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Residual stresses develop in composite materials due to the high temperature 

manufacturing process that is required.  As the structure cools from the curing temperature, those 

stresses develop because of a mismatch between the coefficients of thermal expansion values of 

the two constituent materials of the composite.  If the residual stresses are not accounted for 

when designing a composite structure, premature failure can develop due to the lack of available 

strength remaining in the structure.  A significant amount of work has been focused on 

determining these stresses for unidirectional composites, but as the woven geometries become 

more popular, the research must shift.  

Woven composites consist of a complex geometry, so because of that, a full-field 

measurement technique must be used to obtain the stress patterns throughout the repeating unit 

of the geometry.  The cure reference method was designed to measure surface residual strains of 

unidirectional composites with very high sensitivity.  That method is extended to the woven 

composite; however, to do so modifications are required to achieve optimal results.  The final 

procedure that is chosen to employ for this research is a less time intensive and more repeatable 

process than the original method suggested for the original embodiment of the CRM.  The 

experimental data show that significant strains develop throughout the repeating unit and the 
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strains alternate between highly tensile to highly compressive over a very small distance.  The 

approximate range of strains that are occurring is between -3000με and +2500με.   

A finite element analysis is also completed to verify the experimental method developed 

and to calculate the residual stresses resulting from the experimental residual strains.  The 

verification analysis shows very good agreement between the analytical and experimental data.  

The tensile strains are occurring over the fiber bundles and the compressive strains are occurring 

in the resin rich zones.  The range of strains that is occurring experimentally is larger than that 

predicted by the analysis but that is due to some assumptions made in the finite element model.  

The residual stresses that are developing are between -13 MPa and +4 MPa which are small with 

respect to the strength of the resin (82.7 MPa) but they cannot be ignored.   

 
 



 

CHAPTER 1 
INTRODUCTION 

Composites are composed of two or more different materials combined to form a single 

macroscopic structural unit.  A common reason for manufacturing a composite material is so that 

a combination of desired properties can be achieved yielding optimal results.  It has been shown 

in studies performed by Griffith that materials in the fiber form yield higher strengths than they 

do in the bulk form [1].  However, it is also very difficult to use fibers structurally since they 

cannot maintain compressive loads and the properties transverse to the loading direction are very 

poor.  This can be solved by embedding the fibers in a matrix, or filler material, so that many 

fibers bound together by the surrounding matrix can be used to carry the load.  Ultimately, the 

structural advantages of fibrous materials, such as stiffness and strength, can be used in a low 

weight structure yielding a part with a high specific stiffness or strength.   

Composite materials are becoming more widely used by various industries.  As the desire 

increases for advanced material properties that composites provide, more research needs to be 

continually done so that they can be fully characterized and understood. 

Woven Composites 

There are two categories of composites, plies composed of unidirectional or randomly 

scattered chopped fibers (laminates), or fiber bundles woven into a regular pattern (textiles).  

Unidirectional composites provide strength and stiffness properties in the direction that the fibers 

are aligned.  By stacking multiple plies and aligning the fibers in different orientations, material 

properties can be enhanced in desired directions for the part being designed.  The second class of 

fiber reinforced composites is the woven textile.  Similar to the unidirectional composites, the 

weave pattern can be adjusted so that certain material properties are achieved, particularly if 

more strength/stiffness is desired in one direction as opposed to another.  Additionally, the 
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overall stiffness or strength of the part can be enhanced by stacking multiple layers to create a 

thicker structure.  Several weave patterns exist, including the plain weave and various satin 

weaves.  The focus of this work will only be on the plain weave geometry. 

As opposed to the unidirectional composite laminates, woven composites exhibit a very 

complex geometric structure that results in property trends very different from many other 

materials.  Most material classifications yield a uniform strain field during tension or 

compression tests as long as strain concentrations do not exist in the region of interest.  In these 

cases, the average strain is a reasonable estimate of the local strains.  However, this is not the 

case in woven composites because of the complex geometry exhibited by the fibers.  Because of 

this, even though the large scale averaged strains may appear uniform, the strains on the scale of 

the representative volume element (RVE), shown in Figure 1-1, are not uniform.  Typically, 

under most loading conditions a repeating pattern would occur in the strain field indicating very 

different strain values at various locations in the RVE.  A characteristic of woven composites 

that is distinctly different from most materials is that in a given loading condition, it could be 

possible for the structure to exhibit both tensile and compressive strains throughout the RVE.  

For example, moiré interferometry was used to measure the strains transverse to the loading 

directions on a plain weave composite during a uniaxial tension test.  Repeating regions of 

tensile strain were measured across the specimen even though typically only compressive strains 

would be expected to develop because of the Poisson effect [2].   

Residual Stresses and Strains 

The manufacturing process for many composite structures requires a high temperature 

heating cycle.  Those high temperatures are required so that the resin can fully heat and complete 

its polymerization process as well as wet the fibers and finally cure into a hard structure.  

However, this necessary process introduces a significant amount of residual stresses into the 
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composite specimen after the heating cycle completes and the specimen cools back down to 

room temperature.  The residual stresses in a composite arise from both chemical and thermal 

shrinkage [3].   

The chemical shrinkage is due to polymerization of the resin in which the two monomers 

in the epoxy come together to form the final compound.  The majority of the chemical shrinkage 

occurs during the initial heating period of the curing cycle and therefore does not contribute to 

the overall residual stresses.  This is because stresses cannot exist before the composite fully 

cures and the resin transforms to the solid state.  However, there is some additional chemical 

shrinkage that does contribute to the final residual stress levels in the specimen that occurs after 

the solidification of the resin.   

On the ply level, a significant amount of the residual stresses develop because of the 

mismatch that naturally exists between the coefficients of thermal expansion (CTE) of the two 

materials.  The resin typically has a much higher CTE value than the fiber; therefore a larger 

amount of thermally induced shrinkage would develop in the matrix.  However, the higher 

strength fibers restrict the contraction of the matrix.  That restriction is what introduces the 

residual stresses into the composite.   

Research Objectives 

The goal of this research was to employ an experimental method to measure the residual 

strains that develop in the plain weave composite due to the manufacturing process.  Because of 

the complex nature of the material, a full-field experimental method was desired so that a strain 

contour map could be obtained for the representative volume element of the weave pattern.  The 

process induced residual stresses were to be obtained via finite element modeling by using the 

experimental displacement data as inputs into the analysis.  Additionally, the finite element 

model will be used to perform a comparison study to the experimental data.   
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Figure 1-

 

-1.  Represenntative volumme element of the plain weave compposite geomeetry 



 

CHAPTER 2 
LITERATURE REVIEW 

Introduction 

Many methods have been used to experimentally measure or analytically predict the 

residual stress levels of composite materials.  The experimental methods can be divided into 

destructive and non-destructive techniques.   

Destructive Techniques 

Hole Drilling Method 

The hole drilling technique is one of the oldest and most widely accepted methods for 

measuring residual stress levels of most materials.  It was first discovered by Mather in the 

1930’s that by removing a section of material in a stressed structure, a change in stress state in 

the remaining material will occur so that static equilibrium can be maintained [4].  Doing so 

results in the material surrounding that hole to relax therefore altering the dimensions of the hole 

which correlates with the surrounding strain field. 

Much advancement to the hole drilling method has been made since the origin of the 

technique.  The development of the hole drilling strain gage rosette has allowed more accurate 

measurements of the area directly surrounding of the blind drilled hole [5].  Also, as technology 

has improved, the gages have become smaller giving the ability to better capture the large strains 

that are developing close to the hole edge that cannot be measured due to the significant 

averaging larger gages must perform.  The hole-drilling method has been applied to orthotropic 

materials by developing intensive analytical relations between the stress and strain fields [6,7].  

Because of the extensive calculations required for the application to orthotropic materials, either 

many assumptions must be made to simplify the calculations or a finite element analysis must be 

performed to gather the coefficients required by the analytical relations.  By introducing 
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interferometric methods to the hole drilling procedure, the strain fields surrounding the hole 

could be measured as opposed to a averaged values close to the hole [8,9,10].  However, even 

those methods have difficulty accurately measuring the large stress concentrations around the 

hole.  Although much advancement has been made in this technique, there is a major drawback 

associated because of the lack of full-field information it provides.  

First Ply Failure Test 

The residual stresses that exist in a composite can also be found by the first ply failure test 

[11,12].  A [0/90] specimen was loaded until failure, and throughout the loading the strains were 

recorded.  Using elastic stress-strain relations, the approximate load was calculated at which the 

first ply failed in the test.  That value was then compared to the ultimate strength of the ply, and 

the difference was called the residual stress. 

Non-Destructive Techniques 

X-Ray Diffraction 

X-Ray diffraction was introduced into the composites community as a possibility for 

measuring residual stresses by Predecki and Barrett in 1979 [13].  By embedding metallic 

particles between prepreg plies, the residual stresses of the particulates could be obtained using 

X-Ray diffraction.  The stresses of the particulates could then be related to the surrounding 

matrix material to determine the stress values of the matrix.  This methodology was then 

extended to measuring the residual strains of the composite and using numerical modeling via 

the Eshelby method to determine the residual stresses [14].  After having success with the 

unidirectional laminate, X-Ray diffration was used for measuring the interlaminar residual 

strains of woven composites [15].  A drawback to this method is that it requires embedding a 

foreign object into the matrix which could ultimately modify the material properties. 
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Embedded Sensors 

Two different types of sensors are commonly embedded in composite materials to measure 

residual strains:  electrical resistance strain gages and fiber optics.  By embedding the sensor 

between layers of the composite laminate, the deformation experienced by the specimen is 

recorded by the sensor and after using the necessary correction factors the strains can be 

obtained. 

Electrical resistance strain gages were first embedding within laminated composites to 

measure the residual strains in the 1970’s [16,17,18].  The gages were placed between plies of 

the laminate and on the surface of the specimen during the manufacturing process prior to cure.  

By doing this, any strains that developed during the curing process would be measured by the 

strain gages.  Daniel made sure that the gages and required wiring were chosen so that the 

measurement equipment did not introduce any local thickness differences to limit the 

introduction of errors in the strain results.    The method of embedding strain gages within the 

composite specimen has also been used to help determine the warpage developed in asymmetric 

woven laminates combined with laminate theory and shadow moiré [19]. 

The ability to measure residual strains by embedding fiber optics within composite 

laminates was developed under the same principle as embedding electrical strain gages, and was 

first used by Lawrence [20,21].    Both an extrinsic Fabry-Perot interferometer and a fiber Bragg 

grating were used to measure the process induced strains in a composite laminate.  The fiber 

optic is laid between plies before cure and is nulled at room temperature.  Assumptions are made 

that the optic bonds well to the epoxy and that it does not structurally reinforce the specimen.  

Work has also been done to extend the use of fiber optics to woven composites by using a 

distributed sensor system [22].  
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Two main drawbacks of using embedded strain sensors are that a foreign object must be 

placed within the specimen and that only localized strain values can be obtained.  The 

introduction of the foreign object is always assumed not to reinforce the material or alter the 

properties in the area of interest, however, some errors although minimal are bound to develop.  

Warpage Measurements 

When assymetric composites are manufactured, warpage will ultimately result.  Much 

investigation has been done on determining the warpage of composites and relating that to the 

residual stresses [18,23].  However, this method is not desirable because it is seldom that an 

assymetric composite is desired and due to the inherent symmetric nature of plain weave 

composites, measuring warpage is not feasible. 

Cure Reference Method 

The Cure Reference Method (CRM) was developed at the University of Florida as a 

nondestructive technique to measure full-field residual strains of composite materials [24].  By 

applying a diffraction grating to the specimen at the cure temperature, which is assumed to be a 

free stress state, moiré interferometry can be used at room temperature to measure the residual 

strains that develop from the curing process.  This technique is the basis of this work, so an in 

depth description will follow.  

Analysis Methods Used in Predicting Residual Stresses in Woven Composites 

For traditional laminate composites, the classical laminate theory (CLT) can be used to 

calculate the stresses in a structure once the material properties and strain data are known.  

However, in advanced composites, such as woven textiles, the complications of the material 

geometry no longer allow these straightforward calculations.  Both analytical and finite element 

models have been used to predict the process induced strains in woven composites.  Several 

groups have worked to develop analytical models based off of CLT that account for the complex 
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geometries contained in woven composites [25, 26, 27].  Both TEXCAD and MESOTEX have 

been extended to predict the process induced thermal stresses for the plain weave composite.  

Other work has been done by using finite element models to predict the residual stresses in 

woven composites, however; some of these models are still either simplified two- or three-

dimensional models that are not able to completely predict the stress field occurring throughout 

the geometry [28, 29].   

 
 
 



 

CHAPTER 3 
CRM DEVELOPMENT 

The focus of this research was to modify and improve the original process proposed for the 

Cure Reference Method [15].  This technique was then to be used to measure and obtain the 

residual strain field of a plain weave composite.  This chapter will go into the details of all 

methods that were attempted in modifying this experimental technique and explain what was 

desired when creating a grating to be used for the cure reference method.   

Principles of the Cure Reference Method 

The cure reference method (CRM) works in conjunction with moiré interferometry to 

measure the residual strains that develop in a composite material because of the high temperature 

curing cycle required for fabrication.  During the curing cycle, the composite undergoes a 

transformation process from its original liquid state as a prepreg to the solid state once the resin 

has cured.  Until the point it transforms to a solid, it can be assumed to be in a stress-free state.  

By attaching a diffraction grating to the composite surface at the point that transformation 

occurs, any changes in the frequency of the grating will only be attributed to the deformations 

that develop as the specimen cools to room temperature. 

The diffraction grating was replicated directly onto the specimen from the autoclave tool, 

which was a piece of ultra low expansion glass so to ensure that the grating frequency would be 

the same at the cure temperature as it was at room temperature.  The two main assumptions that 

this method employs were that the grating bonds perfectly to the specimen surface and that the 

bonding undergoes the same process as the solidification of the resin in the composite.  Also, 

because it is assumed that the grating adheres to the specimen at the transformation point to the 

solid, the exact time the adhesion occurs does not need to be known, since the room temperature 

measurements will always be in reference to the free-stress state. 
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After the specimen was given the appropriate time to cure, dictated by the curing cycle, the 

composite was separated from the autoclave tool before the cooling cycle began.  This allowed 

the specimen to undergo free contraction as it cooled and ensured that the frequency change 

measured in the grating was due to the residual strain occurring from the cure temperature.  

Moiré interferometry is then used after the specimen completely cools to room temperature to 

measure the residual strains. 

Moiré Interferometry 

Moiré interferometry is a laser based optical method that is used to measure full-field 

strains with extreme sensitivity [2].  The sensitivity of this method is 0.417μm, and it provides a 

contour displacement map throughout the area of interest which is constructed via interference 

from light diffracting off of the specimen.  A diffraction grating is adhered to the specimen 

before tests are conducted and it has an initial frequency matching the reference, or master 

grating.  As the specimen deforms, the frequency of the grating changes and that change is 

directly proportional to the deformation that occurred.  A four-beam interferometer was used for 

this work and is shown schematically in Figure 3-1. 

To measure the changes of frequency that occur, the interferometer has to be tuned to the 

initial, or reference, grating.  This is done by directing the light sources towards the specimen so 

that no, or very few, interference fringes can be observed.  Then when the specimen replaces the 

reference grating in the interferometer, interference of the light sources will occur because of the 

changes in the grating frequency.  As it is applied to CRM, after the composite cools, the residual 

strains that develop due to the cooling process can be measured by comparing the specimen 

grating to the reference grating in the interferometer.  
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The interferometer used in this work was a self-contained, portable moiré interferometer 

(PMI) in the Materials Characterization Lab of the Civil Engineering Department.  It was a four-

beam, 2400 lines/mm interferometer that consisted of a 628nm He-Neon laser. 

Specimen Preparation 

The material tested for this research was a plain weave composite manufactured by Cytec 

Industries.  The typical test specimen was a lay-up composed of four 3.0” x 3.0” layers.  While 

stacking the prepreg layers, careful attention was directed towards aligning the fiber bundles with 

each other so to obtain minimal misalignment.  It was critical to obtain the best alignment 

possible so that the strains measured via moiré interferometry corresponded with the strains 

along the fiber directions.  Also, prior to bagging the specimen and autoclave tool, the alignment 

of the grating needed to be determined with respect to the autoclave tool.  Using the fixture 

shown in Figure 3-2, a laser source was reflected off of the grating surface and the diffracted 

beams were aligned with the markings seen in the figure by adjusting the position and rotation of 

the autoclave tool with respect to the optical bench. 

The specimens were required to be cured in a vacuum oven that is shown in Figure 3-3.  

Irregardless of the CRM production method used, to prepare the specimen for the vacuum curing 

cycle it was bagged according to the process described below and shown schematically in Figure 

3-4.   

1. A circular hole was cut into a piece of non-porous release film large enough to expose the 
grating on the autoclave tool.  That piece of film was then laid directly onto the autoclave 
tool leaving the grating exposed. 

2. The prepreg was then placed over the release film so that the fiber bundles aligned with 
the diffraction grating and so that the grating was exposed to the composite surface. 

3. The composite was then covered with a porous release film, another non-release film 
layer and then a breather cloth that was used to pull an even vacuum over the entire 
specimen.   
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4. The autoclave tool and respective layers were then placed inside a sealed air tight vacuum 
bag that was connected to the vacuum line of the oven and checked for air leaks before 
beginning the cure cycle.  

After bagging, the specimens were cured according to the cure cycle stipulated by the 

manufacturer shown in Figure 3-5.  The critical step when implementing the CRM is separating 

the specimen from the autoclave tool after it has fully cured, and that point is also shown in the 

figure.  However, that separation must be done before the cure cycle reaches the cooling process 

so that the entire cooling regime can be measured in the deformations.  If the specimen is not 

separated from the tool, it is not allowed to freely contract and any strains that are measured 

would be from an unknown temperature. 

Development Process 

When work initially began on this research, a few CRM gratings were available that were 

produced using the process described in the original CRM method.  However, after those were 

used, new gratings needed to be produced for more experiments to be conducted.  During that 

replication it was determined that the existing procedure needed to be modified so that it could 

be applied to woven composites and so that it would require a less time demanding procedure to 

produce a single grating. 

Original Cure Reference Method 

Original cure reference method procedure 

The original fabrication method proposed for CRM was a time intensive process that 

required approximately sixty hours, over a total of seven steps, to produce a single autoclave tool 

[24].  After the four available gratings were used to manufacture test specimens, new gratings 

had to be produced.  The following procedure was used to replicate that process. 

1. A silicone rubber grating was replicated at room temperature onto a piece of ultra low 
expansion glass (3.0” x 4.0” x 0.5”) from a Photoresist master diffraction grating.  The 
silicone rubber was a two-part mixture, GE 615RV. 
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2. The master silicone grating was used to replicate the diffraction grating onto another 
piece of Astrosital (3.0” x 4.0” x 0.5) using a high temperature epoxy (Epon 862 with 
curing agent W).  This would become the intermediate grating.  The parts were mixed 
together using a mass ratio of 100:26.4 and then heated for five minutes at 130°C.  
Afterwards it was centrifuged for five minutes to remove any bubbles before being 
applied to the grating for replication.  The epoxy was then allowed to cure for ten hours 
in a 130°C oven before the gratings could be separated.  The gratings were separated 
using the device shown in Figure 3-6. 

3. Two aluminum layers were deposited onto the grating surface using vacuum deposition 
with a film of Photo-flo used as a parting agent between the two layers.  The Photo-flo 
was allowed to sit for twenty-four hours before the second layer of aluminum was 
applied. 

4. The grating was then replicated onto the autoclave too, a piece of Astrosital glass (5.0” x 
5.0” x 0.5”) using an epoxy resin, 3501-6.  The resin was heated for ten minutes at 175°C 
before a vacuum was also applied to the oven for an additional fifteen minutes.  While 
the resin was heating, the intermediate grating and the autoclave tool were also placed 
into the oven to preheat.  After liquefying the resin, it was then pooled onto the autoclave 
tool and the intermediate grating was lowered onto it for replication.  The resin was 
allowed to cure for ten hours at 175°C before being separated. 

5. A single layer of aluminum was applied to the autoclave tool over the resin layer. 

6. A piece of Teflon was tightened over a piece of glass using the device shown in Figure 3-
7.  The device was then placed into the oven for an hour at 175°C and the Teflon was 
tightened at several points in that time to ensure a smooth surface.  After the Teflon was 
tightened, the 3501-6 resin was heated and vacuumed using the same procedure as in 
Step 4.  Afterwards a small amount was pooled onto the aluminum surface of the 
autoclave tool and the Teflon device was carefully lowered down onto it so that no air 
bubbles were trapped.  The autoclave tool and Teflon device were then heated in a 175°C 
oven for ten hours.  After that point the Teflon device was unscrewed and the Teflon was 
peeled off of the epoxy at a steep angle so that the epoxy does not separate from the 
aluminum. 

Results using original CRM 

After following the above procedure, grating production was approximately a thirty 

percent success rate.  The method was extremely sensitive to the thickness of the final layer of 

resin applied to the autoclave tool.  If that layer was allowed to be too thick, as it cooled it would 

crack at several locations in the grating.  In several instances, as the epoxy layer cracked it would 
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chip the glass.  When this occurred, that grating was no longer usable and the six step process 

previously described needed to be completed again. 

Four specimens were made using the pre-fabricated gratings, and fringe images were 

captured.  The number of fringes was drastically lower than expected and the fringes were 

indicating almost zero strain.  It was thought that the epoxy on those gratings was too stiff, 

therefore not allowing any shrinkage to occur.  Therefore, new gratings were fabricated using the 

described procedure and those would be used for testing. 

When specimens were produced using the gratings made from the procedure explained 

above, several issues arose when transferring the grating onto the composite and separating the 

composite from the autoclave tool.  Some examples of specimens produced from these gratings 

are shown in Figure 3-8.  In most gratings that were produced, the grating was either severely 

cracked, as in Figure 3-8 (a), making it impossible to obtain usable fringe images or the grating 

transfer was very incomplete as in Figure 3-8(b).  It was believed that the reason for the poor 

grating transfer was due to insufficient resin available in the prepreg.  The grating did 

successfully transfer in a couple tests.  However, due to the low resin volume present, 

discontinuous fringes developed at the locations which should be resin rich zones.  As can be 

seen in Figure 3-9(a), those areas are completely void of resin in many locations, and because of 

that, discontinuous fringes developed as shown in Figure 3-9 (b). 

However, even though a few gratings were successfully produced, because of the difficulty 

and time required for the procedure it was decided that efforts should be targeted towards 

modifying the process to one that would be more repeatable and less time demanding.  The 

following sections describe the methods attempted in achieving that goal. 
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Silicone Rubber Based Methods 

As opposed to other methods that were tested, this technique initially required only one 

grating replication.  A silicone rubber grating was replicated onto the autoclave tool and was 

used to transfer the CRM grating onto the specimen.  Philosophically, the silicone rubber grating 

would provide two distinct advantages towards improving the CRM procedure.  Firstly, the use 

of silicone rubber would provide easy separation between the autoclave tool and the composite 

specimen.  By improving the separation it helps to ensure that the grating surface will separate 

cleanly so that smooth and continuous fringe information could be obtained.  Also, if the gratings 

are difficult to separate, some bending of the specimen would inevitably occur which could 

introduce erroneous information into the diffraction grating.  Secondly, the production process 

for the grating would be drastically reduced, by using silicone rubber, therefore shortening the 

time required for one test. 

Silicone Rubber Grating Using Resin from Prepreg 

The first attempt at this method assumed that there was sufficient resin in the prepreg.  By 

making this assumption, as the composite cured, the resin within the prepreg would replicate the 

diffraction grating without any additional epoxy being applied.  The detailed procedure follows 

the steps below: 

1. A diffraction grating was replicated using a two part silicone rubber onto a piece of 
Astrosital ultra low expansion glass at room temperature using a Photoresist master 
grating.  The silicone rubber (GE 615RV) was carefully mixed and centrifuged before 
use.  Three days were allowed for the silicone rubber to fully cure at room temperature.   

2. The prepreg was then placed directly on the silicone rubber grating before being placed 
into the autoclave.  When the resin of the prepreg cured, the diffraction grated would be 
formed in the resin of the composite surface. 
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Results using silicone rubber grating using resin from prepreg  

When silicone rubber was used to replicate the grating onto the autoclave tool, the 

resulting fringe image was not able to be obtained using the interferometer because of the lack of 

a smooth reflective surface on the specimen.  This occurred because the silicone rubber was not 

hard enough to prevent the fibers in the prepreg from indenting the grating.  Ideally, the grating 

surface should appear similar to that in Figure 3-10 (a) so that all light directed towards the 

grating is reflected directly back towards the camera.  However, when a soft medium, such as 

silicone rubber, is used to transfer the grating, the fibers of the composite cannot remain 

perfectly rigid and eventually sink into the rubber grating as shown in Figure 3-11.  Therefore, 

the resulting grating surface appears similar to that shown in Figure 3-10 (b).  As can be seen in 

the figure, because the grating surface is not completely smooth, the light is redirected when it 

reflects away from the surface providing an incomplete and inaccurate fringe image at the 

camera. This can also be seen by visually inspecting the grating on the specimen, Figure 3-12, as 

one can see individual fibers in the grating area which indicated that the grating surface was not 

perfectly smooth.   

Modifications attempted:  Thin silicone rubber grating 

An attempt was made to create a thin silicone rubber grating that would behave stiffer so 

that a flatter grating surface could be created on the specimen.  It was believed that if the 

thickness of the silicone rubber was of a similar magnitude to that of the fiber diameter, 

significant indentation would be inevitable yielding a grating surface similar to that achieved in 

Figure 3-11 (b).  However, if the thickness of the silicone rubber was held to a magnitude much 

less than that of the fiber diameter as in Figure 3-11 (d), it was hypothesized that the grating 

surface would flatten out and yield a more complete fringe image.  As can be seen in Figure 3-
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13, making this modification did not improve the grating surface and a moiré image was still 

unattainable. 

Modification attempted:  Additional epoxy cured onto silicone rubber 

The next modification was to add an additional layer of epoxy between the grating and the 

prepreg during the lay-up process.  This additional epoxy was pooled onto the silicone rubber 

grating immediately before the prepreg was laid down.  By doing this, it was thought that better 

replication could occur between the reference grating and the specimen due to the addition epoxy 

available to form the grating.  However, this proved not to be the case after attempting this 

procedure after using both 3501-6 epoxy-resin and a two-part epoxy, Epon 862 with Curing 

Agent W.   

Pooling the epoxy directly onto the grating before immediately prior to the cure cycle did 

not provide desirable results.  Therefore, the next modification was to cure a layer of epoxy onto 

the silicone rubber grating, and then at the transformation point in the cure cycle that grating 

would adhere to the specimen under the same principle that was used in the original CRM.  

Because of the very low viscosity of the Epon 862, continuous gratings could not be produced 

because of the repellant nature of the silicone rubber (GE 615RV).  Therefore, the epoxy was 

changed to the 3501-6 resin.  The procedure used for this process is described below and is 

shown graphically in Figure 3-15: 

1. A silicone rubber grating was replicated at room temperature onto a piece of Astrosital 
glass (5.0” x 5.0” x 0.5”) using a two part mixture of GE 6428.  That silicone rubber had 
a short working life which allowed for quicker replication.  The silicone rubber was 
allowed to cure for one hour before the gratings were separated  

2. A Teflon device was prepared using the same process as in Step 6 in the previous section.  
After the Teflon was tightened on the device, a small amount of 3501-6 was heated for 
ten minutes before a vacuum was also applied for additional fifteen minutes.  After the 
resin had been sufficiently vacuumed, it was the pooled onto the silicone rubber grating 
and the Teflon device was carefully lowered down so as to not trap any air bubbles within 
the epoxy.   
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3. After allowing the epoxy to cure for ten hours in a 175°C oven, the Teflon was carefully 
removed by peeling it away from the grating surface at a sharp angle.  The exposed 
epoxy grating would later adhere to the prepreg during the cure cycle. 

Results from Silicone rubber and 3501-6 

After producing several gratings by this method, the diffraction grating was found to crack 

after it cooled to room temperature, similar to the problem that was encountered when the 3501-6 

resin was used in trying to reproduce the original CRM method.  However, the cracking was 

much less severe, so the gratings were still capable of being used from this method.  A test 

specimen produced using this CRM method is shown in Figure 3-15 and the resulting moiré 

images are shown for the U and V fields in Figure 3-16 (a) and (b) respectively.  An example of 

the cracks occurring in the diffraction grating can also be seen in the images of Figure 3-16 as 

there is a crack visible along the bottom and left side of both images.  The existence of that crack 

leads to discontinuous fringes along that area.  The point defects that can also be seen are due to 

air bubbles that could not be completely removed from the epoxy before it was cured.  The 

presence of those defects introduces significant strain concentrations that do not correctly 

describe the actual strain state of the specimen.  A slight repeating pattern was evident in the 

fringes shown in the moiré images of Figure 3-16; however, it was not as prominent as was 

expected.  Therefore, because of the inconsistent diffraction gratings that were being replicated 

and the low quality fringes, new methods needed to be attempted. 

Kapton® Polyimide Film Based Methods 

Because many of the problems encountered when attempting the silicone rubber based 

methods were due to the inability of replicating a perfectly flat grating onto the specimen, it was 

thought that if a stiffer medium was used to replicate the grating, those issues could be resolved.  

If a material with a glass transition temperature (Tg) lower than the curing temperature of the 

composite was used, it would adhere to the specimen at cure.  Then by assuming perfect 
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adhesion to the specimen, the deformations occurring in the composite would transfer to the 

medium as it cooled down.  This is similar in principle to the original CRM; however, instead of 

transferring the displacement information through an epoxy layer, it was transferred through a 

polyimide medium.  When selecting the medium to use for this technique, the strength needed to 

be lower than that of the resin in the composite so the deformations could be transferred and the 

Tg needed to be lower than the cure temperature.  The production time was very minimal using 

this procedure and required approximately thirty minutes prior to manufacturing a specimen.  

The process is described below and the stacking sequence is shown in Figure 3-17. 

1. A master silicone rubber grating was replicated from a master Photoresist diffraction 
grating onto a piece of Astrosital ultra low expansion glass (5.0” x 5.0” x 0.5”) using a 
two part silicone rubber (GE 615RV).   

2. A thin layer of Epon 862 with curing agent W was pooled directly onto the silicone 
rubber grating at room temperature.  The high temperature epoxy was mixed using a 
100:26.4 mass ratio of epoxy to curing agent.  It was then heated for five minutes to 
reduce viscosity and then centrifuged for five minutes.  The purpose of this layer was to 
replicate the grating from the autoclave tool onto the Kapton® film.  

3. A small piece of the Kapton® film (1.0” x 1.0”) was carefully lowered onto the epoxy 
pool so as to not entrap air bubbles within the epoxy.   

4. An additional layer of the high temperature epoxy (Epon 862 with curing agent W) was 
pooled directly onto the Kapton® film.  This layer was carefully spread into a thin layer 
so as to not introduce any air bubbles. 

5. The prepreg was then lowered onto the layer of uncured epoxy before being cured in the 
autoclave.   

This method was originally completed without performing Step 4.  However, due to 

insufficient resin in the prepreg, the additional layer of epoxy was added in hopes that better 

adhesion would occur between the specimen and the Kapton® film. 

Results using the Kapton® film method 

An example specimen using this method is shown in Figure 3-18 and the fringe images are 

shown in Figure 3-19 for both the U and V fields.  As can be seen from the moiré images, 
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discontinuous fringes are developing at very regular locations throughout the field of view.  

These locations correlate with the areas in the weave that are closest to the surface as illustrated 

in Figure 3-20.  The discontinuities were occurring because the epoxy that was pooled in Step 4 

wicked away from fiber bundle peaks and concentrated in the resin pockets.  That produced areas 

in the film that could not fully adhere to the specimen which ultimately produced small air 

pockets between the composite and the film.  Therefore, because the displacement measurements 

in those areas were only recording the deformations caused from the air pockets, extremely high 

density fringes developed resulting in discontinuities within the overall fringe patterns.   

Modifications attempted to the Kapton® method 

Different combinations of epoxy and polyimide films were used to modify this method in 

attempts of achieving a replicable grating.  The epoxies used were Epon 862 with curing agent 

W and Tra-Con F230.  After attempting various materials, the resulting specimens produced 

gratings very similar to those shown in Figure 3-21.  The discontinuities could not be avoided 

after attempting several combinations of epoxies and polyimide films.  Although highly 

repeating fringes were developing, the images could not be correctly analyzed due to the extreme 

strain concentrations at so many locations. 

High Temperature Epoxy Based Methods 

The high temperature epoxy based methods tried to correct the main problems that arose 

from the previous attempts.  It was decided that the features that needed to be included in the 

grating production were:  easy separation of the specimen from the autoclave tool, the master 

grating had to be hard and epoxy needed to be able to cover and fill the weave pattern.  In some 

of the other methods attempted, separation of the specimen from the autoclave tool was difficult.  

This resulted in incomplete grating transfer and it introduced bending into the specimen during 

separation which could give inaccurate results in the fringe maps.  It was decided that the best 
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separations had occurred when two layers of aluminum were applied onto the base grating with a 

layer of Photo-flo between them.  Through the combination of aluminum layers and a release 

film between the prepreg and the autoclave tool, separation should become significantly easier.  

After using silicone rubber as the base grating material for the autoclave tool, it was apparent 

that it was too soft to yield a successful grating transfer.  Therefore, it was preferable that the 

base grating was to be made from a hard high temperature epoxy.  The initial four steps were the 

same for all of the attempts made using this method.  Those steps are described below and shown 

schematically in Figure 3-22: 

1. A silicone rubber grating was replicated at room temperature onto a piece of ultra low 
expansion glass (3.0” x 4.0” x 0.5”) from a Photoresist master diffraction grating.  The 
silicone rubber was a two-part mixture, GE 615RV. 

2. The master silicone grating was used to replicate the diffraction grating onto another 
piece of Astrosital (3.0” x 4.0” x 0.5) using a high temperature epoxy (Epon 862 with 
curing agent W).  The parts were mixed together using a mass ratio of 100:26.4 and then 
heated for five minutes at 130°C.  Afterwards it was centrifuged for five minutes to 
remove any bubbles before being applied to the grating for replication.  The epoxy was 
then allowed to cure for ten hours in a 130°C oven before the gratings could be separated.   

3. Two aluminum layers were deposited onto the grating surface using vacuum deposition 
with a film of Photo-flo used as a parting agent between the two layers.  The Photo-flo 
was allowed to sit for twenty-four hours before the second layer of aluminum was 
applied. 

Several modifications were made for the remainder of this technique which included 

applying additional epoxy between the prepreg and grating so that the voids and surfaces were 

sufficiently filled.  In each method that was attempted, both the Tra-Con F230 and the Epon 862 

with curing agent W were used to test the procedure because the two epoxies have very different 

viscosities.  The four methods that were tried involved pooling the epoxy onto the grating, 

spreading the epoxy onto the grating before applying the prepreg, spreading the epoxy onto the 

prepreg before immediately applying to grating and spreading the epoxy onto the prepreg and 
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allowing the epoxy to begin to set before applying the prepreg to the grating.  Those processes 

and reasons for doing so are described in the following sections. 

Pooling the epoxy onto the grating 

The philosophy behind this attempt was that additional epoxy needed to be applied 

between the grating and the prepreg, and the simplest method to achieve this was to pool the 

epoxy directly onto the grating.  The procedure is described below: 

1. A thin layer of epoxy was pooled directly onto the aluminized grating.  Epon 862 with 
Curing Agent W, Tra-Con F230 and 3501-6 resin were all used during different attempts 
at this procedure.   

2. The prepreg was then carefully lowered onto the pool of epoxy so as to not introduce any 
air bubbles. 

After producing several specimens through this technique, several flaws were discovered.  

By placing the prepreg onto a single pool of epoxy, a uniform epoxy distribution was difficult to 

achieve.  With the majority of the epoxy localizing in one location, warpage was introduced into 

the specimen at the pool location.  All three of the epoxies tried in this approach resulted in some 

localized warpage and pooling.  Because of that, any strain measurements that could have been 

taken would not have been true cooling induced deformations.  Incorrect information would have 

been recorded because the resulting strains would be strongly influenced by the epoxy instead of 

the fiber weave.   

Spreading the epoxy onto the grating 

It was thought that the coverage of the epoxy onto the prepreg could be improved if the 

epoxy was initially spread into a thin layer on the aluminized surface prior to laying down the 

prepreg.  This would also prevent areas with significant concentrations of epoxy which would 

introduce warpage into the specimen as was obtained by the previous method.  The procedure 

used was the same presented in the previous section; however, before lowering the prepreg onto 
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the grating, the epoxy was carefully spread into a thin layer so that air bubbles were not 

introduced. 

This method did produce slightly better results; however, the gratings on the specimens 

were not fully continuous.  There were many instances that the resin pockets did not have 

sufficient resin, therefore producing a discontinuity in the grating surface.  Another problem was 

that there were several locations where there was insufficient epoxy where the fiber bundles were 

closest to the surface which resulted in discontinuous fringes to develop. Some examples of 

specimens made using this method are shown in Figure 3-23. 

Spreading the epoxy onto the prepreg before immediately applying to grating 

Many issues seemed to be caused from having insufficient epoxy in the resin pockets and a 

lack of complete coverage over the fiber bundles in the previous two techniques.  Therefore, to 

attempt to improve the coverage by the epoxy onto the specimen, the epoxy was spread into a 

thin layer on the prepreg before it was placed down onto the grating.  The prepreg was prepared 

for curing as described in the following steps: 

1. A small amount of epoxy was pooled onto the center of the prepreg, as shown in Figure 
3-24 (a). 

2. Using a flat edged spatula, that pool of epoxy was spread into a thin layer so that it 
covered the area of interest on the specimen (Figure 3-24 (b)).  This was done carefully 
so that air bubbles were not inadvertently introduced which would cause discontinuities 
in the fringes. 

3. The specimen was then lowered onto the aluminized autoclave tool so that the epoxy 
region matched up with the grating area on the glass. 

The grating surfaces did show improvement using this method.  However, there were still 

regions yielding discontinuous fringes caused either by flawed areas at the resin pockets or at the 

surface contact zones.  It was thought that this was still occurring because although the epoxy 
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was spread onto the composite filling those voids, when the prepreg was pressed onto the grating 

the epoxy wicked away from those areas, still leaving voids.   

Spreading the epoxy and letting it set before placing on autoclave tool 

By examining the gratings on the specimens, it appeared that the epoxy layer intended to 

fill the resin pockets and cover the fiber bundles was not remaining there after the prepreg was 

placed onto the autoclave tool.  The next attempt allowed that layer of epoxy to begin to cure so 

it would not easily wick away from the critical locations.  The process followed was identical to 

that in the previous section except that after the layer of epoxy was spread onto the prepreg it 

was allowed to sit and partially cure before it was placed onto the autoclave tool.  Examples of 

specimens made using this procedure are shown in Figure 3-25.  As can be seen from the figure, 

the transferred gratings were repeatedly smooth and continuous.  Also, all of the specimens 

produced from this technique were easy to separate from the autoclave tool.  The fringe images, 

which will be included in Chapter 4, also yielded areas within the region of interest of 

continuous fringes with minimal defects which was ultimately the main goal so that continuous 

strain contour maps could be obtained. 

Conclusions 

The original CRM process that was developed was a time intensive method that was found 

to be very difficult to repeat.  In addition, because of the complex geometry of the plain weave 

composite, the original method was not able to repeatedly separate from the autoclave tool to 

produce a continuous grating.  Therefore, the focus of the research had to be shifted to modifying 

that technique to be applied to woven composites. 

Several methods were attempted using different philosophies to transfer a diffraction 

grating from the autoclave tool to the specimen at the point of the liquid to solid transformation 
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point of the resin.  However, most methods yielded undesirable results in either the separation 

abilities or the quality of the final grating and resulting fringe images.   

The last method attempted, allowing the spread epoxy to begin to cure on the prepreg 

before being placed onto the autoclave tool, provided the most repeatable and highest quality 

results.  Therefore, for the experimental testing, that method will be used to measure the process 

induced residual strains developing in the specimen.  Those results are examined in Chapter 4. 
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Figure 3-1.  Schematic of a typical four-beam interferometer 

 

Figure 3-2.  Fixture used to align the diffraction grating with the autoclave tool. 
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Figure 3-5.  Cure cycle used for HMF plain weave prepreg 

 

 

 

Figure 3-6.  Tool used to separate master grating from the autoclave tool 
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Figure 3-7.  Tools required to make Teflon device 

 

 

Figure 3-8.  Specimens made using Original CRM procedure.  Cracking along resin lines is 
shown in (a) and incomplete separation is shown in (b). 
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Figure 3-3.  Fiber reactions with different silicone rubber thicknesses.  Figures (a) and (c) show 
the initial conditions for different silicone rubber thicknesses.  During curing the 
fibers compress into the silicone rubber as seen in (b) and (d) 

 

 

Figure 3-4.  Silicone rubber grating showing exposed fibers indicating that the grating surface 
would not be perfectly flat 
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Figure 3-5.  Specimen made using thin silicone rubber grating 

 

 

Figure 3-6.  Grating production procedure for silicone rubber with cured 3501-6 resin 
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Figure 3-7.  Specimen made using the silicone rubber with cured 3501-6 resin 

 

Figure 3-8.  Moiré images taken from the specimen shown in Figure 3-16.  The U and V fields 
are shown in (a) and (b) respectively.   
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Figure 3-9.  Stacking method used for the Kapton polyimide process 

 
Figure 3-10.  Specimen made using the Kapton polyimide method 

 
Figure 3-19.  Moire images taken for the specimen shown in Figure 3-19.  The U and V fields 

are shown in (a) and (b) respectively.  Fringe discontinuities can be seen at several 
locations in both images. 
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Figure 3-11.  Specimen showing the locations of strain discontinuities occurring on peaks of 

fiber bundles (a) and the correlated location within the RVE (b). 

 

 

Figure 3-12.  Various specimens manufactured with different polyimide materials 
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Figure 3-13.  Procedure used to produce base grating for high temperature epoxy methods 

 

Figure 3-14.  Specimens produced by spreading a thin epoxy layer directly onto the aluminized 
grating surface.  Several locations on both gratings can be noticed that include many 
discontinuities in the grating surface. 
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Figure 3-15.  Pooling the epoxy onto the prepreg as done in the high temperature epoxy method 
(a) and spreading the epoxy into a thin layer that fills the resin pockets and covers the 
fiber bundles (b). 

 
Figure 3-16.  Sample specimens made after allowing the epoxy to begin to set on the prepreg. 

 
 
 



 

CHAPTER 4 
RESIDUAL STRAIN MEASUREMENTS 

Phase Shifting 

Moiré fringe patterns develop by interference caused when two light sources reflecting off 

a common location.  Within that interference there is a corresponding intensity and phase 

associated at each location within t image as can be seen from he fringe 

 

Equation 1 where s is the  

2  
Equation 1 

 
intensity and φ is the phase.  Therefore, the fringe images can be analyzed using either the 

intensity or the phase information.   

Traditionally, the intensity based techniques have been used.  To calculate the strain at a 

desired location, the number of fringes in that area, Ni, and the exact locations between those 

fringes, Δxi must be measured.  Then using Equatio 4 the strains can be calculated.   n 2 - 
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However, this method is not always desired as it is rather time intensive and errors in the results 

are inevitable because of the uncertainty involved in choosing the exact location for a fringe.   

The second method uses the phase information from Equation 1 to calculate the strain 

information.  However, because that expression uses a cosine relationship, it is impossible to 

determine whether the phase is positive or negative from a single fringe image because both have 
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the same intensity value.  This problem is solved by introducing a known carrier fringe pattern, 

or phase ramp α, into t e as i quh  equation s seen in E ation 5.   

, , , cos ,  
Equation 5 

 
By capturing several fringe images that are shifted by that known phase ramp; the complete 

phase information can be obtained for the entire region of interest.  The strains can then be 

calculated using Equations 6-8.    
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Equation 8 
 

For this research an automated analysis tool was designed for Matlab by Weiqi Yin (a 

student in the experimental stress analysis lab at the University of Florida) [30].  By inputting 

four sequentially shifted fringe images into the program, full-field displacement and strain 

information could be obtained.  This was critical for the research since full-field information was 

desired so the strain trends throughout the RVE could be determined.  Had an intensity based 

method, or another non-automated technique been used, the ability to gather full-field 

information would have been drastically reduced.   

Results 

The fringe images are shown in Figure 4-1 and Figure 4-4, and the phase shifted residual 

strain results for two specimens are shown in Figures 4-2, 4-3, 4-5 and 4-6.  The maximum 

repeating tensile strains that were developing were approximately 2500με and the maximum 
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repeating compressive strains were approximately -3000με in both the U and V fields.  

Additional specimens and their resulting strain contour maps are included in Appendix A.   

The strain pattern that developed can be explained by relating the trends to the geometry of 

the weave.  As can be seen in Figure 4-7, there are two main regions within the RVE, the resin 

and the fiber regions.  The resin zone expands the entire length of the RVE between fiber 

bundles.  However, along that length, the resin depth from the surface changes as it crosses over 

transverse bundles.  The fiber regions have much lower surface resin content levels since they 

are much closer to the surface.   

The regions of high tensile strains seen in the figures were occurring along the tops of the 

fiber bundles in the fiber regions in both fields of view, whereas the compressive strains were 

developing throughout the resin zones.  The CTE value for the resin is significantly larger than 

that of the fiber, so as the composite cools to room temperature, a considerable amount of 

residual strains develop within the resin because the fiber bundles restrict free contraction in 

those areas.  The tensile regions that developed along the fiber bundles were a direct result from 

the compressive resin regions.  To maintain static equilibrium, the thin resin zones that cover the 

fibers must undergo tension to accommodate for the large compressive areas.   

It can also be noted that the strain patterns and values are very similar for the U and V 

fields.  That was expected to occur because of the symmetry of the weave geometry. 

Conclusion 

The improved CRM was used to measure the process induced residual strains for the plain 

weave composite specimen.  By using an automated phase shifting analysis method, the strains 

throughout the entire region of interest were calculated.  Having that information allowed the 

strain trends throughout the RVE to be presented.  Significant strains were found to develop 

within the RVE, both in compression and in tension.  The displacement information that was 
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obtained from that data will be used in Chapter 5 to numerically determine the residual stresses 

that were occurring via finite element method.   

After examining the strain maps for several specimens, including those produced by other 

CRM processes in Appendix A, it can be seen that fairly repeatable strain values were obtained 

in the extreme strain regions.  Although all of the methods tested throughout this research were 

not able to produce strain contour maps with the definition that was obtained using the final 

method, the overall strain values obtained were fairly constant between all methods.  Therefore, 

the results that were presented in this chapter do appear repeatable.  Analytical validation will be 

shown in Chapter 5 which discusses the simulated cooling cycle that was completed within 

ABAQUS.  
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Figure 4-1.  Fringe images for Specimen 1 for the U-field(a) and V-field (b). 

 

Figure 4-17.  ε1 strain contour map via phase shifting from Specimen 1 

55 



 

 

Figure 4-3.  ε2 strain contour map via phase shifting from Specimen 1 

 

Figure 4-4.  Fringe images for Specimen 2 for the U-field (a) and V-field (b). 
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Figure 4-5.  ε1 strain contour map via phase shifting from Specimen 2 

 

Figure 4-6.  ε2 strain contour map via phase shifting from Specimen 2 
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Figure 4-7.  The representative volume element of the plain weave geometry.   

 
 



 

CHAPTER 5 
FEM SIMULATION OF PROCESS INDUCED STRAINS 

Motivation for Performing FEM Analysis 

Because of the complexity of the woven geometry, finite element modeling was the 

preferred analysis method due to the full-field capabilities it provides and because most 

analytical models are highly computation intensive and require many simplifications.  There 

were two ultimate goals for performing the finite element analysis.  Those were to compare the 

results obtained experimentally by simulating the curing cycle and to determine the experimental 

residual stresses using the displacement data.  Although experimental validation could be 

performed using a unidirectional laminate and comparing against previous tests, the same could 

not be done for the woven composite.  Therefore, the validation was important for this research 

to ensure that the data collected was reasonable, taking into account both the mechanical and 

thermal properties of the material.   

Model Description 

The model used for the analysis was one developed by Karkkainen of the representative 

volume element for the plain weave composite [31].  The geometry of the model was taken from 

a literature source that had documented the dimensions required when constructing the weave 

pattern and had taken measurements of a typical plain weave fabric using SEM and microscopes 

[32].   

Two materials were created within the model, that of the matrix and that of the weave.  

The weave was assigned the properties of a unidirectional laminate, AS4/3501-6, taken from 

experimental data [33]. However, because of the undulation that occurs in the weave, the 

properties could not be assigned directly to the entire fiber bundle.  Instead, when building the 

model Karkkainen assigned a local material coordinate system to each element so that when the 

59 



 

laminate properties were applied they would correctly align with the local direction of the fibers.  

By doing this, only one material needed to be defined for the weave, and it could be applied for 

the warp and fill yarns.  The temperature dependent properties for the matrix, 3501-6, were taken 

from the literature [34].  All of the material properties used in the model are shown in Table 5-1.   

Simulating the Curing Cycle 

The application of temperature and pressure fields was required to model the cooling 

process to simulate both the change in temperature and the releasing of the vacuum surrounding 

the specimen.  When the temperature dependent CTE data was input into the model, the 

reference temperature was chosen to be 130°C so that any temperature field applied would 

simulate cooling from the cure temperature.  The room temperature conditions were modeled by 

applying a full-field temperature of 22°C and a hydrostatic pressure load of 101.3kPa.  To 

prevent rigid body motion, while allowing full deformations of the model, one node was fixed in 

all three translational directions. 

The results are shown in Figure 5-1 and Figure 5-2.  Plots were also created along the fiber 

bundles to illustrate the change in sign that occurred between the tension and compressive 

regions.  As can be seen in Region A of Figure 5-1, large compressive strains are developing 

within the resin rich zones of the RVE.  Conversely, the strains are highly tensile on top of the 

fiber bundles where less resin is present.  Those tensile strains are being induced from the 

surrounding compressive resin rich zones.  As the resin rich zones contract, the thinner resin 

zones are forced into tension to satisfy equilibrium.  Because of this phenomenon, undulating 

strain patterns develop as a function of the amount of resin in that region.  Figure 5-3 shows this 

occurring, as ε1 varies between tensile and compressive values along the length of the fiber 

bundle in the 1-direction.  Those trends were expected to occur because of the significantly 
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larger CTE value of the resin as opposed to the fiber bundles and the strain values show good 

agreement to the experimental data.   

Using FEA to Compare to the Experimental Method 

Because it was not feasible to use experimental verification for the developed CRM 

procedure, it was essential to simulate the cooling process associated with the cure cycle to 

model the residual strains that developed.  By performing a comparison between the two data 

sources, the validity of the experimental results could be obtained.  It would not be expected for 

the results to match perfectly as the finite model did not account for any chemical shrinkage that 

would be occurring in the actual specimen.  Also, the geometry of the model and the actual 

weave geometry used for this research were not exactly the same.  The geometry for the model 

was taken from a literature source when the model was developed.  However, the actual 

geometries of the materials tested were close to those used in the model, so the results provide 

good approximations for the true values.   

Figure 5-4 shows the ε1 results for the RVE calculated in ABAQUS with the schematic of 

the unit cell overlaid to show how the strain values relate to the weave geometry.  For 

comparison, the contour plot of the experimental data obtained for ε1 using the CRM is shown in 

Figure 5-5.  By comparing the two plots for the U field data, it can be seen that good agreement 

exists between the two methods.  The overall trends throughout the RVE are the same.  The 

values differ slightly in some regions.  One case in particular, is that along the fiber bundles of 

the experimental data, extremely high tensile strains develop, approximately 2500με verse the 

maximum strain developing in the finite element model was approximately 500με.  One reason 

that could cause such a significant difference would be the amount of resin in the specimen as 

opposed to that in the model.  Through the different procedures that had been tested it became 

apparent that the resin level was low in the prepreg.  Having low resin content over the fibers 
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would yield higher strains due to the lack of material to support the surrounding compressive 

strains.  Therefore, it does seem reasonable that such a large discrepancy would occur in the 

values for the maximum tensile strains.   

The undulating compressive strain values along the resin zones in the 3-direction shown 

good agreement between the two plots.  Both plots show that the strains in those areas are 

remaining between approximately -3500με and -1000με.  The actual repeating pattern can be 

better seen in Figure 5-6.   

Similar plots were created for ε3 and those are shown in Figure 5-7 and in Figure 5-8 for 

the FEA results and experimental data respectively.  Like the plots for ε1, good agreement occurs 

between both sets of data.  Again, there is a significant difference between the maximum tensile 

strains occurring in the two plots.  However, the reason for this occurring would be the same as 

the case for the ε1 data.   

Experimental Process Induced Residual Stresses 

The displacement data obtained from the experimental results was used in the model to 

determine the residual stress contour fields.  When temperature fields are applied to a material, 

strains develop due to the coefficient of thermal expansion as the change in temperature 

increases.  However, those deformations are not due to an applied force or stress, so they have to 

be modeled as virtual loads.   

The phase shifting analysis provides strain and displacement information at every pixel 

location within the area of interest.  Theoretically then, one could use that full-field data and 

input the full-field displacement data into a finite element model to obtain the resulting full-field 

stress data.  However, due to the large number of data points from the experiment and the 

number of nodes in the model, it was decided to input the displacements through the periodic 

boundary conditions (PBC). 
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When Karkkainen developed the ABAQUS model, a dummy node was created to control 

the PBC’s.  Therefore, in order to take advantage of the PBC’s, the overall displacements for the 

U and V fields needed to be determined from the experimental data.  Because the displacements 

constantly vary throughout the RVE, the average overall displacements were used for each 

direction.  Using this method, the displacements that were used for the model in the U and V 

directions were -6.13x10-3 mm and -6.06x10-3 mm respectively.  Those values were achieved by 

taking the average displacement occurring in each direction along the length of the RVE. 

The stress contours are shown in Figure 5-9 (a) and (b) for σ1 and σ3 respectively.  Also, 

the overall trends for the stresses are plotted in Figure 5-10 and Figure 5-11.  The stresses follow 

the same trends that have been shown for the strains.  Peak tension values are occurring over the 

fiber bundles and the peak compression values are within the resin rich pockets.  The peak 

tensile stress was approximately 5 MPa and that was located in the very center of the RVE over 

the fiber bundle where the resin content is lowest.  The peak compressive stress was 

approximately -24 MPa and was located at alternating resin zones throughout the RVE. 

Conclusions 

Finite element analysis was used for two aspects within this research.  The cooling cycle 

was simulated to obtain a prediction for the strain pattern and values that should be expected 

from the experimental work.  The strain pattern was described by relating it to the geometry of 

the RVE and the different CTE values of the two different materials.  The strains fell within the 

approximate range of a maximum tensile strain of 1820με and a maximum compressive strain of 

-3700με.   

By comparing the contour plots obtained through the experimental and analytical methods, 

reasonable verification of the method developed was completed.  Because other experimental 

techniques do not exist that are capable of measuring the full field strains of woven composites, 
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data was not available to perform experimental validation.  Therefore, performing the simulation 

within ABAQUS was the best method available to verify the experimental results.  Even though 

the results cannot be exact between the two models due to geometry and chemical shrinkage 

issues, very good agreement occurred.  Therefore, the results that were obtained through the 

improved CRM procedure were those expected.  

After using the deformations obtained from the experimental data, the residual stresses 

along the surface for the RVE were calculated.  Although the values are relatively low, those are 

the stresses within the resin on the surface.  According to the data sheet provided by the prepreg 

manufacturer, the tensile strength of the resin is 82.7 MPa.  Although the actual stresses that 

developed were well below that value, they are still important to understand since they do limit 

the usable strength remaining in the structure.   
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Table 5-1.  Material properties used in ABAQUS model for the plain weave composite RVE 
  E1 (Gpa) E2 (Gpa) G12 (Gpa) ν12 α1 (με/C°) α2 (με/C°)
Weave (AS4/3501-6)  at 120°C 138.00 5.64 2.48 0.30 0.59 26.90

  at 20°C 138.00 9.35 5.30 0.30 0.45 23.03
Matrix (3501-6) at 120°C 3.50 3.50 1.30 0.35 49.00 49.00

  at 20°C 3.50 3.50 1.30 0.35 41.30 41.30
 

 
Figure 5-1.  Simulated process induced residual strains in the 1-direction (ε1) resulting from 

cooling the RVE from Tref to room temperature and introducing it to atmospheric 
pressure.  Region A is the resin rich zone and Region B has a lower resin content.  

Region B 

Region A 
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Figure 5-2.  The contour plot of ε1 after the simulated cooling cycle to room temperature. 

 

Figure 5-3.  Plot of ε1 along the length of the midline of the warp of the RVE in the 1-direction.  
The data is taken on the surface of the matrix along the line shown in the subset 
figures. 
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Figure 5-4.  FEA ε1 results for the RVE from the simulated curing cycle obtained  

 

Figure 5-5.  Experimental phase shifted ε1 resulting from the cooling cycle 
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Figure 5-6.  Plot of the residual strain, ε1, along the resin zone in the 3-direction. 
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Figure 5-7.  FEA ε3 results for the RVE from the simulated curing cycle 

 

Figure 5-8.  Experimental phase shifted ε3 resulting from the cooling cycle 
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Figure 5-9.  Stress contours for the 1- and 3-directions, (a) and (b) respectively, obtained using 

experimental displacement data  
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Figure 5-10.  The stresses are plotted along the fiber directions in along two different bundles the 
directions of the plots are shown in the subset figure. 
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Figure 5-11.  The stresses along the resin zones are shown along and transverse to the resin zone.  
Figures (a) and (c) are plotted along line (a) in the subset, and figures (b) and (d) are 
plotted along line (b) in the subset. 

 
 
 
  



 

CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

Residual strains are usually inevitable to occur in composite materials due to the high 

temperature manufacturing process required and chemical shrinkage.  Because of this, it is 

critical that those strains, and ultimately the stresses, can be determined so that the usable life of 

the structure can be assessed.  Many methods exist to measure those strains in most materials, 

and even in unidirectional composites.  However, only a handful of methods have been used to 

measure the strains developing in woven composites, and none of those have been able to obtain 

a full-field contour map of the strains.  Cure reference method was the solution to that problem, 

because with the combination of moiré interferometry, strain measurements can be obtained 

throughout an entire field of view.  Then by processing the resulting fringe images with phase 

shifting, a complete two dimensional map of the residual strains can be obtained for the U and V 

directions. 

The original procedure for producing the autoclave tool for CRM was very time intensive 

and provided poor repeatability when attempts were made to reproduce that method.  Therefore, 

this work became focused on modifying and improving that method.  By creating a master 

autoclave tool, and then pre-curing a thin layer of epoxy onto the prepreg before cure, very 

repeatable gratings were obtained that easily separated from the autoclave tool.   

The resulting data showed a wide range of strain values occurring in a very small region of 

the weave geometry.  Because of the complex geometry exhibited by woven composites, it was 

expected to obtain both tensile and compressive strains throughout the field of interest.  Those 

did occur, and the strains throughout the RVE fell between -3000με and 2500με.  The maximum 

tensile strains were found to occur over the fiber bundles and the high compressive regions were 
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the resin rich zones between the bundles.  The experimental displacement data was then input 

into the ABAQUS model to calculate the residual stresses that were developing because of the 

cooling process.  It was found that the stresses were bound between approximately -24 MPa and 

+5 MPa.  Although the strength of the resin used in the prepreg is 82.7 MPa that level of stress is 

not actually available to the end user because of the residual stresses that developed from the 

curing cycle, this is especially try for cryogenic uses.  Even though the values of stresses were 

small with respect to the strength, if not correctly accounted for, failure could occur before it 

would be expected because those residual stresses were neglected.   

The finite element model was also used to validate and verify the data obtained through the 

improved CRM.  After comparing the strain plots obtained from the two methods it was apparent 

that the improved CRM method was providing accurate data for the residual strains developing 

in the specimens. 

Future Work 

Although the final CRM grating production procedure was significantly improved over the 

original process, both by time and ease of production, some improvements could still be made.  

The final method definitely showed the best repeatability as far as achieving smooth grating 

surfaces that were easily separable from the autoclave tool.  However, there are still frequent 

occurrences in which sufficient epoxy is not covering the fiber bundles closest to the surface.  

Whenever that occurs, the fringes are highly discontinuous so phase shifting analysis cannot be 

completed in that region. The method to apply the last epoxy layer should be slightly modified to 

resolve that issue.   

For this research, a field of view was chosen on the specimen, and the full-field strain 

information was calculated throughout that entire region.  As was seen from each of the contour 

maps created, perfectly uniform strains were not measured throughout the entire viewing region 
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on the specimens.  Therefore, although the RVE is a repeating unit, there do appear to be small 

discrepancies between each of those elements.  It would be desirable to obtain statistical 

information throughout a region of interest to determine the variability between different RVE’s.  

The variability that could produce different strain values would be caused by non-uniform resin 

distributions throughout the prepreg.  Having regions either rich or low in resin would produce 

this type of inconsistency in the results.   

For the finite element analysis to calculate the experimental residual stresses, the 

deformations were input as periodic boundary conditions accounting for the total average 

displacements that occurred for the entire RVE.  Although that was a reasonable approximation 

to predict the stress levels occurring throughout the region, it was unable to capture the full 

displacement non-uniformity that occurs throughout the region.  Therefore, future work should 

include developing a method to input the experimental data directly from the phase shifting 

analysis into the ABAQUS model.  Once that is accomplished, a more accurate stress field can 

be obtained through the finite element analysis. 

 
 
 



 

APPENDIX 
CRM IMAGES AND PHASE SHIFTED RESULTS 

 
Figure A-1.  Silicone Rubber and 3501-6 Resin, U Field 

 
 

 
Figure A-2.  ε1 phase shifted results for silicone rubber and 3501-6 resin 
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Figure A-3.  Silicone rubber and 3501-6 resin, V Field 

 
Figure A-4.  ε2 phase shifted results for silicone rubber and 3501-6 resin 



 

 

Figure A-5.  High temperature epoxy spread and set on prepreg, U Field 

 

Figure A-6.  ε1 phase shifted results for High temperature epoxy spread and set on prepreg 
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Figure A-7.  High temperature epoxy spread and set on prepreg, V Field 

 

 

Figure A-8.  ε2 phase shifted results for High temperature epoxy spread and set on prepreg 



 

LIST OF REFERENCES 

 
1. Gibson, R.F., Principles of Composite Material Mechanics, McGraw-Hill, New York, 

New York (1994). 
 

2. Post, D., Han, B. and Ifju, P.G., High Sensitivity Moiré:  Experimental Analysis for 
Mechanics and Materials, Springer-Verlag, New York (1994). 
 

3. Hahn, H.T., and Pagano, N.J., “Curing Stresses in Composite Laminates,” J. Composite 
Materials, 9, 91 (1975). 

 
4. Mathar, J., “Determination of Initial Stresses by Measuring the Deformation Around 

Drilled Holes,” Trans. ASME, 56, 249-254 (1934). 
 

5. Rendler, N.J., and Vidness, J., “Hole-drilling Strain-gage Method of Measuring Residual 
Stresses,” J. Experimental Mechanics, 6, 577-586 (1966). 

 
6. Schajer, G.S. and Yang, L., “Residual-stress Measurement in Orthotropic Materials 

Using the Hole-drilling Method,” J. Experimental Mechanics, 34, 324-333 (1994). 
 

7. Sicot, O., Gong, X.L., Cherouat, A. and Lu, J., “Determination of Residual Stress in 
Composite Laminates Using the Incremental Hole-drilling Method,” J. Composite 
Materials, 37, 831-844 (2003). 
 

8. Wu, Z., Lu, J. and Han, B., “Study of Residual Stress Distribution by a Combined 
Method of Moiré Interferometry and Incremental Hole Drilling, Part I:  Theory,” J. 
Applied Mechanics, 65, 837-843 (1998). 
 

9. Díaz, F.V., Kaufmann, G.H and Galizzi, G.E., “Determination of Residual stresses Using 
Hole Drilling and Digital Speckle Pattern Interferometry with Automated Data Analysis,” 
Optics and Lasers in Engineering, 33, 39-48 (2000). 
 

10. Zhang, J. and Chong, T.C., “Fiber Electronic Speckle Pattern Interferometry and its 
Applications in residual Stress Measurements,” Applied Optics, 37, 6707-6715 (1998). 
 

11. Hahn, H.T., “Residual Stresses in Polymer Matrix Composite Laminates,” Composite 
Mat., 17, 265-277 (1976). 
 

12. Kim, R.Y. and Hahn, H.T., “Effect of Curing Stresses on the First Ply-failure in 
Composite Laminates,” J. Composite Mat., 13, 2-16 (1979). 
 

13. Predecki, P. and Barrett, C.S., “Stress Measurement in Graphite/Epoxy Composites by X-
Ray Diffraction from Fillers,” J. Composite Materials, 13, 61-71 (1979). 
 

14. Benedikt, B., Kumosa, M., Predecki, P.K., Kumosa, L., Castelli, M.G. and Sutter, J.K., 
“An Analysis of Residual Thermal Stresses in a Unidirectional Graphite/PMR-15 

80 



 

Composite Based on X-ray Diffraction Measurements,” Comp. Science and Technology, 
61, 1977-1944 (2001).,  
 

15. Benedikt, B., Rupnowski, P., Kumosa, L., Sutter, J.K. and Predecki, P.K., 
“Determination of Interlaminar Residual Thermal Stresses in a Woven 8HS 
Graphite/PMR-15 Composite Using X-Ray Diffraction Measurements,” Mech. Of Adv. 
Mat. And Struct, 9, 375-394 (2002). 
 

16. Daniel, I.M., and Liber, T., “Lamination Residual Stresses in Fiber Composites,” IITRI 
Rep. D6073-1, for NASA-Lewis Research Center, CASA CR-134826 (1975). 
 

17. Daniel, I.M., Liber, T. and Chamis, C.C., “Measurement of Residual Strains in 
Boron/Epoxy and Glass/Epoxy Laminates,” Composite Reliability, ASTM STP 580, 
Amer. Soc. Test. And Mat., 340 (1975). 
 

18. Daniel, I.M., and Liber, T., “Effect of Laminate Construction on Residual Stresses in 
Graphite/Polymide Composites,” J. Experimental Mechanics, 17, 21-25 (1977). 
 

19. Zewi, I.G., Daniel, I.M. and Gotro, J.T., “Residual Stresses and Warpage in Woven-
Glass/Epoxy Laminates,” J. Experimental Mechanics, 27, 44-50 (1987). 
 

20. Lawrence, C.M., Nelson, D.V, Spingarn J.R. and Bennett, T.E., “Measurement of 
Process-Induced Strains in Composite Materials Using Embedded Fiber Optic Sensors,” 
Proc. Of SPIE, 2718, p 60-68 (1996). 
 

21. Lawrence, C.M., Nelson D.V., Bennett, T.E. and Spingarn, J.R., “An Embedded Fiber 
Optic Sensor Method for Determining Residual Stresses in Fiber-reinforced Composite 
Materials,” J. Intell. Mater. Syst. Struct. 9, 788-799 (1998). 
 

22. Anastasi, R.F., and Lopatin, C., “Application of a Fiber Optic Distributed Strain Sensor 
System to Woven E-Glass Composite,” TM-2001-211051, NASA, 2001. 
 

23. Månson, J.E., and Seferis, J.C., “Process Simulated Laminate (PSL) – Characterizing 
Internal Stress in Advanced Composite Materials,” J. Composite Materials, 26, 405-431 
(1992). 
 

24. Ifju, P.G., Niu, X., Kilday, B.C., Liu, S.C. and Ettinger, S.M., “Residual Strain 
Measurement in Composites Using the Cure-referencing Method,” J. Experimental 
Mechanics, 40, 22-30 (2000). 
 

25. Scida, D., Aboura, Z., Benzeggagh, M.L. and Bocherens, E., “Prediction of the Elastic 
Behavior of Hybrid and Non-hybrid Woven Composites,” Comp. Sci. and Tech, 57, 
1727-1740 (1998). 
 

26. Naik, R.A., “TEXCAD – Textile Composite Analysis for Design,” NASA Contractor 
Report 4639 (1994). 

81 



 

82 

 
27. Huang, X., Gillespie, Jr., J.W. and Bogetti, T., “Process Induced Stress for Woven Fabric 

Thick Section Composite Structures,” Comp. Struct., 49, 303-312 (2000). 
 

28. White., S.R. and Kim, Y.K., “Process-induced Residual Stress Analysis of AS4/3501-6 
Composite Material,” Mech. Of Comp. Mat. And Struct., 5, 153-186 (1998). 
 

29. Whitcomb, J.D., “Three-dimensional Stress Analysis of Plain Weave Composites,” 
Composite Materials Fatigue and Fracture (Third Volume), ASTM STP 1110, 417-438 
(1991). 
 

30. Strickland, N.M., Yin, W. and Ifju, P.G., “Residual Strain Measurement Analysis of 
Woven Composites Using Phase Shifting,” Proceedings of the 2007 SEM Conference on 
Experimental Mechanics, Springfield, MA, USA, June 4-6, 2007. 

 
31. Karkkainen, R., “Stress Gradient Failure Theory for Textile Structural Composites,” 

University of Florida PhD Dissertation (2006). 
 

32. Carvelli V. and Poggi C., “A Homogenization Procedure for the Numerical Analysis of 
Woven Fabric Composites,” Composites Part A:  Applied Science and Manufacturing, 
32, 1425-1432 (2001). 
 

33. Speriatu, L., “Temperature Dependent Mechanical Properties of Composite Materials and 
Uncertainties in Experimental Measurements,” University of Florida PhD Dissertation 
(2005). 
 

34. Berman, J.B., and White, S.R., “Theoretical Modeling of Residual and Transformational 
Stresses in SMA Composites,” Smart Material Structures, 5, 731-743 (1996). 
 

 



 

BIOGRAPHICAL SKETCH 

Nancy M Strickland was born April 12, 1983, in Pensacola, FL.  She spent a significant 

portion of her life living in Gulf Shores, AL, before moving to Jacksonville, FL, in 1995 where 

she later attended Allen D. Nease High School.  After graduating in the top five of her high 

school class, she enrolled at the University of Florida in August 2001 where she began her 

studies in mechanical and aerospace engineering.  Although she had originally intended on 

pursuing medical school, her love for the math and sciences drove her to engineering early in her 

college studies.  During her undergraduate career, she was a member of the Pride of the Sunshine 

Marching Band for three years, as well as being very active with Tau Beta Pi and ASME.   

In December 2005 she graduated cum laude with bachelor’s degrees in mechanical and 

aerospace engineering.  The following spring she began pursuing her master’s degree in 

aerospace engineering under the advisement of Dr. Peter Ifju in the Experimental Stress Analysis 

Lab (ESA Lab).  During her time working in the ESA Lab, her research was focused on plain 

weave composites and process induced strains until she graduated in December 2007 

 

 
 

83 


