more materials on a macroscopic scale to form 

a useful third material.  From the matrix point of view composites can be divided into three main 

categories: polymer matrix, metal matrix and ceramic matrix composites.  Most composites used 

in the industry, as well as in the present study, are polymer matrix composites.  From the 

reinforcement point of view there are two common types: fiber-reinforced and particle-

reinforced composites. Fiber-reinforced composites have many variations like single-layer 

composites, multi-layer composites, continuous-fiber-reinforces composites, discontinuous-fiber-

reinforced composites, unidirectional-reinforced composites, bidirectional-reinforced 

composites, laminates and hybrids [2]. Particle-reinforced and discontinuous-fiber-reinforced 

composites are also classified as random orientation and preferred orientation according to the 

orientation of reinforcement in the matrix. The composite of the present study is classified under 

fiber-reinforced-multi-layer-laminate (angle-ply).  

 

Compared to conventional metallic materials, composites have a very high stiffness, good 

corrosion resistance and fatigue properties, better dimensional stability over a range of 

temperature, and better impact resistance and tolerance [2].  As a result of their superior 

properties, composites have brought a substantial impact on aerospace, sports and automotive 

industries. 

 

Carbon fibers are predominantly high-strength and high-modulus, reinforcements used in the 

fabrication of high-performance resin-matrix composites. The current technology of producing 
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carbon fibers generally centers on the thermal decomposition of various organic precursors. 

However, currently available carbon fibers are made using one of the three precursor materials: 

pitch, rayon fibers or polyacrylonitrile (PAN).  These materials typically have tensile strengths of 

1550 MPa (Pitch), 2070-2760 MPa (Rayon) and 2480-3100MPa (PAN). Fiber diameters vary 

from 6.5-10um [2]. 

  

Epoxy resin is classified as polymer-thermosetting matrix. Thermosetting matrix materials have 

cross-linked or network structures with covalent bonds between all molecules.  They do not 

soften but decompose on heating.  Once solidified by the cross- linking (curing) process they can 

not be reshaped.  Most properties like strength, stiffness, thermal expansion, conductivity and 

permeability are highly dependent on variables like temperature, environment and strain rate [2].  

The materials used in the current study are IM7/977-2, IM7/5555 and IM7/5276-1.  IM7 is the 

type of carbon fiber and 977-2, 5555 and 5276-1 are the matrix systems.                                                                

 

2.1 Microcracking in Composite Materials 

Composite materials can experience several different forms of damage including: matrix 

microcracking, fiber pull-out, fiber-matrix debonding, and fiber breakage etc. Since the focus of 

the current study is on the development and progression of microcracking in cross-ply laminates, 

the next few sections are dedicated to (1) discussing microcracking trends in laminates and (2) 

presenting the finite fracture approach for predicting microcrack initiation and progression in 

composites. 
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The first form of damage in laminates is usually matrix microcracking. Matrix microcracking is 

an intralaminar, a.k.a. ply, crack that traverses the thickness of the ply and runs parallel to the 

fibers in the ply. The most common observation of microcracking is cracking of 90o plies during 

axial loading in 0o direction.  These microcracks are transverse to the loading direction and, are 

thus, sometimes called transverse cracks. The term matrix microcracks, microcracks, 

intralaminar cracks, ply cracks, and transverse cracks are used interchangeably in the composite 

literature. 

 

Microcracks can be found during tensile loading, during fatigue loading, during changes in 

temperature and during thermo-cycling. Microcracking can form in any ply, but forms 

predominantly in the plies that are off-axis to the loading direction.  The immediate effect of 

microcracking is to cause degradation in the thermomechanical properties of the laminate 

including change in all effective moduli, Poisson’s ratios, and thermal expansion coefficients.  If 

a given design can not tolerate microcracking-induced degradation in properties, then the 

formation of microcracking constitutes failure of the design.  A secondary effect of 

microcracking is that they nucleate other forms of damage.  For example, microcracking can 

induce free edge delaminations, matrix-crack-tip induced delaminations, creep, resin 

embitterment, fiber-matrix debonding, oxidation of matrix material, fiber breaks, or provide 

pathways for entry of corrosive liquids. Such damage modes may subsequently lead to laminate 

failure [4].  The process by which microcracking forms, the effects they have non laminate 

properties, and their role in nucleating new forms of damage are all important problems in the 

analysis of failure of composite laminates. 
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2.2 Microcracking Initiation 

Microcracking is the first form of damage occurring in laminates having 90o plies.  The 

formation of the first crack is the initiation of the microcrack.  It has been demonstrated by other 

researchers that there is a significant effect of 90o ply thickness on the strain to initiate 

microcracking. As the thickness of 90o plies becomes smaller than the thickness of the 0o plies, 

the strain to microcracking initiation increases. When the microcrack intitiates it propagates 

across the entire cross-section of the 90o plies in the experimental tie scale. As the thickness of 

the 90o plies becomes very small, the microcracks are suppressed entirely and the laminates fail 

before the initiation of microcracking.  The first-ply failure theory assumes that the first ply 

cracks or fails when the strain in those plies reaches the strain to failure those plies [5, 6].  It 

furthermore assumes that the ply failure can be determined from experiments on isolated 

unidirectional laminates. Thus, the first-ply failure theory predicts that the strain to initiate 

microcracking will be independent of ply thickness; this prediction contradicts all the 

experimental observations of microcracking. Thus, the optimum design on experimental results 

is to make 90o plies as thin as possible. 

 Besides [0n/90m]s laminates, microcracking may initiate in the 90o  plies of any laminates.  

Studies show microcracking occurrence in [+30/90n]s and [+60/90n]s.  There has been also work 

on [90n/0m]s laminates and other cross-ply laminates with the 90o plies on the outer plies [7,8,9]. 

The universal observation is that the microcracking behavior of [90n/S]s laminates differ from the 

those of the corresponding [S/90m]s laminates. In particular, the strain to initiate microcracking is 

lower for laminates with the outer 90o plies than for the laminates with the central 90o plies.  The 

results from [S/90]s laminates show that the supporting plies constrain the 90o plies and can 

inhibit microcracking.  Surface 90o plies however are only constrained on one side and thus 
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microcracking initiates easier.  Other statistical arguments are that as the thickness of the 90o 

plies decrease; the smaller the volume of ply material will have statistically fewer flaws and 

naturally show higher strain to failure. 

 

2.3 Microcrack Progression 

Additional loading of a specimen containing a microcrack will result in the formation of 

additional microcracking.  Several experiments have described the features of multiple 

microcracks [10]. For all laminates there is no microcracking until some onset stress that 

corresponds to the initiation of microcracking. After the initial microcrack, the microcrack 

density typically increases very rapidly.  At high crack density, the microcracking slows down 

and approaches a saturation damage state. The initial rapid raise varies between different 

materials types with some laminates having a slower increase in crack density or a more sigmoid 

shape than other laminates. The rate of initial raise has been associated with manufacturing 

defects or statistical inhomogeneities in the ply materials [11].  

 

Other observations are that the onset stress decreases as the thickness of the 90o plies increases.  

On continued loading however, the situation reverses- thinner 90o ply groups eventually develop 

more microcracks than thicker 90o ply groups. In other words, the saturation crack density is 

inversely related to the thickness of the 90 o plies. 

 

For [90m/0n]s laminates the characteristic curves are the same as for [0n/90m]s laminates; i.e., after 

the onset of microcracking there is rapid raise in microcrack density followed by a slowing 

towards microcracking saturation at high applied loads.  Comparing the results for [0n/90m]s and  
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[90m/0n]s  laminates shows that microcracking starts at lower loads in [90m/0n]s laminates than in 

[0n/90m]s laminates. However, [0n/90m]s laminates eventually develop more microcracks at  

saturation [9].  Another difference between [0n/90m]s and [90m/0n]s laminates is the final 

characteristic damage state.  [0n/90m]s laminates develop roughly periodic array of microcracks, 

while [90m/0n]s develop an anti- symmetric array of microcracks. The curved microcracks in 

[0n/90m]s due the interactions between microcracks at high crack densities causes the maximum 

principal stress to shift to a location near the 0/90 interface and close to an existing crack [12]. 

 

2.4 Finite Fracture Mechanics Approach for Predicting Microcracking 

The finite fracture mechanics model has been developed by applying a suitable modification to 

the conventional fracture mechanics approach.  Conventional fracture mechanics deals with 

crack propagations; however microcracking of laminates is an instantaneous occurrence of 

fracture events in an experimental time scale and involves formations of finite amount. Besides 

microcracking, various other forms of damages such as fiber breaks, interfacial debonds, 

delamination and etc are also fracture events restricts the use of conventional fracture for 

analysis. The aim of the finite fracture mechanics models is to predict the effective 

thermomechanical properties of the laminates with the given amount of microcracking and to 

predict the conditions which lead to the formation of microcracking. Most of the studies have 

focused on the microcracking of 90o plies in which the laminates are predominately loaded with 

tensile loads perpendicular to the fiber in those plies.  There are several reasons for this 

approach. In such laminates, the microcracks that form in the 90o plies typically span the entire 

cross-section of the 90o plies.  Thus, the potentially three-dimensional problem can be reduced to 
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two dimensions by viewing the edges of the laminate and assuming that the crack propagates 

through the entire width.   

 

Finite fracture mechanics is an energy model of fracture mechanics to predict when 

microcracking will occur [9]. Using this approach, the next microcrack is predicted to form when 

the total energy released by the formation of that microcrack reaches the critical energy release 

rate for microcracking. This material property, denoted by Gmc , is called the microcracking 

fracture toughness.  The microcracking fracture toughness is a material property; i.e., it is 

independent of ply lay-up. This model requires stress analysis to calculate the total energy 

released by the formation of the next complete microcrack; this term can be denoted as Gm. Once 

this energy release rate is known, finite fracture mechanics can be used to predict the conditions 

required to form microcracks or to predict the experimental results for crack density as a function 

of applied loads.  

 

Following the work by Liu and Nairn [11], the energy release rate, Gm , can be expressed as  

)(13

2

1

DYtC
C

T
E
E

G o
C

T
m 







 ∆−= ασ                                                                                     (1) 

where ET and EC are the axial moduli of the ply material and the x-direction modulus of the 

cross-ply laminate, σo is the tensile stress in the x-direction, ∆α is the difference between the 

transverse and longitudinal thermal expansion coefficient, C1 and C3 are constants which are 

function of other material properties like GA, GT, νA ,νT (axial and transverse shear moduli and 

Poisson’s ratio, respectively) and t1 is the thickness of the 90o ply . The energy release rate 

scaling factor, Y (D), can be expressed as 
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where ρ is defined as a/t1, 2a is the distance between the existing cracks, L is the specimen 

length, W is the width, and A is the cross-sectional area of the specimen.  χ(ρ) in this equation is 

given by 

βρααρβ
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2cos2cosh)(2)( 22
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where α and β are constants dependent on the same material properties as C1 and C3 are. 

 

Considering a sample with N microcracks, the crack spacing between each crack is characterized 

as ρ1, ρ2  ,ρ3,  ρ4, ……. ρN . Here, <χ(ρ)> is expressed as 

∑
=
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Crack density is given by D = N/L. After the formation of the new crack at the kth interval at ξ= 

2δ-ρk , with ξ defined as x/t1, <χ(ρ)> is expressed as 
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It is expected by the researchers that cross-ply laminates tend to form regularly spaced 

microcracks; during a typical experiment observation it is not known where the next new crack 

will form. Assuming the next new microcrack forms in the crack interval whose spacing is equal 

to the average crack spacing, ρk can be expressed as ρk= 1/(2t1D). Also assuming the new crack 

forms at the mid-span of the existing crack interval, δ can be expressed as δ=ρ/2. With these 

assumptions the function Y (D) simplifies to 
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The above equation is agreeable for the assumptions made earlier and in real experimental 

observations where the crack density (D) is in the low crack density regime. In this low crack 

density area the energy release by the formation of new crack formed between the two existing 

cracks is independent of crack spacing. However, when the crack density gets higher and there is 

a distribution of crack spacing, energy released by the formation of the new microcrack in a 

small crack interval will be lower than the energy released by the formation of new microcrack 

in a large crack interval. To compensate for this effect, Nairn and Liu [11] introduced a new 

parameter f and modified equation (6) to include this f parameter as follows: 
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where the average f is the average ratio of the size of the crack interval in which the crack forms 

to the average crack spacing. Typical f values vary in the range of 1.0 to 1.44 [11]. 
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3. Experimental Procedure 

 

There were three composites investigated in the current study: IM7/977-2, IM7/5555 and 

IM7/5276-1. All the specimens were cross-ply laminates of the [0/90/90/0] lay-up. From each 

composite panel six specimens were tested until failure and two specimens were tested up to a 

pre-determined load preceding failure. The first aim of the experimental testing is to generate 

microcracking density data for each composite. As noted by Nairn [11], microcracking density 

(here, noted in number of microcracks per centimeter) as a function of applied loading is 

necessary in determining the microcracking fracture toughness of the composite. This requires 

loading each coupon to pre-determined stresses (whether it is the failure load or some high load 

preceding failure) at pre-determined stress intervals. A second objective is to analyze the 

microcracking progression in each of the three different composites. For each specimen 

examined for this analysis, the procedure entailed finding the distance between each crack across 

the entire viewing span at each pre-determined stress level. Recall that in using the finite fracture 

mechanics approach for predicting microcrack progression, it is assumed that additional cracks 

always initiate at the center of the previous crack spacing. However, in practical applications this 

is not always the case. The current analysis is being performed to study the experimental 

behavior in hopes of determining an f parameter (introduced by Nairn [11]) for each of the 

composites under investigation. The third objective of these studies is to analyze the damage 

progression in each of the specimens to better understand the failure characteristics of each of 

these composites.  
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3.1 Specimen Information 

IM7/977-2, IM7/5555, and IM7/5276-1 composite panels, measuring 12 inches by 12 inches, 

were manufactured by a vacuum bagging procedure at Lockheed Martin Space System 

Company-Michoud Operations. Ultrasonic testing was performed prior to cutting these panels. 

No initial damage was identified. The total thickness of the panels varied with IM7/977-2 being 

0.55mm, IM7/5555 being 0.55mm and IM7/5276-1 being 0.60mm. 

 

3.2 Specimen Preparation 

Each panel was numbered and cut into four quadrants; each quadrant was numbered in a 

clockwise fashion beginning with the top right quadrant.  This quadrant piece was cut further 

into four pieces and numbered in the same manner as before.  These smaller pieces were then cut 

into specimens measuring 60mm x 5mm. A typical numbering will look like 5-I-IV-3. Here the 

number 5 designates the IM7/5555 composite. I-IV-3 denotes the location that the specimen was 

cut from the panel. This specimen was the third one cut from the 3in by 3in quadrant IV section 

of the 6in by 6in quadrant I section. The panels are cut in such a manner that the final specimen 

is cut along 0o plies and 0o plies are on the outer surface.  The above dimensions are required for 

the sample to accommodate both the tensile substage and the X-ray microtomography machine. 

All cutting is performed with a circular diamond cutter at suitable speed with continuous flow of 

lubricant ensuring proper dimensions and heat removal. The blade of the cutter is a diamond 

metal bonded, wafer blade. Tables 3.1, Table 3.2 and Table 3.3 display the final dimensions and 

variation in these dimensions across the length of each specimen tested. 
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Table 3.1 Specimen Widths and Variations for Material System IM7/977-2. 

Specimen Width (mm) Width (mm) Difference (mm) Final Width (mm) 

2-I-II-5 4.79 4.77 0.02 4.78 

2-I-II-6 4.84 4.86 0.02 4.85 

2-I-II-7 5.14 5.22 0.08 5.18 

2-I-III-1 4.57 4.56 0.01 4.565 

2-I-III-3 5.02 5.03 0.01 5.025 

2-I-III-9 4.87 4.81 0.06 4.84 

2-I-III-4 4.80 4.82 0.02 4.81 

2-I-III-5 4.88 4.90 0.02 4.89 

 

Table 3.2 Specimen Widths and Variations for Material System IM7/5555. 

Specimen Width (mm) Width (mm) Difference (mm) Final Width (mm) 

5-I-II-1 4.57 4.55 0.02 4.56 

5-I-II-2 4.84 4.82 0.02 4.83 

5-I-II-3 4.88 4.92 0.04 4.90 

5-I-II-5 4.95 4.97 0.02 4.96 

5-I-IV-1 4.54 4.54 0.00 4.54 

5-I-IV-3 4.77 4.64 0.13 4.76 

5-I-IV-8 4.41 4.44 0.03 4.425 

5-I-I-3 4.96 4.95 0.01 4.955 
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Table 3.3 Specimen Widths and Variations for Material System IM7/5276-1. 

Specimen Width (mm) Width (mm) Difference (mm) Final Width (mm) 

6-II-IV-1 5.04 5.08 0.04 5.06 

6-II-IV-2 4.75 4.78 0.03 4.765 

6-II-IV-4 5.01 5.10 0.09 5.055 

6-II-IV-5 4.78 4.75 0.03 4.765 

6-II-IV-6 5.47 5.46 0.01 5..465 

6-II-IV-7 4.98 5.01 0.03 4.995 

6-II-IV-3 4.87 4.86 0.01 4.865 

 

     

To obtain a good quality surface for optical microscopy observation while testing the cut 

specimens were polished on the cross-section  surfaces using P-2400 grit silicon carbide 

polishing paper on a rotating polishing machine. The specimen surface was to be held parallel to 

the polish paper to ensure regular surface. Water was fed continuously over the polish paper to 

remove dirt and water. The speed of polishing machine was optimized so as to avoid the splitting 

of plies and the polishing paper was changed periodically. 

 

To prevent the specimen from slipping and crushing under the clamps of the tensile substage, 

aluminum tabs were glued on the either ends of the specimen. Due to tightening of the jaws of 

the tensile substage there is a stress concentration at the grips of the jaws and the tabs provide a 

smooth gripping surface and distribute stress and prevent specimen from further crushing. These 

aluminum tabs are made of aluminum sheet of 20 gauge (0.80 mm) cut into approximately 
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10mm x 20mm pieces. The specimen was glued using Loctite E-120HP Hysol epoxy adhesive. 

Before gluing the specimen the surfaces of the specimen and the aluminum tabs were made 

rough using 2-100 medium sand paper to ensure perfect bonding. The glue was mixed using a 

static mixer. An optimal quantity was used so that the glue itself does not fail under shear load. 

The glued specimen was cured at room temperature eight to ten hours before testing. Figure 3.1 

shows four specimens after preparation. 

 

Figure 3.1 Specimens after Preparation 

 

3.3 Experimental Set-up 

Tensile testing was done using 2000 lb capacity tensile substage. The test setup comprises of a 

tensile substage, data acquisition system and mechanical testing software MTestWindows 

supplied by ADMET, Inc. Figure 3.2 depicts the experimental setup. Figure 3.3 shows a close-up 

view of a specimen in the substage. 



 17

 

Figure 3.2 Experimental Setup. 

 

Figure 3.3 Close-up view of a Specimen in the Substage. 
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Figure 3.4 depicts a typical screen of the software. This window displays five smaller windows 

on the screen; beginning from the top left in a clockwise order they are: the load on the 

specimen, the stress, the displacement of the cross-heads, the strain and a load versus time graph. 

All windows display the live values, peak values, and rate of change in the parameter values at 

all times. Usually all the windows begin at zero except the displacement windows with some 

oscillating values at a third decimal place. Before beginning the test always it was noted to 

minimize the oscillation by clicking the zero button on the right hand side of the displacement 

window. 

 

 

Figure 3.4 Typical Screen of the MTest Windows Software. 
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A typical test setup menu is depicted in Figure3.5 

 

Figure3.5 Screen Shot of Test Setup Menu.  

In the test setup window clicking on the display button gives options to display load, stress, 

length and time in desired units. 

 

In the servoparameters option, as shown in Figure 3.6, the preload, preload rate, jog speed, home 

rate and the port test are fixed. The preload amount and the preload rate are used to apply small 

load to the specimen prior to the starting of the test. This preload amount should be less than start 

test threshold. The jog speed is the rate at which the crosshead moves while loading the 

specimen. The home rate is the rate at which the machine will return to its starting zero position 

when the home icon is clicked. Post test action defines the movement of the cross-head after the 

end of the test is detected. In the present testing, the stop option is selected for the post test action 

so as to not reverse load on the substage after testing; Very high loads could affect the load cells. 
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Figure 3.6 Screen Shot of Servoparamaters Window. 

 

The acquisition menu shown in Figure 3.7 allows fixing parameters such as sample brake, 

threshold load and segmenting log rate. Sample brake is the load at which failure of the present 

specimen is detected by the substage and to stop the testing. For the present test the specimen 

break is set at 20% of the peak load of the specimen. Threshold load is the load at which the 

program starts logging in data. The threshold rate should always be set higher then the preload. 

Finally, the segment log rate and segment duration defines the frequency and the length that the 

data is being logged. Most of the parameters are fixed and rarely change other then specimen 

information and the servoparameters. 
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Figure 3.7 Screen shot of Acquisition Menu. 

 

3.4 Optical Microscopy 

Optical microscopy was performed using a ProScope digital USB microscope with a 200X 

magnification lens. The still capture capability of the microscope was 640x480 (VGA) pixels. 

The microscope was mounted on a stand parallel to the substage so as to focus on the surface 

developing microcracks. The stand of the microscope has a micrometer which facilitated (1) the 

movement of the microscope to and fro parallel to the surface under investigation and (2) the 

measurement of the distance moved. For the current testing, the typical in-focus span across the 

specimen was between 10 mm to 14 mm. For clarity, this distance across the specimen in which 
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the micrographs are obtained will be referred to as the optical span length. A high intensity 

illuminator was used to brighten the surface under investigation to get good results. Figure 3.8 is 

a picture of the optical microscopy setup. 

 

Figure 3.8 Optical Microscope Setup. 

 

3.5 Experimental Procedure 

The acquisition system is turned on and it is made sure the acquisition system is in tension mode 

by using the switch on the data acquisition system. After the above procedure the acquisition 

system is turned on and it is made sure the acquisition system is in tension mode by using the 

switch on the data acquisition system. Then the MtestWindows software is turned on. 
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The clamps of the substage are designed with two self adjusting wedge shaped grips to make a 

smooth tightening of the clamps. After the specimen is placed between the clamps, they are 

hand-tightened and the distance between the clamps was measured using a digital caliper. This 

distance is taken as the gauge length. For a typical specimen the gauge length was around 25mm. 

Then the test setup icon is opened from the file pull-down menu in the MTest Windows 

software. The desired specimen information is input using the specimen information window. 

The parameters for the present testing used were flat specimen, gauge length, width and 

thickness. After the specimen information is entered the servoparameters are fixed. The 

servoparameter settings for the present study is 0.0025 mm/sec for the jog speed, 0.005 mm/sec 

for the home rate, 0.5 KN for the preload, and the post test is set to stop. 

 

The above test set-up is saved by the name of the specimen and the screws of the clamps are 

tightened. After tightening the specimen the stress and the load induced on the specimen are 

noted to make sure the clamping stress and load not to exceed the preload. 

 

Then the optical microscope is focused on the surface at one end and moved to the other end 

noting the span of focus of the microscope and best visualization of the surface throughout the 

specimen. Then the specimen is loaded, stopped at pre-determined stress intervals, and inspected 

using optical microscopy for microcracks. For the specimens in the present test, specimens are 

loaded to 750MPa continuously and then stopped at every 50MPa interval. At each of these 

loadings snap shots of the surface are taken. The field of view in each optical micrograph covers 

a 1.375mm specimen length. After grabbing the first snap shot the micrometer is translated in 

increments of 1.25mm until the total travel of the micrometer is between 10 and 14mm (This 
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length is dependent on the length of the specimen). An optical micrograph is taken at each 

increment of micrometer travel. A 10mm micrometer travel results in a total optical scan length 

of 11.375 mm. 

 

3.6 Microcracks and Distance Measurements 

As previously noted, the specimen length in the field of view of a single micrograph is 1.375mm. 

Each of these images is captured with 640 horizontal and 480 vertical pixels. The snapshots from 

each stress level are grouped together and the number of microcracks for the optical scan length 

is counted. Note that this process is a bit tedious since there is an overlap length of 0.125mm 

between consecutive micrographs. Then by using a zooming software tool, ZoomMagic, the 

number of pixels between each crack is determined. Figure 3.9 displays a typical optical 

micrograph and Figure 3.10 displays the screen shot of the ZoomMagic software. 

 

Figure 3.9 Optical Micrograph  
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Figure 3.10 Screen Shot of ZoomMagic Software. 
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4. Results 

 

The experimental procedure was followed as described in the previous chapter. Accordingly, 

data for the IM7/977-2 material system specimens listed in Table 3.1, the IM7/5555 material 

system specimens listed in Table 3.2, and the IM7/5276-1 material system specimens listed in 

Table 3.3 are presented in this section. For each material system, at least six of the specimens 

were tested up to failure. In some cases, the specimens were loaded in the vicinity of, but not up 

to, the failure load to explore the failure behavior of the material systems.  For each material 

system, optical microscopy was performed to gather microcrack initiation and propagation data 

as well as to investigate the damage progression in the different systems. From all the specimens 

loaded to failure optical microscopy was performed and the spacing between each microcrack 

was measured. The various results are discussed in following sections. 

 

4.1 IM7/977-2: Microcracking and Damage Progression 

Table 4.1 lists the optical scan length, the crack initiation stress, the maximum stress induced in 

the specimen, the maximum crack density, and whether or not the specimen was loaded to 

failure. The specimens failed at different loads, with 1133MPa being lowest failure load and 

1332MPa being the highest failure load. The average failure load of the IM7/977-2 material 

system was found to be around 1220MPa. 
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Table 4.1 Microcracking and Load Data for Material System IM7/977-2. 

Specimen Optical Span 

Length (mm) 

Crack Initiation 

Stress (MPa) 

Crack Density  

(Cracks/cm)  

Maximum 

Stress (MPa ) 

Failure 

2-I-II-5 10.125 1029 2.0 1133 Yes 

2-I-II-6 11.375 1015 7.9 1222 Yes 

2-I-II-7 11.375 1005 6.2 1266 Yes 

2-I-III-1 13.875 1054 11.5 1322 Yes 

2-I-III-3 11.375 1026 10.5 1208 Yes 

2-I-III-9 10.125 1065 5.9  1180 Yes 

2-I-III-4 13.875 1014 Test Stopped 1151 Stopped

2-I-III-5 11.375 1056 Test Stopped 1156 Stopped

 

Figures 4.1 through 4.6 depict the schematics of the crack formation for each specimen at 

incremental loadings for the specimens that failed. From the schematics it can be seen that the 

microcracks did not initiate in the in the center of the optical scan of the specimen. This may be 

due macroscopic flaws in the material in that area and imperfections in the specimen. After the 

initial formation, new cracks initiated between the existing microcracks. The maximum number 

of 16 cracks was observed in specimen 2-I-III-1 at 1296MPa for an observable span of 

13.875mm, which resulted in a crack density of 11.5cracks/cm. This material system did not 

show a clear indication of microcracking saturation. This is may be due the fact that at higher 

loads the energy was expelled due to other forms of failures, such as delamination, fiber pull-

outs, etc 
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While microcracking initiated in the IM7/977-2 material system at loads around 1000MPa, other 

types of damage were observed under the optical microscope prior to total failure. Table 4.2 

presents a discussion regarding the damage occurring in each specimen. Delamination was not 

observed in all of the specimens up to within 50 MPa of the failure loads, with the exception of 

specimen 2-I-III-3. For the other two specimens (2-I-III-1 and 2-I-III-9) in which delamination 

was observed, the specimens failed immediately after applying a load of 20-25MPa.  
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Figure 4.1 Schematics of Crack Propagation in Specimen 2-I-III-5. 

 

 

Figure 4.2 Schematics of Crack Propagation in Specimen 2-I-III-6. 
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Figure 4.3 Schematics of Crack Propagation in Specimen 2-I-II-7. 
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Figure 4.4 Schematics of Crack Propagation in Specimen 2-I-III-1. 

 

 

Figure 4.5 Schematics of Crack Propagation in Specimen 2-I-III-9. 
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Figure 4.6 Schematics of Crack Propagation in Specimen 2-I-III-3. 
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Table 4.2 Micrograph Observations for Material System IM7/977-2. 
 

Specimen Micrograph Damage Load ( MPa ) and Discussions 

2-I-II-5 

 

Specimen 2-I-II-5 did not show any other form of 

other damage under optical microscope and the 

specimen failed at 1133MPa. The picture in the left 

shows the micrograph with a single microcrack at 

1087MPa.  The specimen failed near the tabs. 

2-I-II-6 

 

Specimen 2-I-II-6 did not show any other form of 

other damage under the optical microscope and the 

specimen failed at 1222MPa. The picture in the left 

shows the micrograph with a single microcrack at 

1185MPa.  The specimen failed into two pieces in 

the mid span. 
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2-I-II-7 

 

Specimen 2-I-II-7 did not show any kind of other 

damage before failure. The specimen failed at a 

load of 1266MPa. The specimen failed near the 

tabs. The micrograph in the left shows the 

micrograph at the load of 1250MPa. 

2-I-III-1 

 

The micrograph to the left is from specimen 2-I-III-

1 at 1297MPa. Delamination was observed at a load 

of 1297MPa. The specimen failed at the ends of the 

tabs with additional load of 25MPa. 
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2-I-III-3 

 

 

The micrographs in the left are from specimen 2-I-

III-3 at load of 1026MPa and 1172MPa. It can be 

seen that there are two microcracks in both 

micrographs. Delamination was observed at a load 

of 1026MPa. The specimen failed at a load of 

1208MPa. In the top picture and as the load 

increases the delamination increases between the 0° 

ply and 90° plies.  
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2-I-III-9 

 

 

The figures in the left show the micrograph of 

specimen 2-I-III-9 at loads of 1113MPa (top) and 

1160MPa (bottom). At 1113MPa no other form of 

damage was observed other then a single 

microcrack. At 1160MPa the specimen started 

delaminating between the 0° plies and 90° plies in 

the upper ply group. Fiber pull-out in the lower ply 

group between the 90° and 0° plies was also 

observed. There is also an additional new 

microcrack and they both provide contact 

delamination. This specimen immediately failed 

into two pieces at an additional load of 20MPa. 
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2-I-III-4 

 

Specimen 2-I-III-4 did not show any other forms of 

damage under the optical microscope. The test was 

stopped at 1151MPa. 

2-I-III-5 

 

Specimen 2-I-III-5 started to delaminate at a load of 

1156MPa, as seen in the micrograph. The test was 

stopped. 
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4.2 IM7/5555: Microcracking and Damage Propagation 

Table 4.3 lists the optical scan length, the crack initiation stress, the maximum stress induced in 

the specimen, the maximum crack density, and whether or not the specimen was loaded to failure 

for the IM7/555 specimens. 

Table 4.3 Microcracking and Load Data for Material System IM7/5555. 

Specimen Optical scan 

length (mm) 

Crack Initiation 

Stress (MPa) 

Crack Density 

(Crack/cm) 

Maximum 

Stress  

( MPa ) 

Failure 

5-I-II-1 11.375 871 11.4 1206 Yes 

5-I-II-2 11.375 876 16.7 1316 Yes 

5-I-II-3 11.375 893 13.2 1352 Yes 

5-I-II-5 11.375 884 16.7 1495 Yes 

5-I-IV-1 11.375 818 16.7 1311 Yes 

5-I-IV-3 11.375 855 16.7 1304 Yes 

5-I-IV-8 13.875 873 16.7 1256 Stopped

5-I-I-3 11.375 984 10.1 1264 Stopped

 

The IM7/5555 material system failed at higher loads than that of IM7/977-2. The maximum 

failure stress reached was 1495MPa and the lowest failure stress reached was 1206MPa. The 

average failure stress for the six specimens tested to failure was found to be around 1330MPa. 

 

As can be seen from Table 4.3, five of the specimens reached a crack density of 16.7cracks/cm. 

It can also be noted that specimens 5-I-IV-1, 5-I-IV-3, and 5-I-IV-8 were cut from the same 
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location of the initial panel and they all reached the same crack density. For the six specimens 

loaded up to failure the average crack density at failure was found to be 15.2cracks/cm. In all of 

the samples, with the exception of 5-I-I-3, microcrack initiation was observed at around the load 

of 850MPa. 

 

Figures 4.7 through 4.12 display schematics of crack formation for six IM7/5555 specimens 

tested to failure. All the specimens had an optical span length of 11.375mm under the optical 

microscope. The material system IM7/5555 started microcracking in the mid-span of the 

specimen, as expected. Five of the specimens displayed the same number of maximum 

microcracking in the span of 11.375mm resulting in a crack density of 16.7cracks/cm. The 

cracks were more evenly distributed throughout the length of the specimen than those of the 

IM7/977-2 specimens.  
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Figure 4.7 Schematics of Crack Propagation in Specimen 5-I-II-1. 



 41

 

 

Figure 4.8 Schematics of Crack Propagation in Specimen 5-I-II-2. 
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Figure 4.9 Schematics of Crack Propagation in Specimen 5-I-II-3. 
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Figure 4.10 Schematics of Crack Propagation in Specimen 5-I-II-5. 
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Figure 4.11 Schematics of Crack Propagation in Specimen 5-I-IV-1. 
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Figure 4.12 Schematics of Crack Propagation in Specimen 5-I-IV-3. 
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After the initial formation of microcracks, at around 850MPa, the material system did display 

other kinds of damage, like delamination and fiber pull-out. Table 4.4 displays and discusses the 

damage progression. Delamination was observed in five specimens at loads between 1000MPa 

and 1100MPa. Among these five specimens, three of these specimens had microcracking density 

around 10cracks/cm upon delamination. From this observation it can be inferred that the material 

system IM7/5555 starts delaminating around 10 cracks/cm and stress levels around 1050MPa, 

with total failure occurring around 1330MPa. A second observation that can be made is that 

material system IM7/5555 can absorb more energy and can go up to higher stress levels even 

after delamination occurs. 
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Table 4.4 Micrograph Discussions for Material System IM7/5555. 

Specimen Micrograph Damage Load(MPa) and Discussions 

5-I-II-1 The micrograph is taken at a load of 1206MPa. 

Delamination was observed in the specimen at a load 

of 1040MPa. The specimen broke into pieces at 

failure. 

5-I-II-2 The micrograph is taken at a load of 1316MPa. It can 

be seen from the micrograph there is fiber pull-out 

and delamination between the 90° plies and the 0° 

plies. Delamination was observed in the specimen at 

the load of 1021MPa. The specimen failed into pieces 

at failure. 
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5-I-II-3 This is taken at a load of 1352MPa. It can be seen 

from the micrograph, there is fiber pull-out and 

delamination in the specimen.  Delamination was 

observed in the specimen at a load of 1081MPa.The 

specimen failed into pieces. 

5-I-II-5 The micrograph was taken at a load of 1495MPa. In 

the micrograph it can seen the specimen developed 

fiber pull-out in the edges of the specimen and the 

specimen failed into pieces at failure. 
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5-I-IV-1 The micrograph was taken at a load of 1304MPa. The 

specimen developed 3 microcracks at this location. 

The micrographs did not show other kind of damage 

before failure. At failure, the specimen into broke 

into pieces. 

5-I-IV-3 The micrograph was taken at a load of 1311MPa. The 

specimen developed delamination between the two 

90° plies and some delamination in other locations 

between the 0° plies and 90°. This specimen failed 

immediately into pieces. 
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5-I-IV-8 The micrograph was taken at a load of 1264MPa. The 

micrograph depicts showing 2 microcracks and one 

half microcrack. The micrographs did not show other 

kinds of damages before the test was stopped at 

1264MPa. 

5-I-I-3 The micrograph was taken at a load of 1264MPa. 

Delamination was observed at the load of 1026MPa. 

The test was stopped at 1264MPa.  
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4.3 IM7/5276-1: Microcracking and Damage Propagation 

Table 4.5 lists the optical scan length, the crack initiation stress, the maximum stress induced in 

the specimen, the maximum crack density, and whether or not the specimen was loaded to failure 

for the IM7/5276-1 coupons. 

 

Table 4.5 Microcracking and Load Data for Material System IM7/5276-1. 

 

The specimens failed at different loads, with 1160MPa being the lowest failure load and 

1381MPa being the maximum failure load. The average failure stress for the seven specimens 

from material system IM7/5276-1 was found to be around 1290MPa. Figures 4.13 through 4.18 

display the schematics of the crack formation of the six specimens at different loads. 

Specimen Optical scan 

length (mm) 

Crack 

Initiation load 

(MPa) 

Crack Saturation 

Density                     ( 

Cracks/cm) 

Maximum 

Stress(MPa ) 

Failure

6-II-IV-1 10.125 932 7.9 1278 Yes 

6-II-IV-2 10.125 1004 7.9 1345 Yes 

6-II-IV-4 10.125 1010  12.8 1381 Yes 

6-II-IV-5 11.375 983 14.8 1349 Yes 

6-II-IV-6 11.375 870  11.4 1202 Yes 

6-II-IV-7 13.875 852 10.1 1160 Yes 

6-II-IV-3 10.125 950 10.9 1357 Yes 
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Figure 4.13 Schematics of Crack Propagation in Specimen 6-II-IV-1. 
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Figure 4.14 Schematics of Crack Propagation in Specimen 6-II-IV-2. 
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Figure 4.15 Schematics of Crack Propagation in Specimen 6-II-IV-4.
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Figure 4.16 Schematics of Crack Propagation in Specimen 6-II-IV-5. 
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Figure 4.17 Schematics of Crack Propagation in Specimen 6-II-IV-6.
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Figure 4.18 Schematics of Crack Propagation in Specimen 6-II-IV-7. 
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These specimens had different optical span lengths under investigation. Not all of the specimens 

started microcracking at the center of the specimen. The material system IM7/5276-1 showed 

very little damage in addition to microcracking under the optical microscope. Only two 

specimens started delaminating just before failure. The discussion of the damage is presented in 

Table 4.6.  
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Table 4.6 Micrograph Observations for Material System IM7/5276-1. 
 

Specimen Micrograph Damage Load ( MPa ) and Discussions 

6-II-IV-1 

 

The micrograph in the left is from specimen 6-II-

IV-1 at 1262MPa. The specimen did not show other 

forms of damage other than microcracks and failed 

near the tabs at 1262MPa.  

6-II-IV-2 

 

The micrograph in the left is from specimen 6-II-

IV-2 at 1256MPa. The specimen did not show other 

forms of damage other than microcracks and failed 

into two pieces in the mid span at 1256MPa. 
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6-II-IV-4 

 

The micrograph in the left is from specimen 6-II-

IV-4 at 1358MPa. As seen in the micrograph, the 

specimen developed fiber pull-out in the 0° plies. 

The specimen failed at 1381MPa near the tabs. 

6-II-IV-5 

 

The micrograph in the left is from specimen 6-II-

IV-5 at 1295MPa. The specimen did not show any 

damage other then microcracks and failed near the 

tabs at 1349MPa. 
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6-II-IV-6 

 

The micrograph in the left is from specimen 6-II-

IV-6 at 1202MPa. The specimen did not show any 

damage other then microcracks and failed near the 

tabs at 1202MPa. 

6-II-IV-7 

 

The micrograph in the left is from the specimen 6-

II-I-7 at the load of 1160MPa. As seen in the 

micrograph, the specimen did not delaminate at this 

location and a longitudinal in the 90o was seen. 

This crack initiated at a location left of this 

micrograph and is shown in the next micrograph. 

The specimen failed immediately into two pieces at 

1160MPa. At this location fiber pull-out is seen. 
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6-II-IV-3 

 

The micrograph in the left is from specimen 6-II-

IV-1 at 1310MPa. The specimen did not show any 

damage other than microcracks and failed under the 

tabs at 1357MPa. 
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4.4 Comparison of Failure Behavior 

For some of the IM7/977-2 specimens delamination and fiber pull-out was seen. Most of the 

specimens failed either at the ends or broke into two pieces at the mid-span. Material system 

IM7/5276-1 showed similar behavior in terms of damage and failure. This material system did 

not develop delamination; other forms of damage were also less frequent under the optical 

microscope. Like material system IM7/977-2, the specimens failed near the tabs or in the mid-

span into two pieces. For material system IM7/5555 fiber pull-out and delamination were 

predominant and most of the specimens failed at an additional load around 250MPa after 

delamination. The material system at failure shattered into pieces; this characteristic is unique to 

this material system. 
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4.5 Comparison of Microcrack Propagation  

A plot of microcracking density and applied load was plotted for all the specimens from all three 

material systems. Figures 4.19, 4.20 and 4.21 display the plot of microcracking density 

(cracks/cm) and applied stress (MPa). 

Stress v/s Microcracking Density (IM7/977-2) 
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Figure 4.19 Plot of Microcracking Density versus Applied Stress for Material System 

IM7/977-2. 

A plot of applied stress and microcracking density (in number of cracks per centimeter) for 

material system IM7/977-2 is shown in Figure 4.19. From the graph it can be seen that 

microcracks started to form at around 1000MPa to 1050MPa. After the onset of the first cracks 

the number of cracks increased immediately as the stress was increased.  The maximum crack 

density was found in specimen 2-I-III-5 to be 13cracks/cm. 



 65

 

Figure 4.20 is the plot of microcracking density as a function of applied stress for material 

system IM7/977-2 from the preliminary studies [1]. It can be seen that the material system shows 

the steep increase in crack density after the initiation of microcracks. 

 

Figure 4.20 Plot of Microcracking Density versus Applied Stress for Material System 
IM7/977-2 from Ref [1]. 
 
 
From Figure 4.21 it can be seen that microcracks started forming in the range of 800MPa to 

900MPa for material system IM7/5555. After the formation of the initial microcracks the 

increase in number of microcracks as a function of applied stress is not as steep as for material 

system IM7/977-2. The formation of microcracks is more gradual.  Four of the six specimens 

tested to failure reached same crack density of 16.7cracks/cm before failure. Another observation 

is that the crack density remained the same for three of the specimens as the load was increased. 

From this, it can be concluded that the crack saturation density for the IM7/5555 material system 

is around 17cracks/cm.  
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Stress v/s Microcracking Density (IM7/5555)
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Figure 4.21 Plot of Microcracking Density versus Applied Stress for Material System 
IM7/5555. 
 
 
Figure 4.22 is the plot of microcracking density as a function of applied stress for material 

system IM7/5555 from the preliminary studies [1]. It can be seen that microcrack initiation in the 

preliminary studies occurred around 850MPa, but the when compared to the current results the 

increase in microcrack propagation appears to be steeper. This is because in the previous study 

the single specimen was not tested until failure and different specimens were loaded to a 

predetermined load; therefore each specimen’s history was not analyzed. Because the current 

study is aimed at analyzing the microcracking history of each specimen and because more data 

points have been obtained, a clearer understanding of the microcracking trend has been attained.  
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In addition, the charts obtained in both the current study and the preliminary study both suggest 

that the material system reaches a crack saturation density of approximately 17 cracks/cm. 

 

 

 

Figure 4.22 Plot of Microcracking Density versus Applied Stress for Material System 
IM7/5555 from Ref [1]. 
 
 
A plot of number of microcracks formed per centimeter as a function of applied stress is shown 

in the Figure 4.23 for material system IM7/5276-1. The starting stress for microcracking was 

more scattered and they started to microcrack between loads of 750 MPa and 950 MPa. There is 

no immediate increase in the number of microcracks after formation of the initial cracks and the 

slope of the function is not as steep as the slope of the IM7/977-2, and even the IM7/5555, data. 

It can also be noted that after the onset of microcracking the specimens failed at an additional 

average load of 340MPa, showing a dependence of initiation load to failure load. The average 

crack density for all seven specimens was around 11 cracks/cm. Specimen 6-II-IV-5 had the 

maximum number of microcracks with a microcracking density of 14.8cracks/cm. 
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Stress v/s Microcracking Density (IM7/5276-1)
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Figure 4.23 Plot of Microcracking Density versus Applied Stress for Material System 
IM7/5276-1. 
 
Figure 4.24 a plot of microcracking density as a function of applied stress for material system 

IM7/5276-1 from the preliminary study [1]. From this plot it can be seen that microcrack 

initiation occurred around 850MPa. When comparing the microcracking density as a function of 

applied loading, the curve in the preliminary study is much steeper. However, again, in the 

preliminary study the history of each specimen was not analyzed and the number of data points 

was quite scarce. Also, the points with the circles in Figure 4.24 indicate that these samples 

failed. Note that they both failed at around 1100MPa. Of the specimens in the current study, the 

weakest one failed at 1160 MPa.  
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Figure 4.24 Plot of Microcracking Density versus Applied Stress for Material System 
IM7/5276-1 from Ref [1]. 
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4.6 Microcracking Fracture Toughness for Material System IM7/977-2 
 
As described in the literature review section, the microcracking fracture toughness, Gm, is useful 

in determining when microcracking will initiate and progress in a material system under a 

uniaxial loading. For material system IM7/977-2, the microcracking toughness is calculated 

using the material properties listed in Table 4.7. 

Table 4.7 Input Material Properties for IM7/977-2. 

Property  Value 

Ea   ( Axial Modulus ply material ) 159GPa 

Et    ( Transverse Modulus of ply material ) 9.2GPa 

Ec   (x- direction modulus of cross-ply laminate) 84.2GPa 

Ga   (Axial Shear modulus) 4.37GPa 

Gt    (Transverse Shear modulus) 2.57GPa 

αa    (Axial thermal expansion coefficient ) -0.09 ppm/oC 

αt    (Transverse thermal expansion coefficient) 28.8 ppm/oC 

νa    ( Axial Poisson’s Ratio) 0.253 

νt     ( Transverse  Poisson’s Ratio) 0.456 

Teff ( Stress free temperature) -125 oC 

 
 

Of the above properties, Ea, Ec, Et, Ga, Gt, νa and νt were provided by the manufacturer of the 

specimens, Lockheed Martin Corporation. The αa and αt values that were used are common for 

most material systems that are examined [11]. Teff, the stress-free temperature, is basically the 

difference between the curing temperature (177oC) and room temperature (24oC). To account for 

the possibility of some relaxation at high temperatures Teff is taken to be -125oC. The ply 
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thickness of 0.1375mm was also provided by the manufacturer. After accumulating these 

properties the only required inputs were the crack spacings, a, and the crack density, D, at each 

stress level. Using the equations that are described in Chapter 2 the value for the microcracking 

fracture toughness was found for material system IM7/977-2 using Microsoft Excel. The 

calculated microcracking fracture toughness for different values of f are displayed in the Table 

4.8 

 

Table 4.8 Microcracking Toughness for each Specimen at different f values. 

Specimen 
 

f=1.0 f=1.2 f=1.3 f=1.44 

2-I-III-1 675.47 
 

701.57 
 

710.54 
 

719.31 
 

2-I-II-7 670.94 
 

671.64 
 

671.49 
 

671.26 
 

2-I-III-3 533.10 
 

588.98 
 

604.14 
 

616.46 
 

2-I-III-9 635.52 
 

636.33 
 

636.12 
 

635.82 
 

2-I-II-6 631.82 
 

643.08 
 

645.05 
 

646.01 
 

2-I-II-5 561.32 
 

561.32 
 

561.32 
 

561.32 
 

Average Gm 618.03 
 

633.82 
 

638.11 
 

641.70 
 

 
 
For each specimen at each stress level, the values of χ (ρ) at each crack spacing, ai, (where i goes 

from 1 to n, with n being the total number of crack spacings) was calculated and the average vale 

of χ (ρ) was plotted as function of crack density. Therefore, each specimen has one data point 

corresponding to the average χ (ρ) value for each stress level. The results are depicted in Figure 

4.25. In this plot the solid line represents the theoretical curve, i.e., the curve generated under the 

assumption that cracks will form in the mid-span of the existing cracks.  
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It can be observed from the graph that the χ (ρ) function is somewhat constant up to crack 

densities of 800 cracks per meter (8 cracks per centimeter) for the IM7/977-2 system. (Looking 

back to chapter 2 one can see that this χ (ρ) function is dependent only on the material properties 

of the system.) This region is typically called the low crack density regime. Note also from the 

graph that the most of the data points fall in the low crack density regime. Only two specimens 

displayed crack densities in the medium crack density regime, these specimens are 2-I-III-1 and 

2-I-III-3. However, the data points corresponding to those specimens did not fall on the 

theoretical curve. It was also noted that these two specimens delaminated and failed 

immediately. Data points for specimen 2-I-III-3 are not represented in Figure 4.25 because of the 

low χ (ρ) value. It can be noted in Figure 4.25 the low χ (ρ) value of the data point in medium 

crack density regime for specimen 2-I-III-1. By observing Figure 4.5 it is also apparent that for 

specimen 2-I-III-9 the cracks formed in a small region. Therefore, the average crack spacing for 

this specimen at higher loads is quite higher than the corresponding crack densities. It can be 

concluded that the presence of the delamination caused the specimens to display a locally higher 

apparent crack density than the actual crack density. It should also be noted that for the same 

cross-ply laminate orientation, Nairn notes in one of his papers while studying T300/Fiberite 

977-2 system that delamination occurred prior to being able to reach a high crack density regime 

[11]. 
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<χ(ρ)> versus Microcracking Density 

2.15

2.17

2.19

2.21

2.23

2.25

2.27

2.29

2.31

2.33

2.35

0 200 400 600 800 1000 1200 1400 1600

Microcracking Density (per meter)

<χ
(ρ

)>

2-I-III-9
2-I-III-1
2-I-II-5
2-I-II-6
Theoretical

 
Figure 4.25 Plot of < χ (ρ)> as a function of Crack Density.  
 

From Table 4.8 it can be noted that there is very little change in the values of microcracking 

fracture toughness with the change in the values of f. (Again, this is to be expected since χ (ρ) is 

constant in the low crack density regime.) There is a difference of only 4% in the calculated 

values when changing f from 1 to1.44. In the low crack density regime, it can be concluded that 

the microcracking fracture toughness is around 620J/m2 . 
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5. Conclusions and Recommendations  

 

The initiation and propagation of microcracks in IM7/977-2, IM7/5555 and IM/5276-1 cross-ply 

laminates were studied. From the plots of microcracking density versus applied stress it was 

observed the material system IM7/977-2 starts initiation of microcracking at higher loads than 

the other two systems. The IM7/977-2 material system also displays a steeper microcracking 

density versus applied loading curve than the other two systems. The material system IM7/5555 

and IM/5276-1 showed microcracking initiation at lower loads and the increase in microcracking 

density is a gradual increase with respect to applied stress. The IM7/5555 is the only system that 

displayed saturation in the crack density (~17cracks per cm). 

 

Of the three material systems, the IM7/977-2 system failed on the average at lower loads 

(~1220MPa). The other material systems failed on average around 1300MPa. While the 

IM7/977-2 and IM7/5276-1 system typically failed into two large pieces upon failure, the 

IM7/5555 specimens shattered into pieces. In addition, other types of damage, such as 

delamination and fiber pull-out, were observed in all of the material systems. However, it was 

noted that delamination occurred in a majority of the IM7/5555 specimens. These delaminations 

initiated at loads 250MPa lower than the failure load and microcracking densities around 

10cracks/cm.  

 

Compared to the initial studies, the microcracking density charts obtained in the current study 

display needed information. As observed from IM/5276-1 density charts, the additional data that 
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included the microcracking history of each specimen clarified that the initial steep trend shown 

in the preliminary study was not a true representation of the microcracking behavior. 

 

The microcracking fracture toughness for IM7/977-2 was calculated to be around 620 J/m2; the f 

parameter had minimal influence on the resulting toughness calculation (4% difference).  

 

Increasing the optical span length to cover the gage length of the specimen would lend more 

information regarding the damage behavior. Also, inspecting the specimens at smaller load 

increments could potentially yield higher crack density information; this could be particularly 

useful in examining the f parameter for the IM7-977-2 specimens. Investigating other ply lay-ups 

for the IM7/977-2 material would give a better understanding of the microcracking behavior as 

well. 
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