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Chapter 1 

INTRODUCTION 

The orthotropic nature of fiber reinforced materials requires that, 

for most applications, the material be laminated using several fiber 

orientations. Material properties such as modulus, coefficient of 

thermal expansion and strength vary with direction. The resulting mis

match in properties between layers with different orientations causes 

internal residual curing stresses which nlay have a significant influence 

on failure. A transverse microcrack (TVM) is a form of ply failure and 

is characterized by a crack in the matrix which runs parallel to the 

fibers. Figure 1 shows transverse microcracks in a cross-plied 

HTS1/PMR-15 graphite-polyimide laminate after cure. 

The plane containing a TVM is generally perpendicular to the mid

plane of the ply and parallel to the fibers. The crack spacing ;s quite 

regular and depends upon a number of factors. Transverse microcracks 

have been attributed to static, creep and fatigue as well as thermal 

loading. The cross-plied laminates are generally considered to be 

most prone to thermal microcracking. The polyimide, polyquinoxaline 

and polysulfone resins are of particular interest because of 

their high cure temperatures and resulting high residual stresses 

associated with the large temperature change during cool-down to 

room temperature. Since significant TVM densities can be attained, 

concern has arisen as to the effect of such localized damage on 

the mechanical properties and environmental stability of affected 

laminates. 



2 

A 

;s.p: '. 

.:~ , 
J~'''''''~ -::.~ 

~"\'_"""~"!f •. ,~~t; 

70X 

Fig. 1. Microphotograph of [(0/90)5 Js Laminate After Cure. 

HTS1/PMR-14 Composite. 
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The purpose of this study was to investigate the influence of 

temperature extremes and applied strain on the development of transverse 

microcracks in selected graphite-polyimide laminates. Specimens were 

subjected to thermal and mechanical loading. Microscopic inspection 

and x-ray were used to detect TVM. Linear and nonlinear laminate 

analyses with temperature dependent material properties were used to 

predict the internal stresses due to mechanical and thermal loads. A 

multiple cracking theory based upon the shear lag method was used to 

predict TVM densities. 

Celion 6000/PMR-15 graphite/polyimide composite was selected 

for use in this study because of NASAls interest in its potential 

utilization for advanced space transportation systems. 



Chapter 2 

LITERATURE REVIEW 

The existence of transverse microcracks in fiber-reinforced 

composites is well documented in the literature. The first publica

tion reporting the observation of microcracks apparently was that of 

ref. [1], in 1967. Several representative papers in areas related to 

transverse microcracks are briefly reviewed in this chapter. A brief 

history of the development of the PMR-15 polyimide resin used in this 

study is also included. 

2. 1 Characteristics of Transverse Microcracks 

The description of a TVM in Chapter 1 is similar to that given 

in refs. [2-6] which reported the observation of cracks along laminate 

edges. Molcho and Ishai [7] reported that the microcracks exist only 

very near the edge of laminates; however, they did not document their 

method of observation. According to ref. [1], the transverse micro

cracks have never been observed in unidirectional laminates. Spain 

[3] found that in other laminate configurations, the TVM density tends 

to increase as the acute angle between plies increases in a laminate. 

There is disagreement as to whether a TVM initiates at and borders 

high fiber density regions, or exists primarily within the high fiber 

density regions. McGarry and Willner [4J used microphotographs to 

show that glass fiber composites under cyclic loading exhibit micro

cracks primarily in the high fiber density regions. Lee and McGarry 

[8J, and Spain [3] obtained similar results for graphite fiber 

4 
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composites under thermal loading. However, Doner and Novak's [2] 

micromechanics model and photomicrographs indicate that the microcracks 

prefer the boundary between the high fiber density regions and resin 

rich regions. 

Microcracks have been detected by five methods: (1) trans

mission and reflective optical microscopy; (2) laminate stiffness 

loss or mechanical hysteresis; (3) weight ga"in of samples ilTrnersed in 

water; (4) x-ray; (5) edge replica. Transmission optical microscopy 

is very useful with glass fibers and translucent matrices [4], but the 

method is inadequate for graphite fiber composites since the material 

is opaque. The reflecting optical microscope is useful for any 

material and was the predominate method used by previous investigators 

[2-11]. The stiffness of a laminate has been reported to decrease 

during the development of microcracks in some laminate configurations 

and materials [4,7,9]. The weight gain of samples immersed in water 

yields the volumetric density of the transverse microcracks [4]; this 

method has been used only infrequently. X-ray [7] and edge replicas 

[9] are promising new techniques. 

2.2 Factors Affecting Transverse Microcracks 

A paper summarizing a very extensive experimental program on the 

effects of numerous variables on TVM densities was published by 

Spain [3]. He found that microcrack densities increase when the 

following are increased: 

1. resin shrinkage during cure 
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2. resin coefficient of thermal expansion 

3. temperature difference between cure and 

ambient temperature 

4. irregularity of fiber cross-section 

5. fiber twist (no twist with "wild" strands 

produce lowest TVM densities). 

The TVM densities due to thermal loading were also found to be higher 

for resin systems having lower tensile ultimate strain and shear 

strength. 

TVM densities for Skybond 703 polyimide resin were found to be 

higher after cure when the prepreg volatile content and length of post

cure were increased [8]. The increased length of postcure causes a 

void metamorphosis from interconnected voids to translaminar micro

cracks. Quackenbush and Doner [10] noted that for Thornel 50/Epon 

828 and 1031, and Thornel 50/NARMC01004 composites, decreasing the 

fiber volume fraction increased the TVM density after cure. The appli

cation of pressure throughout the cure cycle, including cooldown, was 

found to prevent microcracking. Variation of the cure breathing 

technique and bleeder cloth composition was also investigated in 

ref. [8], but the TVM density was found to be unaffected. 

2.3 Microcracking and Material Behavior 

Doner and Novak [2] tested cross-plied laminates made from 

Thornel 50 graphite f~ibers and FM150, ERLA4617, and 828/DMP-10 epoxy 

resins. They found that transverse microcracks do not significantly 
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reduce composite strength or stiffness. Transverse microcracks in

duced by cyclic loading are reported by McGarry and Willner [4], and 

Reifsnider and Masters [9] to cause a 10 percent elastic modulus 

reduction in cross-plied and quasi-isotropic laminates. McGarry and 

Willner used glass fibers as reinforcement whereas Reifsnider and 

Masters used graphite fibers. Molcho and Ishai [7] report that the 

load-deflection curve of their (5208/T300) graphite/epoxy composites 

was moderately affected by transverse microcracks. Their tests were 

conducted on 28 ply laminates having twenty-0° plies and four-±45° 

plies arranged in various stacking configurations. A one-time, like 

new load-deflection curve was achieved by caulking the microcracks 

with additional resin and curing a second time. Quackenbush and Doner 

[8], among others [2,4,7], suggested that the primary effect of the 

microcracks is the accelerated degradation of material properties by 

the environment, especially moisture. 

2.4 Residual Strains 

A TVM due to thermal loading is believed by most of the investiga

tors of transverse microcracks to be the result of the residual 

strains exceeding the transverse ultimate strain of a ply. Daniel, 

Liber and Chamis [13J developed a technique for measuring residual 

strains in a laminate. High temperature strain gages were embedded 

in laminates prior to cure and used to monitor the residual strains 

during and after cure. Results obtained with this method for 

several material systems are reported by Daniel and Liber in refs. 
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[14-17]. The residual strains in the graphite/polyimide (Modmor I/WRD 

9371) composite of ref. [16] were found to exceed the transverse ulti

mate strain in all plies of [02/±45]s and [02/902]s laminates. 

2.5 Analytical Methods 

The predominant analytical method reported in the literature for 

calculating the residual stresses in a laminate is linear laminate 

analysis. Daniel and Liber [17] used linear laminate analysis in 

combination with their results from the embedded strain gages of 

refs. [13-17]. Chamis [18] concluded that residual stresses predicted 

by linear laminate analysis are reasonably accurate for numerous 

laminate configurations and material properties. 

Linear laminate analysis with temperature independent material 

properties can impose an important limitation on the accuracy of this 

method for high temperature composites. The matrix dominated mechan

ical properties can be very temperature dependent and exhibit 

appreciable nonlinearity [19-22J. Improved material representation 

in laminate analysis has been achieved by several investigators. The 

methods used have been incremental solution, incremental solution 

with higher order terms [23J, and a method using secant moduli and 

solving the simultaneous equations resulting from the equilibrium 

of the individual lamina [19J. Another method for predicting the 

residual stresses is an incremental finite element analysis which 

is capable of modeling the material properties as functions of 

temperature and strain [24,25J. 
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The multiple cracking theory developed by Garrett and Bailey [26], 

and improved by Parvizi and Bailey [27] has been used to predict the 

average TVM spacing in a laminate as a function of applied stress. The 

method is based upon force equilibrium of a portion of a laminate 

with one crack present. Reifsnider [11] developed a theory similar 

to the multiple cracking theory which predicts the saturation TVM 

density of a laminate. 

2.6 PMR Polyimide Resins 

PMR polyimides were developed by Delvigs, Serafini, and Lightsey 

[28,29] in 1972 while attempting to obtain an improved ablative resin. 

Additional chemistry and high temperature stability studies were 

conducted by Serafini and Delvigs [22]. These studies concluded that 

the most attractive form of the PMR polyimides was PMR-15. PMR-15 is 

obtained by the polymerization of the monomer reactants NE, MDA, and 

BTDE to achieve a formula molecular weight of 1500. PMR-15 demonstrates 

good stability of mechanical properties at 600°F (315°C) for 125-500 

hours and for a more extended time at 550°F (290°C). The applica

bility of a HTS1/PMR-15 graphite fiber composite was successfully 

demonstrated by the construction and testing of complex molded 

turbine blades as reported in ref. [30,31]. Shuart and Herakovich 

[20] have presented longitudinal and transverse elastic moduli and 

Poisson's ratio in both tension and compression loading for PMR-15 

reinforced with HTSl graphite fiber. Celion 6000 graphite fiber/PMR-

15 composite material is currently being investigated by NASA for 
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application to advanced space transportation systems. A complete set 

of room temperature mechanical properties for the neat (without fibers) 

resin were reported by Cavano [32J, Cavano and Winters [31J, and 

Hansen and Chamis [33J. 



Chapter 3 

EXPERIMENTAL PROGRAM 

3. 1 Material Specifications 

All specimens, except those used to determine stress-free 

temperature, were cut from six panels. Each panel was fabricated using 

Celion 6000/PMR-15 prepreg tape and vacuum bag curing in an autoclave. 

The cure cycle used is shown in Fig. 2. The material was not post

cured in order to avoid the possibility of causing additional micro

cracks due to the thermal loading. The glass transition temperature 

was measured by the slope-intercept method and found to be greater 

than 675°F (358°C). Generally, the glass transition temperature 

only needs to be above the highest expected exposure temperature to 

insure good mechanical properties. The fiber volume fraction was 

determined to be 57 percent using the random point method discussed 

in ref. [34]. Fabrication of specimens for determination of the 

stress-free temperature is discussed in Section 3.7. 

Six laminate configurations were investigated: [02/902]s' 

[0/90/0/90/0/90Js ' [03/903Js' [45/-45/0/90Js ' [0/45/90/-45]s' and 

[0/60/0/-60]s' The three different cross-ply laminates were chosen 

to determine the effect of layer thickness and stacking sequence on 

TVM. The two quasi-isotropic laminates were selected to study the 

influence of the stacking sequence of commonly used laminates. The 

[0/60/0/-60Js laminate was selected to determine whether transverse 

microcracks would develop in a laminate having a maximum acute angle 

of less than 90° between any two plies. 

11 
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3.2 Metal10graphic Studies 

Microscopic observation of TVM was greatly enhanced by 

polishing the surface using standard metallographic polishing 

techniques. This involves mounting the specimens in polyester mounts 

and polishing with progressively finer abrasives. A final abrasive 

size between 5 micron and 0.3 micron normally produced good results. 

A magnification of 50X or greater was generally necessary to 

discern details of a TVM. Two methods were employed to illuminate 

the specimens for microscopic work. In the first method, the light 

rays were directed nearly tangent to the specimen surface. Tangential 

lighting is primarily useful for exaggerating surface relief, 

especially near a TVM. This is necessary whenever a large TVM has 

become partially filled during polishing, rendering the microcrack 

nearly indistinguishable from resin rich regions. 

The second method of illuminating the surface had the incident 

light perpendicular to the surface. Typically a metallographic micro

scope is equipped to function in this manner. Standard microscopes 

are capable of this type of lighting if a beam splitter is used to 

direct light from an external source through the objective lens onto 

the specimen. The perpendicular light is especially useful since 

excellent detail, bright lighting, and high magnification is possible; 

however surface relief is not easily observed. 

Because of the difficulty in obtaining satisfactory photographs 

in the limited light from tangent illumination, photomicrographs 

using the method will not be presented in this work. However, the 



14 

method was useful in locating TVMs. The perpendicular lighting was 

used predominantly in this study because of the aforementioned reasons. 

3.3 X-Ray 

The extent of TVM in from the laminate edge was found by x

raying specimens. The contrast between the TVM and surrounding 

material was enhanced by immersing the specimens in a liquid penetrant 

overnight before x-raying. The penetrant used was TBE(tetra-bromo

ethane). The penetrant was nearly opaque to x-rays and thereby 

yielded the desired high contrast between the TVM and adjacent 

material. The results are discussed in section 4.1. 

3.4 Replicating Technique 

The replicating technique is a method of producing a copy of a 

surface [12]. The method is an adaptation of a technique commonly 

used in scanning electron microscopy. The replicating material used 

was 0.08 mm thick acetyl cellulose film which possesses the char

acteristic of softening while in contact with acetone. This technique 

was used on the tensile specimens to determine the variation of TVM 

density with applied stress. The replica technique was not necessary 

with the thermally loaded specimens. 

Before a satisfactory replica could be taken, the edge of the 

specimen had to be polished in a manner similar to that used for the 

metallographic studies. By using a final abrasive size of 5.0 micron 

instead of 0.3 micron, graphite fibers remained visible in the replica. 

Care was taken to keep the polished surface flat since a rounded 
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surface produced a poor replica. A replica was taken by placing a 

strip of acetyl cellulose (3/4 in. by 5 in. (2 cm. by 12 em) is a 

convenient size) over the polished surface while it was in a vertical 

position. A few drops of acetone were applied to the upper portion of 

the inside surface of the cellulose film allowing capillary action 

and gravity to cause the acetone to flow between the film and specimen. 

After the acetone had softened the film, pressure was applied to the 

film by sliding the thumb down the length of the strip. This left an 

impression of the polished surface on the film. After the acetone was 

allowed to dry, the film was carefully peeled off. 

Trapped air bubbles tended to be a problem, especially since they 

collected around microcracks. If the surface was cleaned with a soft 

cloth and acetone prior to taking the replica, the number of air 

bubbles was reduced. Also, for better replicas, the film did not 

lie completely flat on the surface while applying the acetone. This 

improved the wetting of the film and polished surface by the acetone 

and improved the resolution of the replica. 

3.5 Thermal Loading Tests 

Five of the six symmetric laminates in this investigation were 

free from transverse microcracking after cool down from cure. The 

exception was the [03/903Js laminate. The [03/903Js laminate exhibited 

only a few TVMs (2-3 per inch/1-2 per cm) in the outer plies on one 

side which are believed to be the result of the panel being inadvertent

ly bent during cutting. Since the TVM density of the laminates after 
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cure was low, the densities reported after a test are considered to 

be due to that test only. 

The thermal loading tests were conducted using a heat-up rate of 

approximately 15°F/min (BoC/min), unless stated otherwise. The 

specimen geometry used for these tests was a 1 inch by 1 inch (2.54 cm 

by 2.54 cm) square. One specimen of each laminate configuration was 

subjected to one of five types of thermal loading. The type 1 thermal 

loading was the cool-down from cure. The other four thermal loadings 

started from room temperature after the specimens had been cured. The 

loadings consisted of: type 2, a liquid nitrogen quench; type 3, 

heating to 625°F (330°C) followed by an ice water quench; type 4, a 

slow heating to 625°F (330°C) followed by a slow cooling to -320°F 

(-196°C); and type 5, heating to 625°F (330°C) followed by a liquid 

nitrogen quench. The type 2 liquid nitrogen quench loading consisted 

of quickly immersing the specimens into boiling liquid nitrogen 

(-320°F/-196°C) for 15 minutes. The specimens were then returned 

to room temperature air. In the type 3 625°F (330°C) to ice water 

quench loading, the specimens were heated at the standard rate to 

625°F (330°C) and held there for one hour. The specimens were then 

quickly immersed into ice water for 15 minutes. 

For both types of 625°F (330°C) to -320°F (-196°C) thermal 

loadings, types 4 and 5, the specimens were held at 625°F (330°C) for 

one hour and then at -320°F (-196°C) for another hour. The difference 

between thermal loadings was the rate of heating and cooling of the 

specimens. The type 4 slow heating/slow cooling, 625°F to liquid 
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nitrogen thermal loading, involved heating the specimens to 625°F 

(330°C) at approximately 5°F/min and cooling at 15°F/min to 20°F/min 

(BoC/min to 11°C/min) to -320°F (-196°C). The specimens were then 

re-heated to room temperature at approximately 5°F/min (3°C/nlin). 

In the type 5 625°F to liquid nitrogen quench, the specimens were 

heated at the standard rate and cooled rapidly by immersing the 

specimens into boiling liquid nitrogen (-320°F/-196°C). The specimens 

were then re-exposed to room temperature air after the quench. 

The specimens were heated in a Blue M circulating air oven which 

had an automatic thermostat to control the oven temperature. The 

specimens experienced only a ±5°F (±3°C) cyclic thermal loading, 

even though the oven air temperature had a fluctuation of about 

±lO°F (±6°C). The temperature variation of the specimens was moderated 

by placing the specimens between two 0.125 in (0.318 cm) thick 

aluminum sheets. The temperature of the specimens was determined 

by using two k-type thermocouples. 

3.6 Tensile Tests 

Tensile tests were conducted on the three laminate configurations, 

[02/902]s' [45/-45/0/90J s and [0/45/90/-45]s' Each specimen was loaded 

incrementally to increasing higher levels and a replica was taken after 

each load increment. These tests had a three-fold purpose; to determine: 

(1) the applied strain necessary to initiate TVMs; (2) the TVM density 

as a function of applied stress; (3) the correlation between micro

cracking and laminate mechanical properties such as elastic modulus 

and Poisson1s ratio. 
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All specimens were 1 inch by 12 inches (2.54 cm by 30.5 em) and 

approximately 0.05 inch (0.127 em) thick (8 plies). Each specimen 

had 1 inch (2.54 em) square tabs bonded to each end and longitudinal

transverse strain-gages attached to each side. Tensile load was 

applied at a constant head rate of 0.02 inch/minute (8.48 ~m/sec). 

All test data were recorded using an automatic multi-channel data 

acquisition system. Data were acquired every two seconds. 

3.6.1 Initiation of Microcracking 

The applied strain necessary to initiate microcracks was found by 

taking replicas of the specimens at several low stress levels up to a 

maximum stress which was 40 percent of the experimentally determined 

ultimate stress. Replicas were not taken at higher stress levels for 

these specimens so that stress-strain data could be obtained from 

specimens which had not been subjected to extensive creep or cyclic 

loading. 

3.6.2 TVM Densitites and Mechanical Properties 

Tests were conducted to study the correlation between TVM 

density, applied stress and mechanical properties. Replicas were 

taken of the specimens under load at several stress levels below 

50 percent of the predicted ultimate stress. For higher stress 

levels, the applied stress was reduced to 20 KSI (140 MPa) after each 

load step before taking a replica. Stress was then reapplied by 

manual control to the previous maximum stress level. Then the 0.02 

inch/minute (8.48 ~m/sec) head rate was used to load to the next de

sired stress level. This process was repeated until the specimen failed. 
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3.7 Stress-Free Temperature Determination 

The stress-free temperature of a laminate is defined as the 

temperature at which a laminate ;s free from residual stresses. These 

residual stresses are a result of the mismatch in coefficient of 

thermal expansion between layers of different fiber orientations. 

The stress-free temperature corresponds to the temperature at which 

an unsymmetric laminate has zero curvature. This temperature can 

therefore be determined by studying the curvature of an unsymmetric 

laminate as a function of temperature. 

A [°3/903] laminate was chosen as the unsymmetric laminate to 

be studied. Two panels, 6 inch by 8 inch (15 cm by 45 cm), were 

cured using the same cure cycle as described in Section 3.1. The 

glass transition temperature of both panels was measured to be 

625°F (330°C) by the method described in Section 3.1. The two panels 

were made from different batches of prepreg tape. Both panels could 

not be made from the same batch of material, as were the symmetric 

panels, because the supply had been exhausted. Oifferent batches 

of material have been known to result in laminates having slightly 

different characteristics for matrix dominated behavior. Panels from 

two different batches of prepreg tape were tested to obtain an 

indication of the possible variation in stress-free temperature of 

different batches of typical PMR-15 laminates. Each panel was cut 

into four 1 inch by 18 inch (2.54 cm by 45.7 cm) specimens using a 

diamond saw. The curved specimens are shown in Fig. 3. 

The unsymmetric specimens were clamped at one end to a 4 inch by 
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24 inch (10 cm by 60 cm) flat steel plate. The clamp was applied 

5 inches (12 cm) from one end of the specimen as shown in Fig. 4. 

The assembly was then placed in an Instron model A74 2 oven which 

was capable of maintaining any desired temperature between room 

temperature and 640°F (340°C) within ±2°F (±lOC). The specimen was 

observed through a window in the oven as the temperature was in-

creased at 5°F/min (3°C/min). As the curvature of a specimen approached 

zero, the rate of temperature increase was slowed to 1°F/min (1/2°C/min). 

The specimen was considered flat when a point 6 inches (15 cm) from the 

free end was visually determined to touch the steel plate. 
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Chapter 4 

EXPERIMENTAL RESULTS 

4.1 Characteristics of Transvers~ Microcracks 

4.1.1 Viewing Direction 

The viewing direction (illustrated in Fig. 5) is the acute angle 

between the 0° laminate direction and the normal to the surface observed. 

When a 0° ply is observed from the 0° viewing direction, the fiber cross 

sections are seen (Fig. 6a). When the viewing direction is varied, the 

plies in which TVMs are visible changes as shown in Figs. 6a-c. 

Changing the viewing direction also affects the TVM density observed 

in a ply, but, of course, not the actual density. These differences 

are due to the fact that the microcracks in a ply are not visible when 

the fiber direction is perpendicular to the viewing direction. Figure 

6c shows a [03/903] specimen viewed from the 45° direction. This 

figure demonstrates that microcracks are visible when the difference 

between the viewing angle and the fiber angle is 45°. Thus, micro

cracks in the ±45° plies of quasi-isotropic laminates should be 

visible from the 0° and 90° viewing direction. 

The specimens subjected to thermal loading Types 1 through 4 were 

observed from the 0° viewing direction only. The Type 5 thermally 

loaded specimens were observed from both the 0° and 90° viewing 

directions. A 90° viewing direction was used for all specimens loaded 

in tension. 

4.1.2 Resin-Rich Regions 

Transverse microcracks have been found to form after a critical 

23 
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stress has been attained in a ply (see Section 4.4.1). At stress 

levels marginally above this critical stress, microcracks do not 

generally penetrate a resin-rich region existing between two adjacent 

90 0 plies, as shown in Fig. 7. However, microcracks do propagate 

across the resin-rich region and the adjacent ply with the application 

of additional stress, as shown in Fig. 8. The TVM on the right-hand 

side of Figs. 7 and 8 propagated longitudinally a short distance along 

the resin-rich region before proceeding transversely across the next 

ply. This behavior was common, although the longitudinal propagation 

occurred most frequently between plies of different fiber orientations 

and at higher applied stress levels. 

Resin-rich regions located between plies of the same fiber angle 

did not exhibit a TVM-arresting effect in thermally loaded specimens. 

However, the resin-rich region between plies of different orientations 

did appear to arrest microcrack propagation in thermally loaded 

specimens as shown in Fig. 9. 

The thickness of the resin-rich region had no apparent effect on 

its crack-arresting ability. This ability to arrest microcrack 

propagation for both tensile and thermal loading is a result of the 

transverse ultimate strength of the neat (unreinforced) PMR-15 resin 

being 33% higher than the transverse strength of the graphite-reinforced 

material [31-33J. 

4.1.3 Constraining Influences 

Transverse microcracks in a ply are strongly influenced by the 

laminate stacking sequence; the influence is a result of constraints 
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imposed by the neighboring plies. The tapering of a transverse micro

crack (Fig. 10) is an indication of this constraining effect. The 

microcracks in the 0° ply are wider near the mid-layer of the ply than 

at the interface with a 90° ply because the 90° ply exercises a con

straining influence. The constraining effect of adjacent plies is also 

evident in Figs. 11 and 6b, which show that the mid-length width of the 

crack is greater for a [03/903]s laminate than for a [(0/90)3]s 

laminate. Tapering of the crack width is also evident in these figures. 

A common occurrence in the outer plies of a laminate is 

"branching" of the TVM. A typical branched microcrack is shown in 

Fig. 12. The branching occurs more commonly in thicker groupings of 

plies of the same fiber orientation, such as the outer plies of the 

[02/902]s and [03/903Js laminates. Branching of microcracks was 

infrequent in the interior of the laminate, and, when it did occur, in 

each case the branching was very limited. The interior branching was 

also limited to the thicker groups of plies having the same fiber 

orientation, such as the 90° plies in the [03/903]s laminate. Branching 

may be more common in the outer plies of a laminate because the con

straint from adjacent plies is introduced only from one side, as 

opposed to being introduced from both sides for interior plies. 

Adjacent ply constraints may determine which plies develop micro

cracks. After type 5 thermal loading of a [(0/90)3]s laminate, 

transverse microcracks were found only in the outer 0° plies and the 

90° plies adjacent to the midplane. Microcracks were absent in the 

other plies (Fig. 13). This result is inconsistent with the theory 



31 

500X 

Fig. 10. TVM Tapering Near an Interface of 
a [02/902J5 Laminate. 

o 

90 



TV~1 Longitudinal Microcrack 

Fig. 11. 90° Viewing Direction of [(0/90)3 J5 Laminate After 
Type 5 Thermal Loading. 

70X 

a 

90 

o 

90 

~~ , 
1 

W 
N 



33 

TVt~ Branch i ng 

70X 

Fig. 12. TVM in a [02/902]5 Laminate after 
Type 5 Thermal Loading. 

o 

o 

90 

90 

-Cf.. 



34 

TVt~ 

70X 

Fig. 13. TVM in a [(0/90)3J5 Laminate After Type 5 

Thermal Loading. 

o 

90 

o 

90 

o 

90 
-ct 



35 

developed in Chapter 5 and the reason for the difference is not known 

at this time. Also, after a thermal loading, the lower stiffness 

of a 45° ply does not impose the large constraint of a 0° ply, and 

microcracks are observed in the 90° ply of the [0/45/90/-45]s 

laminate shown in Fig. 14. However, when a 90° ply is bounded by 

0° and 45° plies rather than two 45° plies, the 90 0 ply is more 

heavily constrained, and TVMs are not observed in the 90 0 plies of 

the [0/90/±45]s laminate. 

The longitudinal microcrack shown in Fig. 14 is discussed in detail 

in Section 4.2.4. 

4.1.4 Extent of Microcracks from the Free Edge 

The extent of transverse microcracking into the laminate from the 

free edges was readily observed using the X-ray method discussed in 

Section 3.3. X-ray photographs of cross-plied laminates subjected to a 

Type 5 thermal loading (fast heating to cure temperature followed by 

liquid nitrogen quench) are shown in Fig. 15. The microcracks gen

erally extended completely across the l-inch-square specimens. The few 

microcracks that do not extend across the specimen extend deeply into 

the laminate (greater than 0.1 inch [0.25 mm]). These microcracks 

usually have stopped near the tip of another TVM from the opposite 

side of the specimen. Delaminations in a [(0/90)3]5 laminate as a 

result of the quench appear as dark circular shapes in Fig. l5c and, 

interestingly, do not extend to the free edges. 

X-rays show that transverse microcracks were only found in the 00 

and 90° plies of the [0/45/90/-45]5 laminate; microcracks were not 
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present in the ±45° plies. Microcracks were not observed in any plies 

of the [±45/0/90]s laminate. The [0/60/0/-60]s laminate had numerous 

microcracks in the 0° ply, but only one in the -60° ply and none in the 

60° ply_ These three laminates are not shown because the contrast be

tween microcracks and background is very poor. 

The extent of the TVMs from the free edge found in this investiga

tion does not agree with the statement by Molcho and Ishai [5] that the 

microcracks "appear only at the edges of the laminates. II The reason 

for this difference in TVM depth is not known for certain, but is be

lieved to be the result of the caulking material used by Molcho and 

Ishai as a tracer not penetrating deeply into the microcracks. 

The results of the X-ray tests show that the TVM densities observed 

at the edge of a laminate are the same as the densities throughout the 

laminate. The edge TVM densities obtained by the replica and microscopy 

techniques are assumed to be accurate representations of the interior 

laminate densities. 

4.2 Thermal Loading Transverse Microcrack Densities 

The specimens that were subjected to Type 1 through 4 thermal 

loadings were viewed from the 0° viewing direction only. The specimens 

that were subjected to a Type 5 thermal loading were observed from 

both the 0° and 90° viewing directions. 

The TVM densities of all the specimens subjected to Type 2 through 

5 thermal loadings are summarized in Figs. 16-19. Each TVM density 

reported in Figs. 16-19 is of the 0° plies only, except for the 

perpendicular view in Fig. 19, where the density is of the 90° only 
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plies. In each case, the density is the average of densities in each 

0° (or 90 0
) ply. The densities found in the ±45° or ±60° plies are given 

in the text. The densities of the [(0/90)3]s laminate are determined 

in a slightly different manner inasmuch as the outer 90 0 plies and 

interior 0° plies were free of microcracks. The TVM density reported 

for this laminate is the average of the two midplane 90 0 plies (or 

the two outermost 00 plies for the perpendicular viewing direction). 

4.2.1 Type 1 Thermal Loading - Cure Temperature to 

Room Temperature 

This thermal loading corresponds to the cool down-to-room-temperature 

portion of the cure cycle (Figure 2). Five of the six laminates 

subjected to Type 1 loading were free of microcracks after loading. As 

discussed in Section 3.5, the 00 plies on one side of the [03/903]s 

laminate had a very few cracks which are believed to have been caused 

by handling while the specimens were being cut. This is in sharp 

contrast to the densely microcracked HTS1/PMR-15 material after its 

cooldown from cure, as shown in Fig. 1. This difference is attributed 

to the improved cure cycle used and the greater transverse tensile 

strength of the Celion 6000/PMR-15 material as compared to the 

HTS1/PMR-15 material (cf. Section 5.3). 

4.2.2 Type 2 Thermal Loading - Room Temperature to 

Liquid-Nitrogen Quench 

A very low density of TVMs was present in the [°2/902]5 and 

[03/903]s laminates after a Type 2 thermal loading (15 minutes in 

liquid nitrogen) (Fig. 16). The microcracks were observed in all 
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0° plies of both laminates. The [02/902]s laminate had 1-1/2 TVM/inch 

(0.6 TVM/cm), and the [03/903]s laminate had 2 TVM/inch (0.8 TVM/cm). 

The other four laminates had no detectable microcracks after this 

loading. 

Another set of specimens was submerged into liquid nitrogen for 

hour. Very few specimens developed microcracks; the [02/902Js 

laminate had 2-1/2 TVM/inch (1 TVM/cm) and the [(O/90)3]s laminate 

had one TVM on one side in the outermost 0° ply. The difference in 

densities between tests is believed to be due to the statistical 

distribution of stress risers, imperfections~ and strength. 

4.2.3 Type 3 Thermal Loading - Room Temperature to Cure 

Temperature to Ice-Water Quench 

Specimens that developed TVM's after exposure to Type 3 thermal 

loading had higher TVM densities than did those specimens exposed to 

either a Type 1 or 2 thermal loading. The four laminates that developed 

microcracks were [03/903Js' [02/902Js' [(O/90)3 Js' and [0/45/90/-45]s 

(Fig. 17). The [03/903]s laminate had the highest TVM density, with 

8 TVM/inch (3 TVM cm). 

All of the 0° plies in the [03/903]s' [02/902]s' and [0/45/90/-45]s 

laminates showed microcracking (Figs. 20-22). The [0/45/90/-45]s 

laminate did not have any observable microcracking in the 45° or -45° 

plies. Only the outermost 0° plies of the [(0/90)3]s laminate developed 

microcracks as shown in Fig. 23. The other two locations of 0° plies 

did not contain any TVMs. The microcracks in this specimen appeared 

only near one corner of the specimen at a localized thickening of the 
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0° plies. Constraints from adjacent plies may be the cause of this 

localization of the microcracks, as discussed in Section 4.1.3. 

4.2.4 Type 4 and 5 Thermal Loadings - Room Temperature 

to Cure to Liquid Nitrogen 

Slowly cooling from the cure temperature to liquid nitrogen (Type 

4), and quenching in liquid nitrogen from the cure temperature (Type 5) 

thermal loadings are both discussed in this section in order to better 

contrast and compare specimens subjected to thermal loadings differing 

only in the rate of cooling. 

The most pronounced effect of the cooling rate was the much higher 

TVM density in the quenched specimens than in the slowly cooled speci

mens (Figs. 18 and 19). The ratio of the Type 4 to Type 5 TVM densities 

are: [03/903J, 7/11; [02/902J, 5/15; [(0/90)3]S' 5/28; [0/45/90/-45]s' 

2/19; [0/60/00]s' 0/21. The [45/-45/0/90]s laminate had no observable 

microcracks after either type of thermal loading. The plies that con

tained microcracks did not vary between Type 4 and 5 loadings. 

In the [02/902]s' [03/903]s' and [(0/90)3Js laminates, the TVM's 

were found only in the outer 0° layers when viewed from the 0° direction 

for both thermal loadings. From the 90° viewing direction, the 

[02/902]s and [03/903Js specimens had microcracks in all the 90° plies 

after the Type 5 thermal loading, but the [(0/90)3]s specimen exhibited 

microcracks only in the two 90° plies adjacent to the midplane. The 

90° view of these specimens is discussed in further detail in 

Section 4.1.3. 
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Subjecting the [(0/90)3Js laminate to a Type 5 thermal loading 

caused extensive longitudinal microcracking in the 900 plies adjacent 

to the laminate midplane (Fig. 11). The longitudinal microcracks were 

not observed in the outer four 900 plies. These microcracks were only 

visible when observed from the 900 direction. They were not interlaminar 

cracks, but rather remained within the 900 plies, originating at a 

transverse microcrack and extending between one-third and the full 

distance to an adjoining TVM. The longitudinal microcracks are 

thought to be the result of tensile interlaminar normal stresses 

(oz) that are enhanced by the presence of the TVM. 

As indicated in Figs. 16-19, the [±45/0/90]s laminate was very 

resistant to microcracking for all thermal loadings including Types 4 

and 5. For the case of Type 5 loading, this was verified from both 00 

and 900 viewing directions. The [0/45/90/-45]s quasi-isotropic laminate 

did not exhibit this same resistance to microcracking (Figs. 18 and 19). 

The Type 4 loading developed 2 TVM/inch (1 TVM/cm) in the 00 ply, which 

is the same density as in the specimen subjected to Type 3 loading. The 

specimen subjected to a Type 5 thermal loading had microcracks in both 

the 00 and +45 0 plies, with densities of 19 TVM/inch (7.5 TVM/cm) for 

the 0° ply, and the much lower density of 4 TVM/inch (1.5 TVM/cm) for 

the +45° ply. The microcracks in the +45° layers were usually associated 

with a microcrack in the 00 plies (Fig. 24). TVMs were not observed in 

the -450 plies. 

Viewing the quenched [0/45/90/-45]s specimen from the 900 direction 

revealed a longitudinal crack approximately 0.25 inch (0.1 cm) long and 
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near the center of the specimen in one of the 45° plies, as shown in 

Fig. 14. This crack was not an interlaminar crack but, rather, 

totally within the 45° ply, and was probably caused by shear stresses 

imposed by thermal gradients during the quench in liquid nitrogen or 

by defects. The 90° plies had 8 TVM/inch (3.15 TVM/cm) whereas the 

±45° plies were free of TVM. 

The [0/60/0/-60]s laminate did not develop TVMs under Type 4 thermal 

loading, but the Type 5 loading induced a TVM density of 21 TVM/inch 

(8.5 TVM/cm) in the outermost 0° plies of the specimen (Fig. 25). 

Microcracks were also observed in the two -60° plies adjacent to the 

midplane when the specimen was viewed from the 90° direction. The 

density of the -60° plies was 9 TVM/inch (3.5 TVM/cm). 

The deleterious effects of quenching the specimens as opposed to 

cooling them more slowly is apparent from the results of the tests 

discussed in this section. In addition to the increased TVM density in 

the quenched specimens, the quenching also caused longitudinal cracks 

in two laminates. Lower microcrack density results in the slowly cooled 

specimens because the thermal gradient is smaller, and the longer time 

allows a partial stress relaxation to occur. 

4.3 Tensile Loading 

Tensile load was applied in the zero degree directon of the [02/902]s' 

[±45/0/90]s' and [0/45/90/-45]s laminates. The microcracks along the 

edge of the tensile specimens were observed from the 90° direction using 

the replica technique discussed in Section 3.4. Numerous replicas were 

taken at the low stress levels in order to determine accurately when 
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microcracking initiated. Larger load increments between replicas were 

used for stresses higher than the stress at which microcracking 

initiated. The stress dependence of TVM density is shown in Fig. 26 

for all three laminate configurations tested. Three specimens of each 

laminate configuration were tested and all results are included in 

Fig. 26. The solid line through the data is only to show the general 

trend of the results. The average failure stress for each laminate 

configuration tested is shown in the figure and listed in Table 1. 

Fig. 26 contains only the TVM densities of the 90° plies. The 

densities are an average obtained by the same method used for the 

thermally loaded specimens (Section 4.2). The TVM densities in the 

+45 0 or -45 0 plies are reported in the text. They are an average of the 

densities in the +45 0 plies or the -45 0 plies. 

For safety reasons and to reduce creep, the applied load was 

reduced before a replica was taken when the applied load was greater 

than 50% of ultimate load. This is discussed further in Section 3.6.2. 

Unloading the specimens did not close any TVM present at the higher 

loads. This is demonstrated by Fig. 27. Figure 27a is a replica of 

a [0/45/90/-45]s specimen at 50% of ultimate stress, and Fig. 27b is 

the specimen after the load was reduced to 25% of ultimate stress. As 

can be seen, the TVMs are still present at the reduced load. The TVMs 

were also counted on both replicas for the same l-inch length; identical 

counts were obtained. The assumption was thus made that all microcracks 

formed at higher stress levels continue to be evident at the reduced 

stress of replicating. 
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TABLE 1. Average Failure Stress of Tensile Specimens 

Laminate Average Failure 
Configuration Stress 

ksi (107 pascal) 

[02/902]s 94 (6.48) 

[45/-45/0/90J s 68 (4.69) 

[0/45/90/-45]s 78 (5.38) 
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4.3.1 Transverse Microcrack Densities 

4.3.1.1 [02/902]s Laminate 

As Fig. 26 shows, two of the three [02/902]s specimens did not 

develop microcracks until a strain of 0.25% (20% of ultimate stress) 

was reached. After the microcracking initiated, the TVM density 

increased rapidly to a plateau (saturation) value of 27 to 28 TVM/inch 

(11 TVM/cm) at 50% of ultimate stress (0.5% strain). This density 

remained constant until failure. 

The third specimen had approximately 4 TVM/inch (2 TVM/cm) before 

the application of load. This specimen continued to microcrack 

steadily until the density plateau was reached, at approximately the 

same strain as the other two specimens. 

The plateau region of all three specimens closely matched, as shown 

in Fig. 26. This plateau density is only 3 TVM/inch (12%) higher than 

the density found for the most severely thermally microcracked [02/902]s 

specimen (Type 5 thermal loading). The microcracks from applied stress 

are indistinguishable from those formed during thermal loading and, 

hence, no photomicrographs of the replicas are presented. 

4.3.1.2 [0/45/90/-45]s Laminate 

In all three of these specimens, transverse microcracks first 

occurred between 20% and 25% of ultimate stress (0.21% and 0.27% strain). 

Figure 28 shows a replica made at 26% of ultimate stress. As evident 

in the figure, it was difficult to obtain good replicas of the outer 

plies. The TVM density above 40% of ultimate stress is much higher than 

the density in any of the thermally loaded [0/45/90/-45] specimens. 
s 
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(The short striated regions emanating from the microcracks are not a 

characteristic of the microcracks~ but, rather, a result of the 

replicating technique (Section 3.4)). The striations are caused by 

the acetone incompletely wetting the specimen surface, which prevents 

the replicating film from softening. The globular shapes present in Fig. 

28 are air bubbles, which commonly cluster around a TVM. The string of 

air bubbles in Fig. 28, however, is not centered over a crack. Fig. 29 

does show a grouping of air bubbles near microcracks. 

The microcracks appeared first in the 90° plies of the specimens 

and continued to increase in density to 95 TVM/inch (38 TVM/cm) through 

the final replica at 94% of ultimate stress. The +45 0 and -45 0 plies 

developed low density microcracks at 75% of ultimate stress. The TVM 

densities of the +45° and -45 0 plies were approximately 1 TVM/inch 

(0.4 TVM/cm) and 2 TVM/inch (0.8 TVM/cm), respectively. The microcracks 

in the -45° plies typically initiated at a TVM in the 90 0 plies or at a 

short longitudinal crack in the resin-rich region extending from a TVM 

in the 900 plies (Fig. 29). Longitudinal cracks developed in the 90 0 

ply at 88% of ultimate stress and underwent no noticeable change as 

the applied stress was increased. 

Microcracking initiated in the [0/45/90/-45]s laminates at a longi

tudinal stress between 20% and 26% of ultimate stress (0.21% and 0.27% 

strain). After the initial microcracking the microcrack density 

increased very rapidly until a stress of approximately 50% of ultimate 

stress (0.5% strain), and then increased at a reduced, but essentially 

constant, rate until failure (Fig. 26). This is in contrast to the 
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[02/902]s laminate, which reached a saturation density at a fairly low 

strain of approximately 0.5% (45% of ultimate stress). 

4.3.1.3 [45/-45/0/90]s Laminate 

In contrast to the thermally loaded specimens, microcracking was 

initiated in the [45/-45/0/90]s laminate under a less severe loading 

condition than in the [0/45/90/-45]s laminate (Fig. 26). The 

[45/-45/0/90]s laminate had a higher TVM density below 0.4% strain 

than did the [0/45/90/-45Js laminate at the same strain level. Above 

a strain of 0.4%, the [45/-45/0/90Js laminate exhibited a lower TVM 

density than did the other quasi-isotropic laminate. The slope of the 

TVM curve in Fig. 26 decreased at this strain also. It was not possible 

to take replicas of the [45/-45/0/90]s laminate above 60% of ultimate 

stress because the specimens developed extensive del ami nations. The 

delamination was probably a result of free-edge effects. These effects 

could also be responsible for the lower failure stress of the 

[45/-45/0/90]s specimens as compared to the [0/45/90/-45]s specimens. 

The resin-rich regions had no discernible effect upon the microcracks 

in the [02/902]s or the [0/45/90/-45]s laminate; however, the resin-rich 

regions were able to arrest microcrack propagation in the 90 0 plies of 

the [45/-45/0/90]s laminates at an applied stress marginally above the 

crack-initiation stress. The effects of the resin-rich regions are 

discussed further in Section 4.1.2. 

4.3.2 Mechanical Properties and Microcrack Densities 

4.3.2.1 Elastic Modulus 

The elastic modulus of the [02/902]5 and [0/45/90/-45]5 tensile 
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specimens demonstrated no discernable dependence upon TVM density. 

The modulus of both laminates changed only minimally with stress. 

This is the same result obtained by Doner and Novak [2] for graphite 

fiber/epoxy composites. No step increases in strain on the stress

strain curve were observed while TVM were developing. Such increases 

were expected for high TVM density because the decreased stiffness in 

the region of microcracks causes an increase in strain at a constant 

applied stress. The only stair-step-type effect observed was associated 

with the specimen creeping while a replica was being taken. The Epikote 

828 epoxy/E-glass composite tested by Parvizi and Bailey [27], and the 

epoxy/AS3501 graphite composite tested by Reifsnider and Masters [9] 

did exhibit a stair-stepping of the stress-strain curve. These results 

indicate that the correlation between modulus and TVM density may be 

material or experimental procedure dependent. 

Only the [45/-45/0/90]s specimens demonstrated nonlinearity in the 

stress-strain curve (Fig. 30). The strain at which the curve displays 

initial nonlinearity (£ = 0.6%) corresponds to the same strain at which 

a [±45]s la.minate displays a decrease in modulus when the residual 

stresses within the [45/-45/0/90]s laminate are considered. The 

delamination of the laminate undoubtedly also affected the stress

strain curve. Dependence of the modulus upon TVM density was not 

found in the laminate before delamination. 

4.3.2.2 Poisson's Ratio 

The transverse strain and TVM density as functions of longitudinal 

strain are shown in Figs. 31 through 33 for the three laminates tested. 
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The Poisson's ratio of the [45/-45/0/90Js tensile specimens did not change 

during the range of longitudinal strain in which replicas could be 

taken. This laminate did have a sudden, rapid increase in transverse 

strain at a longitudinal strain of about 0.8% (Fig. 31). This is 

believed to result from the large curvature of the delaminated portion 

of the specimen. The curvature was large enough to subject the trans

verse strain gages to additional compressive strains. 

The Poisson's ratio of the [0/45/90/-45J s laminate increased from 

0.284 to 0.33 at a strain of approximately 0.28% (Fig. 32). This is 

approximately the strain at which the TVM density exhibited a sharp 

increase during mechanical loadings (Fig. 26). After this initial 

change, Poisson's ratio remained essentially constant until failure. 

The Poisson's ratio of the [02/902]s specimens decreased from 0.04 

to 0.018 at a longitudinal strain of 0.4% (Fig. 33). This is approxi

mately the strain at which the TVM density plateau region begins in 

Fig. 26, indicating that the Poisson's ratio of this laminate is 

decreased by the TVM density. This would result from the 90 0 ply not 

carrying load in the axial (loading) direction because of the micro

cracks. This, in turn, reduces the transverse compressive strain of 

the 90 0 ply and of the laminate. In fact, the increment of transverse 

strain can be positive due to axial stress relief in the 90 0 ply. 

This explains erratic behavior of the curve in Fig. 33. 

The discontinuities present in the central portion of the curve in 

Fig. 33 are believed to be the result of longitudinal cracks forming 

and reducing the transverse compressive strains in the 00 plies. The 
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scattered data at a strain above 1% were common to all three specimens 

of this laminate, as well as for another that was loaded at 0.005 in/min 

(33.9 ~m/sec). Transverse cracks forming in the 0° plies under the 

strain gage are believed to be the cause of the erratic transverse 

strain behavior. Splitting and peeling of the 0° plies was common 

near the failure stress. 

4.4 Stress-Free Temperature 

Six unsymmetric [02/902]s specimens were used to determine the 

stress-free temperature. They displayed a high rate of curvature 

decrease during the 50°F (30°C) before zero curvature, thus ensuring 

a precision in determining the temperature of zero curvature to within 

±lO°F (5°C). The values for curvature and stress-free temperature are 

shown in Table 2. A wide variation in curvature of the specimens is 

evident from Fig. 5 and Table 2. The nonuniformity of curvature along 

the length of each specimen and in different specimens is probably due 

to variations in thickness of either the 0° or 90° plies. These 

nonuniformities did not affect the precision of the method. The 

measured stress-free temperatures range from 570-625°F (300-330°C). 

The average value for seven specimens was 599°F (315°C). 

The temperature of each specimen was increased to 625°F (330°C) 

after the stress-free temperature had been determined. This temperature 

was maintained for one hour, then the specimens were cooled at 15°F/min 

(BoC/min) to ambient temperature. After this exposure, they exhibited 

a slightly increased, more uniform curvature along their length, a 

sharply decreased elastic flexure strength, and an increased TVM density. 
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TABLE 2. Stress-Free Temperature and Curvature 
of a [03/903J Laminate 

Curvature, Stress-Free Temperature, 
-1 ( -1) inch em of (OC) 

O. 17 (0.0669) 610 (320) 

O. 15 (0.0591) 625 (330) 

- -

- 610 (320) 

0.12 (0.0472) 570 (300) 

0.13 (0.0912) 580 (305) 

0.11 (0.0433) 590 (310) 

o. 18 (0.0709) 605 (320) 
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The latter two changes are attributed to a decrease in ultimate stress 

of the matrix; Cavano and Winters [49] have reported that a 650°F 

(345°C) postcure will decrease the room-temperature tensile strength 

of the neat resin, PMR-15. 



Chapter 5 

ANALYTICAL METHODS AND RESULTS 

5.1 Laminate Analysis 

5.1.1 Classical Derivation 

Classical laminate analysis predicts the elastic behavior of a plate 

composed of numerous orthotropic laminae. The two basic assumptions 

employed in classical lamination theory are that all the laminae are 

perfectly bonded together, and that Kirckhoff's plate hypothesis applies. 

The primary result of making these assumptions is that normals to the 

midplane remain normal and of constant length. This implies that 

8 Z ' Yxz' and Yyz are zero throughout the plate. A general formulation 

of the governing equations is briefly outlined below; a more detailed 

development is presented in references [35,36J. 

Lamina stress-strain relationships constitute the basis for 

laminate analysis. Assuming that each lamina is a homogeneous, 

orthotropic material, the lamina stress-strain relation in the material 

coordinate system (Fig. 34) is 

°1 Q'l Q'2 0 8, 

°2 = Q12 Q22 0 8
2 (5.1) 

T12 0 0 Q66 Y12 

or, in condensed matrix notation, 

72 



Y,2 

Y 

Y 

Y,2 

Orthotropic 
Laminate 

Y 

Midplane 

73 

Fibers 

CURING PROCESS 

z 

Fig. 34. Lamina and Laminate Coordinates. 

k=l 

k=2 

-1 k=n 

k=n 

2H 



74 

(5.2) 

where the subscripts 1,2 indicate material coordinates. 

Expressing these relations in terms of a principal laminate 

coordinate system, one obtains 

ax 0" °'2 °'6 £x 

0y = °'2 °22 026 £y (5.3) 

Txy Q'6 °26 066 Yxy 

or, in condensed notation, 

{a} = [QJ{£} (5.4) 

where [0] is defined as 

[Q] = [T,]-'[Q][T2] (5.5) 

and, [Tl ] and [T2] are transformation matrices for stress and strain, 

respectively. Invoking Kirckhoff's assumptions, the strain in the kth 

layer can be defined as the midplane strain plus the strain due to 

bending. The equation in this form is 

£x £0 K 
X X 

£ £0 + z k Ky (5.6) 
Y = Y 

Yxy 
0 

Yxy Kxy 

or, in condensed notation, 
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(5.7) 

where {eO} are the midplane strains, and {K} are the midplane curvatures, 

in laminate coordinates. 

The stress-strain relation for the kth layer is 

(5.8) 

The resultant forces {N} and moments {M} on the laminate are obtained by 

integrating the stresses through the laminate, 

n 
= E 

k=l 

Simplifying and expressing in condensed form, 

where 

A .. 
lJ 

(5.9) 

(5.10) 

(5.11) 
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1 n k 2 2 B •. = - I Qij (Zk -Zk_l ) (5.12) 
lJ 2 k=l 

1 n -k (3 3 D .. = - I Qij Zk-Zk_l) lJ 3 k=l 

with i,j = 1,2,6. 

5.1.2 Temperature-Dependent Material Properties 

The analysis of most laminates requires the consideration of 

residual thermal stresses and strains, especially if the laminate 

fabrication temperature is high. For temperature independent proper-

ties, thermal effects are included simply by adding a free thermal strain 

term to the left-hand side of equation 5.7. This term is the product of 

the coefficients of thermal expansion and the temperature change from 

cure. This method does not include any variation in material properties 

that occur as a result of temperature change. Such variations can be 

included by the method proposed by Hahn and Pagano [23J, and derived 

briefly below. 

The total strain in the kth layer is assumed to be the sum of 

mechanical f£M}k and thermal {(T}k strains, 

(5.13) 

where the free thermal strains for a temperature change TO to Tare 

{£T(T}}k ~T {a(~}}kd~ 
TO 

and {a(T)}k is the temperature dependent coefficient of thermal 

expansion of the kth layer. 

(5.14) 
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From equations (5.4) and (5.13), the thermal stresses for a temperature 

change from TO' the stress-free temperature, to the temperature of 

interest Tare 

or using (5.7) for the total strains 

(5.15) 

where Qij(T) are the stiffnesses at temperature T and {£T}k are given by 

(5.14). 

The thermal-mechanical laminate constitutive equations are 

(5.16) 

where 

(5.17) 

The inp1ane strains and curvatures for given loading conditions may be 

found by inverting equations (5.16) to obtain 

(5.l8) 

The exact integration of {a(T)}k, as opposed to an incremental or 

numerical integration, is accomplished by assuming a polynomial function 
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for a(T). The functional representation of all the material properties 

is discussed in the following section. 

5.1.3 Stress- and Temperature-Dependent Material Properties 

An incremental load method was employed to represent nonlinear 

material properties in the laminate analysis. The assumptions used 

in the analysis are: (1) the material properties are constant during 

each load increment; and (2) the material properties have the function-

al dependence, 

a = f(T) 
11 

d02 
E2 = dE2 = f(02,T) 

dT12 
= dY12 = f(T 12 ,T) (5.19) 

a 22 = f(T) 

where the properties for each load increment are calculated from the 

stresses after the previous increment. References [37,39,40] used 

incremental loading, with the material properties being a function of 

strain. 

The incremental form of equation (5.15) for the ith stress increment 

is obtained from the Taylor series expansion to be 

k k k {a}. = {a}. 1 + {~o}. 
1 1- 1 

(5.20) 

where {~EO}i and {~K}i can be found from equation (5.18), i.e., 
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= [AI 
BI 

BI] 

D I i-l 

~ llN+llN T I 
~ llM+llM T J i 

(5.21 ) 

where 

[AI ,B I ,D 1 J = [AI({a}~ 1,T), BI({a}~ 1,T), DI({a}~ 1,T)J 
1- 1- 1-

T T i H 
- k Tk { llN ,IlM }. = [Q ( {a}. l' T) ] {ll E }. (1 ~ z ) dz 

1 1 - 1 -H 
(5.22) 

The material properties used in the analysis were expressed as 

polynomial equations of two independent variables 

temperature. The general form of the equations was 

stress and 

(5.23) 

The coefficients for each equation (Table 3) were found by a least-

squares-fit to the available data. The stress-strain curves at various 

temperatures for HTS1/PMR-15 of Shuart and Herakovich [20J were adjusted 

based upon room-temperature data for Celion 6000/PMR-15 as follows. The 

inverse of the derivative of the strain with respect to stress was used 

to obtain tensile elastic moduli. The HTSl longitudinal stress-strain 

data were not modified since the values were nearly the same as the 

Celion 6000 material. The transverse stress-strain data were multiplied 

by the factor 1.14. The shear modulus of the unidirectional materials 

was obtained from tensile tests of ±45 laminates by a method described 

by Hahn [38]. The HTS1/PMR-15 shear modulus at -250°F (-155°C) was 



Table 3. Material Property Polynomials for Celion 6000jPMR-15 

Coefficient C1 C2 C3 C4 r--------------- --------------- --------------- ~------------------
C6 C7 C8 C9 

1 5.903xlO-8 -1.112xlO-13 1.lllxlO-12 2.915xl0-19 

E1(011,T) 1--------------- --------------- --------------- ~------------------
1.782xlO-17 - - -

1 7.117xlO-7 8.014xlO-12 2.930xlO- 1O 8.505xlO-16 

E2(022,T) ---------------. --------------- --------------- -------------------
9.203x10-14 - - -
8.682xlO6 -4.809xlO1 -6.406xl02 3.195xlO-3 

G12 (012,T) --------------_. --------------- --------------- ~------------------

-2.177xlO-1 -7.979xl0-7 5.281xlO-3 2.377xlO-5 

3.359x10-1 - -7.082xlO-5 -
\)12(T) ------------- -_. --------------- --------------- ------------------

2.715xlO- 1O - - -

1.910x105 - 8.196xlO1 -
XT(T) --------------- --------------_. --------------- ------------------

- - - -

7.569xl03 -1 - 5.650xlO -
YT(T) -- ------------_. --------------_. --------------- ~------------------

- - - -

C5 -----------------
C10 

-6.647xlO-15 

~----------------

-
3.748xlO-13 

~----------------

-
-3.131xl00 

----------------
-2.128xlO-5 

-5.679xlO-9 

----------------
-

-1.471xlO-1 

----------------
-

-7.799x10-3 

----------------
-

co 
o 



Table 3 (continued) 

Coefficient C, C2 C3 C4 C5 ---------------- ------------- ------------------- ---------------- ----------------
C6 C7 Cs C9 C,O 

9.237xlO3 - -3.539xl00 - -2.492xl0-2 

S(T) ---------------- ------------- ------------------- ---------------- ----------------
- - 3.614xlO-5 - -

-1.234xlO-7 - 1.934xlO-9 - -
Cl1,(T) ---------------- ------------- ------------------- ~---------------- ----------------

- - - - -
co 
--' 

1.00gxl0-4 - 1.022xlO-S - -
(122(T) ---------------- ~------------- ------------------- ---------------- ----------------

- - - - -

Polynomial Equation 

- 2 2 332 2 P - Cl +C2o+C3T+C4o +CST +C6oT+C7o +CST +Cg0 T+C,00T 

Units 

E, ,E2,G'2,F, ,F2,F,2,o-PSI 

CF 

-11°F 



82 

increased by 1.09. The Celion 6000/PMR-15 properties used were taken 

from results of current investigations by G. Farley of NASA Langley 

Research Center. 

The Poisson's ratio used was that of the HTS1/PMR-15, which is nearly 

the same as that of the Celion 6000 material. The longitudinal, 

transverse, and shear ultimate strengths of the HTS1/PMR-15 composite 

were multipled by 1.0,1.545, and 1.0, respectively. The Poisson's ratio 

and strength polynomials were functions only of temperature. 

5.1.4 Residual Stress Predictions 

The chosen functional form of the material property dependence 

(constant, temperature-dependent, or stress- and temperature-dependent) 

obviously affects the results of the laminate analysis. The signifi

cance of these effects is demonstrated in Table 4, where the residual 

stress predictions for a [0/90Js laminate are compared using three dif

ferent assumed forms of material behavior. (Residual stresses in the 

material coordinates are identical in each ply.) The results of the 

analysis for cross-ply and quasi-isotropic laminates indicate that: 

(l) the residual stresses do not exceed the ultimate transverse ply 

strength if constant (room-temperature) properties are used; (2) the 

residual stresses predicted using temperature-dependent properties 

exceed the ultimate transverse stress by 15%; (3) stress- and 

temperature-dependent behavior predicts that the residual stresses 

are marginally large enough for microcracks to develop. Transverse 

microcracks are assumed to develop whenever the transverse strength 

of a ply is exceeded by the ply's transverse stress. The stress- and 
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Table 4. Predicted Transverse Residual Curing 
Stresses for [0/90]s Gr/P; Laminates 

Form of Residual Percent of 
Mechanical Stresses Transverse 
Properties ks; (MPa) Failure Stress 

Constant 7. 15 (49.3) 95% 

Temperature 
Dependent 8.65 (59.6) 115% 

Stress- and 
Temperature-
Dependent 7.98 (55.0) 106% 

NOTE: Stress-Free Temperature = 625°F (330°C) 
YT = 7.523 ks; (51.9 MPa) 
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Temperature Dependent 
Properties 

Transverse Failure _ )reng~ 

Stress and Temperature 
Dependent Properties 

Room Temperature 75°F (24°C) 
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Fig. 35. Residual Stresses for [0/90]s and [0/90/t45]5 Laminates 
as a Function of Stress-Free Temperature. 
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temperature-dependent material properties should best represent the 

actual material behavior and give the most accurate predictions of the 

stresses. These properties were used in all subsequent laminate analys

es. Identical results were obtained for a [0/90/±45]s laminate, since 

the residual stresses are the same as for a cross-plied laminate. 

The assumed stress-free temperature significantly influences the 

predicted room-temperature residual stresses (Fig. 35). The laminate 

analysis using stress- and temperature-dependent properties predicts 

that there will be no microcracks at room temperature if the stress

free temperature is below 595°F (310°C) for cross-plied laminates. The 

stress-free temperature of Celion 6000/PMR-15 laminates was reported ;n 

Section 4.5 to range from 570°F (300°C) to 625°F (330°C), indicating 

that some laminates may not develop microcracks at room temperature 

if no additional loads are applied. Also, the percentage of 90° plies 

;n a cross-plied laminate influences the magnitude of the residual 

stresses in the laminate, as shown in Fig. 36. The residual stress 

exceeds the transverse tensile strength when the percentage of 90° 

plies is greater than 35 and less than 65, for a stress-free temperature 

of 625°F (330°C). This range would, of course, be smaller for a lower 

stress-free temperature or higher strength. 

The specimens used in this investigation had no significant TVM 

densities after curing, but four specimens did develop microcracks 

after being reheated to the cure temperature and quenched in ice water 

(Fig. 17). Laminate analysis using a stress-free temperature of 

625°F (330°C) predicts that the room-temperature transverse residual 
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stress will exceed the transverse ply strength by less than 6%. The 

absence of the microcracks at room temperature indicates that the 

stress-free temperature is lower than 625°F (330°C) or that other 

effects such as stress relaxation are important. Also, the specimens 

may have been fabricated using a batch of preimpregnated material that 

had a higher transverse failure strength than that of the material 

used to obtain material properties. The microcracks present after the 

ice-water quench are the result of the predicted 10% higher residual 

stresses at 32°F (O°C) than at room temperature. Additionally, the 

reduction in transverse ply strength due to the re-exposure to 625°F 

(330°C), as discussed in Section 4.4, could have contributed to the 

cracking of the specimens quenched in ice water. 

Inasmuch as laminate analysis predicts that the transverse 

residual stresses exceed the ply strength at 32°F (O°C), it follows 

that all the specimens should develop microcracks after the Type 2 

exposure (liquid nitrogen quench from room temperature). However, 

after this exposure, only three of the six laminates were found to 

contain microcracks, the densities of which were low. The possible 

cause of this discrepancy is stress relaxation during the slow cool 

from cure coupled with the extended period of time at room temperature 

before the liquid nitrogen quench. 

Unlike the specimens that experienced a Type 2 exposure, the 

specimens subjected to a Type 4 or 5 thermal exposure developed 

significant TVM densities. The difference in densities for the 

different exposures is believed to result from the relaxation of the 
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thermal stresses at the cure temperature and then the rapid cooling to 

the liquid nitrogen temperature. The cooling is sufficiently rapid 

that no significant stress relaxation occurs before the liquid nitrogen 

temperature is reached. The residual stresses then greatly exceed the 

ply transverse strength. 

The influence of edge effects on the development of microcracking 

is clearly demonstrated by a comparison of the results from the two 

quasi-isotropic laminates and the cross-plied laminates. The interior 

(away from free edges) residual stresses are predicted by laminate 

analysis to be the same in all such laminates. However, the experi

mental results indicated significant microcracking in the [0/45/90/-45J s 
laminate after Type 4 and Type 5 thermal loading, but no TVM in the 

[45/-45/0/90J s laminate. Cross-plied laminates exhibited significant 

TVM similar to the [0/45/90/-45J s laminate. These differences can 

be attributed to edge effects. 

The residual stresses in the [0/60/0/-60Js laminate are predicted 

to be 15% above the ply transverse strength at 32°F (O°C). The 

absence of microcracks after the Type 3 and 4 exposure (Fig. 17 and 18) 

is attributed to the other effects discussed above including stress

free temperature, stress relaxation and variable strength. 

5.1.5 Resin-Rich Region Effects 

Laminate analysis was also used to determine the possible effects 

a resin-rich region may have on the residual stresses ;n a laminate. 

The resin-rich regions are not uniformly thick throughout a laminate. 

Such nonuniformities were investigated by considering two resin-rich 
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regions that were 0.10 ho and 0.05 ho inch thickness. The stress-free 

temperature was assumed to be 625°F (330°C). Two laminates were 

analyzed, [O/R/90Js and [O/R/90/±45Js ' where R is an abbreviation for 

resin-rich region. 

The transverse stresses in a ply were virtually unaffected by the 

presence of the resin-rich regions for both thicknesses of resin-rich 

regions and types of laminates. The only notable effect of the resin

rich regions was to increase the longitudinal stresses in a ply. 

The 0.05-ply-thick region increased the longitudinal compressive stress 

by 5%, and the O.l-ply-thick region doubled that increase in stress. 

The residual stresses in the resin-rich regions were very high. The 

stress was predicted to be 11 ksi (7.6 x 107 pascal), which exceeds 

the 10 ksi (6.9 x 107 pascal) ultimate stress reported by Cavano and 

Winters [33J for the neat resin. In spite of the high residual stress 

predictions in the resin-rich regions, the transverse microcracks did 

not appear to originate from, or to penentrate deeply into, the resin

rich regions (cf. Section 4.2.1). A micromechanics analysis may 

render a more precise prediction of crack initiation. 

5.2 Multiple Cracking Theory 

The multiple cracking theory was developed by Garrett and Bailey 

[26], and improved by Parvizi and Bailey [27], to predict the spacing 

between TVMs as load is applied to a [0/90J s laminate. This differs 

from the theory of Reifsnider [11], which predicts the minimum 

(saturation) microcrack spacing in a laminate. The multiple cracking 
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theory was originally developed only for cross-plied laminates. The 

method is shown in Section 5.2.2 to also predict the TVM spacing in a 

Celion 6000/PMR-15 quasi-isotropic laminate with the 90° plies adjacent 

to the midplane. 

5.2.1 Theoretical Derivation 

The theory is based upon the modified shear-lag analysis by Cox 

[41]. The modified shear-lag analysis determines the stress in the 

longitudinal ply of a [0/90]s laminate after the first crack has 

occurred in the transverse ply. A perfect bond is assumed to exist 

between plies in the cross-ply laminate shown in Figure 37. 

The laminate will have a laminate-analysis-type behavior until 

the ultimate strain of the transverse ply, £tu' has been reached. At 

this strain, the first TVM will develop in the transverse ply. This 

causes a stress increment, ~o(y), to be transferred to the longitudinal 

plies. The maximum value of ~o is ~ao' which occurs in the plane of 

the TVM and decreases with distance y as the load is transferred back 

into the transverse ply. Assuming a uniform load distribution in the 

longitudinal plies, the constant ~oo is found to be 

b+d Ei 
~ao = a [--b-- - --E ] 

a c 
(5.24) 

where 0a is the applied stress on the sample, Ei and Ec are the Young's 

moduli of the longitudinal ply and composite, respectively, and band 

d are as defined in Figure 37. 

The value of the stress increment ~o at a distance y from the crack 

is determined using the modified shear-lag analysis. This analysis 
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Fig. 37. Multiple Cracking Theory Model 



92 

assumes that the shear stress, Txy ' in the x-y plane, is directly 

proportional to the difference in vt and vt (the average y component 

of displacements in the longitudinal and transverse plies, 

respectively) , 
TX V 

- ~ = H (v - v ) b t t {5.25} 

where H is a proportionality constant. From the simple force balance, 

(Fi g. 38), 

T = xy 
-b d(L\cr} 

dy (5.26) 

equation (5-26) becomes the governing differential equation for 6cr as 

d(L\cr) = H(v - v ) 
dy t t (5.27) 

Differentiating with respect to y, 

(5.28) 

where crt is the stress in the longitudinal ply at a distance y from the 

TVM. 

The following simplification is assumed, 

where Et is the average axial strain in the transverse ply. The total 

load carried by the laminate is equivalent to the sum of the loads 

carried by the individual plies, thus giving at the strain E tu ' 

(5.30) 
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Fig. 38. Free-Body Diagram Used by 

Multiple Cracking Theory. 
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where Et is the Young's modulus for the transverse ply in the y direction. 

Substituting equation (5-30) into (5-28), the second-order differ-

ential equation is obtained, 

( 5.31 ) 

where 

HE (b+d) 
<p = -----..,c~,..---..,._ 

EiEtd 
(5.32) 

The general solution of this equation using the boundary conditions that 

~a = 0 at large y and ~a = ~ao at y = 0 is 

1/2 
~a = ~ao exp(-<p y) (5.33) 

The constant, H, is found as follows. Equation (5.25) implies the 

stress condition 

C1L 
~=O ax (5.34) 

Now, let v be the actual displacement of the transverse ply close to the 

longitudinal ply. At the ply interface, v = vi and at larger x, v = VtO 

The following relationship then results, 

dv = ~ (5.35) 
dx G 

12 
where G12 is the shear modulus of the transverse ply in the x-y plane of 

Figure 37. Integration of equation (5.35) from the ply interface to the 

midplane yields 
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(5.36) 

Substitution of equations (5.26) and (5.36) into equation (5.27) yields 

H to be, 

(5.37) 

Therefore, 

(5.38) 

The second TVM will develop first at the end of the specimen most 

distant from the first microcrack. This occurs when the applied stress 

causes at (the y component of stress in the transverse ply) to exceed 

Et€tu' This value of aa is found from a summation of forces to be 

(5.39) 

Determining the relationship between aa and at is more complex 

when microcracks are developing between two pre-existing cracks. From 

a force balance of a segment of the longitudinal ply (free-body shown 

in Fig. 38), 

= -b d(lm) 
lxy dy (5.40) 

Substituting from equation (5.33), this becomes 

(5.41) 

The shear stresses from both cracks add together but are of different 
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signs. If the crack spacing is t, the total shear stress between two 

cracks will be 

T = bfia ~1/2 [exp(_~1/2 y) - exp(~1/2 (y-t))] 
o (5.42) 

Substituting equation (5.42) into equation (5.40), and integrating 

between 0 and y, fia(y) between two microcracks is found to be 

fia(y) = fia [_exp(_~1/2 t) + exp(_~1/2 y) + exp(~1/2 (y-t))] (5.43) 
o 

Using summation of forces and equation (5.24), equation (5.43) 

becomes the relationship between applied stress and the stress in the 

transverse ply, 

- exp(~1/2 (y-t))] (5.44) 

A TVM will develop when crt again is equal to EtE tU . This first occurs 

midway between the current two microcracks because at is maximum there. 

Substituting EtE tu into equation (5.44), the applied stress required to 

cause a TVM between two cracks of spacing, t, is found to be 

(5.45) 

where 

(5.46) 

The applied stress required to produce additional microcracks is 
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determined by substituting t/2 for t in equation (5.45). This process 

is continued until either the ultimate strength of the longitudinal 

plies is exceeded, or debonding occurs at the transverse-longitudinal 

ply interface. 

The microcrack spacing depends upon the position of the first 

crack as well as the length of the specimen. Specimens of length 

i = 2nr, where n is any integer and r is a given length, will have the 

same crack spacing for a given applied stress if the first crack 

developed in the middle of the specimen. If the first microcrack 

develops at a distance g from one end of the specimen, the subsequent 

cracking behavior will be similar to that of two different specimens 

of lengths g and (i-g), e.g., one part of the specimen will have a 

different crack spacing than the other. Regardless of the length of 

the specimen and the position of the first microcrack, the TVM 

spacing at a given stress will be bounded by two forms of equation 

(5.45). The upper bound on crack spacing is obtained from equation 

(5.45). The lower bound is found by substituting t/2 for t in 

equation (5.45), 

o = E £ R[l + exp(_¢1/2 l) - 2 exp(_¢1/2 l)J-l 
a t tu 2 4 (5.47) 

Crack density will be used instead of crack spacing in the next 

section, crack density being merely the inverse of crack spacing. 

5.2.2 Predictions 

The upper and lower bounds of TVM densities at a given applied 

stress will be presented rather than the "stepwise" changes in TVM 
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density curves predicted by the theory for a specific specimen. The 

results, thus, will be more general; not just for a specific specimen. 

Additionally, imperfections in a laminate would cause it to deviate 

from the specific predictions for it, because microcracks would not 

always develop midway between pre-existing microcracks. Although 

the results may deviate from the predictions for the specific laminate, 

the results will remain bounded by the more general predictions. In 

Figs. 38 to 43, the maximum TVM density predicted is the solid line; 

the minimum density is the broken line. 

The thickness of a laminate and the percentage of 0° plies are 

predicted to have an important influence on the TVM density of a 

laminate. TVM density at an applied stress greater than the TVM 

initiation stress decreases as laminate thickness increases as shown in 

Fig. 39. Changing laminate thickness does not affect crack initiation 

stress if the percentage of 0° plies remains constant. At a constant 

laminate thickness, an increase in the percentage of 0° plies increases 

significantly the crack initiation stress, as shown in Fig. 40. This 

increase in crack initiation stress results primarily from the 

increased modulus of the laminate due to the greater percentage of 

0° plies. At equal increases in stress above the crack initiation 

stress, the laminate having the higher percentage of 0° plies will 

have a greater TVM density. 

The multiple cracking theory predictions are compared to the ex

perimental results of Section 4.3.1.1 in Fig. 41 for a 0.048-inch 

(0.122 cm) thick [02/902]s laminate. The experimental data in Fig. 
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41 have been adjusted to include residual stresses. The residual 

stresses were determined by laminate analysis using stress- and 

temperature-dependent material properties, as in Section 5.1.3. 

The effect of the residual stresses was included by adding the 

product of the transverse residual strain in the 90 0 ply and the 

laminate modulus to the applied stress on the laminate. The longi

tudinal residual stress in the transverse ply was neglected. As 

can be seen from Fig. 41, the theoretical predictions agree reason

ably well with the experimental results. 

The equations used for the cross-plied laminates are readily 

applicable to one type of quasi-isotropic laminate -- the [±45/0/90]s' 

This laminate has the same boundary conditions as the cross-plied 

laminates for which the theory was derived. The longitudinal Young1s 

modulus in equations (5.45) through (5.47) is replaced by the 

longitudinal modulus of a [±45/0] laminate (obtained by rule of 

mixtures); the rest of the analysis remains the same. 

The quasi-isotropic laminate exhibits a behavior with respect to 

thickness similar to that of the cross-plied laminates (Fig. 42). The 

applied stress necessary to cause microcracking is less in the quasi

isotropic laminate than in a cross-plied laminate, due to the lower 

stiffness of the quasi-isotropic laminate. The lower laminate stiff

ness also results in the quasi-isotropic laminate having a higher TVM 

density than a cross-plied laminate of the same thickness and having 

less than 80% 00 plies. The multiple cracking theory predictions are 

compared to the experimental results of Section 4.3.1.3 in Fig. 43. 
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The experimental results compare very closely to the upper bound 

predictions for TVM densities above 10 TVM/inch (4 TVM/cm). The 

experimental data were adjusted for residual stresses as in the 

[02/902]s laminate above. 

The sequence in which the layers are stacked in a laminate greatly 

affects the TVM density. Predictions for [02/902]s and [(0/90)2]5 

laminates are compared in Fig. 44. Although both laminates initiate 

microcracking at the same applied stress, the innermost two 90 0 plies 

of the [(O/90)2]s laminate are predicted to have twice the TVM density 

of the 90 0 plies in the [02/902]5 laminate. 
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Chapter 6 

CONCLUSIONS 

This study has investigated, both experimentally and analytically, 

transverse microcracks (TVMs) in Celion 6000/PMR-15 graphite-

polyimide composites. TVM resulting from both thermal and tensile 

loading was studied in cross-plied and quasi-isotropic laminates. Two 

analytical methods were used: laminate analysis including stress- and 

temperature-dependent material properties, and the multiple cracking 

theory developed by Parvizi, Garrett, and Bailey. 

The following major conclusions have been reached as a result of 

the investigation: 

1. Thermal Loading 

A. The Celion 6000/PMR-15 laminates studied in this investigation 

are free of cracks after curing. 

B. Quenching laminates into liquid nitrogen from room temperature 

does not produce significant TVM densities; however, this quench from 

the cure temperature does cause significant TVM densities in all the 

laminates tested except the [±45/0/90Js laminate, which had no 

observable microcracks after any thermal loading. 

C. Laminate configuration (stacking sequence, number of plies, 

fiber angles, etc.) strongly influences TVM density. 

D. Laminate analysis using stress- and temperature-dependent 

material properties predicts that the residual curing stresses are 

marginally large enough to initiate microcracking. 
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E. Free edge effects and stress relaxation can significantly 

influence TVM densities. 

F. TVM densities determined by observations of the edges of 

laminates accurately represent densities in the interior regions of 

laminates. 

G. The stress-free temperature of preimpregnated composite 

materials varies from batch to batch. The stress-free temperature 

of two batches of Celion 6000/PMR-15 was found to range from 610° to 

625°F (320° to 330°C) and 570° to 605°F (300° to 320°C). 

2. Tensile Loading 

A. Laminate configuration strongly influences TVM density. 

B. Mechanical loading induces greater TVM densities than does 

thermal loading. 

C. The Young's modulus of the laminates investigated was 

not appreciably affected by TVM density. 

D. The Poisson's ratios of [02/902]s and [0/45/90/-45]s laminates 

varies with TVM density. The [02/902]s laminate exhibited a 55% 

decrease in Poisson's ratio after the saturation density was reached. 

The Poisson's ratio of the [0/45/90/-45]s laminate increased 16% 

after microcracking initiated. 

E. Tensile mechanical loading causes higher TVM densities in 

quasi-isotropic laminates than in cross-plied laminates. 

F. The multiple cracking theory accurately predicts the TVM 

density in tensile-loaded laminates when residual stresses are included. 
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G. The multiple cracking theory is applicable to the [±45/0/90]s 

laminate as well as to the [0/90]5 laminate. 
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USER'S GUIDE FOR THE COMPUTER CODE LAST 

The Fortran computer code LAST, haminate ~alysis with Stress- and 

lemperature-dependent material properties, was developed to calculate 

the lamina stresses and strains in a laminate due to applied loads and 

temperature change. LAST uses the laminate analysis equations 

developed ;n Section 5.1.1 which are applicable to both symmetric and 

unsymmetric laminates. The code includes the capability for stress-

and temperature-dependent material properties which are input in the 

form of a least-squares polynomial of the two independent variables, 

stress and temperature. 

Up to 20 plies and 5 materials may be input. This may be easily 

increased by changing dimension statements. 

Card Number 

1 

2,3 

4 

Data Input Format 

Variable, Format 

A,Fl.O 

TITLE,20A4 

KEY(I),19I2 

1=1 

I=2 

1=3 

1=4 

1=5 

Description 

A=l if a catalog of problems desired. 
If so, a 1 should appear in col. 79 
of the next card. 

Two 80 column cards for problem titles 

= 1, Print or execute option 
= 0, Do not print or execute option 

Print [Q]k 

[Q-]k Print 

Print [AJ, [8J, [0], and inverse 
matrices 

Print material properties 

Print cumulative midplane strain and 
curvature in nonlinear problems 



Card Number 

5 

6 

Variable, Format 

1=6 

1=7 

1=8 

1=9 

1=10 

1=11 

NMAT, 15 

NLAYP,I5 

IHALF,I5 

HALF,F10 

MAT ( I ) ,15 

THICK( I) ,FlO 

THETA(1),F10 
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Description 

Print cumulative thermal expansion 
and averaged thermal expansion 
coefficient 

= 1 if only tensile material properties 
are being input 

Print average laminate engineering 
constants 

Determine if the maximum lamina 
stresses have been exceeded and to 
read in the failure polynomials 

Print the maximum stresses at the 
desired temperature from the failure 
polynomials 

= 0, l/El and l/E2 material polynomials 
are input for El and E2 

= 1, El and E2 are obtained directly 
from material polynomials. 

Number of different materials used in 
problem 

Number of layers in laminate 

1 0, Inputting only half of a 
symmetric laminate 

Laminate half thickness 

Material number of Ith layer 

Thickness of rth layer 

Fiber orientation of rth layer 

These three data values are repeated 2 per card for 
all the layers in a laminate unless IHALF (from card 
5) is nonzero, then values for only one-half of the 
laminate need to be input. 

7-24 Coefficient to material polynomials. Equations of form 
2 2 

f(o~T) = C,+C2o+C 3T+C4o +C5T +C60T 



Card Number 

7-9 

10-12 

13-15 

16-18 

19-21 

22-24 

7-9 

10-12 

13-15 

16-18 

19-21 

22-24 
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Variable, Format Description 

4 3 2 2 3 + C12T +C13o T+C14o T +C15oT 

If KEY(ll) = 0, the following applies 0 = stress/1000 

1 1 
IT 1000 ' 5 E1 5 

1 1 
E2 1000 ' 5E15 

1 
G12 1000 ' 5E15 

V12,5E15 

AL1,5E15 

AL2,5E15 

Inverse of ply longitudinal Young's 
modulus 

Inverse of ply transverse Young's 
modulus 

Ply shear modulus 

Ply Poisson's ratio 

Ply longitudinal thermal expansion 
coefficient 

Ply transverse thermal expansion 
coefficient 

Cards 7-24 are repeated for each material. 

The following applies to Cards 7-24 if KEY(ll) = 1, 

o = stress 

El ,5E15 Ply longitudinal Young's modulus 

E2,5E15 Ply transverse Young's modulus 

G12 ,5E15 Ply shear modulus 

V12,5E15 Ply Poisson's ratio 

AL1,5E15 Ply longitudinal thermal expansion 
coefficient 

AL2,5E15 Ply transverse therma 1 expansior 
coefficient 

Cards 7-24 are repeated for each material 

If KEY(9) equals 0, skip to card 31 



Card Number 

25-30 

25-26 

27-28 

29-30 

31 

32-37 

38 
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Variable, Format Description 

Coefficient to failure polynomials. 

The form of the polynomial is 
23456 F = Cl +C2T+C3T +C4T +C5T +C6T +C7T 

Fl,5E15 

F2,5E15 

F12,5E15 

IPROB,I5 

NTEMP,I5 

BTEMP,F10 

ETEMP,F10 

NLOAD,I5 

BLOAD(I),E15.5 

ELOAD(I),E15.5 

where 1=1 , Nx; 

1=4, M x' 

as defined in 

More, 110 

1=2, 

I=5, 

Ply longitudinal ultimate stress 

Ply transverse ultimate stress 

Ply shear ultimate stress 

Problem number printed with output 

Number of temperature increments 

Beginning temperature 

End temperature 

Number of load increments for 
nonlinear stress-strain solution 

Beginning rth component of {N} and 
{M} loads 

Ending Ith component of {N} or {M} 
loads 

N . 
y' 1=3, N . 

xy' 

M • 
y' 1=6, Mxy 

Section 5. 1 . 1 

= 0 To end execution 

= 1 To start another problem with the 
same material. Restart at Card 2 and 
skip cards 7-30. 

= 2 To do another temperature/load 
sequence starting at card 31. 

NOTE: The intermittent stress values printed during a temperature 
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change are not the correct values of stress at that intermittent 

temperature. The only purpose of incrementing temperature change is 

to allow for the nonlinearity of the material properties with respect 

to stress, not temperature. 



TRANSVERSE MICROCRACKING IN CELlON 6000 
GRAPHITE/PMR-15 POLYIMIDE COMPOSITE 

by 

John Steven Mills 

(ABSTRACT) 

The effects of room temperature tensile loading and five thermal 

loadings upon the development of transverse microcracks (TVM) in Celion 

6000/PMR-15 graphite-epoxy laminates were investigated. Microcracks 

were observed using a replicating technique, microscopy and x-ray. The 

mechanical or thermal load at which microcracking initiates and the ply 

residual stresses were predicted using laminate analysis with stress-

and temperature-dependent materials. The TVM density as a function of 

tensile load was predicted using the multiple cracking theory proposed 

by Garrett, Parvizi and Bailey. Reasonably good correlation between 

theory and experiment was obtained for both the load at initial failure 

and the TVM density as a function of tensile load. 

It has been shown that TVM density and the load to initiate micro

cracking are functions of the type of loading and the laminate configura

tion. Generally, cross-ply laminates exhibit higher TVM density after 

thermal loading than do quasi-isotropic laminates, but the converse is 

true for tensile loading. Cross-ply laminates attain a saturation 

TVM density prior to failure, but the TVM density of quasi-isotropic 

laminates continues to increase until failure. Edge effects have a 

significant influence on the development of TVM, and TVM present at the 

free edge of a laminate extend throughout the entire width of the 

laminate. 




