
Chapter 6

Computed Tomography

Many of the early developments of X-ray-based computed tomography (CT) go

back to the pioneering work of Cosslett and Nixon [1–4]. The method of computed

tomography is understood as any computer-aided tomographic process (usually

involving X-rays) to produce 3D representations of the scanned object both exter-

nally and internally. This inspection method has been substantially improved since

its technological beginnings in the 1970s and allows inspecting fiber reinforced

composite materials nowadays with remarkable precision. Some of the key uses for

industrial CT scanning involve flaw detection, failure analysis, metrology, assem-

bly analysis, and reverse engineering applications [5]. X-ray-based computed

tomography is an established technology, which is readily available from commer-

cial companies. Consequently, the focus of this chapter is not to cover all funda-

mentals of the measurement method but its application and limitation in the context

of defect sensing in fiber reinforced materials. For a more detailed review on the

method of computed tomography, the reader is instead referred to some recent

books on this topic [6–8].

To start with the chapter, first an overview on the principle of operation of CT is

provided, and some basic configurations of CT are presented. The subsequent

section has its focus on the present limitations in terms of CT resolution, including

artifacts and typical failure modes as encountered in fiber reinforced materials. One

section is used to review the important concepts involving combinations of

mechanical loading of materials with CT imaging. As further development of

DIC methods, the important aspect of digital volume correlation (DVC) and its

application to fiber reinforced materials are discussed. Finally some applications of

CT to assess the failure progression in composite materials along with possibilities

to use CT information in modeling approaches are presented.
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6.1 Principle of Operation

A conventional X-ray inspection is based on a simple projection of the test object

onto a detector using a point-like X-ray source. This simple geometrical arrange-

ment as seen in Fig. 6.1 causes a projection of the object volume to the detector and

has been termed “shadow microscopy.” The magnification factor of the test object

is primarily determined by the distance between source and object as well as the

distance between the object and the detector.

In order to yield a difference in detected X-ray intensity, two main effects can be

distinguished:

1. The detected intensity may be decreased due to a material with higher X-ray

absorption.

2. The detected intensity may be decreased due to a test object with higher

thickness.

Hence, one projection direction may not allow to distinguish between both

effects, since a reduction in detected X-ray intensity could be due to either effect

or a combination of both.

In contrast to the conventional 2D projection, the process of CT uses projections

of the test object acquired at different angles and combines their information to

yield a volumetric structure of the test object. This is only possible by usage of a

reconstruction algorithm operating on discretized versions of the projection images.

The typical CT configuration basically requires three components, an X-ray

source, a moveable table carrying the test object, and a detector system. Although

there are many types of CT configurations available, only the most common type of

cone-beam CT will be explained in the following, since it was used for the

experimental results shown in this chapter.

For a CT scan, the test object is placed on a rotary table. Similar to the principle

of “shadow microscopy,” in CT the test object can be moved closer to the source to

yield higher magnification or closer to the detector to yield lower magnification.

One very important factor for cone-beam CT is that the part must fit in the field of

view of the detector to allow proper reconstruction (Fig. 6.2). After the initial

alignment, the test object is rotated 360� and 2D X-ray projections are taken at

light source
projectionobject

Fig. 6.1 Arrangement of

source, test object, and

detector in “shadow

microscopy”
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distinct angles. For typical CT acquisitions, the number of X-ray images ranges

from several hundreds to several thousands in a single rotation of the test object.

The individual images are then reconstructed to create a 3D volume representation

of the test object. If the test object does not allow a full 360� rotation, special

reconstruction algorithms are used to allow scans based on projected images

acquired at fractions of the full 360� rotation.
In the following, some key aspects of CT are discussed in more detail to allow a

better understanding on how the X-ray source, the detector, and the reconstruction

algorithm influence the imaging process. In the context of this book, the main

application is to visualize the interior volume of fiber reinforced materials.

In order to improve the resolution of X-ray microscopes, one of the key chal-

lenges was to achieve a smaller source size, while keeping or increasing the

brightness of the source to allow for reasonable exposure times. This lead to the

geometrical arrangement of X-ray tubes nowadays referred to as micro-focus or

nano-focus tubes as seen in Fig. 6.3 which constitute the most frequently used X-ray

source.1

As with any conventional X-ray tube, the first step is a generation of a free

electron gas using thermionic emission by a heating voltage UH applied to a coil

located inside a vacuum tube. The free electrons are focused to leave a filament grid

and form an electron beam using a voltage UG. By using an acceleration voltage

Uacc between the emission coil and an anode, the electron beam is further acceler-

ated and directed towards a target material. The target material (typically tungsten

or molybdenum) is hit by the electron beam, and X-rays are released in form of

deceleration radiation and characteristic radiation. To achieve a high resolution, a

small focal spot size and thus a small interaction volume between electron beam

and target material are necessary. In order to minimize the focal spot size, the

electron beam is typically focused using magnetic lens systems minimizing its

cross-section at the position of target impact. In addition, high-resolution tube

systems use target materials, which are comparatively thin and are arranged per-

pendicular to the incident beam (transmission tubes). This is in contrast to the usual

source detector

object

y

z

θ

x

cone-beam

table

Fig. 6.2 Typical

arrangement of cone-beam

CT

1 In principle, radioisotopes could also be used to generate 2D projections of objects as frequently

done in field applications. However, the handling aspects and the intensity decay of these sources

practically inhibit their use for computed tomography applications.

6.1 Principle of Operation 459



configuration with oblique incidence of the electron beam onto a thick target

material, a configuration which is known as directional tubes. In any case the

X-rays are released within the target material and radiate outward from their

position. This causes a typical cone-shaped X-ray beam spreading starting at the

source spot.

A superior technological alternative as an X-ray source for CT is synchrotron

radiation. When electrons traveling at ultrarelativistic speeds are forced by a

magnetic field to travel in a curved path, synchrotron radiation is produced. In

theory, the ultrarelativistic speed will change the observed radiation frequency due

to the Doppler effect. The relativistic length contraction changes the radiated

frequencies further, thus effectively yielding electromagnetic radiation in the

X-ray spectrum. The radiation pattern can be distorted from an isotropic dipole

pattern into an extremely forward-pointing cone of radiation depending on the

velocity of the electrons. Synchrotron radiation is the brightest artificial source of

X-rays and may be achieved artificially in synchrotrons or storage rings. The

electromagnetic radiation produced in this way has a characteristic polarization,

and the high intensity photon beam allows fast exposure times for CT scanning. In

addition, the high brilliance of the synchrotron beam generates a small divergence

and enables a small source spot size.

Another important component to achieve high-resolution volumetric represen-

tation of objects is the detector system. For computed tomography this is a device

that captures X-rays and usually converts them to light in the visible spectrum.

Among the most relevant detector concepts used, there are scintillator systems and

flat-panel detectors. In practice this includes line scanners and array scanners to

produce 1D or 2D projections of the test object.

For the scintillator systems, the incident X-rays are first converted by a scintil-

lator crystal into visible light. A photo cathode is then used to convert the visible

light into electrons, which are accelerated and focused onto a fluorescent screen.

The projected image on the fluorescent screen is then detected by a CCD camera

system and constitutes the final 2D digital image. As technological alternative, the

filament grid
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Fig. 6.3 Configurations of X-ray transmission tubes (a) and tubes using directional design (b)
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digital flat-panel detectors use a thin scintillation foil directly applied on a matrix

array of photodiodes operating in the range of emitted visible light. The detected

photon intensity is then turned into a 2D digital image. Some of the recent

developments consider the overall pixel resolution of the detector arrays, which

has a direct impact on the detail visibility. In addition, digital detectors come in a

variety of pixel pitches which is the space between pixels. Typically a detector with

a smaller pixel pitch relates to longer image acquisition time and higher costs and

requires a higher photon flux to produce an image. A larger pixel pitch requires less

energy to light up the pixels and is cheaper to manufacture but reduces resolution.

As fundamental principle of computed tomography, the 2D projections by itself

are meaningless without further processing by a reconstruction algorithm. The task

of the latter is the generation of 2D slices transverse to the axis of rotation and the

subsequent stacking of these individual slices to produce a 3D volume. The usual

algorithm, which is applied to this end, is the filtered back projection, which is

based on the Radon transformation developed in 1917 by Radon [9]. Since the

ongoing developments in this particular field expand beyond the level of detail

intended for this chapter, the interested reader is referred to some recent literature in

this area for more precise information [6–8].

6.2 Detail Visibility

Within this section the important aspect of detail visibility is reviewed. The term

detail visibility accounts for our perception of the scanned objects. Since this is not

equivalent to the system resolution, it needs some further specification. In most of

the imaging technologies, detail visibility is used for the (human) ability to identify

a certain object as what it is. Thus it can be understood as the necessary resolution

of the image in terms of pixels or voxels sufficient to allow spotting a detail, which

is different to its surrounding. However, in a general situation, an exact definition of

detail visibility is quite challenging, since our perception is substantially influenced

on whether the relevant structure is isolated against a background or whether the

structure is periodic with a certain grid length. In the context of this chapter, the

term will be used in conjunction with the aspect of visualization of defects in fiber

reinforced materials. Some examples of CT images are presented at the end of this

section to provide a subjective feeling of detail visibility as achieved by the state-of-

the art computed tomography devices.

Before, the two main contributions influencing detail visibility are discussed.

First, the overall object resolution as well as induced uncertainties of the experi-

mental configuration of the 2D projections is derived. Second, the aspects of image

artifacts arising from material combinations, reconstruction algorithms, and other

effects are presented.
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6.2.1 Object Resolution

Based on the concept of shadow microscopy, the geometrical magnification M is

readily derived by the length of the focus-object-distance (FOD) and the length of

the focus-detector-distance (FDD) as

M ¼ FDD

FOD
ð6:1Þ

This simple geometrical relationship is shown in Fig. 6.4a schematically and as

measurement result of a composite material in Fig. 6.5.

In principle, (6.1) would allow arbitrary large magnification factors, given the

size of the detector is scaled accordingly. However, the actual object resolution is

not just determined by the geometrical magnification factor. To assess the final

resolution of the measurement system, there are three contributions from the

experimental equipment to take into account:

1. Pixel size eP
2. Focal spot size eF
3. Mechanical stability

point-source detectorobject

FDD
FOD

a b

real source detectorobject

Fig. 6.4 Definition of geometrical magnification factor (a) and relation between penumbra effect

and focal spot size (b)

M=5.5
1 mm

M=2.4
1 mm

Fig. 6.5 Comparison of CT scan slice of same object with different magnification factors
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The acquired digital images are spatially discretized by the pixel array of

individual size eP. This constitutes the fundamental length scale of spatial resolution

at the position of the detector. The absolute resolution of the volume produced from

such 2D images is generally referred to as voxel size Ṽ, which is defined by the

pixel size eP and the geometric magnification factor M:

eV ¼
eP
M

ð6:2Þ

The overall resolution of the system is further limited by the effect of unsharpness

resulting in blurred images. The geometric unsharpness dg is mostly due to the focal

spot size eF. The latter causes a penumbra effect as seen in Fig. 6.4b and may be

written in terms of the geometric magnification as

dg ¼ eF M � 1ð Þ ð6:3Þ

Thus, the higher M, the larger the impact on dg as seen by the schematically

comparison in Fig. 6.6.

Finally, the mechanical stability of the configuration may result in unintended

movement of the object and thus may introduce additional movement unsharpness

dmov. The latter is linked to the rotation of the test object and may be induced by

tilting of the object during scanning. However, given the test object is tightly fixed

and has sufficient stiffness, this effect is usually negligible. As another factor of

mechanical movement during image acquisition, temperature gradients may cause

a slow change in the dimensions of the test object or the geometric arrangement as

such. Under usual operating conditions, the CT systems are designed in a way that

the thermal expansion of the system is minimal and therefore the effect is usually

also negligible. For the dimensional change of the test object, the thermal conduc-

tivity and the thermal expansion coefficients are relevant quantities. These strictly

depend on the scanned material and thus may induce according thermal expansion

of the test object. However, within the usual change of temperature, this effect is

negligible for most materials. The sum of all of these movement effects will lead to

high magnification

F

FOD
a b

dg

P

low magnification

F

FOD

dg

P

Fig. 6.6 Relation between magnification factor and geometrical unsharpness for high (a) and low
(b) magnification factor
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an additional unsharpness proportional to M in the acquired image and, hence, will

directly influence the resolution of the volume.

The total unsharpness dtot of the system may then be derived by combination of

the geometric unsharpness, the movement unsharpness, and the pixel size, yielding

dtot ¼ 1

M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2mov þ d2g þ eP2

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dmov

M

� �2

þ
eF M � 1ð Þ

M

 !2

þ eV2

vuut ð6:4Þ

Thus for a detector pixel size eP � dtot and dmov ! 0, the focal spot size is the

limiting factor for image resolution. In contrast, for pixel size eP � dtot and

dmov ! 0, the pixel size will be the limiting factor.

In high-resolution imaging, the ultimate resolution is usually limited by the focal

spot size eF. For the case of microstructure as found in fiber reinforced materials, an

empirical value of the maximum detail detectability may be approximately 1/3 of

the focal spot size eF.
As an example of this relationship, a series of cross-sectional images of the same

object are shown as function of the focal spot size eF in Fig. 6.7 for a constant

magnification factorM ¼ 5:5. Clearly, the smallest spot size comes with best detail

visibility. When changing eF to larger sizes, this induces noise in the images,

therefore reducing the possibility to resolve details of the composite microstructure.

6.2.2 Artifacts

In the context of computed tomography, the term artifact is applied to any system-

atic discrepancy between the attenuation values in the reconstructed volume and the

true attenuation coefficients of the test object [10, 11]. CT images are easily

affected by various artifacts since the final volumetric image is based on a multitude

of independent measurements. The reconstruction algorithm assumes that all these

measurements are consistent, so any inconsistency during the measurement will

directly transfer into an error in the reconstructed volume. As general terminology

used for artifacts in computed tomography, Barrett and Keat suggest the following

four artifact types [10]:

(a) Streaking

(b) Shading

(c) Rings

(d) Image distortion

Further it is possible to group the artifacts according to their origins into four

categories:
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1. Physics-based artifacts, which result from the physical processes involved in the

acquisition of the projection images

2. Hardware-based artifacts, which result from imperfections in the acquisition

system

3. Reconstruction artifacts, which are caused by the deficiencies in the image

reconstruction process

4. Motion artifacts, which are caused by movement of the test object during

acquisition

In the following, typical artifacts of these four categories are discussed following

the considerations made by [10] for medical applications, but are generalized in

their meaning to the field of material analysis, and distinct examples in application

to fiber reinforced materials are presented.

Fig. 6.7 Comparison of CT

scan slice of same object

with different spot sizes eF at

constant magnification

factor M ¼ 5:5
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6.2.2.1 Physics-Based Artifacts

Beam Hardening

As a polychromatic X-ray beam passes through matter, low-energy photons are

preferentially absorbed, and the attenuation is no longer a linear function of

absorber thickness. Hence, the beam becomes “harder” because the lower-energy

photons are absorbed more rapidly than the higher-energy photons, and therefore

the mean energy of the beam increases [10, 12]. This may induce several types of

artifacts frequently occurring during scans of fiber reinforced materials. Among the

types of beam hardening artifacts, there are the so-called cupping artifacts, the

appearance of dark bands or streaks between objects with high density, and

the glooming of high-density inclusions. Several algorithms are available in mod-

ern reconstruction programs to minimize the effect of beam hardening to some

extent [13–15].

Cupping Artifact

The occurrence of cupping artifacts is readily explained following [12] by consid-

ering the attenuation profile observed for a uniform cylinder as seen in Fig. 6.8a.

Ideally, the attenuation profile would resemble a certain shape allowing a recon-

struction of the cylinder in its expected shape. However, the beams passing through

the center of the cylinder suffer more from beam hardening than those passing the

edges. Since higher-energy X-rays are attenuated less during propagation, the

projection areas with more beam hardening suffer less from attenuation than

theoretically expected. The reconstruction of these falsified projections thus causes

a characteristic cupped shape at the edges of the cylinder.

This type of artifact is frequently observed at the edge of the material, i.e., the

interface between the surrounding air and the solid. This causes the white shade at

the edge of the cross-section of the fiber reinforced material seen in Fig. 6.8b and

should not be misinterpreted as material with higher density.

attenuation

detector position

uniform cylinder

ba

ideal projection

projection with
beam hardening

65 µm

cupping

Fig. 6.8 Attenuation profiles obtained with and without beam hardening for an X-ray beam

passing through a uniform cylinder (a) and example of cupping artifact in CT scan (b)
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Dark Bands

Another type of artifact, which may occur due to beam hardening, are dark bands

caused by spatially close high-density inclusions or oriented high-density materials.

In such a situation, the incident beam is affected more by beam hardening for the

path between source and detector where the high-density object is aligned with the

beam direction (Fig. 6.9a) and suffers less for the path perpendicular to this

arrangement (Fig. 6.9b). As consequence, the regions behind projection directions

with strong beam hardening appear with higher density than in reality. This effect is

visible as dark bands extruding from these projection directions. As an example for

this effect, a reconstructed slice of a CT scan of a fiber-metal laminate is shown in

Fig. 6.9c. In this case, the thin steel layer has much higher density than the

surrounding fiber reinforced material and therefore acts as high-density inclusion.

Along the long axis of the metal sheet, strong dark bands extrude from the position

of the specimen edge.

High-Density Foreign Material Artifact

Similar to the previous two effects, the presence of a material with comparatively

high density to the surrounding material can generally lead to visible streaking

artifacts. These typically occur because the density of the material may exceed the

measurement range of the detector system and thus results in an incorrect attenu-

ation measurement. In the context of fiber reinforced materials, any metallic

inclusions may cause this type of artifact. Since metallic materials attenuate the

X-ray beam much more than the polymeric matrix system or the typical reinforce-

ment fibers, the attenuation values of objects behind the metallic inclusion are

measured too high. Due to the application of the reconstruction algorithm to this

attenuation

detector position

a b c

X-ray beam

high density

low density

3 mm

attenuation

detector position

dark bands

CFRP

steel

Fig. 6.9 Origin of dark bands due to beam hardening effects (a, b) and example of dark bands due

to high-density inclusion (steel layer) in a carbon fiber reinforced polymer (c)
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incorrect measurement of the attenuation profile, bright and dark streaks in trans-

verse directions to the rotation axis may appear in the CT image.

The effect of this incorrect measurement of the density is visible as bright glow

around the high-density object. For the case of the fiber-metal laminate shown in

Fig. 6.10b, this causes a characteristic glow at the interface between the thin

metallic sheet and the fiber reinforced material reducing visibility of details at

this interface. As another example, streak bands due to a particle of high density

included in a fiber reinforced polymer are shown in Fig. 6.10c.

Partial Volume Averaging

The algorithms used in CT data reconstruction assume that the object is completely

covered by the detector at all view angles and that the attenuation is caused by the

object only. In cases where this situation is not fulfilled, the CT reconstruction starts

to show truncated sections. Due to the divergence of the X-ray beam, this is usually

visible at the end of the reconstructed volume if the scanned region is smaller than

the object (see Fig. 6.11a). This occurs because the finite size of the detector does

not allow measuring the full attenuation profile of the cone beam, since the red areas

are not equally scanned at all angles. This effect is exemplarily shown for a

reconstruction of a piece of fiber reinforced material in Fig. 6.11b.

Another artifact related to the partial volume effect is mostly relevant to the

specific scanning configuration of helix tomography. Here line scanners instead of

array scanners are used to produce each reconstructed slice. The feed of the test

object is done mechanically, so the thickness of each slice is determined by the

feeding speed. Considering the scheme in Fig. 6.12, the challenge is to provide an

equal lateral resolution along all three axes for reconstructing the volume image. If

the slice thickness is chosen large compared to the lateral size of the pixel, its aspect

ratio gets distorted and the contained information is smeared out (cf. Fig. 6.12a).

Here the length of the voxel along the feed axis is much larger than in the directions

attenuation

detector position

a b c

detector
limit

700 µm 200 µm

true width of steel foil

inclusionstreak
bands

Fig. 6.10 Wrong measurement of attenuation profile due to detector limit (a) and example of gloom

due to high-density inclusion (steel layer) in a carbon fiber reinforced polymer (b) and example of

streak bands due to high-density particle inclusion in a carbon fiber reinforced polymer (c)
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perpendicular. This averaging effect is called spillover and manifests itself in a

blurred image information along the direction of object feed. Selecting thin slices

instead allows keeping a decent aspect ratio of the voxel and retains sharp gradients

of material density (cf. Fig. 6.12b).

Quantum Mottle (Noise)

Another trivial type of artifact is due to quantum mottle. The origin of this effect is

the incident background radiation seen at the detector, which superimposes to the

scan beam. This results in a grain noise structure seen on the image and thus

detector
position 1

2 mm
detector
position 2

object
a b

reconstructed
volume

Fig. 6.11 Scan configuration (a) and example of partial volume effect upon reconstruction (b)

thick slices
a b

slice 1

thin slices

pixel gray values

slice 1
slice 2
slice 3

feed
axis

feed
axis

material A

material B

pixel gray values

slice 1

evaluation evaluation

slice 1

slice 2

slice 3

Fig. 6.12 Origin of spillover effect and distortion of voxel aspect ratio causing blurred informa-

tion in the feed direction due to thick slices (a) compared to thin slices (b)
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resembles an artificial scatter of density. This noise is composed of the general

cosmic background noise and the secondary reflections of the X-ray beam, which

are incident to the detector at other angles than through the test object. As seen in

Fig. 6.13, this is typically pronounced for scans with a low signal-to-noise ratio. The

latter may occur for setups with X-rays barely able to penetrate the test object due to

its thickness or absorption, but also when attempting to distinguish materials with

close-by density such as carbon fibers and polymer matrix systems (see Fig. 6.13).

Some X-ray CT devices use additional shielding measures to reduce the amount

of secondary X-ray photons to the detector. In this context “secondary” refers to any

backscatter produced by interaction of the primary X-ray beam with other pieces of

the equipment, such as the shielding cabinet or the included mechanics. In the

configuration shown in Fig. 6.14b, the presence of apertures collimates the primary

beam and shields the cabinet from the incident X-rays so the amount of secondary

X-rays gets substantially reduced.

50 µm
grain
noise

Fig. 6.13 Example of grain

noise in CT image

Fig. 6.14 Scheme of measurement configuration without (a) and with (b) additional collimator

and apertures to reduce the intensity of secondary X-rays incident to the detector
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Photon Starvation

Another potential source of streaking artifacts is photon starvation. This may occur

for objects with highly attenuating areas in some of the projection directions.

Similar to the dark bands, these are caused by the relative alignment of the test

object and the source-detector axis. Other than for beam hardening the present

effect is due to a lack of photons arriving at the detector in general, rather than a

falsified attenuation profile. Therefore some of the orientations suffer from noisy

projection images. The consequences are streaks in the reconstruction plane, i.e.,

perpendicular to the rotation axis. For scanning of materials, this effect may be

avoided by previously selecting the orientation with highest attenuation and suit-

ably adjusting the X-ray intensity to avoid photon starvation at these angles.

However, for geometries with strongly distorted x/y aspect ratio, this may come

with the cost of saturating the X-ray detector at the other projection angles, so

suitable trade-off might be required.

Undersampling

As a fundamental principle to computed tomography, the number of projections

should be sufficient to allow a reasonable reconstruction of the specimen volume. If

the number of projections gets too low (undersampling), the first artifact to observe

is ray aliasing at sharp edges and at narrow details. This is seen for the object in

Fig. 6.15 being visible as discrete stripes at some distance to the scanned object.

If the overall number of projections gets even lower, severe imperfections of the

scanned object can be expected. This is seen in Fig. 6.16 for a decreasing number of

projection images as basis for the same reconstruction algorithm. For the full set of

736 images, the rectangular cross-section is well reconstructed, but also the occur-

rence of dark bands is seen as extension to the longer axis edges of the material.

With reduced number of images, the rectangular cross-section is hard to be

reconstructed accurately, and an increasing amount of ray aliases occur.

350 µm

ray aliasing

Fig. 6.15 Example of ray

aliasing due to

undersampling
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6.2.2.2 Hardware-Based Artifacts

Ring Artifact

The ring artifact is probably the most common hardware-based artifact. It appears

as image of one or more “rings” within the reconstruction plane. If one of the pixels

of the detector is corrupted or badly calibrated, the detector will give a consistently

false reading at each angular position. During the reconstruction process, this turns

into a circular artifact with the circle extension being perpendicular to the rotation

axis as seen in Fig. 6.17. The appearance of such ring artifacts naturally lowers

the image quality, since it tends to overlap with parts of the image reducing the

visibility of details in these areas. Modern CT systems allow recalibrating the

detector system to reduce the occurrence of ring artifacts by simply removing

the information of dead pixels in the detector unit. Similarly, some reconstruction

algorithms explicitly focus on suppression of ring artifacts by removing the dead

pixel content during the reconstruction process.

Tube Arcing

During operation of X-ray tubes, the occurrence of short circuits within the tube

may cause image artifacts due to tube arcing. The electrical shortcut typically

emanates from a spark between the cathode and tube cover, which causes a

spontaneous loss of X-ray intensity. The occurrence of this effect is linked to the

tube design and the particular reliability of the individual tubes.

23 images 46 images 92 images

184 images 368 images 736 images

Fig. 6.16 Example of image reconstructed with different numbers of projections
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6.2.2.3 Reconstruction Artifacts

The next class of artifacts arises from the (physical) imperfection of the incident

X-ray beams and the according assumptions made in the reconstruction process.

Since this is different for the configurations of cone-beam CT and helical CT, the

resulting types of artifacts are distinguished based on these two arrangements in the

following.

Cone-Beam Effect

For the cone-beam CT configurations, further distinction is made between line-scan

detectors resulting in fan-shaped beam geometries and the array detectors resulting

in a cone-beam shape of the X-ray beam (cf. Fig. 6.18). Due to the physical size of

the beam geometries, the collimators can be closed more for the line scanners but

need to stay open more for the array detectors. As a consequence of the cone-beam

geometry, the photons collected at the detector position do not only originate from

the ideal transmission path along an ideally flat plane configuration achieved in the

fan-shape geometry but are also incident at other angles. This effect becomes more

pronounced the farther away the scan object is from the ideal rotation axis. Thus to

minimize the effect, it is most suitable to position the test object at the center of the

rotation axis. However, modern CT systems are readily equipped with cone-beam

reconstruction algorithms, so this effect does not play an important role in such

systems anymore.

Windmill Artifacts

The windmill artifacts are linked to the use of helical CT device for the scan. The

two most well-known artifacts for these systems are the zebra artifact and the stair-

step artifact. As zebra artifact, a periodic modulation of light stripes parallel to the

200 µm 100 µm

a b

Fig. 6.17 Examples of ring artifacts due to dead pixel (a) and due to bad calibration range (b)
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axis of rotation may appear in the images, which is due to the helical interpolation

process causing a modulation of the noise level. This effect starts to be more

pronounced at some distance to the axis of rotation. As a stair-step artifact, the

misalignment of the individual slices during stacking along the axis of rotation is

known. This causes steplike contours responsible for the name of this artifact.

6.2.2.4 Motion Artifacts

Motion artifacts may result from sudden movement or relaxation of a test specimen

being scanned. This results in unequal projections of the angles before and after

movement and therefore needs to be avoided for proper reconstruction of the

volume. For most of the CT scans involving fiber reinforced materials, motion

artifacts may not seem to be of huge relevance. If the specimen is tightly fixed to the

rotary table, there is no strong likelihood of sudden movement of the specimen.

From medical imaging, the consequence of such sudden movement in CT imaging

is well known, and motion artifacts usually appear as shading or streaks in the

volumetric image or may even render the whole scan useless if the movement was

too high.

However, for the in situ load stages discussed herein, there is a certain likelihood

of motion artifacts during scanning. For the test object being scanned still subject to

mechanical load, the occurrence of partial failure during the acquisition process

may cause small movements of the scan object and thus cause the aforementioned

artifacts. This is exemplarily seen in the example of a fiber reinforced material

recorded within a tensile load stage as seen in Fig. 6.19. While the bottom part of

the CT scan is free of motion artifacts, the upper half of the fractured material was

subject to sudden secondary failure causing an additional motion during the acqui-

sition procedure turning into the blurred representation seen best at the edges.

array-detector

cone-beam

line-detector

fan-shaped
a b

Fig. 6.18 Difference between line-scan arrangement (a) and array detectors (b)
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6.2.3 Detectability of Defects in Fiber Reinforced Materials

High-resolution computed tomography can be used to identify microstructures in

composite materials, such as fiber distributions [16–18], void volume fractions

[19–24], and damage mechanisms such as cracks and fiber breaks [25–34] occur-

ring within the volume of the material. A high level of confidence can be placed in

the results as the features are viewed directly at the relevant length scale. In the

following some representative examples of computed tomography images of fiber

reinforced materials are presented to demonstrate the current capabilities of high-

resolution computed tomography devices in application to fiber reinforced mate-

rials. Such high-resolution X-ray CT has gained considerable interest as a powerful

tool for material studies directed to understand interaction of composite failure

mechanisms [31, 35, 36]. Advances in the last decade now provide established 3D

imaging routines in the micrometer and sub-micrometer range. This method is

gaining importance in engineering and material science to determine the internal

characteristics of materials and their behavior [37]. In the case of fiber reinforced

materials, CT has been used to identify material characteristics like fiber orientation

and volume fraction at the sub-ply level, and failure mechanisms, such as ply cracks

[31, 32, 34, 38] and fiber failure [39, 40]. Among the multitude of possibilities, a

particular focus is given to the detectability of damage mechanisms in the follow-

ing, since this is the main topic within this book.

Figure 6.20a–d shows CT results of a fiber reinforced laminate with [(0/90)2]sym
stacking sequence made from a Sigrafil CE1250-230-39 prepreg. The

17 mm� 150 mm� 2.2 mm specimen was first subject to tensile load according

to DIN-EN-ISO 527-4 to induce some failure and was unloaded prior to ultimate

failure, unmounted and scanned without further preparation. The according acqui-

sition parameters of the scan are summarized in Table 6.1.

As seen in Fig. 6.20, the individual layers can clearly be distinguished based on

their different fiber orientations. Also, a high level of detail can be observed for the

inter-fiber cracks and inter-ply delamination present in the laminate. The details in

Fig. 6.20b, c allow to spot inter-fiber failure in the 90� plies, inter-ply delamination,

300 µm

motion artefacts

Fig. 6.19 Motion artifact in

upper half of fractured

material as observed in

in situ load stage
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and inclusions like voids. Clearly one key advantage beyond classical microscopy

investigations is the possibility to produce virtual cross-sections at arbitrary posi-

tions of the scanned volume. In contrast, optical and electron microscopy may offer

even higher spatial resolution, but can only be carried out at surfaces, requiring

either a preparation step after loading (losing any relation to the applied load or

damage evolution) or via in situ analysis under a nonrepresentative stress state (i.e.,

monitored at free surface as opposed to the state within the bulk material). Polishing

and cutting techniques commonly required for cross-sectional imaging can also

induce artifacts which may be mistaken for features of interest.

540 µm

x z
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x z
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y

a b

c d

Fig. 6.20 3D representation of [(0/90)2]sym laminate (a) and magnifications allowing to spot inter-

fiber failure and inter-ply delamination in 3D volume according (b, c) and respective virtual cross-
section (d)

Table 6.1 Acquisition parameters for scan of tensile specimens

Measurement parameter Value

Detector type Amorphous Silicon CsI detector (3072� 2400)px2

Filter None

X-ray tube voltage 90 kV

X-ray tube current 150 μA
Focal spot size 1.5 μm
Voxel size 7.8 μm
Acquisition angles 2000

Image exposure time 1.0 s

3D reconstruction software Phoenix datos|x2 reconstruction
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Using a cross-section in the xy-plane, this allows inspecting the 0� layers for the
occurrence of fiber breakage. As seen from Fig. 6.21a, b, the occurrence of single

carbon filament failure (typical diameter 7 μm) is clearly visible from the cross-

sectional images. Moreover, the initiation of matrix cracks at these positions

causing splitting of the laminate in parallel to the fiber axis is also readily observed.

In addition, Fig. 6.21c shows an example of a fiber bundle failure.

Another advantage of CT is to segment the scanned volume to retrieve only a

particular part of the specimen. As seen in the 3D visualization in Fig. 6.22, this

allows to artificially remove one part of a fractured body to reveal the internal

fracture surface in a unidirectional T800/913 prepreg laminate. The high-resolution

scan settings reported in Table 6.2 allow spotting a high level of detail at the

fracture surface, such as the morphology and broken fiber filaments.

Using similar high-resolution settings reported in Table 6.3, CT scans also allow

removal of the matrix material based on its density and to spot the remaining single

carbon fiber filaments (cf. Fig. 6.23). This can be used to evaluate their orientation,

to quantify their distribution, or to spot fiber filament breaks as seen in the lower left

corner of the present HTA fiber bundle in a polyurethane resin. However, these

420 µm

a b

c
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x
y

single filament failure

420 µm

x
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fiber bundle failure

420 µm

Fig. 6.21 Visibility of single carbon fiber filament failure (a, b) and fiber bundle failure (c) in 2D
cross-sections of [(0/90)2]sym laminate
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high-resolution images are only possible for specimen sizes small enough to permit

short focus-object distances.

In particular for fiber reinforced materials, the damage zone is sometimes

geometrically complex, and severe fragmentation during fracture is happening

frequently. Thus conventional cross-sectioning techniques using resin embedding

Table 6.2 Acquisition parameters for scan of fracture surface

Measurement parameter Value

Detector type Amorphous Silicon CsI detector (3072� 2400)px2

Filter None

X-ray tube voltage 50 kV

X-ray tube current 170 μA
Focal spot size 1.1 μm
Voxel size 3.4 μm
Acquisition angles 1000

Image exposure time 1.5 s

3D reconstruction software Phoenix datos|x2 reconstruction

x

y
fracture surface

120 µm

z

Fig. 6.22 Visibility of

details on fracture surface of

fiber reinforced polymer in

high-resolution scan

Table 6.3 Acquisition parameters for high-resolution scan

Measurement parameter Value

Detector type Amorphous Silicon CsI detector (3072� 2400)px2

Filter None

X-ray tube voltage 70 kV

X-ray tube current 220 μA
Focal spot size 0.6 μm
Voxel size 0.7 μm
Acquisition angles 1800

Image exposure time 2.0 s

3D reconstruction software Phoenix datos|x2 reconstruction
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and mechanical grinding and polishing are somewhat limited as many of the small

fragments are not conserved by this approach. Using a CT scan for such damage

zones, these small details can readily be visualized. As seen for the example of

impact damage in a carbon fiber/epoxy laminate with glass fiber rovings in

Fig. 6.24, all small fiber filaments residues and epoxy resin fragments can be

spotted, and the geometrical complexity is much better represented in a 3D image

than in a simple 2D cross-section.

The analysis of porosity inside a laminate has achieved high attention within the

last decade [19–24]. Due to the direct visibility of gaseous inclusions within the

laminate, the direct quantification of their volumetric fraction is tempting, but

standardized procedures are still subject to recent research efforts. As an example

of the visibility of voids on the micro- and mesoscale, two examples are shown in

Fig. 6.25a, b for a CT scan with the parameter settings of Table 6.1. Extensive

studies have been carried out to investigate the visibility and accuracy of void

dimensions as function of CT scan parameters [21, 23, 24]. Since the quantification

of such inclusions is not within the scope of this book, this aspect will not be

Table 6.4 Acquisition parameters for scan of impact damage

Measurement parameter Value

Detector type Amorphous Silicon CsI detector (3072� 2400)px2

Filter None

X-ray tube voltage 50 kV

X-ray tube current 200 μA
Focal spot size 1.5 μm
Voxel size 27.5 μm
Acquisition angles 1000

Image exposure time 1.5 s

3D reconstruction software Phoenix datos|x2 reconstruction

x

y
fiber breakage

120 µm

z

fiber filament
Fig. 6.23 Visibility of

single carbon fiber filaments

and fiber failure in 3D

volume
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covered in the following. Also visible in Fig. 6.25b are examples of foreign material

inclusions identified as bright particles. Such inclusions may result from impurities

during the production process, but may also be part of the resin systems, i.e., as

flame retardants.

x
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Impact

3.1 mm

x
zy

Impact

3.1 mm
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b

Fig. 6.24 Scan of damage zone as due to impact damage in 3D view for low- (a) and high-energy
impact (b)

a 

b
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Fig. 6.25 Detectability of voids and foreign material inclusion in [0/90/0/90]sym laminate
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6.3 Volumetric Inspection of Materials

As demonstrated within the previous sections of this chapter, computed tomogra-

phy provides a microscopy method suitable to visualize the interior structure of a

fiber reinforced composite. Still the approaches presented so far are merely a

substitute to other microscopy techniques. In the following, distinction is thus

made between concepts used for ex situ loading, removal of the specimen, and

subsequent scanning in contrast to approaches using in situ loading of materials and

subsequent scanning.

6.3.1 Concepts for Ex Situ Loading

The basic concept for ex situ loading is a straightforward combination of a test rig

as conventionally used for mechanical loading of a material and a CT scanner. As

schematically shown in Fig. 6.26, the specimen is first loaded within the test rig

until a certain damage state is reached. The relevance of the load level for inspec-

tion may either be based on signatures in stress-strain curves or based on secondary

methods such as acoustic emission. The next step consists of dismounting

the specimen and taking to the CT device. Subsequently a CT scan is made and

the specimen is potentially remounted in the mechanical load rig to increase the

mechanical load level. To this end a sequence of damage states may be recorded

mount in CT scanner
force

θ

θ

a

b

mount in CT scanner
force force

embed

indication

Fig. 6.26 Scheme of ex situ loading in combination with CT scan (a) and by using potting

material to embed damage zone (b)
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as discrete volumetric images to allow assessment of the present damage status of

the specimen [29, 41–45].

However, the release of the applied mechanical load during dismounting may

cause a closure of small cracks and, therefore, render them invisible during the CT

inspection. Hence it might be necessary to preserve the stress-strain state within the

material during scanning. To this end an approach using epoxy resin as potting

material to embed the specimen under load can be applied [44]. Typically fast-

curing epoxy resins without high-density fillers are used to avoid generation of

artifacts within the epoxy resin. Optical transparence is not of vital importance

since the X-rays will penetrate the material, but it helps to later select the correct

portion of the specimen for a precise cutting process. For the purpose of segmen-

tation and to increase visibility of the specimen, a noticeable difference in material

density between the potting material and the embedded fiber reinforced polymer is

recommended. This may be subject to trial and error, since typically the difference

in density values is very low, when comparing values of epoxy resins used as

potting material and values of the epoxy resins used as matrix materials. Ultimately,

this procedure will assure that a certain portion of the original stress-strain state is

preserved within the specimen, and small cracks will be better visible. As disad-

vantage, the specimen cannot be remounted to the test rig for further loading, and

there is some justified doubt, whether this procedure fully inhibits specimen

relaxation. Therefore any quantitative information like separation of crack walls

or other geometric measurements need to be taken with necessary care. Also, from a

practical point of view, some initial experience is required to perform the potting

process within a mechanical test rig since the relevant portion of the specimen

usually is in the middle of free air or barely accessible due to the load fixtures. In

practice this means that suitable potting compounds need to be fabricated for each

specimen type. Moreover, with the specimen being under load during this proce-

dure, according safety measures are required to avoid unintended failure during a

hold cycle.

6.3.2 Concepts for In Situ Loading

In order to perform in situ observations of material failure, further modifications to

the established test setups are required. As major difference to the ex situ approach,

the configurations discussed in this section use an arrangement as shown in

Fig. 6.27. Here, the load rig is mounted in situ within the CT scanning device

[25, 26, 31, 34, 35, 40, 46–61]. For the implementation of these concepts,

three experimental factors may be distinguished and shall be discussed in the

following. These are the type of X-ray source, the type of X-ray detector, and the

type of load rig.

As general remark to all of the techniques mentioned within this section, it is

important to understand that none of these CT techniques really operates in a real-

time sense. Although comparatively fast scans are possible nowadays and the
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reconstruction time may be of similar order, the specimen still is required to be kept

under a certain load for durations of minutes to hours during scan operation. This

will allow stress relaxation within the material and therefore will alter the “true”

geometry of the specimen. Hence all practical implementations make use of a short

duration to allow for stress relaxation of the specimen before scan operation in

order to avoid motion artifacts. Therefore, the name in situ is only considered to be

correct in the sense that the specimen does not need to be dismounted from an

external load rig to be inspected by CT. Nevertheless, this approach enables several

new possibilities for analysis of failure behavior of fiber reinforced materials, so it

is worthwhile to consider some of the technical details of this approach more

precisely.

6.3.2.1 Type of X-ray Source

The majority of the published approaches were carried out using synchrotron-based

CT scanners in conjunction with specifically developed load rigs [25–28, 31, 32,

34–36, 38, 40, 42, 45, 46, 49, 57, 61–64]. The main reason for this trend is the high

brilliance and high intensity of the synchrotron beams in combination with a small

spot size assuring high-resolution imaging as discussed in Sect. 6.1. Since com-

mercial devices hardly could compete with any of these three aspects, only few

attempts have been made to use commercial CT scanners for in situ inspection with

a level of detail as discussed in Sect. 6.2. Nowadays there are some first CT

scanners which provide voxel resolutions in the sub-micrometer range and are

thus suitable to resolve the microstructure of a fiber reinforced polymer. One of

the key arguments in favor for commercial X-ray CT scanners is without doubt the

price and the availability. However, the intensity of commercial X-ray tubes is

hardly comparable with the photon flux reached at typical synchrotron beam lines,

so the contrast resolution is still not within the same range, and scan durations are

typically much longer. Since longer scan times increase the chance of motion

force

θ

source detectorin situ applied
load

Fig. 6.27 Experimental

configuration for in situ

loading during CT scan
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artifacts and may also induce motion unsharpness, these should be kept at a

minimum. Therefore, a suitable trade-off between the necessary detail visibility2

and the scan duration is required.

6.3.2.2 Type of X-ray Detector

Similar to the X-ray source, the type of X-ray detector is of relevance when

considering in situ inspection of materials. Because both devices are usually

coupled to form one scanning device, it is not straightforward to discuss them

independently, but since a variety of configurations is encountered in practice, the

relevant parameters of the detector system shall also be briefly discussed. Regard-

less of the X-ray source, one can distinguish between line detector and array

detector systems as previously discussed in Sect. 6.2. The key advantage of line

scanners in the present context is their fast scan times as compared to array

detectors. If the in situ inspection is restricted to a particular cross-section within

the material (cf. Fig. 6.28a), this enables very fast scan times even with typical

commercial X-ray sources. Here typical scan durations were found to be in the

order of few minutes and thus reducing the likelihood of motion artifacts. Obvi-

ously, the drawback of this detector configuration is the lack of 3D information of

the material interior. So unless damage is expected to occur at a distinct position

(i.e., at a notch) or is expected to be randomly distributed, it is very likely to miss

damage formation in some parts of the specimen under load. Hence, to retrieve

information out of a certain volume of the material, either subsequent line scanning

or an inspection using an array detector system is the only choice (see Fig. 6.28b).

For all other technical aspects of the detector system, the same considerations as for

conventional X-ray CT scans apply.

6.3.2.3 Type of Load Rig

As key component of the in situ loading concept, the load rig is discussed next.

From the mechanical engineering perspective, one challenge is to apply a certain

stress on the test specimen, while being able to rotate the whole configuration

ideally by 360� without having any additional obstacles within the projection area.

Since any applied load also needs to be compensated within the rig, the typical

scheme of a load test rig is of composed of the components shown in Fig. 6.29.

These comprise the specimen fixtures, a stationary (fixed) part and a moving part

driven by an actuator imposing a displacement to the specimen. In typical labora-

tory size machines, the vertical glides are simple columns, and the stationary and

2As the first approximation, an increase of the number of projections and an increase of the

exposure time can be assumed to be beneficial for detail visibility if low photon intensity is given.

Both parameters add to the overall scan duration.
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movable parts of the machine are simple beams. If the whole configuration now is

rotated around its center axis, it will be subject to substantial artifacts caused by the

presence of the columns when passing the projection area. Hence, a configuration

using a radially symmetric geometry as shown in Fig. 6.29b is favored from this

perspective. Moreover, having the bottom fixture as moving part also enables a

simple mechanical design for the upper part of the test rig. Thus the upper part is
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Fig. 6.28 Defect indication as retrieved from in situ measurement using line detector (a) and
using array detector (b)

fixed boundary

columns

a bmoving part

specimen

fixed boundary

moving part

force flux force flux

specimenregion of
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Fig. 6.29 Scheme of conventional load test rig using columns (a) and load test rig using

cylindrical sleeve for load deflection (b)
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chosen as stationary fixture, and the lower part is fully instrumented by an actuator

and a load cell. The force flux for both cases is indicated by blue dashed arrows.

In order to ensure high detail visibility, further considerations with respect to the

material used for the load rig are required. Since metallic parts exhibit compara-

tively high X-ray attenuation, a presence of these parts within the projection area

should be avoided as much as possible. To scan the region of interest shown in

Fig. 6.29b, materials with low X-ray attenuation should be applied at all positions

within the projection path. Nevertheless, these parts are meant to carry the full

mechanical load as applied to the specimen, so they need to be of a sufficient cross-

section to avoid buckling or failure of the load rig. Here polymer materials are

among the first choices when designing this part of the load rig, which is typically

done in the shape of a tube. Transparent polymers are technically not required since

the X-rays will penetrate the polymer material, but they allow for visual inspection

of the specimen alignment and also were found to improve the handling during

mounting of specimen. To select a transparent polymer, further aspects may also be

considered. First, the material should be able to withstand X-ray intensity for an

extended period without optical or mechanical degradation. Second, the micro-

structure of the material should be homogeneous and free of textures, which could

cause artifacts reducing the detail visibility of the scanned specimen.

In order to achieve highest possible resolution, the limiting factor in terms of the

described configuration is the distance between the center of the test specimen and

the outer dimension of the test rig. Hence, this value should be minimized to

achieve high-resolution images. Due to the combination of the aforementioned

aspects, the load deflection concept using a tube (cylindrical sleeve) instead of

columns is generally favored, since this geometry is fairly stable to withstand

buckling and comes with a larger effective cross-section than two or more columns

retaining the same outer dimensions of the test rig.

In order to measure the applied force, a load cell is included in the test

configuration. Since this requires some electronic readout, the preferred spot to

mount the load cell is at the lower part of the test rig. That way, the cables can easily

be attached to the rotary table and do not need to hang in free space avoiding

possible interference with the X-ray source and the projection directions.

Finally, the actuator may consist of either a manually operated mechanical

system or an electrically driven motor. In the following some exemplary configu-

rations as used for fiber reinforced materials are presented to explain some

established concepts for in situ CT scanning. In order to classify the configurations,

distinction is made between the different load cases.

Tensile or Compressive Load Test

As pointed out in the previous section, the basis for design of load rigs is a

cylindrical tube made from a material with low X-ray attenuation able to carry

the applied load. Therefore only cross-sectional drawings of the load rigs will be

shown in the following. One characteristic difference between the concepts in use is
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the type of load control. While manual load drivers are mechanically more straight-

forward to implement and more economical, the advantage of a fully load con-

trolled systems certainly is the possibility to automatize the full procedure. In

Fig. 6.30 a comparison of two systems as commercially available is shown.

Figure 6.30a shows a simple load screw in combination with an anti-torsion unit

to stress a specimen pinned to the load rig. This concept is well suitable for isotropic

materials causing no failure in the pin section when designing the dimensions of the

tapered region and the thickness of the specimen accordingly. The anti-torsion unit

is vital in this configuration to avoid any torque being applied to the specimen

during the loading procedure. Otherwise superimposed tensile-torsion stress states

could be the result, or the mounted specimen could even fail due to excessive torque

during load application.

For the configuration of Fig. 6.30b, the specimen is also attached using pins. The

basic difference to Fig. 6.30a is the use of an electric stepper motor in combination

with a mechanical driver system to stress the specimen in close relation to the

operation principle of typical macroscopic load test rigs. Here, the moving part is

typically supported by additional bearings and also protected to avoid the occur-

rence of excessive torque applied to the test specimen. In both configurations, the

load applied to the specimen is measured by a load cell positioned at the bottom of

the load path.

In contrast to the concepts of Fig. 6.30, for fiber reinforced composites, a differ-

ent fixture concept was found to be necessary. Similar to macroscopic test speci-

mens, a connection to the load test rig by pins is not reasonable due to shear-out

anti-torsion unit
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Fig. 6.30 Comparison between manually driven load rig for tensile tests (a) and computer-

controlled load rig driven by electronic stepper motor (b)
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failure for many laminate configurations. Following the established test standards

for tensile or compression testing, the typical approach is to produce tapered test

specimens by bonding reinforcements at the end of the specimen. The specimen is

then gripped using mechanical or hydraulic jaws to apply load.

In very small load test rigs, the fabrication of jaws comes with some additional

challenges, so a more practical solution was found to directly bond the specimen

within the load rig using standard two-component epoxy adhesives. Since the

duration of one experiment with CT scanning (e.g., hours) largely exceed the

duration for bonding and curing (e.g., minutes), this seems to be a reasonable

approach. For macroscopic specimens this is quite different because the total test

duration is usually within few minutes, and therefore a quick replacement of

specimens is appreciated. Using a suitable embedding length of the material within

the test rig, this allows failure in the free section and avoids failure of the adhesive

bond. A major disadvantage of this concept is the necessity to have replaceable

parts of the load rig tensile or compression bars, since the removal of specimen and

adhesive from the bars degrades the geometry and therefore requires replacement

after few un-mounting and re-mounting cycles. The schematic arrangement of the

load rig as used for tensile tests and for compression test of fiber reinforced

composites is shown in Fig. 6.31a, b, respectively. Similar to the macroscopic

test concepts, one key difference is to keep the free length of the specimen (i.e.,

distance between edges of lower and upper bar) smaller for compression tests to

avoid buckling.

+U

glue

specimen

movement

F

M

force flux

–U

glue

specimen

movement

F

M

force flux

free length
free length

tensile bar

a b

compression bar

Fig. 6.31 Load rig used for tensile tests (a) and compression tests (b) of fiber reinforced materials
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Mode I Test

As distinct difference to tensile or compression load, the generation of other

relevant load states in fiber reinforced composites requires some further modifica-

tion to the test rigs of Fig. 6.31. As for the macroscopic investigations of laminates,

the damage progression under mode I load is of key interest to the design and

material optimization of composites. To observe such damage progression with

volumetric imaging as offered by CT scanning, the modifications shown in

Fig. 6.32 are introduced. In this load rig, the specimen is attached to the lower

load bar and moved in the vertical direction. This relative movement may either be

due to an actuator at the bottom as seen in Fig. 6.32 or by a load screw at the top as

seen in Fig. 6.30a. The material is prepared including a precrack as in the case of

macroscopic specimens. At the top load bar a sharp wedge is mounted sliding into

the precrack. Due to the steepness of the wedge, the laminate splits and a damage

zone develops around the precrack tip.

If the curvature of the wedge is sufficiently large and the material is brittle

enough, the crack tip position is sufficiently far away from the wedge tip. Thus the

crack progression occurs under a mode I load situation. If the wedge curvature is

too sharp, the laminate is instead “cut“ and the real load type causing crack

progression will likely be a superimposed load state. The force in this configuration

is measured at the bottom of the load path and needs to be carefully interpreted

since friction effects may add a substantial amount to the force value and thus may

not be directly used in the same way as in macroscopic load configurations (i.e.,

double-cantilever beam configurations). Instead, closer relationship of the mechan-

ical properties is expected to macroscopic wedge-peel tests as carried out for

adhesives or thermoplastic tapes [65–69].
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Fig. 6.32 Test rig

configuration for wedge-

loaded mode I investigation

of fiber reinforced materials
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Flexural Test and Mode II Test

Another load configuration being distinctly different to the previous cases, the

flexural load case is shown in Fig. 6.33. Such loads can either be used to generate

flexural stresses or to induce mode II-driven cracks as in the macroscopically

applied end-notched flexure specimens. Distinction is made between a load rig

applying manual load introduction (cf. Fig. 6.33a) and a computer-controlled

system using a motor (cf. Fig. 6.33b). In both cases one challenge is to have

supports being present at different positions to allow a deflection of the mounted

specimen. Since the support at the center of the tube will always be present within

the projected images, the same considerations as for the tube apply. If possible, the

material of the support should be affected less by X-rays to assure mechanical

stability during exposure, and it should cause a minimum of artifacts. For the case in

Fig. 6.33a, the center support is tightly mounted to the tube and therefore remains at

a constant position. To introduce a flexural load, two load screws transfer their

displacement to the specimen using a slide bearing on which the supports are

located. Here one disadvantage is the lack of a proper load cell measurement and

the challenge to synchronize the upper and lower load screw in order to avoid skew

load situations.

An alternative option is shown in Fig. 6.33b. Here the upper and lower supports

remain at a constant position, while the center support is the moving part. By an

elongated drill hole within the tube, the support is guided to allow only movement

in the designated direction (i.e., the horizontal axis in Fig. 6.33b). Using an actuator

sliding
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force
flux

fixed
supports
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a b
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Fig. 6.33 Test rig configuration for flexural testing of fiber reinforced materials using load screws

(a) and computer-controlled load rig (b)

490 6 Computed Tomography



system at the bottom of the test rig, a pull bar is moved in the vertical direction to

stress the specimen. A wedge at the tip of the bar allows pressing the support firmly

to the specimen and causes deflection. During this operation, the load bar is sliding

against the tube, and thus the acting loads are also transferred to the tube in order to

avoid significant deflection of the bar itself. The load cell is mounted at the bottom

of the configuration to measure the required load. However, this load is composed

of contributions due to friction and due to specimen deflection and may not be

directly used. Hence using a material with known stiffness for calibration of the

system, the measured load may be corrected to obtain true mechanical properties of

the measured material.

Thermal Loading

As a fundamentally different type of load source relevant to fiber reinforced

materials, a change in temperature may also generate stresses in the material.

These stresses are solely caused by the thermal expansion of the material, which

may induce some strong gradients in the case of anisotropic materials as in fiber

reinforced composite laminates. Moreover, joints between metallic parts and fiber

reinforced polymers are subject to a strong gradient in the thermal expansion

properties which may induce severe stress at the interface between both materials.

Here the basic concept is to generate such stresses in situ to allow accompanied CT

scanning. As seen in the schematically drawing in Fig. 6.34, the concept of the test

stage is relatively similar to the designs explained in the previous paragraphs. The

specimen is mounted at the bottom part and is enclosed in a sealed cylindrical tube

made from X-ray stable material. To avoid the occurrence of artifacts, the cylin-

drical design is kept. To monitor the temperature within the chamber, a temperature

element is positioned close to the specimen. Either electric heat elements or Peltiér

elements are applied to cause a change in temperature reaching either above or

below room temperature.

U

specimen
DT

heatelement

tube
temperature
sensor

thermal expansion

Fig. 6.34 Test rig to

generate thermal stress in

material specimen
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Imaging Requirements

Whatever type of load is being applied to the specimen, one requirement in CT

scanning is to have the specimen immobile during the scan duration. Otherwise

motion artifacts will appear which may render the measurement useless or cause

less detail visibility.

In the case of fiber reinforced polymers, the stress relaxation effect of the matrix

system needs to be considered in this context. Consider the load scheme shown in

Fig. 6.35 for two subsequent steps of in situ CT scans. The aim is to load a specimen

up until a distinct load level F1 and perform a CT scan at this load level to finish step

one. Without material creep, the specimen would simply keep its internal stress

state at load F and scanning could be performed immediately. In reality all materials

will show some stress relaxation after reaching the programmed load. Hence after

the quasi-static load phase to reach F1 (blue arrows in Fig. 6.35), a wait period needs

to be present to allow the material to reach a relaxation load F
0
1. At this relaxation

load, the CT scan can take place to avoid motion artifacts. Subsequently, the load is

further increased to F2 and the next CT scan is performed in step 2 after allowing

stress relaxation of the material to the load level F
0
2. This sequence is carried on

until the specimen finally fails.

This procedure immediately allows concluding that the mechanical experiments

need to be performed in displacement-controlled mode. In force-controlled mode,

the material would undergo a more or less constant creep and therefore
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Fig. 6.35 Typical

displacement profile (a) and
load profile (b) during in situ
CT scanning including
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continuously deform causing no stable conditions to perform CT scanning. It

should be noted that the ratio of durations for loading and scanning is not to scale

from Fig. 6.35, since the CT scan operation may easily fall in the order of hours,

whereas the load duration typically still is within a few minutes. Also the level of

stress relaxation is exaggerated for better visibility. However, careful consider-

ations are required when interpreting the imaged damage state. Firstly, the quanti-

fied dimensions and corresponding stress-strain states might be of reduced amount,

since the specimen undergoes relaxation prior to scanning. Secondly, upon subse-

quent loading, the material starts from a different stationary state, so the material

behavior concluded from such interrupted load profiles may be altered compared to

the conclusions drawn from continuous load profiles until failure.

6.4 Digital Volume Correlation

The approach to use the correlation of a sequence of digital images is already well

established and is being applied more and more in material testing applications.

Volumetric imaging-based X-ray computed tomography [25, 26, 31, 34, 35, 40,

46–61], magnetic resonance imaging [70], or, for partially transparent or opaque

materials, laser confocal scanning microscopy [71–75] are also used frequently.

Based on the volumetric image information, a consequent extension of the digital

image correlation method presented in Chap. 3 was suggested by Bay

et al. [76]. They were among the first to consider the correlation of two subsequent

volume images [76]. This method of DVC allows to measure quantitatively the 3D

internal displacement and deformation of a material. The main distinction between

approaches of 2D-DIC, 3D-DIC, and DVC is shown in Fig. 6.36. The primary

difference between DIC and DVC is the hierarchy of information derived from the

measurement. In simple 2D-DIC, a plane surface measurement is performed, not

being able to detect out-of-plane components w and thus resulting in simple 2D

2D image correlation

y

x

z y

x

z y

x

z

3D image correlation

a b c

Digital volume correlation

z0

u = u = u = 

Fig. 6.36 Comparison of displacement vectors u as obtained from 2D-DIC (a), 3D-DIC (b), and
DVC (c) including schematically representation of information hierarchy
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displacement information u of the outer surface. The extension to 3D-DIC allows

measuring the out-of-plane component of the displacement and results in a 3D

displacement measurement u of the surface. For the DVC approach, the displace-

ment is not just measured at the surface of the material but originates from the full

volume and therefore constitutes a true 3D measurement of the displacement vector

u in every point of the volume.

Among the applications of the DVC technique, there are obvious candidates like

the ability to validate the result of 3D-FEM computations. Successful applications

include materials such as wood [41, 42, 49] and composite materials [58].

In full analogy to the procedure used in DIC, the basic steps for DVC are the

following:

1. First recording a volumetric image of the material

2. Deforming the volume due to applied loads

3. Second recording of a volumetric image of the material

4. Correlation of both volumetric images using subvolumes and computation of

displacement vector for each subvolume

The acquisition of a volumetric image and the in situ deformation of the material

were presented throughout Sects. 6.1, 6.2, and 6.3, and the only remaining step now

is the correlation of two volumetric images. The basic concept is shown in Fig. 6.37.

Since a computation of the displacement vector of a single voxel is not suitable due

to the ambiguity faced in the image correlation process (cf. Sect. 3.1), a local

neighborhood around one voxel is used. As seen in Fig. 6.37, in DVC this is a local

subvolume subset rather than a 2D subset as introduced for DIC. Apart from that,

the subvolume is subject to a general displacement, rotation, and deformation as

introduced in DIC before.

In order to perform the correlation process in DIC, speckle-type patterns are

applied to the inspected surface to provide locally unique subsets. Since such

application of speckle patterns is not possible in the interior of the material, other

image signatures are required to perform the correlation process. To this end, the

material microstructure itself can be used to provide a unique correspondence of
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u

subvolume

Deformed volume

point

a b

Fig. 6.37 Tracking deformation states between reference volumetric image (a) including local

volumetric neighborhood (subvolume) and deformed volume (b) as being used for DVC
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subvolumes. For some materials a stochastically distribution of particles or voids is

found on the microscale. Accordingly, subvolumes of such materials yield unique

information to perform a correlation process. For fiber reinforced materials, the

arrangement of the fiber filament cross-section is of such a length scale to allow

successful DVC [58]. A comparison of two cross-sectional images of a fiber

reinforced material in Fig. 6.38 to a speckle-type pattern reveals the close

similarities.

Although the principle of DVC constitutes a straightforward extension of the

DIC approach, one of the key differences is the computational intensity faced. To

this end, further distinction is required between two typical implementations of

DVC. The first algorithms developed were based on a correlation procedure using

only discrete voxel sizes. This comes with lower computational intensity and is

readily be implemented by search algorithms in the spatial [76] or frequency

domain [74]. However, this allows a calculation of the displacement vector only

by increments of more than half the voxel size, which is typically not feasible for

many materials being subject to small deformations only. Thus the strain resolution

of this simple implementation would be 16.7% strain for a 3-voxel cube, 10.0%

strain for a 5-voxel cube, 7.1% strain for a 7-voxel cube, and so on. For the typical

strain values in the linear elastic range of many materials with fractions of 1%, a

sub-voxel accuracy of the correlation procedure is required. Therefore, the present

focus of the method development is on the improvement of the algorithms used for

such sub-voxel correlation [76–81]. Since an extensive discussion of the image

correlation algorithms is beyond the scope of this book, the reader is referred to [82]

on the basics of image correlation and to Pan et al. [77] for a recent review and

modification of existing correlation algorithms.

To demonstrate the use of this method, Figs. 6.39 and 6.40 show some exem-

plary results of volume cross-sections as collected from an in situ CT scan of a

carbon fiber reinforced epoxy material. Following the procedure outlined in

x

50 µm

a b
10 mm

Fig. 6.38 Examples of CT cross-sections of fiber reinforced material (a) and typical speckle

pattern used in DIC (b)
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Sect. 6.5.2.1, miniaturized specimens were prepared and loaded by a compressive

force in situ in parallel to the y-axis. CT scans were performed in the initial state

and at a load level prior to ultimate failure. For the DVC process, the software

package DaVis was applied, and the resultant displacement field is visualized as

Fig. 6.39 Arbitrary xy-cross-section out of volumetric image of in situ loaded fiber reinforced

polymer. Computed displacement fields in y-direction (a) and x-direction (b) are superimposed to

the CT cross-sectional image
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x-displacement and y-displacement in Fig. 6.39 superimposed to the selected cross-

section. For technical reasons, the displacement scale is given in pixels with one

pixel corresponding to 1.36 μm. As seen from the black regions in the xy-slice, the
material includes several voids of diameters up to 100 μm. In the computed

displacement field, the material predominantly shows the compression due to the

Fig. 6.40 Arbitrary xy-cross-section out of volumetric image of in situ loaded fiber reinforced

polymer. Computed strain fields in y-direction (a) and x-direction (b) are superimposed to the CT

cross-sectional image
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applied compressive force in y-direction and the effect of Poisson’s contraction in

the x-direction. For the corresponding local strains shown in Fig. 6.40, the situation
is different. Here the larger voids show a significant strain concentration indicating

regions of higher compliance. As will be seen from the analysis of the failure modes

in Sect. 6.5.2, these regions form a weak link in the material contributing signifi-

cantly to the final failure mode. Similar to the analysis of DIC images presented in

Chap. 3, this analysis can thus be used to identify strain concentrations in the

volume of a material to perform assessment of possible failure locations prior to

failure or to analyze the evolution of failure initiating at such spots.

6.5 Application to Composites

The use of computed tomography to inspect the microstructure of fiber reinforced

materials has been outlined in the previous sections. Based on the scope of the book,

the last section of this chapter has its focus on capabilities of the method to detect

and quantify damage initiation and damage progression. Thus only exemplary

applications related to in situ testing and ex situ testing approaches are presented

in the following. Other fields of application of computed tomography as relevant to

composites such as porosity quantification or measurement of fiber orientation are

instead covered by recent literature [16–24].

Before proceeding to the first subsection on ex situ testing approaches, a brief

introduction to the use of segmentation tools to visualize the internal microstructure

is given. This step is necessary to provide the basic analysis routines used to

evaluate the damage progression as presented in Sects. 6.5.1 and 6.5.2.

As discussed in Sect. 6.1 and 6.2, the gray scale images obtained in computed

tomography basically represent the material density. In the absence of image

artifacts and for reasonable resolution, this may thus be used to segment different

materials based on their difference in density. A trivial example for this procedure

is given in Fig. 6.41. The selected xz-slices of a computed tomography scan result

from an inspection of a Sigrafil CE1250-230-39 prepreg fabricated with consolida-

tion pressures below the manufacturer recommendations. Due to the missing

pressure, this results in the formation of pores upon curing and is readily visible

in Fig. 6.41. Both laminates were scanned at a time, so the histogram of gray values

on the left side of Fig. 6.41 is representative for both laminates. Within the

histogram two clear peaks are found, which correspond to the density values of

air and the composite material. Based on the large distances of the peak maximums,

it may seem trivial to segment this image. The threshold of Fig. 6.41a is thus

selected at the half distance between both peak maxima. The corresponding seg-

mentation is indicated as yellow line in the xz-slice in Fig. 6.41a on the right side.

Obviously, some of the needle pores in the lower laminate are not segmented

correct. This is due to the presence of image artifacts as discussed in Sect. 6.2,

causing slightly different gray values for the case of air enclosed by the composite

material. By moving the segmentation threshold towards the material peak, more
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realistic segmentation is reached as seen in Fig. 6.41b. Since this procedure is

driven by visual decision criteria, its suitability for extraction of quantitative

information is generally questionable. Consequently, various strategies to obtain

valid decision boundaries have been proposed in literature. Recently, this has seen a

strong focus on the application to quantify the degree of porosity as well as to

segment matrix and fibers [16–24]. Despite of these strong research efforts, there is

still no standardized procedure to perform image segmentation in computed tomog-

raphy, and consequently, extraction of quantitative volumetric information is still

challenging.

After image segmentation, there is a broad range of possibilities to analyze and

interpret the data, ranging from simple volumetric ratios to topological analysis. As

an example of both, the two laminates of Fig. 6.41 alongside with a reference

laminate are subject to a topological analysis with their results shown in Fig. 6.42.

On the top of Fig. 6.42a–c, the 3D visualization of the inspected laminates is shown.

All three laminates were scanned at the same time and are segmented using the

threshold of Fig. 6.41b. At the bottom of each figure, a topological analysis is

shown for the detected porosity. The false-color range indicates the volumetric size

0.5 mmcounts threshold

0.5 mm

grayvalue

counts

a

b

threshold

threshold

grayvalue

background material

Fig. 6.41 Selection of threshold for image segmentation at half distance between peak maxima

(a) and close to material peak (b)
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of the single pores (or the pore network if existent). As additional guide to the eye,

two black lines are added to the figures, representing the edges of the laminates.

A reduced consolidation pressure results in the formation of a substantial amount of

needle-shaped pores (cf. Fig. 6.42b) in combination with extraneous porosity
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Fig. 6.42 Visualization of porosity for well-consolidated laminate (a), laminate with some needle

pores (b), and laminate with extraneous porosity (c)
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(cf. Fig. 6.42c). Despite of the difficulty to extract quantitative information from

these measurements, the visualization of these voids prior to testing certainly helps

to assure that the specimen is free of porosity as for the laminate of Fig. 6.42a.

However, it is important to mention that the scan resolution will obviously influ-

ence the porosity assessment as well. As demonstrated by Kastner et al. [21], the

voxel resolution as well as the choice of the threshold will have tremendous impact

on the quantified porosity. Thus, the choice of scan parameters as well as the size of

the test specimen will need to be considered for such analysis routines.

In the context of damage assessment, it is worth noting that it is generally hard to

distinguish between the indications of porosity and those given by the formation of

cracks. This is owed to the fact that cracks in the composite material are basically

air inclusions of a certain shape and orientation. Since the visualization of these

indications is based on their density, it is thus impossible to separate both indica-

tions without further knowledge. As practical example for this challenge, a 3D

visualization of a tapered section of a laminate is shown in Fig. 6.43. This scan

visualizes the tapered section of a Sigrafil CE1250-230-39 prepreg test specimen of

[(0/90)2]sym stacking sequence fabricated with interspersed plies as described in

Sect. 4.7.3.2.

The specimen was subject to a tensile load until failure within the reduced

section (not shown in Fig. 6.43). For Fig. 6.43b, the gray value range of the

composite material is chosen transparent, so that only the volumes with density

close to air remain. For improved visibility, the air volume surrounding the spec-

imen was also chosen transparent, so only enclosed air volumes remain visible in

x
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x
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3.5 mm

a b

Fig. 6.43 3D CT scan of tapered laminate section (a) and visualization of cracks and porosity by

setting composite material and surrounding air transparent (b)
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Fig. 6.43b. This kind of visualization allows evaluating the orientation and position

of pores and cracks. However, there is no way to distinguish between the occur-

rences of either kind. The laminate has certainly seen some damage in the scanned

region before final failure of the specimen, so parts of the indications of Fig. 6.43b

are due to the presence of cracks. But as evident from computed tomography scans

prior to testing, there is always a certain amount of pores in the reinforcement

section, which is difficult to avoid by the chosen processing conditions. Hence, a

considerable amount of the indications of Fig. 6.43b are due to needle pores.

Because of their shape and orientation in parallel to the fibers of the individual

plies, it is not possible to distinguish them from the occurrence of inter-fiber cracks.

Also, it is likely, that the presence of a pore acts as initiation site for an inter-fiber

crack. Consequently, mixtures of both indications are also likely to occur.

Thus for damage assessment by computed tomography, the following procedure

is recommended:

1. Inspection of the relevant part of the test specimen prior to mechanical testing to

assure there are no significant pores or other inclusions

2. Comparative inspection after testing of same part of the test specimen

This procedure allows evaluating the difference before and after testing and thus

may be used to resolve the ambiguity of indications. In cases of almost negligible

indications prior to testing (such as in Fig. 6.42a), the indications after testing may

be directly used to perform damage assessment.

6.5.1 Ex Situ Testing

Based on the consideration presented in Sect. 6.3, it is suitable to distinguish

between inspection approaches performed ex situ and in situ. For the ex situ

approaches, the specimen is loaded in an external universal test machine until a

certain damage state is reached. Subsequently, the specimen is dismounted and

inspected by a CT scanner. Depending on the type of analysis, the specimen is then

mounted again in the universal test machine and loaded until the next damage state

is reached. In contrast, in situ approaches combine the capabilities of a universal

testing machine with a CT scanning device and are described in their applications in

Sect. 6.5.2.

6.5.1.1 Visualization of Damage Progress

In this subsection exemplary applications for tracking of damage progress using ex

situ CT approaches are shown. Since there are numerous applications found in

literature that could be added to this section [25, 26, 31, 34, 35, 40, 46–61], focus

will be given on two representative examples. As first example, the growth of a

mode II interlaminar crack is investigated. This kind of example is representative
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for a macroscopic indication and is used to demonstrate some basic concepts in

tracking of damage progression. As second example, the growth of inter-fiber

cracks in cross-ply laminates is presented. For this example, the major challenge

stems from the visualization of relevant indications and the compromise between

high image resolution and large inspection volume.

As first example, a typical specimen as used in end-notched flexure test to

determine the mode II fracture toughness is analyzed (cf. Sect. 4.7.2.2). In this

configuration the crack initiates at the precrack position and starts to grow

interlaminar due to the applied bending load. The typical appearance of the fracture

surface after testing is shown as 3D volume in Fig. 6.44. The xz-cross-section and

the xy-cross-section of Fig. 6.44 are used in addition to visualize the complexity of

the fracture surface achieved in this test condition. For this unidirectional prepreg

laminate fabricated out of the Sigrafil CE1250-230-39 material, the crack growth in

mode II condition causes splitting of the laminate in parallel to the fiber axis. Thus,

the real crack front is hardly described as an ideal rectangle, but has certain

waviness along the z-axis. In addition, the crack extends to different distances

along the y-axis depending on the z-position.
In order to evaluate the damage progression during the mode II test, the

specimen was first scanned directly after precracking and a second time after the

first load drop according to the evaluation procedure of ASTM D7905. A compar-

ison of both scans is shown in Fig. 6.45. For this visualization, the composite

material and the surrounding air volume were chosen transparent, so that only

indications of the enclosed volume remain visible. To improve the visibility of

the crack front, a small wedge was inserted at the precrack position to open the

interlaminar crack during the CT inspection. For the evaluation the 3D result is

projected to the xy-plane rendering all indications semitransparent.
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Fig. 6.44 3D visualization of mode II fracture surface in unidirectional laminate and according

cross-sections in xz-plane and xy-plane
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The position of the crack front after precracking is marked as dashed line in

Fig. 6.45a. There is not a plane crack front, but a distinct profile with different crack

extension along the y-axis as function of the x-position. Also, there is a certain level
of pores readily visible inside the laminate. In this application they were found to be

quite useful, since their shapes can be used as characteristic fingerprint to determine

the offset between the first scan and the second scan as indicated by the black

arrows of Fig. 6.45. During the mode II test procedure, the crack front advances by

17.4 mm in average as seen from Fig. 6.45b. The crack front retains a distinct

profile. A 3D evaluation of the newly generated crack surface of Fig. 6.45 allows to

quantify the total crack surface, which evaluates as 1074 mm2 for the case shown.

Unlike other attempts to measure crack lengths using X-ray projection methods, the

use of the 3D volume considers the full topology of the crack surface and therefore

especially considers the waviness along the z-axis. For metallic materials such

approaches have already demonstrated their capabilities for quantitative estimation

of mixed-mode load conditions [83, 84]. The quantification based on visual obser-

vation of the crack front (averaged at both edges) according to the ASTM D7905

results in 348 mm2. Thus the real fracture surface is underestimated by a factor of

3. However, the data reduction routine in ASTM D7905 does not directly apply the

value of the fracture surface and, hence, does not benefit from such improved

evaluation methods. Instead, the volumetric measurement of the fracture surface

may constitute an alternative approach of fracture toughness determination in the

spirit of Griffith’s energy relation.

As further example, the growth of an inter-fiber network in cross-ply laminates is

presented. The damage sequence recorded for a [0/903/0]sym laminate made from

Fig. 6.45 Comparison of mode II fracture surface in unidirectional laminate after precrack

procedure (a) and after mode II ENF test (b) using visualization of cracks and porosity by setting

material as transparent
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Sigrafil CE1250-230-39 prepreg subject to the load profile shown in Fig. 6.46 is

given in Fig. 6.47. The specimen was loaded along the y-axis to the first level of

323 MPa, unmounted from the test machine and then scanned using the computed

tomography parameters given in Table 6.1. Subsequent to the scan, the specimen
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Fig. 6.46 Stress-strain curve of exemplary [0/903/0]sym specimen with levels of CT inspection

marked in red
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Fig. 6.47 Sequence of images recorded at distinct stress levels shown as projection of the 3D

volume to the xy-plane with material set transparent
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was remounted and loaded until the second stress level of 404 MPa is reached.

These steps are repeated until reaching the stress level of 566 MPa. As seen from

the stress-strain curve of a specimen from the same plate loaded until failure, there

are several changes in specimen stiffness, which can readily be associated with

microstructural changes within the materials, such as crack formation.

In Fig. 6.47, the scans are shown as projection of the scanned volume to the xy-
plane following the visualization described above with the composite material set

as transparent. Since almost no porosity was observed in the scan at the lowest

stress level of 323 MPa, all indications visible in Fig. 6.47 may readily be under-

stood as formation of damage in the material.

In Fig. 6.47a, recorded at the region of first nonlinearity of the stress-strain

curve, the formation of a microscopic crack network occurs. This is indicated by the

light black lines in the xy-projection, corresponding to the formation of first inter-

fiber cracks in the 90� and 0� plies. At increased stress levels, the black indications

densify at the previous positions and appear at new locations (cf. Fig. 6.47b).

Depending on the orientation of the lines, these may readily be correlated to the

occurrence of further inter-fiber cracks, which can be related to their specific depth

position by the inspection of the 3D volume. Some areas show larger black clouds

extending from the position of previously grown inter-fiber cracks. These areas are

located at the depth positions between the individual plies and may thus easily be

understood as formation of delamination. At highest stress levels, a significant

amount of microscopic damage has already been accumulated and has led to the

formation of the crack network seen in Fig. 6.47c. In addition to numerous inter-

fiber cracks along the 0� and 90� directions, there is a substantial area showing

inter-ply delamination. Beyond this stress level, the damage is expected to accu-

mulate further and finally cause the rupture of full plies. Since this is typically not

compensated by the remaining plies, this will ultimately cause the rupture of the full

laminate.

Thus for stress-strain curves with significant signatures as seen in Fig. 6.46, the

direct transfer of those procedures to other load scenarios, specimen types, and

material combinations is straightforward. However, depending on the selected CT

scan parameters, the presence of image artifacts, and the volume size, it may result

in less visible details. Also, for several applications no significant deviations of the

stress-strain behavior from linearity occur prior to ultimate failure. To this end,

Sect. 7.2.4.1 presents a suitable combination between acoustic emission analysis

and CT to deal with such conditions.

6.5.1.2 Extraction of Geometries from Volume Data

Apart from visualization of damage progression itself, the extraction of existing

damage from volumetric images can be used as input for modeling approaches.

The application of computed tomography to perform dimensional measurements

is already standard in quality control and has seen a long history of developments.

Using the image segmentation methods presented above, it is feasible to extract 3D

506 6 Computed Tomography

http://dx.doi.org/10.1007/978-3-319-30954-5_7


representations of the segmented entities. This process is known as reverse engi-

neering and is referring to the creation of a digital dataset based on the physical

representation of the object. Compared to alternative methods, like tactile or optical

measurement systems, computed tomography comes with the large benefit to also

show internal structures and thus allows virtual disassembly of parts. The outer

contour of these parts can be directly turned into point clouds or into tessellated

surfaces (e.g., as triangulated STL files). These files can then be compared relative

to a CAD drawing or may be used to inspect the dimensional accuracy of a part [5].

In the context of damage tracking followed herein, these possibilities are con-

sequently extended by the extraction of crack geometries as digital objects for

damage progression modeling or for validation of measurement methods. To this

end, two examples are presented in the following to demonstrate the possibilities of

this approach for assessment of material failure.

In a first example, the extraction of a fracture surface of a mode II crack is

presented. As schematically shown in Fig. 6.48, the full procedure basically con-

sists of two subsequent steps. In the first step, the crack surface is extracted from a

CT scan and digitized to yield a digital representation of the 3D geometry. Within

the second step, this digital object is imported to a FEM program and embedded to a

CAD object for further processing. Although these steps are conceptually easy to

follow, the practical handling of the surface extraction, digitization, and embedding

comes with several challenges and may result in inaccuracies if carried out inap-

propriately. Thus, the sequence is described in more detail in the following using

fracture surface

extracted
crack
front

x

y

z
crack tip

Fig. 6.48 Scheme of procedure used to transfer CT scan of fracture surface into FEM-model
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the software packages VGStudio MAX, MeshLab, and COMSOL Multiphysics as

representative tools to perform surface extraction, mesh processing and geometry

embedding, and FEM computation.

To extract the fracture surface, a suitable CT scan of the region surrounding the

damage zone is performed. In this context, the volume may already be reduced to

yield only the region of interest close to the fracture surface for further processing

as seen in Fig. 6.48.

The CT scan should be of sufficient resolution and contrast, to allow proper

image segmentation using the threshold techniques discussed in the beginning of

Sect. 6.5. For proper extraction of the crack tip geometry, the selection of the

segmentation threshold is of particular relevance and should be considered in detail

when performing the segmentation step (cf. Fig. 6.49). In this context it is worth

noting that most of the postprocessing steps cause a reduction of the volume of the

extracted geometry. Thus shrinkage of the extracted object is technically possible,

while artificial growth of the geometry is generally not deemed a feasible approach.

As a consequence, the threshold selection should be carried out in a way to slightly

overestimate the crack front position as seen in the example of Fig. 6.49c. Within

VGStudio MAX it is possible to perform a surface extraction step using

thresholding techniques. The obtained segmentation boundary can then be exported

as STL file format to yield a tessellated surface for further processing. In this

context, a “normal” level of detail was found to be appropriate for the surface

extraction algorithm in VGStudio MAX. Nevertheless, a high level of accuracy in

a b c

gray value

counts threshold

gray value

counts threshold

gray value

counts threshold

x

y

threshold

Fig. 6.49 Influence of selected threshold on geometry of crack tip
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this step may result in large files for further processing and may need adjustment

subject to the extracted volume, scan resolution, and computational capabilities for

processing.

As next step, the obtained STL file typically needs further processing before

used in a FEM environment. This is mostly due to several issues arising from the

tessellation algorithm applied to the extracted surface. First, there is a large

likelihood that the obtained fracture surface is not fully closed, which is caused

by imperfections of the CT scan as well as the selected segmentation threshold.

Such holes need to be closed, to yield an appropriate representation of the fracture

surface. Second, the tessellation algorithm is likely to generate topologically

non-manifold faces and vertices in regions of geometric singularities (i.e., at the

crack tip). Since these cause difficulties for generation of computational meshes,

these need to be removed as well. And finally, the presence of pores or crack

bifurcations may cause isolated entities, which may be considered in FEM

approaches, but may also lead to difficulties in mesh generations. Thus it was

found to be useful to remove such isolated surfaces before further processing.

Since all these operations are hardly implemented by manual mesh processing

strategies, they require an appropriate environment to perform such STL file

modifications. To this end, the software platform MeshLab was used for processing

and simplification of the extracted surface.

After import of the STL file, the first step consists of a removal of isolated

entities by the command “remove isolated pieces” applied to the imported mesh.

Based on the selected option, this is used to remove all isolated objects depending

on their diameter or number of faces as seen in the transition between Fig. 6.50a, b.

xy

holes

1.5 mm

z pores

a b

c d

730000 elements

350000 elements 75000 elements

Fig. 6.50 Use of “remove isolated pieces” command to remove isolated entities (a) and “qua-

dratic based edge collapse strategy” to simplify the mesh to different number of elements (b–d)
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For further processing within a FEM program, the topology of the obtained mesh

may need some processing. Some of the mesh refinement strategies present in the

next steps will require a mesh with two-manifold edges. This means that each edge

should be connected to exactly two neighboring faces. Non-closed objects are

typically one-manifold (or even zero-manifold for plane edges) and objects

containing artifact faces are three- or more manifold. Before further processing,

the vertices, edges, or faces causing this lack of topological integrity of the surface

need to be removed. Examples for such non-two-manifold edges are enclosed faces

or overlapping faces. These are difficult to spot by the bare eye, but are easy to

select and delete by using the “select non-manifold edge” filter. Careful removal

without compromising the integrity of the geometry is used to yield a suitable mesh

representation for further processing.

Subsequently, the mesh is subject to a simplification scheme. Among the

different choices, the “quadratic based edge collapse strategy” option following

the scheme of Hoppe was found to be particularly useful [85]. Two stages of mesh

simplification are seen in Fig. 6.50c, d as compared to the exported mesh from

VGStudio MAX in Fig. 6.50b. For such mesh refinements, it is key to preserve the

topology of the extracted surface and to avoid removal of geometric details, which

are required for the computation result. The latter aspect is hard to determine at this

stage, so the simplification routines should be evaluated in their impact on the

computation results by comparing results of different simplification levels. Clearly,

this step is used to increase the numerical efficiency of the modeling procedure and

should thus be considered carefully to reach a satisfying level of detail, while

keeping the numerical intensity at a minimum. Newly generated or existing holes

are filled using the “fill holes” or “close holes” command as shown in Fig. 6.51.

Since a fracture surface is by definition free of holes, the latter is a requirement for

further computation tasks. As final step, the simplified and repaired surface is

exported to another STL file.

Within the FEM program COMSOL Multiphysics, STL files may be imported

during geometry creation. For the exemplary fracture surface of a mode II crack,

only the crack tip was scanned by CT and is imported into the FEM program. The

remaining parts of the specimen may either be imported from other CAD formats or

xy

1.5 mm

a b

z holes

Fig. 6.51 Use of “fill holes” command to artificially close the generated holes
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are being generated directly within the FEM program. From the imported crack

surface, only the lower half was kept, and the remaining crack surface was joined

with a surrounding volume using a sequence of intersection and union commands to

yield the volume shown in Fig. 6.48. The so-obtained volume was then embedded

within the full 3D geometry of a mode II specimen as shown in Fig. 6.52a. The full

fracture surface of the specimen is reached by extrusion of the crack contour at the

left edge of the embedded volume and finally yields the blue fracture surface seen in

Fig. 6.52a. For comparison a second model with identical outer geometry is

generated. As a major difference, the second model uses a simple rectangular

crack representation at the half-thickness position of the laminate as seen in

Fig. 6.52b.

For further computations, a line load acting in z-direction is applied at the center
of the specimen, while at the position of the lower supports, displacement constraints

are chosen, inhibiting movement in x-direction and z-direction. Material properties

are those of Sigrafil CE1250-230-39 as listed in Table B.1 in Appendix B.

The full fracture surface is modeled by cohesive zone elements following the

implementation described in Sect. 4.2.

Within the “Structural Mechanics module” of COMSOL Multiphysics, the

configurations of Fig. 6.52 are subject to a stationary analysis using an applied

force equal to the residual load after crack growth as obtained in the experiment.

The computation results are visualized as false-color plots of the shear angle in

Fig. 6.53. This representation of the calculated deformation is chosen in analogy to

the evaluation of mode II crack growth using DIC techniques presented in Sect. 3.4.

The typical 2D image seen by a DIC system is shown as an additional inset for both

cases.

It is evident from Fig. 6.53 that the different implementations of crack geometry

result in noticeable differences in the computed shear angle values around the crack

position and along the delaminated area. Both cases allow identifying the position

of the crack tip by the steplike change in shear angle from 0� to -0.5� or less.

However, the remaining signatures of the strain field around the position of the

crack tip are affected by the real shape of the crack tip, causing less distinct areas of

positive shear angle above and below the crack tip for the case shown in Fig. 6.53b.

x

y

z

2.8 mm

a b

Force

cohesive zone elements

Force

1.4 mm

Fig. 6.52 FEM-model configuration used to calculate strain fields due to static load using

extracted fracture surface (a) and reference case with plane fracture surface (b)
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Moreover, the present finding is in contrast to the typical observations of crack

growth by DIC methods as seen in Figs. 3.48, 3.50, and 3.51 in Sect. 3.4. Thus, it

may be speculated if the shear strain signatures seen by DIC methods are really due

to the deformation of the speckle pattern or are more a result of the local chipping of

the speckle pattern due to interlaminar crack growth.

As second example for numerical computation utilizing an extracted fracture

surface, the configuration shown in Fig. 6.54 is presented. Applying the same

software environments as for the previous example, the fracture surface of a

RTM6 specimen as used for flexural testing in Sect. 5.2 is extracted from a CT

scan and is joined with a 3D volume of the full specimen. This test specimen is then

embedded within a model of the full test setup including a 3D representation of the

lower supports and the geometry of the pushrod introducing the mechanical load.

The dimensions of the model as well as the selected boundary constraints are given

in Fig. 6.55. To induce a mechanical load, the upper surface of the pushrod was

subject to a force of 78.8 N acting in z-direction, while movement of the edges at the

bottom of the support was constrained along the x-direction and the z-direction. As
further boundary constraints, the extracted fracture surface was modeled by cohe-

sive zone elements following the approach presented in Sect. 4.2 with a von Mises

failure criterion and the material properties of RTM6 as given in Tables B.1 and B.4

of Appendix B.
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Fig. 6.53 Comparison of calculated shear angle in ENF test for laminate with perfect center crack

(a) and shear angle due to real fracture surface as obtained from CT scan (b)
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Within the “Structural Mechanics module” of COMSOL Multiphysics, the

configuration of Fig. 6.55 is subject to a transient analysis. The acting force was

identical to the failure load of the specimen. All dimensions including the fracture

plane are chosen identical to the experimentally used specimen. Based on the

material properties and the von Mises failure criteria, this causes crack initiation

and crack propagation at this load level.

As seen from the false-color visualization of the degradation function Č(r) in
Fig. 6.56, the applied external load results in crack initiation at the notch position

with crack growth from the bottom to the top of the specimen. The position of the

crack front is determined by the evaluation of Č(r) and does not obey a spatially and
temporally homogeneous growth. Instead, the topology of the fracture surface

causes an inhomogeneous growth of the crack front along the y-axis. Due to the

initial acceleration, the crack velocity increases first (cf. t¼ 12.5 μs to t¼ 25.0 μs)
and decelerates when approaching the top of the specimen (cf. t¼ 50.0 μs to

t¼ 100.0 μs). The dynamics of this crack growth confirm well with results of a

fractographic analysis of the resultant fracture plane (cf. Fig. 5.8). Here a crack

initiation zone with sliver-like pattern is observed followed by pronounced Wallner

lines when reaching the deceleration zone. In order to perform a physically correct

description of the dynamics of the crack growth, it is thus required to consider the

topology of the fracture plane. A simple approach defining a straight rectangular

plane was found to yield inaccurate results even for such relatively simple failure

modes [86]. Especially the complex fracture planes of composite materials are

surface
extraction

extracted fracture surface

x

y

z

supports

push rod

Fig. 6.54 Scheme of procedure used to transfer CT scan of fracture surface into FEM-model
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expected to benefit from approaches to directly obtain the geometric dimensions

from computed tomography measurements (see also Sect. 7.2.4.2). However, other

approaches using meshless methods [87–93] or refined FEM approaches [84, 94] do

not need to define an explicit fracture plane and therefore should be able to capture

the dynamics intrinsically. For such advanced modeling methods, the extraction of

fracture planes may be then directly be used to compare model predictions to

experimental results.

6.5.2 In Situ Testing

As primary difference to the previous section, the approaches considered as in situ

testing using computed tomography typically combine a mechanical test rig with a

CT device as presented in Sect. 6.4. Many applications to visualize and detect

damage progression in composite materials by in situ approaches have already been

published [25, 26, 31, 34, 35, 40, 46–61]. Thus, the aim of this section is not to

repeat their findings but to demonstrate the capabilities of such approaches using

some representative examples. To this end, results of a study are presented, which

investigate a subset of the fundamental microscopic failure modes of fiber

reinforced composites.

In order to induce a particular failure mechanism, the load frame concept

introduced in Sect. 6.3 is applied. This comprises an aluminum load frame

component in combination with a PMMA tube used as load deflection. The load

stage itself is a fully computer-controlled commercial device of type “Microtest”

applying a 500 N load cell for precise force measurements. For later combination

with AE measurements (see Sect. 7.2.4.2), the load frame was modified to form a

waveguide to transfer the AE signal from the source position to the sensor position

[60]. A 3D CT scan of a mounted specimen showing the details of the transfer

components is found in Fig. 6.57 next to a photography image of the system. As

explained in Sect. 6.3, the system applies a load deflection concept introducing

tensile or compressive load by movement of the lower bar. The upper bar is

mounted to the surrounding PMMA tube and acts as fixed counterpart. To improve

the acoustic propagation path between the specimen and the sensor, a waveguide

concept is applied, which is explained in more detail in Sect. 7.2.4.2. The AE

sensor itself is mounted in a screw thread machined into the upper part of the

stage.

The specimens investigated are fabricated as prepreg laminate using the carbon/

epoxy system Sigrafil CE1250-230-39 following the curing cycle recommended by

the manufacturer. Miniaturized samples of nominally 1.7 mm� 2.0 mm� 22.0 mm

(depth�width� height) are cut from the laminates utilizing a water-cooled

low-speed saw with precision diamond blade. Samples are attached to the alumi-

num load bars by an UHU Plus endfest 300 epoxy adhesive. Mechanical testing is

carried out in displacement-controlled mode with 0.2 mm/min displacement rate.
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The generated load-displacement curves are recorded by the software program

“Deben Microtest.”

The different types of load bars are shown in Fig. 6.58. Depending on the

intended type of load, several load bar types are used. Tension and compression

tests were carried out by using the load bars of Fig. 6.58a. Here the specimen is

directly bonded to the load bars by an epoxy adhesive. The large embedding length

seen in Fig. 6.57 offers a comparatively large contact surface to the adhesive and is

sufficient to transfer tensile or compressive loads into the specimen until failure in

the free section. For compressive loading, the adhesive bonding has the further

advantage to support the specimen at the edges, thus avoiding end crushing by a

shear load introduction. As further load concept, a mode I configuration was

realized by a wedge cracking method. This is shown in Fig. 6.58b holding the

sharp wedge on the bottom load bar and a respective slit for the specimen machined

into the upper load bar.

In mechanical testing, a comparatively stiff load frame should allow a direct

measurement of the specimen strain by evaluation of the cross-head displacement,

but the strain rate intrinsically changes during increased loading [95]. For the given

case, the stiffness of the full load frame was evaluated as 635 N/mm for tensile and

compressive load and was not found to be sufficiently high to evaluate the specimen

strain directly from the movement of the stepper motor. A typical measurement

curve for the stress-strain relationship during tensile testing transverse to the fiber

specimen
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Fig. 6.57 3D scan result of

load rig showing cross-

section of the mounted

specimen, the tensile bars,

and the mounted acoustic

emission sensor (left) and
according photography

image (right)
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direction is shown in Fig. 6.58c. As seen from the figure, the curve exhibits a

characteristic change of compliance which unlikely originates from the material.

Instead such changes in system compliance were found in various load configura-

tions, being partially at characteristic load levels and partially being unique for each

measurement. Consequently, a direct compensation of the load frame compliance

by a linear correction factor is not possible. For this case a nonlinear compensation

would be required to account for changes in system compliance, i.e., due to screw

threads, bolt connections, and other connectors. Since this was found to be partially

at unique load levels, no generally applicable compliance correction could be made.

Therefore, further discussion will be limited to the observed failure mode and the

stress level during failure.

In the following, results are shown for the occurrence of inter-fiber failure in a

unidirectional composite due to tensile and compressive load as well as fiber

failure due to tensile and compressive load. Further results are presented on

tracking of interlaminar crack growth resulting from mode I loading. All scans

were performed using a Nanotom 180 CT scanner applying the scan parameters of

Table 6.5 and the “phoenix datos|x2 reconstruction” software for image acquisi-

tion and VGStudio MAX for postprocessing. Given the high voxel resolution,

details of the fracture plane and inclusions (e.g., pores) in the bulk composite are

readily visible.
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Fig. 6.58 Several load bars as used for tension and compression (a) and mode I (b) loading.
Typical stress-strain curve from tensile test exhibiting change of system compliance (c)
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6.5.2.1 Inter-fiber Failure

For tensile loading transverse to the fiber direction, the expected failure mode is a

comparatively smooth fracture surface normal to the applied load. An exemplary

CT scan after final failure of the specimen as shown in Fig. 6.59 confirms this

assumption. Although the details of the fracture plane reveal a certain roughness of

the fracture surface, the overall orientation is found to be normal to the load axis.

Beyond the possibility to extract the fracture surface as discussed in

Sect. 6.5.1.2, the 3D capabilities of the scan allow further inspections to be made.

Since failure of unidirectional composite transverse to the fiber axis is dominated by

the presence of laminate imperfections (e.g., inclusions, dry spots, and resin rich

Table 6.5 Acquisition parameters for CT scan

Measurement parameter Value

Detector type Amorphous Silicon CsI detector (3072� 2400)px2

Filter None

X-ray tube voltage 50 kV

X-ray tube current 170 μA
Focal spot size 0.6 μm
Voxel size 1.7–3.8 μm
Acquisition angles 1000

Image exposure time 1 s

3D reconstruction software Phoenix datos|x2 reconstruction

force

fracture surface

fixture

adhesive bonding

xy

z

Fig. 6.59 3D scan of the failure mode due to tensile load transverse to fiber axis including details

of the fracture surface (reprinted from [60])
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areas), the 3D analysis may readily be used to spot such regions and to investigate

their relation to formation of the fracture plane. In the spirit of [28], an example of

such inspection is shown in Fig. 6.60.

Here the scan of Fig. 6.60a reveals a substantial amount of porosity in the

laminate, which has been quantified to be in the order of 5%. From the position

of the pores, it is obvious that they link and agglomerate at the positions between

the individual plies, which can readily be observed in Fig. 6.60a. A direct compar-

ison to the contour of the fracture plane shown in Fig. 6.60b can thus be made. As

seen from the red line in Fig. 6.60a, the later position of the fracture surface links

several pores on the right side of the specimen. However, based on the cross-section

shown in Fig. 6.60, a deviation of the crack from the y-axis would be expected

including some of the bigger pores seen in Fig. 6.60a. Instead, the crack stays

almost in parallel to the y-axis. There are several reasons for this behavior. First, for
the given load scenario, the presence of a crack tip will immediately result in

transverse failure of the material due to the superimposed normal stress. Energet-

ically it is not favorable to deviate from this angle (cf. Sect. 2.2). Unless there are

strong stress concentrators, the crack will keep its propagation direction as seen in

Fig. 6.59. Moreover, the specific cross-section shown in Fig. 6.60 is only a part of

the full volume. Since some of the larger pores seen in Fig. 6.60a do not extend

along the full dimension of the specimen along the x-axis, they do not necessarily

constitute weak paths to dominate crack propagation.

To investigate the relation between porosity and formation of the fracture plane

further, two examples of compression transverse to the fiber axis are discussed next.

A direct comparison of the specimen shape before and after failure is shown in

Fig. 6.61.

Based on Puck’s failure theory, an angle of approximately 53� would be

expected for an otherwise perfect and homogenous laminate [96, 97]. As seen

from the 3D scan result in Fig. 6.61, the shape and orientation of the fracture

surface in this load case does coincide well with the prediction. However, parts of

the specimen were certainly subject to bending loads due to the partial or full

buckling of the specimen after crack initiation. Accordingly, smaller fragments of

the material have separated from the remaining specimen and are thus not included

y

a b

z

0.4 mm

Fig. 6.60 Exemplary yz-cross-section before (a) and after failure (b) due to tensile load transverse
to fiber axis
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in the scan. Using an yz-cross-section, the resultant fracture angle can readily be

measured as shown in the example of Fig. 6.62. As average of ten measurements,

this evaluates as (53.6� 1.5)� and therefore agrees well to the prediction of Puck’s
inter-fiber failure criterion.

To study the influence of porosity in such load cases, a relevant yz-cross-section
of a laminate before and after fracture is shown in Fig. 6.63. The dashed line in

Fig. 6.63a resembles the contour of the final fracture surface seen in Fig. 6.63b. As a

result of the acting forces, a distinct fracture surface develops. This is partially due

to the collapse of pores and due to multiple fractures along the paths dictated by the

position of the pores. The red line of Fig. 6.63a clearly indicates that the connection

of individual pores finally results in the formation of the fracture plane and thus acts

as preferential path for crack growth.

6.5.2.2 Fiber Failure

In order to investigate fiber failure due to tensile and compressive load, different

specimen sizes were prepared to conform with the maximum force capacity of

500 N of the used load cell. Specimens are fabricated from the Sigrafil CE1250-

230-39 carbon/epoxy prepreg laminate using miniaturized samples of

force

fracture surface

peel ply texture

xy
z

Fig. 6.61 Comparison of specimen loaded by compressive force transverse to fiber axis before

and after failure
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0.14 mm� 1.35 mm� 22.0 mm (depth�width� height). All other settings were

chosen as for the previous cases.

As seen from the comparison of the specimen before and after failure in

Fig. 6.64, the failure mode is distinctly different to the inter-fiber failure cases

Fig. 6.62 Evaluation of

fracture angle due to

compressive force

transverse to fiber axis

Fig. 6.63 Exemplary yz-cross-section before (a) and after failure (b) due to compressive load

transverse to fiber axis
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since this load configuration requires the rupture of the reinforcement fibers.

Inspired by macroscopic test configurations for tensile tests parallel to the fiber

axis, a tapered region as shown in the xz-cross-section of Fig. 6.65a was prepared

using the epoxy adhesive. This ensures failure of the material in the reduced part of

the specimen as seen in Fig. 6.64. In addition to the rupture of the fiber filaments,

splitting along the z-axis occurs during failure. The latter is seen well in the

comparison of the specimen cross-section in Fig. 6.65b, c. Here several inter-fiber

cracks occur in parallel to the fiber axis.

The influence of pores on the occurrence of fiber filament failure has been

studied in [28]. Therein it was concluded that the presence of voids increases the

likelihood of a single filament fiber break in the immediate vicinity. Other exper-

imental studies with a focus on the accumulation of single fiber filament breaks and

their relevance to global failure of the laminate have provided substantial insight on

this failure mode [25, 26, 56]. Moreover, substantial refinement of the theoretical

framework to describe the agglomeration of fiber failure has been proposed by

Swolfs et al. [98–100].

To induce failure of the specimens with compressive load applied parallel to the

fiber axis, the same experimental configuration as for the tensile test is used. The

taper provided by the epoxy was found to be quite useful to stabilize the specimen

and to avoid buckling failure modes. As visualized the comparison of 3D scans

before and after failure of the composite in Fig. 6.66, the predominant failure mode

force

0.14 mm

fracture surface

xy
z

adhesive
bonding

Fig. 6.64 Comparison of specimen loaded with tensile force parallel to fiber axis before and after

failure
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Fig. 6.65 Comparison of tensile specimen cross-section in xz-plane (a) and xy-plane (b) before
loading and in xy-plane after loading (c)

force

0.41 mm

xy

z

fracture surface

Fig. 6.66 Comparison of specimen loaded with compressive force parallel to fiber axis before and

after failure
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observed for the carbon/epoxy material used in this load configuration, is a

brooming failure mode at the center of the specimen. This is likely induced by

band kinking of the fibers prior to the final failure. As seen from the cross-sectional

images in Fig. 6.67, the upper half of the specimen impacts the bottom half upon

failure as typically observed in macroscopic testing. This impact causes much of the

substantial damage visible in Figs. 6.66 and 6.67. The used scan resolution allows to

resolve many details on the fracture mode, such as fiber fragments, the extent of

delamination, splitting of the beams, and other geometrical changes. Note also the

rotated alignment of the upper part of the beam compared to the bottom part. This is

seen best by comparing the cross-sectional images in the xy-plane of Fig. 6.67 taken
at the dashed red lines as indicated in the xz-plane cross-section.
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mFig. 6.67 Cross-sectional

view of specimen after

failure in directions

perpendicular to applied

load (xy-plane) and as cross-
section aligned with applied

load (xz-plane)
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6.5.2.3 Interlaminar Failure

For initiation of an interlaminar mode I crack, a different load configuration than for

tensile or compressive testing is required. As discussed in Sect. 6.3, the specimen is

hold in an upright position using a fixture at the bottom part. At the top position, a

sharp knife is used to induce a mode I crack due to wedge loading of the two beams.

To facilitate crack initiation at the center part of the prepared specimen, a precrack

is introduced prior to testing. For this test procedure, specimens are fabricated from

the Sigrafil CE1250-230-39 carbon/epoxy prepreg laminate using miniaturized

samples of 1.7 mm� 2.2 mm� 32.0 mm (length�width� height). The displace-

ment rate of the indentation knife was chosen as 1 mm/min.

The resultant crack propagation after exceeding the 121 N for initiation of the

precrack is shown in Fig. 6.68 for two subsequent states of knife indentation. As

clearly revealed by these images, the knife indentation causes a splitting of the

beam resulting in a typical mode I load condition at the position of the crack tip.

The in situ scan of this mode I crack allows examining details of the crack front,

such as bifurcations or branching of the crack tip, surface roughness or interaction

with particles, and voids or other defects. As an example for this kind of analysis,

Fig. 6.69 presents cross-sections in the xy-plane (i.e., plane perpendicular to the

direction of crack growth) taken at different positions along the z-axis. Figure 6.69a
is taken at a position close to the present position of the crack tip. As noticeable

from the absence of the crack on the left side of the cross-sectional image, the crack

does not grow with a planar crack front along the y-axis (cf. also Fig. 6.44). When

force

2.2 mm

crack tip

xy
z

knife

force
Fig. 6.68 3D visualization

of interlaminar crack

growth at two subsequent

stages of knife indentation

6.5 Application to Composites 525



moving towards the position of the indentation knife, Fig. 6.69b–d reveals the

roughness of the fracture surface along the y-axis as well as some crack bifurcations

and splitting of the laminate upon crack growth. The latter is particularly well seen

for the fiber filament residues visible as small gray particles between the two

fracture surfaces.

The progression of the crack tip may also be visualized for a sequence of images

taken at different indentation depths of the knife. As visible in cross-sectional

images in the xz-plane in Fig. 6.70 at identical y-position, the crack tip starts to

propagate starting at the precrack position (Fig. 6.70a). Due to the loading of the

indentation knife, the mode I condition at the crack tip causes interlaminar crack

propagation at a distance of more than 3 mm ahead of the knife position. Thus, the

crack is solely driven by a mode I load and is not simply cut by the indentation

knife. As seen from the cross-sectional images in Fig. 6.70b, c, the crack splits the

laminate and propagates with occasional branching of the crack tip. This sequential

imaging mode is therefore well suited to detect influences of enclosed particles or to

study deviations in the crack front due to the presence of defects, the textile

architecture, or other likely crack deflectors.

Fig. 6.69 Cross-sections in the xy-plane at z-positions of approximately 2 mm distance to the

precrack

z

x

2.2 mm

a

b

c

z

x

z

x

branching of crack tip

Fig. 6.70 Sequence of images in xz-cross-section recorded in subsequent load stages to visualize

interlaminar crack propagation and branching of crack tip
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