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ABSTRACT

In Situ Tomography of Microcracking in Cross Ply Carbon

Fiber Composites with Pre-existing Debonding Damage

Daniel J. Traudes

Carbon fiber based composites are an essential material in weight-critical appli-

cations such as in the aerospace industry. However, these materials are susceptible to

damage such as matrix microcracking and fiber/matrix debonding (diffuse damage),

which occurs at stresses much lower than the failure stress.

A T700/M21 [0/90]s laminate was tensile loaded to introduce diffuse damage and

prepared for a study on the initiation of transverse microcracks. The material was

tensile loaded in a [+45/−45]s orientation to induce diffuse damage. A diffuse damage

indicator was developed by measuring the decrease in shear stiffness. Samples with

diffuse damage levels of 0, 0.05, 0.10, 0.15, 0.20, and 0.25 were prepared to be tensile

tested in a [0/90]s orientation to induce microcracks.

A successful development of the microcracking test procedure was performed. The

edge of the material was studied with optical microscopy and x-ray to establish the

structure of the fiber bundle geometry when undamaged. A sample containing micro-

cracks was treated with diiodomethane dye penetrant, which successfully highlighted

microcracks during x-ray imaging. The application time was not sufficient to pro-
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duce consistent x-ray images over time, so a 45 minute soak time was recommended

instead. The same damaged sample was subjected to a tomographic scan without

a dye penetrant and while unloaded. Transverse microcracks were successfully iden-

tified from the data, although the results were not clean enough and likely omitted

some smaller microcracks. Results are expected to be cleaner if performed during

tensile testing.

Future tensile testing will quantify the induced crack density of samples containing

various degrees of initial diffuse damage, either using x-rays with a dye penetrant or

using x-ray microtomography.
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Acronym Meaning

CFRP carbon fiber reinforced polymer

CNT carbon nanotube

CT x-ray computed tomography

µCT x-ray computed microtomography

DIB diiodobutane

DIC Digital Image Correlation

DIM diiodomethane

GFRP glass fiber reinforced polymer

SRCT Synchrotron Radiation Computerized Tomography

ZnI2 Zinc Iodine
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Symbol Meaning

d scalar damage indicator

EP transverse ply potential energy

Gm microcracking energy release rate

Gmc microcracking fracture toughness

h thickness of ply

L gauge length

nc number of microcracks

ρ microcrack density

Y damage evolution force
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Chapter 1

Introduction

Fiber based composites are fast becoming a dominant material in many industries for

their notable strength versus weight properties, especially in weight-critical areas such

as aerospace applications. Their unique properties stem from the fact that composites

are a combination of two or more materials of contrasting properties. This, however,

complicates the types of damage that are experienced in the loading of any composite

material.

In fiber based composites, damage occurs at much lower loads than the ultimate

failure load. Because of this, it is crucial that these initial damage mechanisms are

understood, in order to make an informed assessment about the structural health of

a composite material. Matrix microcracking and fiber/matrix debonding, or diffuse

damage, are typically the first types of damage to be introduced. Thus, it is essential

that their means of initiation, as well as their effect on each other, are understood.

Any insight into the damage mechanisms behind microcracking and debonding con-

tributes a wealth of knowledge towards the damage mechanisms that will be experi-

enced later in the load life: delamination, fiber breaks, and overall material failure.

The goal of the present research was to determine what effect diffuse damage has

on matrix microcracking. Since transverse cracks are a measure of toughness in the
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longitudinal direction, this work sought to explain the effect of diffuse damage on lon-

gitudinal toughness. The scope of the thesis encompassed the following experimental

work:

� Preparation of a T700/M21 [0/90]s material system, including manufacturing of

material samples for shear tensile testing, and later microcrack-inducing tensile

testing.

� Shear tensile testing to induce diffuse damage. A diffuse damage parameter was

defined, whose value was dependent on the reduction of shear stress.

� Preparation for testing to induce transverse microcracks. Tensile samples were

designed for use in a small testing machine to be used in situ with an x-ray tomo-

graph. Preliminary tests included examination of the laminate edge’s geometry

as well as a feasibility study for x-ray dye penetrants.

The material preparation and shear testing was performed in conjunction with

the work of Dr. Hedi Nouri. Due to procurement issues, the x-ray computed mi-

crotomography (micro CT) microcracking campaign of predamaged samples was not

completed. Instead, a successful development of the test procedure was performed.

This portion of testing is set to be completed by the end of July 2012, and will be

followed by the publishing of the complete study in a journal paper.



Chapter 2

Damage in Carbon Fiber

Composites

Due to their high strength and low weight, carbon fiber reinforced polymers (CFRPs)

have become a prevalent material, especially in the aerospace and sports industries.

Their properties are a product of combining two materials with contrasting features:

carbon fibers and a matrix material (typically epoxy). The carbon fibers provide

high strength and stiffness. The polymer matrix, while not of high strength, transfers

loads between fibers and prevents bucking and bending. This combination of elements

results in a composite material with high strength and low weight.

With carbon fibers aligned in one direction, a plate of fiber-reinforced polymer

is inherently anisotropic. To adapt the material for loading in various directions, a

laminate is created by stacking individual plates, or plies, at various defined angles

to add stiffness in those directions. The axis notation for a single ply can be seen

in Fig. ??, where axis 1 is aligned with the longitudinal fiber direction, axis 2 is

in the transverse direction, and axis 3 is in the thickness direction. When stacking

multiple plies, axis 1 of a reference layer is designated as 0◦ and subsequent plies are

designated by the angle from their fiber direction to this axis. When dealing with a
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complicated material composition such as this, it becomes imperative to understand

the types of damage which occur, in order to ensure safe operation of the structure [?].

Figure 2.1: Axis orientation of a single ply of a fiber-reinforced polymer

2.1 Damage Types

Damage in laminates is a multi stage phenomenon. Typically the first damage that

is seen comes in the form of matrix microcracks and debonding of the fiber/matrix

interface [?]. As the number of cracks and debonded surfaces increase, the material

experiences a linear stiffness reduction. Microcracks nucleate other forms of damage:

delamination at the ply interface, fiber breakages, and entry by outside liquids. The

addition of delaminations and fiber breakages further reduce the macroscopic stiffness.

These various forms of damage can be seen in Fig. ??.

Figure 2.2: Damage modes in cross-ply laminates. From [?].
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Laminar damage can be sorted into different classification families:

� Interlaminar and Intralaminar: Interlaminar damage refers to phenomena oc-

curring between the plies, or laminae. Delamination falls into this category.

Intralaminar damage thus refers to damage occuring within an individual ply.

Fiber breaks, microcracks, and debonding fit this description.

� Discrete and Diffuse: Delaminations, fiber breaks, and microcracks are all forms

of discrete damage. They are both observable and quantifiable, either by count-

ing or measuring physical dimensions. Debonding, on the other hand, is clas-

sified as diffuse damage. There is no way to directly observe debonded fibers

in a CFRP, and thus no method to quantify the damage. Instead, debonding

damage is indirectly defined based on the material’s loss of stiffness.

� Longitudinal, Transverse and Shear Loading States: By focusing on simplified

loading states, the intralaminar damage modes can be separated further. In the

case of pure longitudinal loading (in the fiber direction), fiber breaks would be

the dominant form of damage, as seen in Fig. ??. This loading state is referred

to Mode I in the present paper. Similarly, the case of pure transverse loading

(perpendicular to the fiber direction) is associated with transverse microcrack-

ing of the matrix between fibers (Mode II loading), as seen in Fig. ??. Lastly,

a state of pure shear loading will result in debonding at the fiber/matrix in-

terface (Mode III loading), as seen in Fig. ??. These are simplified views of

laminate loading cases. In real world applications, a laminate will experience a

combination of these loads, thus resulting in a similar combination of damage

modes.

The present research is focused on investigating the relationship between diffuse

damage and transverse cracking. Due to the high tensile strength of carbon fibers,
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(a) Mode I: Fiber breaks
from longitudinal loading

(b) Mode II: Matrix microc-
racking from transverse load-
ing

(c) Mode III: Fiber/Epoxy
debonding from shear load-
ing

Figure 2.3: Intralaminar damage modes

fiber breakage is typically experienced at very high loads, closely followed by the over-

all failure of the material. In real world diagnostic cases, this information is not useful,

since its occurrence gives little advance warning for material end of life. In contrast,

debonding and microcracking, as early forms of damage, are more useful indicators

of material lifetime. These phenomena have been extensively studied individually.

Instead, the goal of the present work is to determine the relationship between these

two phenomena.

2.1.1 Transverse Cracking

Research on microcracking is generally performed on a cross ply [0m/90n]s laminate,

ensuring that fibers are loaded only longitudinally or transversely. This is a pure

transverse loading state for the 90◦ plies (except near the edges), promoting the

appearance of transverse cracks. Transverse microcracking also occurs in [90m/0n]s

laminates, but the strain to initiate microcracking is lower for surface 90◦ plies, since

those plies are constrained only on one side. Besides 0/90 laminates, transverse

microcracks can form in the 90◦ plies of any laminate [?].

With a cross-ply laminate, damage in the 0◦ plies is determined by fiber properties,

while damage in the 90◦ plies is controlled by the matrix and/or fiber/matrix interface

properties. Transverse cracks in the 90◦ plies develop in the fibre direction and extend

from the free edges of the laminate. They extend over the full transverse ply thickness
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and, for quasi-static tests, most cracks extend over the full test specimen width [?].

When crack density is low, new cracks tend to form midway between existing cracks,

where stress is at a maximum. At high crack densities, new cracks tend to form close

to existing cracks instead [?].

In tensile tests cracks are introduced with increasing levels of strain. Transverse

cracks first start to appear in off-axis plies at strains in the range of 0.2 to 0.5% [?].

The number of microcracks increases rapidly after this until a saturation value for

crack density is reached. In general, when a sample is held at constant strain no new

cracks are introduced. However, when held at constant stress a significant amount of

new cracks may be seen [?].

Certain physical characteristics of a fiber composite have an effect on the intro-

duction of crack damage. For instance, the presence of defects on the edge of a sample

can result in a higher crack density, as well as a higher number of non-width span-

ning cracks [?]. Removing edge defects by polishing can delay the onset of transverse

cracking and reduce crack density [?].

Transverse Ply Thickness

Transverse ply thickness is one of the main physical characteristics affecting the for-

mation of microcrack damage. The strain required for the onset of cracking increases

as thickness of the 90◦ ply decreases. This onset strain can exceed the failure strain

of the composite for sufficiently thin plies, resulting in the suppression of crack dam-

age [?].

The total number of cracks that develop is similarly dependent on transverse

ply thickness. For a glass fiber reinforced polymer (GFRP) with longitudinal ply

thickness of 0.5 mm, fewer transverse cracks form for transverse ply thicknesses less

than 0.4 mm, and complete crack suppression is seen at a transverse ply thickness

of 0.1 mm. And while transverse cracks instantly spread across the width of the
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ply for transverse thicknesses greater than 0.4 mm, smaller non-spanning cracks were

observed for thicknesses between 0.1 and 0.4 mm, which propagated as load increased

[?].

In the case of CFRPs, it is likely that crack suppression would also occur, if

transverse plies were thin enough. However, the thinnest 90◦ plies that have been

tested were only half the thickness of the 0◦ ply [?]. In CFRPs, microcracks always

form across the full width of the ply [?,?,?].

Subsequently, crack density/spacing is also affected by the thickness of the 90◦

ply. For a given strain, the spacing between cracks increases as the thickness of the

transverse ply increases. As the applied load increases, the crack density approaches a

saturation value dependent on the transverse ply thickness, as can be seen in Figure ??

[?].

Figure 2.4: Transverse cracking in specimens with transverse ply thickness of (a) 0.75
mm, (b) 1.5 mm, and (c) 2.6 mm, at 1.6% strain [?].

Because of this dependency, it is useful to non-dimensionalize the value for crack

density by the thickness of the transverse ply, h:

ρ =
h

L
nc (2.1)

where ρ is crack density, nc is the number of microcracks and L is the gauge length, a

chosen observation window that must be large enough to provide a stable and accurate
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crack density value for the sample. This value of crack density is then valid for all

ply thicknesses of a certain material.

2.1.2 Debonding

Research on fiber/matrix debonding focuses on the use of a [±45]s laminate layup.

This orientation approximates a pure shear loading state, promoting the occurrence

of debonding. In this orientation, microcracking plays only a minor role in the overall

failure of the material. Instead, stiffness reductions precede the introduction of cracks.

For a [±45]2s CFRP loaded in tension, cracks only start to appear at about 40% of

ultimate stress, while shear stiffness has already dropped 50% at the same point [?].

Microcracks only develop at this point after a substantial amount of interface debond-

ing, which decreases the load transfer between matrix and fibers. The agglomeration

of debonded surfaces leads to the formation of larger-scale matrix cracks (as seen in

Fig. ??) [?].

Figure 2.5: The joining of diffuse damage to form a microcrack [?]

2.2 Mesoscale Damage Modeling

In order to model the behavior of a laminated composite with damage, the damage

model of Ladeveze and Le Dantec is used, derived in the following [?]. This model is

phenomenonically based and derived from continuum damage mechanics theory.
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The model begins by focusing on an individual ply. The model is formulated

under the condition that composite damage mechanisms are inherently anisotropic.

Anisotropy is created by introducing scalar damage variables d1, d2, and d6, which

are constant through the ply thickness. Each is an indicator of a type of composite

damage: d1 for fiber breaking, d2 for transverse cracking, and d6 for fiber/matrix

debonding. The damaged material strain energy is subsequently written in the form:

Ed =
1

2

[
〈σ11〉2+

E0
1(1− d1)

+
〈−σ11〉2+
E0

1

+
〈σ22〉2+

E0
2(1− d2)

+
〈−σ22〉2+
E0

2

+
σ2
12

2G0
12(1− d6)

− 2ν011
E0

1

σ11σ22

]
(2.2)

where

〈a〉+ = a if a ≥ 0; otherwise 〈a〉+ = 0

The stress considered is the effective stress in the ply:

σ = K0 : ε(U) (2.3)

When fiber breaks and microcracks are loaded in compression, they close up and

have no effect on the loading behavior. Thus, the strain energy equation is formulated

such that when a negative value for σ11 or σ22 is entered, there is no contribution to

the strain energy from d1 or d2.

The damage evolution forces are given by


Y1 = ∂Ed

∂d1
=

〈σ11〉2+
2E0

1(1−d1)2

Y2 = ∂Ed

∂d2
=

〈σ22〉2+
2E0

2(1−d2)2

Y6 = ∂Ed

∂d6
=

σ2
12

2G0
12(1−d6)2

(2.4)

The damage mechanism described by Y1 is brittle, while those of Y2 and Y6 are

progressive, then brittle mechanisms. The main idea is that for quasistatic loads, the
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damage state depends on the maximum value of the damage force over the history of

the structure.

The dissipation due to damage mechanisms is given by

Y1ḋ1 + Y2ḋ2 + Y6ḋ6 ≥ 0 (2.5)

When using energy-based methods, the formation of a microcrack is predicted

when the energy released by its formation (Gm) is greater than the microcracking

fracture toughness (Gmc, measured in J/m2). Gmc is a material property that char-

acterizes the sensitivity of a material to microcracking, and can be applied to various

lamination profiles of the same material [?].

Figure 2.6: Crack density measurements taken at quarter marks along the sample
width

To begin, a clear protocol for defining the crack density must be established. The

main problem is encountered with the definition of nc. In the presence of non-spanning

cracks, nc is dependent upon the choice of intersection line, along which microcracks

are counted. A simple solution involves drawing intersection lines down the center

and quarter marks of the ply width (see Fig. ??). The number of microcracks that

intersect each line is counted, crack densities ρ1/4, ρ1/2, and ρ3/4 are calculated, and

the three values are averaged to determine ρ:
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ρ =
ρ1/4 + ρ1/2 + ρ3/4

3
(2.6)

The energy release of cracking is dependent on both the potential energy of the

material, E, and the total area of the microcracks, A. When microcracks are intro-

duced, A increases and E decreases. Because only the transverse ply is damaged by

transverse cracks, the change in the overall laminate potential energy is equal to the

change in the transverse ply potential energy, EP . Thus, for a finite fracture me-

chanics microcracking model, the total energy released per unit crack area due to the

formation of a new microcrack (Gm) can be calculated:

Gm = −∂EP
∂A
' −∆EP

∆A
(2.7)

When in displacement control, this microcracking energy release rate can be writ-

ten as [?]:

Gm(ρ) =
h

2
σ̃2
22

1

Ẽ2

d′(2ρ)− d′(ρ)

ρ
(2.8)

Where σ̃22 is the effective stress within the ply, i.e. the stress that would exist

under the current load if no microcracks were present. h is the thickness of the 90◦

ply. d′ is the damage indicator for transverse cracking. Ẽ2 is the Young’s Modulus

for the ply in which the microcrack is created. This is obtained by homogenizing the

crack damage with:

E2 = Ẽ2(1− d′(ρ)) (2.9)
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2.3 Damage Observation Methods

2.3.1 X-ray Inspection

2D x-ray techniques are useful in detecting the presence of transverse cracking, fiber

breaks, and delamination. Both the position and length of a microcrack can be

observed from a 2D x-ray image. If the contrast between damage and solid materials

is not sufficient, an x-ray sensitive penetrant may be utilized [?]. When swabbed along

the edges of a laminate, the penetrant is absorbed by adjacent cracks and delamination

areas, increasing their contrast in the x-ray image. However, this method can be time

consuming and is limited to damage networks which intersect sample edges [?].

2.3.2 Edge Examination

During loading, transverse cracks are opened and can be observed from the outer

edge of the laminate. The number and position of cracks can thus be recorded either

visually or with the aid of optical microscopy [?,?]. This method has the advantage

of simplicity and the ability to perform it in situ. However, it can be difficult to

distinguish cracks from edge flaws, and the lengths of cracks cannot be determined [?].

To determine crack spanning with a reasonable amount of precision would necessitate

the use of microscopy performed in parallel on both sides of the material. The method

is also restricted to the laboratory setting, because CFRP edges are rarely exposed

in real world applications.

2.3.3 Acoustic Emission

It is also possible for damage to be quantified through acoustic emission (AE) tech-

niques. Using acoustic microphones, the vibrations produced by cracking can be

recorded, thus providing a time-relative number of damage events in the material [?,?].

The location of damage can be determined by comparing time of flight of the signal
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at separate sensors. It is possible to differentiate types of damage by correlating low

amplitudes with matrix cracking, medium amplitudes with delaminations, and high

amplitudes with fiber breakages [?]. But even with this method, AE can’t differenti-

ate between crack initiation and crack propagation damages (however, initiations are

more numerous in CFRPs). Slowly propagating cracks may not be detected at all,

and comparison of amplitude values can be difficult over different tests and samples.

2.3.4 Electrical Detection

As carbon fibers are conductors of electricity, it is possible to estimate damage from

variations in electrical resistance. Epoxy matrix is insulating, so an electrical path

through the material is dependent on contact between neighboring fibers. Conduc-

tance is related to the fiber volume fraction of the composite. As a result, damage

from a fiber break will cause fiber volume fraction to decrease and trigger an increase

in the overall composite’s resistance. Similarly, microcracking and delamination result

in a jump in resistance, due to a decrease in the number of fiber-to-fiber conduction

paths through the composite [?, ?, ?]. Since the method uses reinforcement carbon

fibers as sensors, no modifications to the material are necessary. Furthermore, the

size and location of delamination can be determined by applying an electric current

in the fiber direction and observing the resistance of electrodes on the top and bottom

surfaces [?,?,?].

2.3.5 C-Scan

C-scan techniques have been shown to successfully image the 2D network of transverse

cracks in a [0/90/0] laminate, including cracks which partially spanned the coupon

width and cracks which were completely internal [?]. The drawback to this approach

is that only a 2D image of the front face can be obtained, meaning it is not possible

to determine which ply contains crack damage. It is also not possible to use c-scan
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for in situ load testing.

2.3.6 FBG Sensors

It has also been shown that transverse crack density may be determined through the

use of small-diameter fiber Bragg grating (FBG) sensors. When embedded in the

0◦ ply, the change in the sensors’ reflection spectra is indicative of transverse crack

initiation. These results come with the limitation that only the crack density can be

computed, and therefore precise positions and lengths cannot be determined through

this method [?,?,?,?,?]. Chirped FBG sensors, in which the grating period increases

at a constant rate, are able to detect the longitudinal position of microcracks [?],

but crack lengths cannot be measured in the case of non-spanning cracks. A more

problematic observation is that as crack density approaches saturation, it becomes

too difficult to pinpoint dip points in the spectrum.

2.3.7 Micro CT

X-ray computed tomography (CT) provides several advantages over traditional meth-

ods in the quantification and imaging of transverse cracks, because it allows for the

non-intrusive, non-destructive internal imaging of an object. Using a high resolution

Synchrotron Radiation Computerized Tomography (SRCT) system, it was shown that

transverse cracking networks could be visualized. SRCT visualization was performed

in situ with tensile testing, allowing for the complete internal damage sequence to

be observed, including transverse cracks at 20% of failure load, 0◦ splits at 40%, and

large delaminations at 60% [?].



Chapter 3

X-ray Computed Tomography

3.1 Basic Concepts

X-ray computed tomography is performed by reconstructing a 3D model of an objects

external and internal structure, based on a set of 2D x-ray projections of the object

from different viewing directions [?]. Grey scale values in the 2D x-ray image and

3D reconstruction (tomogram) correspond to x-ray absorption values of the material,

which in turn is based on material density and atomic number [?]. This enables the

use of helpful techniques in post-processing, such as segmenting materials based on

density, or rendering material in a specific density range transparent.

Tomography systems consist of an x-ray source and a detector plate located on

opposite sides of a chamber, with the detector plate oriented normal to the direction

of x-ray emission. The object of interest is placed between the source and the detec-

tor. After each 2D projection is recorded, the object is either translated or rotated

(depending on the type of system) by a known amount, and the next projection is

recorded.

Industrial CT systems are particularly well suited for the job of composite damage

characterization, since their voxels (the 3D equivalent of pixels) can be as small as 1

27
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cubic micrometer. At this scale, these systems are able to capture micro-scale damage

in composites, such as fiber breaks and matrix microcracks. Such setups are referred

to as micro CT systems for this reason.

3.2 Process

The first step in the CT of an object is to take a reference measurement. During this

step, the object of interest is removed from the path of x-ray emission. In place of the

object, only a reference material (typically air) remains in the reconstruction region

(the area of interest between the x-ray source and detector which encompasses the

object at all rotation angles). The goal of the reference measurement is to determine

how many photons are counted by the detector, out of the fixed number of photons

which leave the source. The resulting detector measurement thus corresponds to

the reference material of known density. The density of subsequent materials can

therefore be determined by correlating the number of photons counted to the number

of photons counted in the reference measurement [?].

After reference measurements, the object of interest is moved back into the recon-

struction region and a tomography scan commences. First a collection of 2D x-ray

images is recorded, either as stack of parallel slices, or a set of radial slices. From

these 2D projections a 3D tomogram is reconstructed using traditional filtered back-

projection. This involves a Fourier transform of the projection data, noise filtering,

an inverse transform, and finally a back projection to place the data in 3D space.

The 3D tomograms that are generated with micro CT range between 5003 voxels and

20003 voxels. Each voxel has at least 816 bits of grayscale information [?].
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Figure 3.1: Cone beam system configuration [?]

3.2.1 Cone Beam Micro CT

Cone beam CT systems employ a divergent-beam x-ray source. Photon paths from

the source to detector form a cone shape. The systems are well-suited for volumetric

scans and make up the majority of micro CT systems used in laboratories. Because

of the non-parallel photon paths of the beam, cone beam systems provide a noisier

image with a lower spatial resolution than SRCT systems. Data is subject to blurring

and distortion, which increases as angles from the normal increase [?]. Inaccuracies

are also inherent in the reconstruction process. Problems arise because the beam

source emits frequencies over the entire x-ray band, but the reconstruction process

assumes that all photons are at the median frequency. Despite these shortcomings,

these laboratory systems provide adequate volumetric results, at a relatively low cost

and in a compact package.

3.2.2 Synchrotron Micro CT

SRCT offers higher spatial resolution and contrast sensitivity than typical commercial

micro CT systems. The x-rays produced by SRCT are essentially parallel, monochro-

matic and coherent [?]. However, object size is limited by the width of the x-ray

beam. Voxel sizes for SRCT systems are typically in the range of 1 to 10 µm [?].

Intensity, as compared to usual x-ray generators, is 106 times larger, with photons
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Figure 3.2: Synchrotron system configuration [?]

that span from infrared to hard x-rays (up to 300–400 keV) [?]. Because of the high

intensity of SRCT systems, it is possible to filter out all but a narrow band of x-ray

frequencies. This creates a monochromatic band, still with enough energy for a qual-

ity x-ray image. The result of this is that reconstruction results are more accurate

because the x-rays are of a single known frequency. An example of the quality and

resolution improvements over tube-based systems is shown in Figure ?? . The down-

side to the technology is that access is more limited than cabinet cone beam systems,

since SRCT requires large, expensive facilities to operate.

Figure 3.3: Synchrotron (left) and tube-based (right) micro CT slices of the same
sample. The voxel sizes are 5 µm and 12 µm, respectively. [?]
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3.3 Advantages

CT systems offer several distinct advantages when compared to traditional methods

for detecting internal composite damage.

First, micro CT provides precise information about the presence of internal dam-

age. Previous studies on internal damage propagation relied on techniques such as

Raman spectroscopy [?], scanning electron microscopy [?], acoustic emission [?], and

ultrasound detection [?]. While these techniques are focused on providing information

about the presence of damage, they are limited by poor resolution, long test times,

surface-based observation, and mechanistic ambiguity [?]. They provide evidence of

damage, but no clear picture of location and extent.

Second, micro CT is nondestructive. With other techniques, destructive tech-

niques were required to directly observe internal damage mechanics. This included

acid digestion of resin [?] and the combination of an optical or scanning electron

microscope and the progressive removal of edge materials [?]. While successful in

observing internal geometry and mechanics, these techniques were both time inten-

sive and destructive. With such destructive techniques, additional damage may be

introduced by the technique itself. Additionally, damage observation may only be

performed once over the course of testing.

Furthermore, micro CT is relatively simple and fast. By combining traditional

techniques, it is possible to combine techniques to provide an alternate to micro CT

(with sufficient effort). For instance, to characterize damage modes in textile com-

posites, it was shown that a multi-step method, including tensile tests with acoustic

emission and strain measurement, C-scan and x-ray inspection, and optical/SEM ex-

amination of cross sections could produce accurate results [?]. However, this solution

was both time consuming and complicated. The use of micro CT would have re-

placed C-scan information about damage extent and microscopy information about

the micro-characterization of damage. Additionally, a tomography technique would
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have avoided the need for cross sectioning the samples, allowing for the in situ testing

of a single sample.

Lastly, because of the non-intrusive and non-destructive modeling CT systems

offer, a single sample may be scanned in situ at various loading states, providing a

comprehensive view of damage propagation in the material. Micro CT, coupled with

in situ tensile test is one of the most novel opportunities that the technology affords.

A single sample can be loaded to failure, with 3D observation at various load levels.

This makes it possible to observe internal damage while under loading, and study

how the same damage propagates at higher loads. The ability to do this in 3D, at

micro-scale resolution is unmatched by previous methods.

3.4 Disadvantages

While certainly quicker than alternative methods, micro CT scans can still be rela-

tively time intensive. Depending on the reconstruction quality desired, scan times can

vary from a couple of minutes to several hours. Additionally, while the cost for indus-

trial cabinet CT systems are cheaper than the use of a synchrotron facility, the price

can still be a deterrent compared to cheaper alternatives, such as x-radiography [?].

The nature of reconstruction also results in many impediments to quality. Arti-

facts are an inherent feature in the reconstruction process, including the occurrence

of ring and streaking artifacts, and beam hardening. Reconstruction software utilizes

algorithms to remedy these features, but loss of quality is unavoidable.

Ring artifacts are caused by imperfect detector elements. They appear in CT im-

ages as a set of concentric rings. Their addition to the image gray scale values hinders

the post-processing work that can be done. However, image processing techniques

have been shown to greatly reduce the presence of ring artifacts in images in a matter

of seconds [?], as seen in Figure ??. Another method is to move the detector array in
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measured steps for each viewing angle. The result of this is that the impact of image

blemishes and defective detector pixels are blurred out in the final reconstruction [?].

Figure 3.4: Left: high resolution micro-CT images showing ring artifacts. Right:
corresponding images after reduction of ring artifacts. [?]

Beam hardening is another artifact that impedes post processing. It is character-

ized by streaking around dense areas of material, as seen in Figure ??. Minimization

of these artifacts has been accomplished by a dual-energy method in which two scans

were combined. However, this technique also resulted in a higher presence of other

types of artifacts [?].

Figure 3.5: An example of beam hardening between 2 aluminum rods, which are
suspended in lower density Plexiglas. [?]

It can often be difficult to discriminate between resin and infused carbon fibers

when inspecting a 3D CT reconstruction, due to the materials’ similar densities [?,?].

This is especially the case with neighboring co-aligned bundles of fibers (tows). In the

effort to better differentiate these materials, success has been found by coating woven
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composites in gold, copper, and iodine contrasting agent. However, these methods

come with the drawbacks that interface visualization is reduced, tow geometries de-

viate from uncoated tows, and void fractions increase [?]. Better results were seen

when individual tows were coated in a contrasting agent and then woven. Gold and

iodine agents were again successful, but mechanical properties are still affected by

the coating of the tows in a foreign material [?].

3.5 Micro CT Studies of Composites

Schilling et al. provided a proof of concept for the use of micro CT in the damage

characterization of composites, successfully identifying and measuring the presence of

voids, delamination, and microcracks in a variety of composite materials [?]. This laid

a groundwork for the abilities and limitations of micro CT in the field of composites.

Previously, the majority of CT work had been focused on other materials and in the

medial field.

Aroush et al. tensile loaded a 125 fiber quartz/epoxy ”model composite” in situ

to determine a prediction for the critical fiber break cluster necessary for failure (N*).

This was the first study to assess fiber fracture for a 3D polymer matrix composite

using in situ SRCT [?]. Scott et al. expanded on this research with another in situ

SRCT study of a larger carbon/epoxy volume of approximately 15,000 fibers. Their

work was the first direct in situ measurement of fiber fracture accumulation ”for a

high performance material under structurally relevant load conditions.” Because of

the direct observation at relevant length scales afforded by SRCT, strong confidence

was placed in the results [?]. As seen in Figure ?? the study provided a detailed view

of the cascading damage mechanisms at play in the failure of composites, with fiber

breaks, ply cracks, splits, and delaminations seen at several stages from unloaded to

failure.
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Figure 3.6: 3D segmented damage in sample at 94% of failure, in which the composite
is rendered partially transparent. [?]

For microscale composite damage, micro CT provides a voxel size below the scale of

damage. Due to its non-intrusive and non-destructive nature, the process is relatively

uncomplicated and time manageable. This makes it a non-issue to add in situ tensile

testing to the experimental setup, allowing for the full observation of damage to

failure.

3.6 Dye Penetrants

It is often difficult to identify sections of damage in a CFRP when using x-ray or

CT. Because of the small scales that laminate damage acts on, the gray levels of

these areas are not significantly different than those of the surrounding material. A

common solution that is used to enhance the contrast difference between material

and damage is the application of dye penetrants. Dye penetrants are characterized

by their high densities and show up much darker on x-ray image than carbon fibers

or resin.
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Successful damage identification has been performed with several types of dye

penetrants. With a mixture of isopropyl alcohol, zinc iodide, photo solution and

distilled water, it was shown microcracks of 0.5-1 µm could be seen in pixels as

large as 20 µm, compared to a maximum pixel size of 4 µm otherwise [?]. Similar

enhancements were found with the use of a diiodomethane x-ray opaque penetrant [?].

A dye penetrant is applied either by applying it to the outer surface of the laminate

or by soaking the laminate in the dye. The dye is then pulled into areas of damage

by capillary action. Because the dye travels to interior damage from the outside, it

is dependent on inter-connected damage networks. Isolated voids or delaminations

cannot thus be penetrated by an applied dye. Longer soak times ensure that the dye

penetrates even the smallest areas of damage.

One major consideration that must be taken into account is the potential for a

dye penetrant to drive or accelerate the creation of microcracks. Certain dyes can

be chemically reactant with resin, weakening the material over time. Furrow et al.

studied the effects of a zinc iodine dye penetrant on IM7/LaRC-IAX, IM7/LaRC-

IAX2, and IM7/LaRC-8515 material systems. The samples were immersed in the dye

for a soak time of 18 hours. The study found that even without applying a load to

the material, thermal residual stresses were sufficient to drive microcracking in the

presence of dye penetrant [?].

Similarly, Aboissiere studied a [0/902]s HTA/EH25 carbon fiber/resin laminate

soaked in zinc iodine for 3.5 hours. This soak time did not drive the introduction

of new microcracks, but upon tensile loading microcracks were introduced at lower

strains and increased to a higher crack density saturation value, as compared to the

untreated samples [?]. These results can be seen in Fig. ??.

Aboissiere found that better alternatives could be found in diiodomethane (DIM),

diiodobutane (DIB), and silver nitrate. With a 45 min soak time, samples soaked in

diiodomethane showed microcrack densities consistent with the untreated samples,
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Figure 3.7: Crack density as a function of strain, with and without impregnation of
ZnI2 [?]

as seen in Fig. ??. The exception to this was for multiple soak times of 45 min each,

in which higher crack densities were seen above 1.1% strain [?].

Figure 3.8: Crack density as a function of strain, with and without impregnation of
DIM [?]

3.7 Examples of CT Results

This section provides examples of various materials which were successfully imaged

through x-ray tomography. The results demonstrate that tomography had a great

amount of versatility over a range of materials and densities.

A [0/90/0] carbon/epoxy composite section of dimensions 22 × 2 × 19 mm is
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illustrated in Fig. ??. The tomographic scan was performed with a 55 kV voltage

and 32 W current with a voxel size of 13.6 µm. The scan involved 2889 projections

over 360◦.

Figure 3.9: CT image of a [0/90/0] CFRP

A sand composite is shown in Fig. ??. The material is composed of a thick layer

of sand/resin mixture surrounded by two thin layers of randomly oriented carbon

fibers. The sample measures 13 × 13 × 6 mm, for a voxel size of 8.5 µm. The scan

was performed at 91 kV and 40 W with 3016 projections over 360◦.

A section of carbon nanotube (CNT)-infused resin is seen in Fig. ??. A cutting

plane has been inserted to reveal bubbles that were trapped in the resin during the

curing process. This shows that micro CT is an asset in quickly investigating internal

features, in this case to evaluate if the curing process produced a void-free final

product. The x-ray settings were 65 kV and 29 W with 3016 projections over 360◦.

The sample measures 19× 16× 4 mm, for a voxel size of 12.4 µm.

An aluminum mesh embedded in a layer of resin is shown in Fig. ??. The sample

measures 5 × 5 × 1 mm, with a voxel size of 6.0 µm. The x-ray was set to 55 kV

27 W and 2877 projections over 360◦ were recorded. The complete sample is seen in

Fig. ??. In Fig. ?? the resin has been removed, by filtering out densities lower than

that of the aluminum mesh. This allows for an unobstructed 3D view of the mesh, a
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Figure 3.10: CT image of a carbon fiber/sand composite

Figure 3.11: CT image of a CNT infused resin



40

(a) With resin visible (b) With resin transparent

Figure 3.12: CT image of an aluminum mesh embedded in a resin layer

(a) 3D View (b) Vertical Slice

Figure 3.13: CT image of corrugated cardboard

nondestructive feat which is not possible with other methods.

Fig. ?? shows a tomogram of a piece of corrugated cardboard. A 3D view is shown

in Fig. ??, while a vertical slice has been taken in Fig. ??. The image was taken at

40 kV and 13 W, with 720 projections and 4 frames per projection. The sample

measures 15× 10× 2 mm, for a voxel size of 21 µm. The image shows that micro CT

is successful on materials of lower density as well, at lower voltages. The process also

showed that it is a simple affair to to inspect internal geometry by taking slices of a

CT image file in the principal directions.



Chapter 4

Process

The main goals of this experimental work were:

� Determine a diffuse damage parameter as a function of applied shear stress

� Obtain crack density as a function of applied strain for cross-ply samples with

various levels of diffuse predamage. This data would be used to calculate the

strain energy release rate as a function of crack density.

To achieve these goals, a [0/90]s laminate was configured, cut into [±45]s samples,

tensile loaded in shear orientation to various levels of diffuse damage. This is referred

to as Mode III testing, in reference to the diffuse damage mode. After this, the

samples were cut again into smaller [0/90]s samples, and prepared for tensile testing

in order to record crack density by x-ray. This testing phase is referred to as Mode

II testing, in reference to the transverse microcracking mode of the 90◦ plies.

The laminate edge was inspected by optical microscopy and x-ray, a dye penetrant

was tested for use in crack identification, and a micro CT scan was performed on

a sample containing microcracks. The material preparation and shear testing were

performed in conjunction with the research of Dr. Hedi Nouri. The microcrack tensile

testing of the small [0/90]s samples will be carried out in future stages of research.

41
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Mode III testing was performed on an Instron 5882 100 kN load frame (Fig. ??), x-

rays and tomograms were performed with an X-Tek XT H 225 cone-beam tomograph

(Fig. ??), and Mode II samples were designed for a Deben 5 kN tensile stage (Fig. ??).

(a) Instron 5882 load frame (b) X-Tek XT H 225 tomo-
graph

(c) Deben 5 kN tensile stage

Figure 4.1: Testing equipment

4.1 Materials

Laminates plates of T700/M21 carbon fiber pre-preg were laid up in a [0/90]s con-

figuration with dimensions 300 × 300 × 1 mm and cured in compression molding at

a manufacturer recommended single dwell temperature of 180◦ C. This plate can be

seen as the outer square in Fig. ??.

4.2 Shear Tensile Testing (Mode III)

The first stage of testing was to subject the material to an approximate shear loading,

and to study the evolution of diffuse damage. Each laminate was cut into four 50×

220 mm rectangles (as seen in Fig. ??) using a numerical control machine. These

specimens were rotated at 45◦ with respect to the original plate, giving them a [±45]s

configuration. Subsequently, these specimens were subjected to an approximate shear

loading state when loaded in tension. Aluminum tabs of dimension 50× 50 mm were

adhered to both faces on the specimen ends, shown in blue on the [±45]s specimens
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Figure 4.2: Laminate cutting diagram

in Fig. ??.

Static and quasi-static tensile tests were performed on the [±45]s specimens. This

testing configuration is shown in Fig. ??. Digital image correlation was used to deter-

mine the evolution of strain field at the surface during mechanical testing. This was

used to obtain levels of shear damage and microcracking versus the applied measured

stress or strain.

First one panel was tested in tensile loading to failure, to establish the ultimate

load that the laminate could sustain. Next, six samples were tested in cyclic loading

with 250 N increments until failure. The initial Young’s modulus E0 was computed

from the stress-strain slope on the first 250 N loading. Subsequent values for En were
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(a) Mode III Loading (b) Waterjet sample cut-
ting

(c) Mode II Loading with in situ tomog-
raphy

Figure 4.3: Testing procedure

computed from the slope of the unloading portion of the stress-strain plot.

Using the change in stiffness, a diffuse damage indicator was calculated for each

load level using the equation:

d = 1− En
E0

(4.1)

Thus, the value of d is an indication of the reduction of shear stiffness. The value

for d was averaged at each load level from 250 to 5250 N over the five panels, omitting

one panel with outlying data. Using this resulting shear damage/stress curve, six

panels were damaged in shear loading to levels of 0, 0.05, 0.10, 0.15, 0.20, and 0.25.

Digital Image Correlation (DIC) was performed on these panels during the tensile

loading, using a camera and Vic-2D software. This allowed for the observation of the

deformation field of the loaded sample. From the deformation field it is possible to

determine at which diffuse damage level cracks start to be introduced in the material.

These observations can be validated by x-ray in future work, in the Mode II testing

phase.
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4.3 Microcracking Tensile Testing (Mode II)

Two pre-damaged panels of each damage level were cut by water jet to produce three

tensile testing samples each, resulting in six tensile samples for each shear damage

level (see Fig. ??). These samples had an orientation of [0/90]s in order to emphasize

the transverse cracking damage mode in tensile loading. Their geometry is shown in

Fig. ??. This sample geometry is based on required dimension of the tensile stage.

The length of the middle section was extended to the maximum allowable length in

which the failure strain could be reached before the tensile stage attained its hardware

strain limit.
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Figure 4.4: Geometry of tensile samples

Pin holes were included to ensure that the sample did not slip during loading.

Tabs made of T700/M21, of dimension 12× 20× 1 mm, were bonded to both ends of

the sample to enable distributed load transfer from the tensile stage to the sample.

The tabs distributed the application of stress along the whole width of the sample

to avoid stress concentration around the two holding pins. The sample width was

reduced from an initial width of 20 mm on the outside, to an intermediate width of

12 mm, and finally to 4 mm in the middle. This middle section of 4 mm width and

12 mm length was designed to be the area where microcracks nucleate.
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4.3.1 Edge Examination

A microscopy inspection of the edge of a 10× 10× 1 mm [0/90]s T700/M21 sample

was conducted in order to check for sources of damage from the cutting process, to

obtain a surface image of the undamaged material, and to validate the results of an

x-ray image from the same viewpoint.

First an x-ray inspection was performed, allowing the observation of features

through the entire width. Settings of 45 kV and 32 W were used for the x-ray

images. Then optical microscopy was performed on the same sample edge. The ma-

terial was polished in order to eliminate deformities and make the fibers and matrix

materials visually distinct. This was accomplished on a Struers TegraPol-35 with an

incremental abrasion sequence of 320, 500, and 1000 grit sandpaper, followed by the

polishing application of Al2O3 15, 5, 0.3, and 0.04 µm abrasive solutions, as seen in

Fig. ??. Magnification of 5× was used to obtain individual images which were then

stitched together to create a high magnification image of the entire edge.

Figure 4.5: Grinding and polishing sequence for laminate edge examination
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4.3.2 Dye Penetrants

One method for identifying microcracks in CFRPs is to use a dye penetrant in conjunc-

tion with x-ray studies. To test the feasibility of using dye penetrant, diiodomethane

(DIM) was applied to a tensile sample containing multiple microcracks from Mode

II loading, as well as larger cracks and areas of delamination. The DIM was applied

with a cotton swab to the edges of the sample in the areas containing transverse mi-

crocracks. This was continued for 5 minutes, when it appeared that no more dye was

being absorbed by the sample. X-ray images were then taken from the front and side,

at settings of 40 kV and 18 W. These same images were taken with a sample that

had not been treated with dye penetrant, for comparison. The images were inspected

for the appearance of transverse microcracks.

The same DIM application procedure was then repeated. Following this, x-ray im-

ages were recorded at each minute after application, in order to test time dependence

of the dye effectiveness. If there was too much variation in the image gray levels, a

longer soak would be required in order for the dye to penetrate all crack sizes and

remain absorbed. Constant gray levels are a requirement when working with micro

CT, because the tomographic process acts over the range of tens of minutes.

4.3.3 Computerized Tomography

Another method for microcrack identification is the use of micro CT. Tomography is

useful in the imaging of micro-level damage, even without the use of dye penetrants.

The same damaged sample from Section ?? was used for a tomographic inspection

in an unloaded state. Tomography was performed with x-ray settings of 40 kV and

18 W. 360 projections were captured over 360◦, with 4 frames averaged for each

projection. The voxel size for the resulting tomogram was 12.1 × 12.1 × 12.1 µm.

After reconstruction, post-processing was performed on the tomogram with Avizo

Fire 7.0.1. This involved smoothing the image to remove small-scale noise with a
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non-local means filter, segmenting the data with a tophat quantification in order to

isolate microcracks, and then the removal of small damage volumes, which were not

indicative of microcracking. This post-processing workflow can be seen in Fig. ??.

Figure 4.6: Avizo Fire workflow for tomogram post-processing

4.3.4 Future Work

In future stages, the evolution of microcracking in these samples will be observed

using Mode II tensile testing coupled with x-ray tomography (see Fig. ??). This will

be performed with a Deben 5 kN tensile stage, which is specifically designed to be

mounted inside the CT cabinet. The stage will be mounted on the CT manipulator,

allowing for 360◦ movement about its vertical center of rotation. The tensile stage

has a maximum stress of 5 kN and a maximum displacement of 10 mm. Tomography

will be performed using an X-Tek XT H 225 cabinet system with a 225 kV X-ray

tube and a 1900 x 1500 pixel 14-bit detector. The goal of this section is to obtain

a plot of crack density versus strain for samples of each diffuse damage level. From

this, the microcracking fracture toughness, Gmc, could be calculated for each.



Chapter 5

Results and Discussion

5.1 Shear Tensile Testing (Mode III)

The stress/strain curves from Mode III testing obtained for five samples cut from five

different plates are presented in Fig. ??. The figure provides evidence that the results

are repeatable and reproducible. Fig. ?? shows the damage evolution as a function

of stress for the five tests. In Fig. ??, damage evolution is averaged over the five tests

and shown as a function of stress. The averaged curve shows that the mean level of

damage to rupture is drup = 0.2754, at a stress of σrup = 105MPa.

The observed deformation fields in the vertical direction, as obtained from DIC,

is seen in Fig. ??. The deformation fields are presented for different damage levels.

These maps show, that starting at d = 0.0445, the deformation field becomes hetero-

geneous and from d = 0.0875 we see that cracks are introduced between fibers in the

upper layer, or 0◦ ply. This is an expected result. Since the 0◦ plies are bounded only

on one side, they are expected to host the first signs of intralaminar damage. On the

map corresponding to d = 0.01225 we see the appearance of cracks perpendicular to

the upper layer fibers, indicating microcracking in the central 90◦ layers. The last

map shows the state of the deformation field just before the failure of the sample,

49
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Figure 5.1: Tensile cyclic tests for T700/M21 [±45]s samples cut from different plates.
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Figure 5.2: Damage evolution versus stress for tensile cyclic tests of T700/M21 [±45]s
specimens.

corresponding to a damage level of d = 0.2727.

The DIC results provide several results that can be verified with x-ray imaging

in the Mode II experimental campaign. From these image maps, we would expect to

initially see longitudinal cracks in the 0◦ plies for the samples of damage levels 0.10,

0.15, 0.20, and 0.25. Transverse cracks are expected to be present in the 90◦ plies for
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Figure 5.3: Strain field evolution during tensile static test for different damage levels.

damage levels of 0.15, 0.20, and 0.25.

5.2 Microscopy Edge Examination

An edge inspection study was performed on the tomography samples to determine the

state of the material when undamaged. Results from the x-ray study can be seen in

Fig. ??, with a detailed view in Fig. ??. Corresponding results from the microscopy

study can be seen in Fig. ??, with a detailed view in Fig. ??.

These results show a strong correlation between the micro CT and microscopy

images. Because microscopy shows surface features and tomography shows internal

features, the similarity of the images suggests that geometric patterns are largely

constant throughout the width. The line patterns are observed within the 90◦ plies

in both images are presumed to be the boundaries of fiber bundles, since they are
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also features with constant geometry along their length and are not visible in the 0◦

plies from this view. These results are also consistent with previous inspections of

T700/M21 laminates [?].

(a) Micro CT (b) Optical mi-
croscopy

Figure 5.4: Edge inspection of a [0/90]s CFRP laminate

(a) Micro CT (b) Optical mi-
croscopy

Figure 5.5: Detailed view of the edge inspection of a [0/90]s CFRP laminate

With the introduction of microcracks, we would expect to see additional horizontal

lines spanning the thickness of the transverse plies as fibers in this direction are pulled
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apart. However, it was not possible to observe this on our microcracking samples.

Acceptable microscopy results require polishing the sample’s outer edge, and this was

not possible with the experimental samples because their edges were not straight.
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5.3 Dye Penetrant Contrast Enhancement

The results of the dye penetrant application are shown in Figs. ?? and ??. The front

and side of the plain sample are shown in Figs. ?? and ??, while the front and side

view of the contrast enhanced sample are illustrated in Figs. ?? and ??.

The improvement offered by the DIM application is evident, even from such a

short application time. In the front view, multiple black transverse microcracks are

visible in the DIM sample, whereas only a few faint white transverse microcracks are

visible in the plain sample after a rigorous inspection. The same is true for the four

longitudinal cracks readily visible in the DIM sample. From both samples it can be

clearly seen that the macro-scale damage in the top section, where the two middle

plies became separated from the outer plies and were pulled out.

From the side view, microcracking is more visible in the plain sample. Microcracks

are identified as the white area in between fiber bundles which runs horizontally and

spans the thickness of the 90◦ plies. However, visibility is again greatly increased in

the DIM-enhanced samples. Microcracks are easily identified when highlighted by

DIM, including some microcracks that were not visible in the plain sample. Even

with a short application time, it is clear that DIM is a proficient tool for identifying

damage in the T700/M21 material system.

Changes in the dye-enhanced image over time are shown in Fig. ??. The first

image is taken immediately after application of DIM, and each following image is

taken at one minute increments afterwards. Cracking damage is evident at all stages,

but the overall gray levels change significantly over time. This can be attributed

to evaporation of the dye penetrant, both from the material surface and out of the

interior damage regions.

Short term time dependence such as this is not desirable, especially when running

tomographic scans. For micro CT studies this gives two options: wait until gray

levels have stabilized before initiating a tomographic scan, or soak the sample in the
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(a) Plain sample (b) DIM applied

Figure 5.6: Front view of [0/90]s tensile sample with and without DIM application

(a)
Plain
sam-
ple

(b)
DIM
ap-
plied

Figure 5.7: Side view of [0/90]s tensile sample with and without DIM application

dye penetrant for a longer period before imaging. A longer soak time gives sufficient

time for even the smallest microcracks to be penetrated by the dye, ensuring that
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the dye will likewise remain in those cracks for a similar amount of time. In practice,

a combination of these options is likely the best strategy. Consistent results are

more likely by following the 45 minute soak time recommended by Aboissiere [?], and

ensuring consistent gray levels before beginning a tomographic scan.

Figure 5.8: X-ray images of the [0/90]s tensile sample at specified times after appli-
cation
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5.4 Computerized Tomography

The obtained tomogram from the microcrack sample is shown in Fig. ??. The

data contains all the largest areas of damage found during post processing. From

the results, it is evident that damage is primarily found in the form of transverse

microcracks in the central 90◦ plies. A large number of microcracks span the width,

but there are also a number of smaller cracks that are localized on the right side of

the sample. This can be attributed to the lack of proper alignment of the sample in

the loading clamps. In this regard, we would expect to see more symmetric results

from Mode II testing, because the samples will then be aligned by holding pins in the

tensile stage.

The advantage of tomographic data over 2D x-ray imaging is apparent. From the

tomogram, it can be easily seen that microcracks span the thickness of an entire ply.

Through 3D manipulation, it is also possible to see which ply a specific microcrack is

located in. With 2D x-rays, this is possible, but only through a careful comparison

of the front and side images of a sample. Damage connectivity can also be seen in a

tomogram. In this case, there is mostly connectivity from microcracks to the outer

surface, but there are also small areas of delamination that have been nucleated at

the crack interface.

Although results were successfully obtained, the data was difficult to segment,

resulting either in noisy data or in data in which smaller microcracks are omitted.

A key point to note here is that tomography was performed while the sample was

unloaded. It is very likely that if tomography were performed in situ with tensile

loading, damage in the resulting tomogram would be clearer. The reason for this is

that when the sample is under loading, the microcracks are pulled apart, creating a

larger area to appear on x-rays.
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(a) Isometric view (b) Front view (c) Side view

Figure 5.9: Tomogram of laminate sample containing multiple transverse microcracks



Chapter 6

Conclusion

6.1 Summary

Mode III testing of a [±45]s T700/M21 laminate plate was performed. By cyclic

tensile loading at 250 N increments, reduction of shear stiffness was calculated for

these specified loads. The reduction of stiffness was used to used to determine a

damage parameter that was indicative of diffuse damage and some microcracks in

the +45◦ and -45◦ plies. This damage parameter ranged in size from 0 to 0.2754.

By interpolating between points, it was thus possible to obtain the necessary load

required to reach any specified diffuse damage level.

Six were subjected to six different damage levels: 0, 0.05, 0.10, 0.15, 0.20, and

0.25. each of these plates was then cut into six [0/90]s samples to be used in Mode

II testing.

An edge study of a [0/90]s T700/M21 coupon was performed with optical mi-

croscopy and x-ray. After polishing the material edge and examining under micro-

scope a line pattern within the 90◦ plies was confirmed to be the boundaries of fiber

bundles. This was verified by studying the sample under x-ray and observing that

the pattern was consistent along the length of the 90◦ ply. This agreement of results
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showed that x-ray is an appropriate tool to observe the internal configuration of fiber

bundles. The study also provided an example of T700/M21 x-rays in an undamaged

state.

A feasibility study was performed on a spare Mode III testing sample. After intro-

ducing microcracks in a Mode III tensile test, the sample was observed by x-ray from

the front and edge. DIM was applied to the material edge manually for 5 minutes, and

the same observations were repeated. The results showed that multiple microcracks

were clearly visible in the DIM-enhanced images, while only a few microcracks could

be found after a rigorous search in the untreated images. This confirmed the utility

of DIM as an x-ray contrast agent. However, front x-ray images of a DIM-enhanced

sample showed that the gray levels produced in these images were not constant in

the immediate time after application. This showed that a soak time of 45 minutes

is a better option in order to saturate the smallest microcracks and ensure a slower

diffusion for the penetrant.

A tomographic scan was performed on the same damaged sample, without a dye

penetrant and while unloaded. This resulted in a 3D view of the damage network

present in the sample after a mode II test. The results showed a number of transverse

microcracks in the 90◦ plies, which spanned the thickness of the ply. Cracking did

not always span the width of the sample, a result that can be attributed to improper

alignment of the sample in the UTM. The data proved to be difficult to segment in

post-processing, which is speculated to be a result of the sample’s unloaded state. It

is presumed that post-processing would be easier, and would yield clearer results, if

tomography were performed in situ with Mode II tensile testing.
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6.2 Future Research Work

Mode II tensile testing is the main focus for future studies. The present thesis provides

a solid foundation for the techniques and tools that would be used for this study. In

the next round of testing, six tensile samples will be used from each level of diffuse

damage: 0, 0.05, 0.10, 0.15, 0.20, and 0.25. These samples will be tensile loaded to

failure, with the crack density computed at specified load levels.

It has been shown that microcracks will likely be difficult to identify in a plain

sample from 2D x-rays. And once a tensile test has started, it is not possible to apply

a dye penetrant to the sample inside the tensile stage. This leaves 2 main strategies:

� The six tensile samples can be loaded to a range of stresses below the failure

stress of the material, each to a different level. After this, the sample would

be unloaded, soaked in dye penetrant, and x-rayed. Microcrack density would

be readily available from this image, giving a data point for crack density and

its associated stress/strain. If this process was repeated for several load levels,

a crack density/strain curve could be obtained from this set of discrete data

points.

� Tomography can be performed on the samples in situ with tensile testing. This

allows for the calculation of crack density at several points during the load

profile of each tensile sample. This is possible because microcracks are more

readily identifiable when using micro CT versus 2D x-ray images, as proven

with the successful micro CT results of this work. This was accomplished on

an unloaded sample without the use of a dye penetrant. A tomography study

during tensile testing would likely provide clearer results still.

The result of this testing campaign will be a set of crack density/strain curves, one

for each level of diffuse stress. From this, the strain energy to initiate microcracks, Gc

could be computed as a function of crack density for each curve. With these results,
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a clear correlation can be drawn from the amount of fiber/matrix debonding in a

material to the resistance of that material to microcracking damage.
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Appendix A

XT H 225 MicroCT Guide

A.1 General Notes

� Open and close door carefully, slamming it may cause damage to the turbofan.

� X-rays will not be generated until the door is closed. When the door is opened,

the x-rays will switch off and disperse immediately. Even so, be sure to turn

the x-rays off before opening, just to be safe.

� Use supervisor mode for operation, to give more controls than in operator mode.

The password is ”supervisor”

A.2 X-ray Controller

� Turn the x-rays on and off with (3). Their status is shown in the x-ray status

window (5). Make sure x-rays are off before opening the cabinet door.

� Penetration - kV (1)

– With higher kV, more x-rays penetrate the object of interest. Denser

objects require higher penetration.
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Figure A.1: X-ray controller

� Intensity - Power (W) or Current (uA) (2)

– With higher intensity, the image becomes brighter and more saturated.

� The advantage of power controls over current controls is that the relative image

brightness remains the same when kV is changed.

� Optimal image contrast is obtained by using the lowest kV that produce the

desired level of image quality. Thus two conditions must be met

– Penetration (kV) must be high enough to see details

– Image must not be dark, saturated, or washed out

� In general, start at low kV and increase until details are acceptable. Adjust uA

to obtain proper contrast.

� Focus adjustment (6) is used for fine focus control. Once you have acquired

the right penetration and intensity, adjust the focus until details are at optimal

sharpness. If this is not enough to obtain a focused image, x- and y-shift may

need to be adjusted.

� The information window (7) shows useful information about the filament and

vacuum. The actual filament value should be around 30-40 when x-rays are

on. If the value is close to zero and there is no image produced, the filament
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probably needs to be replaced. Vacuum value should be as close to 0 as possible,

values under 10 are acceptable. Hours on gives the number of hours that the

present filament has been used for. Normal lifetime is around 120 hours.

Figure A.2: Information window

� The properties window (8) is used mainly for adjusting filament demand and

x- and y-shifts (for focus calibration).

A.2.1 Auto-Conditioning

� Tomograph must be auto-conditioned at least once every couple of days, but

preferably before each extended and/or high kV CT scans.

– If not conditioned, the x-rays will likely shut off during a test with high

kV demand

� Set the voltage to 225kV and press the auto condition button (4). Press again

to stop once the system stabilizes at 225kV.
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A.2.2 Filament Change and Calibration

Filament Change

� When optimised, the expected filament life is 200 hours.

� An indication of filament failure is when switching on x-rays, the kV ramps up

but no mA/W registers and no image is produced.

1. Switch off the SR3 power button to shut down the pumps and turn the interlock

key to the off position (Fig. ??).

Figure A.3: SR3 power button

2. When the pumps have run down, vent the gun vacuum chamber by opening

the vent valve (Fig ??). Once the pressure has equalised, release clip A and

carefully open the x-ray gun (Fig. ??).

3. Remove the focus cup with an A/F Key. Using a 1.5mm A/F key, loosen the

two Grub Screws holding the focus cup insert (Fig. ??). Remove the focus cup

insert to expose the filament.

4. To remove the old filament, grip both filament pins with curved pliers and pull.

5. Inspect the focus cup insert and clean with lint free wipes and acetone. If

absolutely necessary use a small amount of metal polish to clean the focus cup

and then thoroughly remove all polish residues using acetone.
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(a) Vent valve and clip loca-
tions

(b) Clip A

Figure A.4: X-ray gun locations

Figure A.5: Focus cup

6. Using the curved pliers, insert the new filament. Do not touch any part of the

tungsten wire loop. Ensure the filament is pressed fully into its locating holes

and is square.

7. Replace the focus cup insert and tighten the insert screws.

8. Check alignment. Alignment of the filament is critical to system performance.

Alignment

� Using Fig. ??, check both the vertical and central location of the filament.
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� The filament hairpin loop tip should be centrally located in the focus insert

aperture (View A) and just be visible when looking down the plane of the

insert recess (View B).

Figure A.6: Filament alignment

1. Centralisation of the filament: Loosen the filament clamp screws 1
4

turn. Insert

a small screwdriver into the gap between the focus cup module and the filament

holder (see Fig. ??) and lever the filament holder to centralise the filament

(Fig. ??, View A). Re-tighten the clamp screws.

2. Filament height adjustment: Set filament height (Fig. ??, View B) by removing

the focus cup insert and adjusting the 3 height screws (see Fig. ??) by equal

amounts until filament tip is just visible. Re-tighten the insert screws.

3. Clean the focus cup using clean lint free wipes to remove all traces of grease/pol-

ish.

4. Replace the focus cup insert and replace in the gun. Close the gun and fasten

the clip. Close the main access door (remember to close the vacuum vent valve

on the gun first). Switch on interlock key and turn on SR Controller. The

vacuum will have to be re-established before X-rays can be produced.

5. Once the vacuum is established and the interlocks are closed then X-rays can

be produced. However, the filament must first be conditioned.
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Calibration

� x- and y- shifts need to be calibrated each time a new filament is installed.

� Place an object with small details into view of the X-ray source using the ma-

nipulator. Set a very high magnification so that the fine detail in the object

can bee seen.

Figure A.7: Properties button

� Calibration settings can be found in the properties menu (8). Click on X-Ray

Controller → Focus

� After installing a new filament, reset the filament lifetime (2).

Switch x-rays on to a low level in which the image is not whited out. Slide the

filament demand slider (1) to the left and the image will black out. Slide it slowly to

the right and the image will brighten. Move the slider to the point where the image

is the brightest and doesn’t become any brighter. Move the slider one click more to

the right and click Save.

1. Set the x-ray to 50kV and a suitable brightness for A/W

2. Press the modulation button (looks like a sine wave). The image will move

up/down and side to side.



71

Figure A.8: Focus menu

3. Adjust the x and y sliders until the image no longer moves back and forth. It

should just go in and out of focus instead, and be at its brightest.

4. Switch off modulation.

5. Press the X-Shift and Y-Shift Save button. This will save the values for 50kV.

6. Repeat the process for 100kV and 225kV

7. Press the Interpolate button. The software will interpolate the calibration val-

ues whenever a voltage is used that falls in between these 3 calibrated voltages.

A.3 Manipulator Controls

� The Stop button (1) halts any manipulator movements in progress. Always look

inside the cabinet to keep track of where the manipulator is moving the stage

and sample. If your sample is going to collide with the x-ray gun, you need to
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Figure A.9: Manipulator controls

be ready to press either this button or the big red physical button on the x-ray

cabinet.

� The home button (2): Whenever the software is restarted, a homing operation

must be performed. This is because the software has no information about

the physical location of the sample platform. The homing operation moves

the manipulator to its limits in order to determine position. After the homing

operation, position commands may be given again.

– Important: Remove any samples from the manipulator stage before hom-

ing. If a sample is not removed, it will slam into the x-ray gun and/or fall

off the stage.

� The load button (4) moves the stage to an easily accessible loading position.

Again, make sure to remove the sample before pressing this button, to prevent

collisions.

� The speed controls (5) dictate how fast the manipulator moves. When moving
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close to the x-ray source, a slow speed is recommended.

A.3.1 Controls Window

The Controls menu is the most used operations window:

Figure A.10: Manipulator controls

� The absolute column (9) is the current position.

� The relative column (12) is the current position, relative to the point where the

zero buttons (13) were pressed.

� The lock buttons (14) prevent movement on the specified axis, until it is un-

locked again. Usually, you’ll want to lock the tilt axis, as well as the X, Y, and

Mag axes once your sample is in the desired position.

� The demand column (11) shows where the manipulator will move when you

press the Move button (15). Always double check what values are displayed

here before you press Move, otherwise catastrophic collisions might once again

occur. If you want the position on a certain axis to remain the same after
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the move, press the arrow (10) next to that value so that the desired position

matches the current position. The demand controls are extremely useful for

rotating a sample in increments such as 45◦, 90◦, 180◦. Transfer the absolute

value to the demand column, and then add or subtract the change in angle.

Type this new value into the demand rotate box. Remember, if you want

purely rotation, make sure that all the other desired values match the absolute

values.

� To save a manipulator position for later, press the add button (5). To return to

that position in the future, just double click the position name in the list menu

(4).

Figure A.11: Saved positions

� Besides the controls window, the physical joystick controls are used for general,

non-precise movements.

A.4 Image Processing

� The image processing toolbar can be seen in Fig. ??. Press the green button (1)

for the live x-ray image. The arrow next to it controls the number of frames that
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are averaged, used to create a rolling average. When the sample is moved, live

image is automatically enabled. When the sample is stationary, rolling average

is automatically restored.

� Press the red button (2) to capture the live image and display it. You may then

save this image with the save button (5).

� To capture a higher quality image, use the average image button (3). The

number of frames used is specified in the arrow menu. More frames results in

higher quality but longer capture time. You may then save this image with the

save button (5).

� Open a previously saved image (4)

Figure A.12: Image toolbar
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A.4.1 Image Information

Figure A.13: Pixel information

panel

When the mouse tracks across the X-ray image in

the main image window, the panel seen in Fig. ??

displays the X and Y coordinates to the image

pixel under the mouse (relative to the top left

hand corner of the image) and the grey level of

the pixel. Grey levels should be in the range of

6,000–60,000.

Also keep an eye on the histogram on the right side (Fig. ??). Ideally, the curve

should lie towards the center of the spectrum. Pixels on the right edge are oversatu-

rated and on the left edge are completely black. Double click on the red line to add

drag points. Double click on a point to remove it. This curve is typically manipulated

so that it is steepest over the gray values where most of the pixels are found. This

increases the contrast for pixels in this range.

Figure A.14: Histogram
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A.4.2 Background Subtraction

Use this tool to remove any background noise from an x-ray image

1. Click the ”BG Subtraction” button, above the histogram in the top right section

of the window

2. Move the sample out of the way so only the background remains.

3. Either click the red button or the image averaging button to capture a still

image of the background

4. Click Set (1) to set this image as the background (See Fig. ??)

5. Click Apply (4) to apply the background subtraction processing

6. Typically ”Image minus background” is selected (5)

7. Click Remove (3) to remove the effects of image processing and remove the

current background image

Figure A.15: Background subtraction tool
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A.5 CT Acquisition

� Object must remain in view at all angles. Rotate the object to make sure none

of the region of interest passes out of view.

� Object center of rotation must be as close to the stage’s center of rotation as

possible. When you enter the Centre of Rotation tab, the manipulator will

automatically move to x=0.

� The sample must be penetrated at all angles. It also cannot be saturated at

any angles. Check to see that the thinnest and thickest views are properly

penetrated, with gray levels between 6,000 and 60,000.

� To start a CT inspection, click on the CT tab

Figure A.16: CT Tab

A.5.1 Sample Setup

� Choose the number of projections to be used. More projections result in higher

detail, but take more time. Click optimize to have the software choose the

number needed for optimal detail. This will likely take several hours. It depends

on the amount of detail in the object of interest, but usually any 180 projections

and up will produce acceptable tomograms.

� The frames per projection are the number of images that will be averaged

together to produce each projection. Typically 4 images is a sufficient value.

Remember that each increase in this value will double the overall scan time.
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Figure A.17: Sample setup window

A.5.2 Reference Images

� When you get to this tab, move the sample out of the way of the x-ray source.

It will automatically return to the same position when you move on to Center

of Rotation.

� Select a number of frames above the recommended minimum to obtain the black

and white reference levels. If the black or white image is too old, check the box

and click Acquire. Once you have done this, the images can be reused if another

CT is run with the same kV and W/uA settings. This is saved for 3 hours.

Figure A.18: Reference images window
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A.5.3 Center of Rotation

� The CoR needs to be determined precisely for a high quality image. Leave the

”Calculate Automatically” box checked and click ”Acquire”. The line represents

the cross sectional slice that will be used to calculate the CoR. Move it to a

reasonable place on the sample.

Figure A.19: Center of rotation acquisition

A.5.4 Reconstruction Setup

� The settings in section (1) (See Fig ??) are used to reconstruct the volume,

if the ”Reconstruct” option on the Acquisition tab is selected. If automatic

reconstruction will not be used, then there is nothing to change on this tab.

– A good practice is to run one CT scan without automatic reconstruction.

After the scan is done, reconstruct it manually using CT Pro on the other

computer. Take note of the beam hardening and noise reduction settings.

Then if a similar scan is run in the future, the proper settings may be

selected on this screen to do an automatic reconstruction. The auto process

is less of a hassle, once the proper reconstruction properties are known.

� Regardless if auto reconstruction will be selected or not, press the Acquire

button in the Volume of Interest section (2). Then select the volume of interest

around your sample, giving some free space along the sides. The volume inside

these borders will be the volume that is reconstructed.
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� Section (3) shows information such as voxel size and required disk space.

Figure A.20: Reconstruction settings

A.5.5 Acquisition

� Name your data, choose the proper filter if one is used, and select Reconstruct

if auto reconstruction is desired

� Ring artifacts can be minimized, but the process adds to the scan time. If time

is a limiting factor, uncheck the box and see if there are any ring artifacts in

the final product.

Figure A.21: Acquisition window
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A.6 Reconstruction

If auto reconstruction hasn’t been selected, the volume will have to be reconstructed

with the CT Pro software on the reconstruction computer. Start by opening the

.xtekct file.

A.6.1 Image

� Nothing needs to be done on this screen, but information is given in the Result

box about the quality of the projection set.

� Click on the Compare button at the bottom to see a frame by frame view of

the first few projections around the starting frame.

Figure A.22: Image window
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A.6.2 Center of Rotation

� Move the red line up and down to select a suitable slice to compute center of

rotation from.

� Change to Dual selection to compute the center of rotation from 2 slices.

� If the calculation fails, uncheck the Fast option in the Accuracy of Determination

section.

� If the calculation fails again, change from Standard accuracy to Fine or Ulti-

mate.

� The manual process is a good option if the above steps fail. It’s a visually-led

process. Change the distance until the cross section shown in the window is

aligned and clear.

Figure A.23: Center of rotation window
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A.6.3 Setup

� To change settings on this screen, select the Reconstruct All option next to

the setting and click Start. Once the process has finished, click on the option

buttons to determine which results in the clearest, noise free image

� Interpolate is almost always left on ”Interpolate”

� Find the best option for Beam Hardening (1-6)

� Find the best option for Noise Reduction (1-6)

Figure A.24: Setup window
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A.6.4 Calibration

For normal use, nothing needs to be done on this screen.

A.6.5 Volume

� Adjust the volume of interest in the Selection section if necessary

� Volume space and voxel size are noted

� Change the output file name if desired, and click Start to construct the 3D

volume, which is written as a .vgi file, to be opened by VGStudio.

Figure A.25: Volume window
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A.7 Post-Reconstruction Processing

Reconstruction post-processing is discussed for VGStudio MAX software. Other op-

tions exist for this work, such as Avizo Fire.

� The reconstruction process returns a .vgi file. Save to a .vgl file when you open

the file in VG Studio, so that your post-reconstruction manipulations are saved.

� The first thing to do is click Object→Calibrate object. You can let the pro-

gram choose automatically or indicate manually what parts of the image are

background and what are material. The software will segment the gray scale

and hide the background noise.

� Next create an aligned clipping box from the button on the top toolbar. This

is useful to crop out artifacts on the edges of the volume, or areas that are not

relevant to the study. The limits of the clipping box can be changed by dragging

the yellow handles on the 3D view. An easier way is to change their numerical

values by looking at the windows on the right side. Under Clipping, select the

Aligned clipping box tab and change the boundary values there.



Appendix B

Deben 5kN Tensile Stage Guide

B.1 Tensile Testing

B.1.1 Mounting a Sample

� For tensile testing, samples should be mounted to ensure that the jaws can be

expanded far enough to complete the test.

� Standard stages have a travel of approximately 10 mm, limited at each end of

travel by software limits.

– For elastic samples this will mean that the jaws should be fully closed, with

a 10 mm gap, before starting the test otherwise the limit may be reached

before completion.

– For brittle samples the jaws will not need to be closed fully. The best

position will be in the center of the allowable range. Calculate the break-

ing strain of the given material to determine if the jaw extension will be

sufficient.

� The geometry for a tensile sample is shown in Fig. ??. The most important di-

mensions in this diagram are the pin hole diameters and spacing. The geometry
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in the necked section may be modified. The length may also be increased to

values larger than 34 mm. This, however, decreases the amount that the lower

jaw may be extended. Lengths smaller than 34 mm can also be utilized.

Figure B.1: Tensile sample geometry

Procedure

� Screw the brass sample support screws into the system and undo the top two

M6 caphead screws, shown in Figure ??. Remove the top cap from the system.

� Undo the four M3x50 cover fixing screws, shown in Figure ?? and remove the

top cover and tube assembly.

� Remove any sample if previously fitted.

� Verify that mode is Tensile

� Using the software, offset the force to 0N with Tools → Set Loadcell zero offset

(Ctrl + L).
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Figure B.2: Removal of M6 caphead screws

Figure B.3: Removal of top cover
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� Fit the sample using the sample support screws to set the correct jaw spacing

in order to accommodate the sample. Observe the force reading during this

procedure (especially with low force loadcells) to ensure that the force does not

go overrange or underrange.

� Measure the gap between the jaws (sample gauge length) and use the ”Goto mm

(absolute)” function to move the jaws to a distance that is just under the sample

gauge length. For example, for a gauge length of 12mm, move to 11.5mm.

Figure B.4: Gauge length measurement

Note: The nominal microtest travel is 10mm to 20mm. In order to accommodate

variations in sample length it is recommended that the minimum sample gauge length

is 11mm.

� Replace the top cover. Ensure the location arrows are aligned, as shown in

Figure ??. Do not tighten the four M5x50 fixing screws yet.

� Tighten the top two M6 caphead screws (Fig. ??). When tightening the screws,

the transition between loose and tight should be almost immediate. If the

screws begin to tighten slowly, then check for any trapped components before

continuing. The system alarm will begin to sound at this step because the load

is now underrange. This is normal.
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Figure B.5: Alignment arrows

Figure B.6: Tightening the caphead screws

� Using the ”Goto” function on the software, select Goto 0N. The extension will

increase slowly.

� When the force reaches 0N, the stage will stop. Now tighten the four M3 screws.

Monitor the force reading to ensure that undue force is not being applied to the

sample.

� Click Displacement → Set Current Position, and set the current position equal

to the gauge length measured before.

� Click ”Clear data” in the software.

� Remove the sample support screws.

� The system is now ready to run a test.
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Sampletime Maximum Test Duration

100 ms 7 hours 6 minutes
200 ms 14 hours 13 minutes
500 ms 1 day 11 hours
1 s 2 days 23 hours
2 s 5 days 22 hours
5 s 14 days 19 hours

Table B.1: Maximum test duration for different sampletimes

B.1.2 Running a Tensile Test

� If the mode is shown as Compression, then click on Setup → Mode → Tensile

to set the system to tensile mode.

� Enter sample details in Setup → Sample Details. This allows the software to

display the current stress and strain during the test, and record the sample

details to the saved file after testing is over.

� Set the Sampletime and MotorSpeed. For highly elastic samples, use a longer

sample time and a faster motor speed. For brittle samples, use a slow motor

speed and a fast sample time (100mS). Make sure that the selected sampletime

will allow enough time for the test to complete (See Table ??).

� Set the gain if necessary. Calculate the maximum load that you plan to reach,

and choose the smallest range that includes this load. This will ensure the

highest gain resolution for this range. If the load exceeds this range during the

test, the gain will automatically scale, but a few data points will be lost at the

point where the resolution changes.

� There are several options for testing strategies, including prescribing extension

or load, or manually starting and stopping the motor. For full options, see

Section ??.
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� Save file to disk. CSV file format is recommended. This format can be opened

as a data array in Excel, as well as in Microtest, including all start/stop markers.

The sample and test details are stored in the file header. MTR files can only

be opened by Microtest.

B.2 Compression Testing

B.2.1 Mounting a Sample

Note: Travel is 5-15mm using the standard compression jaws.

Procedure

� Undo the four M3x50 cover fixing screws. If tensile jaws are fitted, the top two

M6 caphead screws need to be removed as well. Remove the top cover.

Figure B.7: Top cover

� If tensile jaws are already fitted, remove the tensile clamps. Attach the lower

compressive jaw.

� Assemble the top jaw assembly as shown in Figure ??. Clamp the top jaw

together using two M4x16 screws.
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Figure B.8: Top compressive jaw assembly

� Unscrew the collar assembly from the top cover (Fig. ??).

Figure B.9: Removal of collar assembly

� Place the collar onto the top jaw assembly as indicated in Figure ??.

� Fix the top cap to the top jaw assembly and secure using two M6x25 caphead

screws (Fig. ??).

� Screw the top jaw assembly into the microtest stage (Fig. ??).

� Replace the top cover and secure using the four M3x50 caphead screws.
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Figure B.10: Collar and top jaw assembly

Figure B.11: Complete top jaw assembly

Figure B.12: Insertion of top jaw assembly into stage

� To load a sample, remove the top cover, leaving the two M6 caphead screws in

position in the top assembly.

� If the mode is shown as Tensile then click on Setup → Mode → Compression

to set the system to compression mode.
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Note: The jaws cannot move if the force reading is ’Underrange’. If this happens

during setup, adjust zero offset to continue.

� Set the minimum extensiometer position to 15 mm in Setup → Module Setup.

Click ”Apply”. Press ”Open jaws”. This will allow the jaws to open to the

hardware limit.

� Once the module has reached its limit of travel, press ”STOP” and change the

minimum to 5 mm and press ¡Apply¿ and ¡OK¿. Set the current position to

15.992 mm in Displacement → Set Current Position.

� Measure the height of the sample and use the ”Goto mm (absolute)” function to

move the jaws to a distance that is the sample height plus 0.5mm. For example,

if the sample height is 10mm, move the jaws to a distance of 10.5mm.

� Place the sample on the bottom jaw and offset the force to 0N with Tools →

Set Loadcell zero offset.

� Refit the top cover and tighten the four M3 screws. If a force increase is seen

during this step, then the jaws may be too close together and contacting the

sample. Use the ”Goto mm(absolute)” function to increase the distance between

the jaws.

� Using the software, click ”Goto” and enter a force between 1N to 5N. This will

move the jaws so that contact is made with the sample. When this is complete,

the motor will stop automatically.

� Click ”Clear Data”.

� The stage is now ready for a compression test.
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B.2.2 Running a Compression Test

� Verify that mode is Compression.

� Set the Sampletime and MotorSpeed. For highly elastic samples, use a longer

sampletime and a faster motor speed. For brittle samples, use a slow motorspeed

and a fast sampletime (100mS). Make sure that the selected sampletime will

allow enough time for the test to complete (See Table ??).

� Set the gain if necessary. Calculate the maximum load that you plan to reach,

and choose the smallest range that includes this load. This will ensure the

highest gain resolution for this range. If the load exceeds this range during the

test, the gain will automatically scale, but a few data points will be lost at the

point where the resolution changes.

� There are several options for testing strategies, including prescribing extension

or load, or manually starting and stopping the motor. For full options, see

Section ??.

� Save file to disk. CSV file format is recommended. This format can be opened

as a data array in Excel, as well as in Microtest, including all start/stop markers.

The sample and test details are stored in the file header. MTR files can only

be opened by Microtest.

B.3 Motor Controls

B.3.1 Manual Controls

Start Motor

Starts the motor and data acquisition. The motor will start and the force, extension

and elapsed time will be displayed. The speed of the motor can be changed in
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Figure B.13: Manual motor controls

”MotorSpeed”.

Stop Motor

Stops the motor but allows data acquisition to continue, allowing relaxation of the

sample to be monitored. To continue recording data click on ”Start Motor” again.

Constant Load

This button is only enabled while the motor is running. Pressing this will start the

constant load mode. In this mode, the Microtest software will attempt to maintain

the current load on the sample for an indefinite period. The motor will run for short

periods in both directions as necessary in order to take up slack or to back off slightly.

A prompt will appear on the graph to indicate that this mode is active. It may not

always be possible to maintain a constant load in cases where the sample exhibits high

deformation, or is in the breaking transition. Be careful, since breaking characteristics

will be changed, as the module will attempt to maintain the decreasing force found

during fracture.
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Ramp Load

This feature aims to exert a steadily increasing (or decreasing) force upon the sample.

The mode is invoked by clicking on the ”Ramp Load” button on the motor control

panel. This then brings up a dialogue box in which the user can enter the rate of

change of load on the sample. This value is entered in N/min and can range from

1N/min up to the maximum value of the loadcell. If this value is positive, the force

increases with time. If it is negative, the force decreases. Clicking on ”OK” activates

the mode. A status box shows the current force, the target force, and the error. If the

force reaches maximum, or zero, the module is stopped. The module can be stopped

at any time by clicking ”STOP” or the ”Ramp Load” button.

Clear data

This clears the current data from the acquisition display area and resets the extension

reading to zero. The Start position will also be updated to match the current Absolute

position.

Close jaws

Clicking ”Close jaws” will move the stage until the jaws are as close together as

allowed by hardware and software limits. If the force goes overrange or underrange

during this moves, the motor will be stopped automatically.

STOP

At any time during any action, clicking the red STOP button will stop the motor

immediately, as well as data recording.
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Open jaws

Clicking ”Open jaws” will similarly move the jaws as far apart as allowed. If the

force goes overrange or underrange during this moves, the motor will be stopped

automatically.

B.3.2 Go to Controls

Figure B.14: Go to motor controls

You can select to move to a specific force, absolute position, or extension, or for

a specific duration. These target values can be above or below the current equivalent

value (except for time moves), which means that the stage will move in either direction

to achieve the requested result whilst still recording data. All Goto movements are

carried out at the current specified motor speed. To perform a Goto function, simply

select the desired units from the top four items (N, absolute, extension, time) and

then enter the target value into the box above. Finally, click ”Go to” and the stage

will move accordingly. If the requested target value is unachievable, a message will be

displayed. Pressing the red ”STOP” button at any time will abort the current move.

The following five options allow various actions to be performed once the target

value has been reached:
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Stop

When the target is reached, the motor and data acquisition will stop. This is equiv-

alent to pressing the red STOP button.

Measure

When the target is reached, the motor will be stopped but acquisition will continue.

This is equivalent to pressing the Stop motor button.

Constant load

When the target is reached, the software will automatically switch to constant load

mode, as described in Section ??.

Step

If this action is selected then the adjacent ”Set” button must be used to enter a

value before clicking ”Go to”. The step value can be positive or negative and this

allows the force or position to be moved in specified steps. The motor and acquisition

are stopped after each movement. This allows a complete test to be performed in

a number of discrete steps which enables images or measurements to be taken as

required. Clicking ”Go to” will move to the next step.

Cyclic test

If this action is selected then the adjacent ”Set” button must be used to enter the

desired values for the cyclic test before the ”Go to” button is clicked. As soon as the

target is reached during the goto move, a cyclic test will automatically start.
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Figure B.15: File menus

B.4 Important Software Features

B.4.1 Setup Menu

Module Setup

You can change the software displacement limit in this window (Extensometer- Min-

imum (mm) ). This should be the only setting you will need to change in everyday

operation, unless the PID values need to be adjusted.

Mode

Switch between Tensile and Compression modes.

Screen

Choose the elements to be displayed on the graph, including line style, start and stop

markers, and text information.

Sample Details

Enter height, width, and thickness of a rectangular sample or diameter and thickness

of a circular sample. This information is used to compute stress and strain, and is

recorded at the top of any saved data file.

B.4.2 Xscale

Changes what parameter is displayed on the x axis: points, actual distance, extension

distance, or time.
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B.4.3 Sampletime

Change the rate at which data points are recorded. Faster sampling rates are generally

better, but a maximum of 256,000 points can be recorded. See Table ?? for maximum

test duration for each sampling rate.

B.4.4 MotorSpeed

The displacement rate at which the motor will move.

B.4.5 Gain

Changes the hardware gain of the ADC force reading. For x 1 (full scale), the 16 bit

ADC resolution is distributed across 0-5000 N. For x 2 the resolution is distributed

over 0-2500 N, down to x 50 for 0-100 N. Compute the maximum planned force

beforehand, and choose the gain that will give the finest resolution over that range.

If the load exceeds this range during the test, the gain will automatically scale, but

a few data points will be lost at the point where the resolution changes.

B.4.6 Tools

Cursors

Attaches a cursor to the load curve, displaying the force and the reading for the

chosen x parameter. This is useful for determining what range of data points to look

at in Excel. Right click to jump to the maximum load data point.

Zoom

Zooms in on a section of the load curve. Drag the shaded rectangle on the main

graph to move the zoom region. When the track box is enabled, the window will

automatically move as new data is recorded.
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Stress/Strain

Displays the real time stress and strain in the sample, if the correct sample details

have been entered.

Break Detection

For unattended tests, it can be helpful to stop the system if the sample fractures. This

normally causes the measured force to drop below a certain value and this drop can

be detected using the Break detection function. When enabled, the load must first

rise above the top dotted line on the graph (Force + Hysteresis). Once this line has

been passed, break detection will activate once the load falls below the bottom dotted

line (Force). When this happens, both the motor and data recording are stopped.

Set Loadcell zero offset

Before inserting a sample, the loadcell amplifier zero offset must be set. This can

be done manually or automatically. The easiest method is to press Auto, then drag

the bar right or left until the force reading is as close to zero as possible. When you

insert the sample and tighten the clamps the force may change slightly because the

sample is now under stress. This could be a positive or negative stress, so the reading

could be positive or negative. Since the loadcell zero was set with no sample fitted,

the reading should now be showing the true force being applied to the sample.

Show jog controls

Manually position the motor. First press a speed, and then drag the slider left or

right. Left moves the jaws together, right moves them apart.
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B.4.7 Displacement

Set Current Position

During sample setup, this is the window where you enter the distance between the

jaws.



REFERENCES

[1] J.-M. Berthelot, “Transverse cracking and delamination in cross-ply glass-fiber

and carbon-fiber reinforced plastic laminates: Static and fatigue loading,”

Applied Mechanics Reviews, vol. 56, no. 1, pp. 111–147, 2003. [Online].

Available: http://link.aip.org/link/?AMR/56/111/1

[2] K. W. Garrett and J. E. Bailey, “Multiple transverse fracture in 90 deg

cross-ply laminates of a glass fibre-reinforced polyester,” Journal of Materials

Science, vol. 12, pp. 157–168, 1977, 10.1007/BF00738481. [Online]. Available:

http://dx.doi.org/10.1007/BF00738481

[3] R. Ketcham. (2012, May) X-ray computed tomography (ct). Science

Education Research Center, Carleton College. [Online]. Available: http:

//serc.carleton.edu/research education/geochemsheets/techniques/CT.html

[4] S. Stock, Microcomputed tomography: Methodology and applications. CRC,

2008.

[5] J. Sijbers and A. Postnov, “Reduction of ring artefacts in high resolution micro-ct

reconstructions,” Physics in medicine and biology, vol. 49, p. N247, 2004.

[6] K. Remeysen and R. Swennen, “Beam hardening artifact reduction in micro-

focus computed tomography for improved quantitative coal characterization,”

International journal of coal geology, vol. 67, no. 1, pp. 101–111, 2006.

[7] A. Scott, M. Mavrogordato, P. Wright, I. Sinclair, and S. Spearing,

“In situ fibre fracture measurement in carbon-epoxy laminates using high

resolution computed tomography,” Composites Science and Technology,

vol. 71, no. 12, pp. 1471 – 1477, 2011. [Online]. Available: http:

//www.sciencedirect.com/science/article/pii/S0266353811002090

106

http://link.aip.org/link/?AMR/56/111/1
http://dx.doi.org/10.1007/BF00738481
http://serc.carleton.edu/research_education/geochemsheets/techniques/CT.html
http://serc.carleton.edu/research_education/geochemsheets/techniques/CT.html
http://www.sciencedirect.com/science/article/pii/S0266353811002090
http://www.sciencedirect.com/science/article/pii/S0266353811002090


107

[8] J. Aboissiere, “Propagation de dommages d’impact dans un materiau compos-

ite stratifie a fibres de carbone et resine epoxyde,” Ph.D. dissertation, Ecole

Nationale Suprieure d’Ingnieurs de Constructions Aronautiques, 2003.

[9] J. Hoover, D. Kujawski, and F. Ellyin, “Transverse cracking of symmetric

and unsymmetric glass-fibre/epoxy-resin laminates,” Composites Science and

Technology, vol. 57, no. 11, pp. 1513 – 1526, 1997. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S0266353897000821

[10] J. A. Nairn and S. Hu, “Micromechanics of damage: A case study of matrix

microcracking,” Damage Mechanics of Composite Materials, pp. 187–243, 1994.

[11] J. A. Nairn, “Matrix microcracking in composites,” 2000. [Online]. Available:

http://citeseerx.ist.psu.edu/viewdoc/summary?doi=?doi=10.1.1.36.1505

[12] P. Leblond, A. E. Mahi, and J.-M. Berthelot, “2d and 3d numerical

models of transverse cracking in cross-ply laminates,” Composites Science

and Technology, vol. 56, no. 7, pp. 793 – 796, 1996, 9th French

National Colloquium on Composite Materials. [Online]. Available: http:

//www.sciencedirect.com/science/article/pii/026635389600022X

[13] A. Kitano, K. Yoshioka, K. Noguchi, and J. Matsui, “Edge finishing effects on

transverse cracking of cross-ply cfrp laminates,” vol. 5, 1993, pp. 169–176.

[14] A. Parvizi, K. W. Garrett, and J. E. Bailey, “Constrained cracking

in glass fibre-reinforced epoxy cross-ply laminates,” Journal of Materials

Science, vol. 13, pp. 195–201, 1978, 10.1007/BF00739291. [Online]. Available:

http://dx.doi.org/10.1007/BF00739291

[15] D. L. Flaggs and M. H. Kural, “Experimental determination of the in

situ transverse lamina strength in graphite/epoxy laminates,” Journal of

Composite Materials, vol. 16, no. 2, pp. 103–116, 1982. [Online]. Available:

http://jcm.sagepub.com/content/16/2/103.abstract

[16] M. G. Bader, J. E. Bailey, P. T. Curtis, and A. Parvizi, “The mechanisms of

initiation and development of damage in multi-axial fibre-reinforced plastics lam-

inates,” 3rd Int’l Conf. on Mechanical Behavior of Materials, pp. 227–239, 1979.

[17] J. E. Bailey, P. T. Curtis, and A. Parvizi, “On the transverse cracking and lon-

gitudinal splitting behaviour of glass and carbon fibre reinforced epoxy cross ply

http://www.sciencedirect.com/science/article/pii/S0266353897000821
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=?doi=10.1.1.36.1505
http://www.sciencedirect.com/science/article/pii/026635389600022X
http://www.sciencedirect.com/science/article/pii/026635389600022X
http://dx.doi.org/10.1007/BF00739291
http://jcm.sagepub.com/content/16/2/103.abstract


108

laminates and the effect of poisson and thermally generated strain,” Proceedings

of the Royal Society of London. Series A, Mathematical and Physical Sciences,

vol. 366, pp. 599–623, 1979.

[18] F. Lagattu and M. Lafarie-Frenot, “Variation of peek matrix crystallinity in

apc-2 composite subjected to large shearing deformations,” Composites Science

and Technology, vol. 60, no. 4, pp. 605 – 612, 2000. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S0266353899001694

[19] E. Totry, J. M. Molina-Aldaregua, C. Gonzlez, and J. LLorca, “Effect of

fiber, matrix and interface properties on the in-plane shear deformation

of carbon-fiber reinforced composites,” Composites Science and Technology,

vol. 70, no. 6, pp. 970 – 980, 2010. [Online]. Available: http:

//www.sciencedirect.com/science/article/pii/S0266353810000734

[20] P. Ladeveze and E. LeDantec, “Damage modelling of the elementary ply for

laminated composites,” Composites Science and Technology, vol. 43, no. 3, pp.

257 – 267, 1992. [Online]. Available: http://www.sciencedirect.com/science/

article/pii/026635389290097M

[21] P. Ladeveze and G. Lubineau, “On a damage mesomodel for laminates:

micro-meso relationships, possibilities and limits,” Composites Science and

Technology, vol. 61, no. 15, pp. 2149 – 2158, 2001. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S0266353801001099

[22] F. Crossman and A. S. D. Wang, “The dependence of transverse cracking and de-

lamination on ply thickness in graphite/epoxy laminates,” Damage In Composite

Materials, vol. 775, pp. 118–139, 1982.

[23] R. Talreja, S. Yalvac, L. D. Yats, and D. G. Wetters, “Transverse cracking

and stiffness reduction in cross ply laminates of different matrix toughness,”

Journal of Composite Materials, vol. 26, no. 11, pp. 1644–1663, 1992. [Online].

Available: http://jcm.sagepub.com/content/26/11/1644.abstract

[24] Y. Matsuhisa and J. E. King, “Effects of fibre surface treatment and test tem-

perature on monotonic and fatigue properties of carbon fibre epoxy cross ply

laminates,” Proc. European Conf. on Composites Testing and Standardization,

pp. 267–276, 1993.

http://www.sciencedirect.com/science/article/pii/S0266353899001694
http://www.sciencedirect.com/science/article/pii/S0266353810000734
http://www.sciencedirect.com/science/article/pii/S0266353810000734
http://www.sciencedirect.com/science/article/pii/026635389290097M
http://www.sciencedirect.com/science/article/pii/026635389290097M
http://www.sciencedirect.com/science/article/pii/S0266353801001099
http://jcm.sagepub.com/content/26/11/1644.abstract


109

[25] J. Varna, L. A. Berglund, and H. Bjornberg, “On the determination of transverse

strain to failure in composites,” 1994, pp. 267–276.

[26] J. Renard, J.-P. Favre, and T. Jeggy, “Influence of transverse cracking on

ply behavior: Introduction of a characteristic damage variable,” Composites

Science and Technology, vol. 46, no. 1, pp. 29 – 37, 1993. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/026635389390078U

[27] O. Ceysson, M. Salvia, and L. Vincent, “Damage mechanisms characterization

of carbon fiber/epoxy composite laminates by both electrical resistance measure-

ments and acoustic emission analysis,” Scripta Materialia, vol. 34, pp. 1273–1280,

1996.

[28] A. Todoroki, M. Tanaka, and Y. Shimamura, “Measurement of orthotropic

electric conductance of cfrp laminates and analysis of the effect on delamination

monitoring with an electric resistance change method,” Composites Science

and Technology, vol. 62, no. 5, pp. 619–628, 2002. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S0266353802000192

[29] ——, “Electrical resistance change method for monitoring delaminations of cfrp

laminates effect of spacing between electrodes,” Compos. Sci. Technol., vol. 65,

pp. 37–46, 2005. [Online]. Available: http://www.sciencedirect.com/science/

article/pii/S0266353804001587

[30] D.-C. Seo and J.-J. Lee, “Damage detection of cfrp laminates using

electrical resistance measurement and neural network,” Composite Structures,

vol. 47, no. 14, pp. 525 – 530, 1999, ¡ce:title¿Tenth International

Conference on Composite Structures¡/ce:title¿. [Online]. Available: http:

//www.sciencedirect.com/science/article/pii/S0263822300000167

[31] K. Maslov, R. Y. Kim, V. Kinra, and N. J. Pagano, “A new

technique for the ultrasonic detection of internal transverse cracks in

carbon-fibre/bismaleimide composite laminates,” Composites Science and

Technology, vol. 60, no. 1213, pp. 2185 – 2190, 2000. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S0266353800000130

[32] T. Mizutani, Y. Okabe, and N. Takeda, “Quantitative evaluation of transverse

cracks in carbon fiber reinforced plastic quasi-isotropic laminates with

embedded small-diameter fiber bragg grating sensors,” Smart Materials

http://www.sciencedirect.com/science/article/pii/026635389390078U
http://www.sciencedirect.com/science/article/pii/S0266353802000192
http://www.sciencedirect.com/science/article/pii/S0266353804001587
http://www.sciencedirect.com/science/article/pii/S0266353804001587
http://www.sciencedirect.com/science/article/pii/S0263822300000167
http://www.sciencedirect.com/science/article/pii/S0263822300000167
http://www.sciencedirect.com/science/article/pii/S0266353800000130


110

and Structures, vol. 12, no. 6, p. 898, 2003. [Online]. Available:

http://stacks.iop.org/0964-1726/12/i=6/a=006

[33] N. Takeda, “Characterization of microscopic damage in composite laminates

and real-time monitoring by embedded optical fiber sensors,” International

Journal of Fatigue, vol. 24, no. 2, pp. 281–289, 2002. [Online]. Available:

http://www.sciencedirect.com/science/article/pii/S0142112301000834

[34] Y. Okabe, S. Yashiro, T. Kosaka, and N. Takeda, “Detection of transverse

cracks in cfrp composites using embedded fiber bragg grating sensors,”

Smart materials and structures, vol. 9, p. 832, 2000. [Online]. Available:

http://iopscience.iop.org/0964-1726/9/6/313

[35] Y. Okabe, T. Mizutani, S. Yashiro, and N. Takeda, “Detection of microscopic

damages in composite laminates: with embedded small-diameter fiber bragg

grating sensors,” Composites science and technology, vol. 62, no. 7-8, pp.

951–958, 2002. [Online]. Available: http://www.sciencedirect.com/science/

article/pii/S026635380200009X

[36] Y. Okabe, N. Tanaka, and N. Takeda, “Effect of fiber coating on crack detection

in carbon fiber reinforced plastic composites using fiber bragg grating sensors,”

Smart materials and structures, vol. 11, p. 892, 2002. [Online]. Available:

http://iopscience.iop.org/0964-1726/11/6/310

[37] Y. Okabe, R. Tsuji, and N. Takeda, “Application of chirped fiber bragg

grating sensors for identification of crack locations in composites,” Composites

Part A: applied science and manufacturing, vol. 35, no. 1, pp. 59–65,

2004. [Online]. Available: http://www.sciencedirect.com/science/article/pii/

S1359835X03002823

[38] S. Stock, “X-ray microtomography of materials,” International Materials Re-

views, vol. 44, no. 4, pp. 141–164, 1999.

[39] G. Herman, Fundamentals of Computerized Tomography: Image Reconstruction

from Projections. Springer Verlag, 2009.

[40] E. Ritman, “Current status of developments and applications of micro-ct,” An-

nual Review of Biomedical Engineering, vol. 13, pp. 531–552, 2011.

http://stacks.iop.org/0964-1726/12/i=6/a=006
http://www.sciencedirect.com/science/article/pii/S0142112301000834
http://iopscience.iop.org/0964-1726/9/6/313
http://www.sciencedirect.com/science/article/pii/S026635380200009X
http://www.sciencedirect.com/science/article/pii/S026635380200009X
http://iopscience.iop.org/0964-1726/11/6/310
http://www.sciencedirect.com/science/article/pii/S1359835X03002823
http://www.sciencedirect.com/science/article/pii/S1359835X03002823


111

[41] P. Wright, I. Sinclair, and S. Spearing, “High resolution tomographic imaging

and modelling of notch tip damage,” Composites Science and Technology, vol. 70,

pp. 1444–1452, 2010.

[42] J. Baruchel, J. Buffiere, P. Cloetens, M. Di Michiel, E. Ferrie, W. Ludwig,

E. Maire, and L. Salvo, “Advances in synchrotron radiation microtomography,”

Scripta materialia, vol. 55, no. 1, pp. 41–46, 2006.

[43] C. Marston, B. Gabbitas, and J. AdamsSteven, “Failure characteristics in car-

bon/epoxy composite tows,” Composites Part A: Applied Science and Manufac-

turing, vol. 27, no. 12, pp. 1183–1194, 1996.

[44] N. Pagano, “On the micromechanical failure modes in a class of ideal brittle

matrix composites. part 1. coated-fiber composites,” Composites Part B: Engi-

neering, vol. 29, no. 2, pp. 93–119, 1998.

[45] K. Pickering, M. Bader, and A. Kimber, “Damage accumulation during the fail-

ure of uniaxial carbon fibre composites,” Composites Part A: Applied Science

and Manufacturing, vol. 29, no. 4, pp. 435–441, 1998.

[46] W. Cantwell and J. Morton, “The significance of damage and defects and their

detection in composite materials: a review,” The Journal of Strain Analysis for

Engineering Design, vol. 27, no. 1, p. 29, 1992.

[47] M. Bannister, I. Herszberg, A. Nicolaidis, F. Coman, and K. Leong, “The man-

ufacture of glass/epoxy composites with multilayer woven architectures,” Com-

posites Part A: Applied Science and Manufacturing, vol. 29, no. 3, pp. 293–300,

1998.

[48] S. Lomov, D. Ivanov, T. Truong, I. Verpoest, F. Baudry, K. Vanden Bosche,

and H. Xie, “Experimental methodology of study of damage initiation and de-

velopment in textile composites in uniaxial tensile test,” Composites science and

technology, vol. 68, no. 12, pp. 2340–2349, 2008.

[49] Y. Kyriakou, D. Prell, and W. Kalender, “Ring artifact correction for high-

resolution micro ct,” Physics in medicine and biology, vol. 54, p. N385, 2009.

[50] L. Djukic, I. Herszberg, W. Walsh, G. Schoeppner, B. Gangadhara Prusty, and

D. Kelly, “Contrast enhancement in visualisation of woven composite tow ar-

chitecture using a microct scanner. part 1: Fabric coating and resin additives,”



112

Composites Part A: Applied Science and Manufacturing, vol. 40, no. 5, pp. 553–

565, 2009.

[51] L. Djukic, I. Herszberg, W. Walsh, G. Schoeppner, and B. Gangadhara Prusty,

“Contrast enhancement in visualisation of woven composite architecture using a

microct scanner. part 2: Tow and preform coatings,” Composites Part A: Applied

Science and Manufacturing, vol. 40, no. 12, pp. 1870–1879, 2009.

[52] P. Schilling, B. Karedla, A. Tatiparthi, M. Verges, and P. Herrington, “X-ray

computed microtomography of internal damage in fiber reinforced polymer ma-

trix composites,” Composites Science and Technology, vol. 65, no. 14, pp. 2071–

2078, 2005.

[53] J. Gui, J. Zou, J. Rong, Z. Hu, Q. Zhang, H. Zheng, and D. Xia, “Investigation of

the effect of tube voltage and imaging geometry on phase contrast imaging for a

micro-ct system,” Nuclear Instruments and Methods in Physics Research Section

A: Accelerators, Spectrometers, Detectors and Associated Equipment, 2011.

[54] D. Aroush, E. Maire, C. Gauthier, S. Youssef, P. Cloetens, and H. Wagner,

“A study of fracture of unidirectional composites using in situ high-resolution

synchrotron x-ray microtomography,” Composites science and technology, vol. 66,

no. 10, pp. 1348–1353, 2006.

[55] A. Furrow, D. Dillard, T. Clair, and J. Hinkley, “Dye penetrant induced micro

cracking in high performance thermoplastic polyimide composites,” Journal of

composite materials, vol. 32, no. 1, pp. 31–48, 1998.

[56] F. Lachaud, C. Espinosa, L. Michel et al., “Prevision de l’endommagement de

composites stratifies carbone-epoxy sous chargement de type impact,” 2011.


	List of Figures
	List of Tables
	Acronyms
	List of Symbols
	Introduction
	Damage in Carbon Fiber Composites
	Damage Types
	Transverse Cracking
	Debonding

	Mesoscale Damage Modeling
	Damage Observation Methods
	X-ray Inspection
	Edge Examination
	Acoustic Emission
	Electrical Detection
	C-Scan
	FBG Sensors
	Micro CT


	X-ray Computed Tomography
	Basic Concepts
	Process
	Cone Beam Micro CT
	Synchrotron Micro CT

	Advantages
	Disadvantages
	Micro CT Studies of Composites
	Dye Penetrants
	Examples of CT Results

	Process
	Materials
	Shear Tensile Testing (Mode III)
	Microcracking Tensile Testing (Mode II)
	Edge Examination
	Dye Penetrants
	Computerized Tomography
	Future Work


	Results and Discussion
	Shear Tensile Testing (Mode III)
	Microscopy Edge Examination
	Dye Penetrant Contrast Enhancement
	Computerized Tomography

	Conclusion
	Summary
	Future Research Work

	Appendices
	XT H 225 MicroCT Guide
	General Notes
	X-ray Controller
	Auto-Conditioning
	Filament Change and Calibration

	Manipulator Controls
	Controls Window

	Image Processing
	Image Information
	Background Subtraction

	CT Acquisition
	Sample Setup
	Reference Images
	Center of Rotation
	Reconstruction Setup
	Acquisition

	Reconstruction
	Image
	Center of Rotation
	Setup
	Calibration
	Volume

	Post-Reconstruction Processing

	Deben 5kN Tensile Stage Guide
	Tensile Testing
	Mounting a Sample
	Running a Tensile Test

	Compression Testing
	Mounting a Sample
	Running a Compression Test

	Motor Controls
	Manual Controls
	Go to Controls

	Important Software Features
	Setup Menu
	Xscale
	Sampletime
	MotorSpeed
	Gain
	Tools
	Displacement


	References

