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Abstract This paper demonstrates a novel method that
combines X-ray computed tomography (CT) and image pro-
cessing for investigating two materials with significantly
different densities. CT is increasingly used in industrial
applications of inspecting materials and defects. The limita-
tions of the system and data reconstruction are continuously
researched so as to improve the quality of the results. One
of the most common issues in CT is beam hardening, fre-
quently experienced in multi-material scanning. The mate-
rials examined to demonstrate the method are carbon fibre
reinforced polymers (CFRP) and titanium alloy Ti6Al4V,
often used in combination in industry to optimise the weight
to strength ratio. The assembly of the materials is usually
achieved by bolting and riveting, which requires drilling
through the two materials together. The machining of these
materials is difficult due to their higher specific properties
and as a result tool wear is always an issue. CFRPs proper-
ties depend on the nature, orientation and bond of the fibres
and as a result drilling affects their service life. The results
of the method ensure the quality of the drilled holes by
measuring the variation of the maximum diameter, circular-
ity, positioning of the hole and an examining the entrance
delamination and exit burrs by image processing.
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1 Introduction

X-ray computed tomography (CT) utilises a series of radio-
graphs that are reconstructed into a 3D model that provides
data of the outer surface and structure of the scanned speci-
men as well as the inner structure and any potential defects.
The pixels of the radiographs have different grey values
based on the amount of radiation reaching the detector after
penetrating the scanned object (Fig. 1). The reconstruction
of numerous radiographs collected from a 360◦ rotation of
the part with filtered back projection (FBP) converts the 2D
pixels to 3D voxels that digitally rebuild the part. The voxels
represent the entire volume rather than an externally observ-
able area and can be exported for analysis. Variation in grey
values within the 3D volume can demonstrate differences
of density, the existence of either material or background or
air and provide information of a defect such as porosity or
cracks [1–5].

CT data is affected by many different variables that can
influence its quality such as beam hardening that causes lin-
ear shadowing around the 3D reconstruction of the part or
produces different grey values in homogeneous materials.
This issue is caused by the nature of the polychromatic x-
ray beam spectrum and the attenuation of the radiation by
the part. Polychromatic radiation includes a spectrum of dif-
ferent radiations up to the desirable radiation energy. The
lower energy radiation is absorbed by the more dense mate-
rials, and it does not reach the detector while the higher
energy radiation is able to penetrate the specimen. The nor-
malisation of the data in the reconstruction process causes
the creation of this phantoms, and it is a common issue in
high energy scans and in multi-material scans [1].

The applications of CT can be separated into non-
destructive evaluations and metrological investigations. As
a non-destructive evaluation technique, the data does not
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Fig. 1 The grey value of each pixel demonstrates the attenuation level
of x-rays from matter

require extensive analysis other than reducing systematic
CT errors/artefacts while as a metrological tool, further
procedures are required to be followed to overcome and pos-
sibly eliminate any issues that can affect the precision of the
data. These issues can possibly affect the CT data caused
by bi-directional repeatability of the system, radial run-out
errors, the detector tilt and type, size and movement of the
x-ray spot during the scan. The effect of these issues can
be reduced by following the recommendations provided in
VDI/VDE 2630 Part 1.4, a guide to obtain dimensional mea-
surements through CT. In order to eliminate absolute scale
errors in CT measurements that are caused by imprecise
voxel size, nominal/actual comparison between the scanned
data and a reference measurement is required according to
these guidelines. This comparison can reduce the systematic
measurement error from 1 to 0.2 % [1–4, 6–12].

This paper demonstrates a method of CT scanning and
analysing multi-material parts that are affected by the lim-
itations of a CT system and they are suffering from beam
hardening and noise. In order to develop and demonstrate
the capabilities of this method, multi-material samples were
examined. The samples are combining carbon fibre rein-
forced polymers (CFRPs) and titanium alloy which are
materials with distinctively different densities.

1.1 Examined materials

Composite materials are often favoured over traditional
materials for structural applications due to their higher spe-
cific properties of strength and stiffness, leading to weight
reduction of the entire structure and reduction of energy
consumption. For this reason, composites such as CFRPs
are increasingly being utilised in aerospace, navel, space
and automotive applications. Similarly, titanium and its
alloys are often used because of their high strength to weight
ratio, compressive and tensile strength at high temperature,

low density, corrosion and erosion resistance, fatigue resis-
tance and low modulus of elasticity. These materials are
frequently combined by bolting and riveting to optimise the
weight to strength ratio [13, 14].

Numerous studies examine the drilling of CFRPs as
machining difficulties are often encountered. Composite
materials are anisotropic, non-homogenous and heat sensi-
tive, while their machining behaviour depends on diverse
reinforcement and the properties of their matrix. CFRPs
achieve their mechanical and structural properties from the
nature, orientation and bond of fibres that are arranged
in flat panels, sheets or woven structures [13–21]. Any
machining that breaks the fibres influences the properties
and service life of the part. Many studies have examined
different machining processes, tools, set-ups and settings,
and it can be concluded that the formation of defects and
high wear of the cutting tools are caused by the non-
optimum combination of process parameters, tool geometry
and cutting tool material [13, 22–26].

Wherever possible, composites are produced with near
net shape processes to avoid damages caused by machin-
ing; however, drilling is a secondary machining process that
is difficult to avoid since it is required to install mechani-
cal fasteners. The drilling process can cause fragmentations,
burrs, interlaminar cracks, interfacial de-bounding, thermal
damages and fibre pull-outs. A high percentage of part
rejections are due to poor hole quality [13–19, 22, 27, 28].
The examination of the holes after their production is under-
taken by destructive and non-destructive methods, to better
understanding the effects of the machining processes and
the way that they affect the service life of the part. Dif-
ferent machining processes are continually being studied to
improve the outcomes [13, 17–19, 22–28].

The effect of tool characteristics such as geometry, mate-
rial and type have been considered in several studies with
the results indicating that smaller contact length between
drill and hole and a smaller chisel size are beneficial. The
other important aspects of drilling CFRPs are tool thrust
and torque, feed rate and cutting speed. The defects are
attributed to the brittle nature of the fibres that are deformed
and cut by brittle fracture during machining which often
results in uncut fibres and rough surface finish. Tool wear
and thrust forces contribute to the formation of defects
while low cutting speeds and high feed rate, such as less
than 50 m/min and more than 0.1 mm/rev respectively,
cause fibre breakage, pull-outs, cracks and delamination.
The machining of CFRPs is also affected by the low tem-
perature strength of the matrix that is typically less than
180 ◦C and temperatures higher than this result in material
softening, degradation and poor surface finish [29–31].

Titanium is widely used in the aerospace industry, for
example, aircraft turbine and compressor blades and discs.
Combining CFRPs with metals such as titanium and its
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alloys introduces more challenges due to its higher specific
properties, significantly formation and tool wear. Concen-
trated heat at the cutting edges results from low thermal
conductivity of the material. Temperatures can rise to over
1000 ◦C in dry conditions resulting in a chemical reaction
with the tool material leading to tool weakening and fail-
ure, while the titanium maintains its properties of hardness
and strength. As a result, the machining of titanium typi-
cally incurs high machining cost with high tool wear, tool
life is decreased by chipping, and burrs are introduced to
both entrance and exit surfaces of the holes. Thrust force,
tool wear and the increase of the feed rate during drilling
affect the formation and size of burrs, which may result in
inaccuracies and assembly errors [14, 32–36].

The results of different drilling methods such as
ultrasonic-assisted drilling (UAD) have been compared to
conventional drilling (CD) in order to identify optimum set-
ting. The utilisation of UAD in the drilling of CFRP has
been shown to improve the quality of the holes, while the
results for its application on titanium alloys are more varied,
with some studies demonstrating different results for dif-
ferent alloys and others showing benefits with lower thrust
forces. It is generally accepted that UAD increases tool life,
which affects the quality of the holes, due to less titanium
adhesion on the cutting edges and less edge chipping which
corresponds to reduced titanium burr [36–39]. The process
relies on the application of ultrasonic vibrations of 2–20 μm
and 20–45 kHz amplitude and frequency, respectively,
which is superimposed in the feed direction of the cut-
ting edges during drilling. The CFRP results of this method
demonstrate lower thrust forces, lower surface roughness,
smaller delamination and improved circularity compared
to CD [38]. Nevertheless, higher cutting temperatures are
observed during UAD of CFRPs and titanium alloys indi-
vidually which are proportional to the ultrasonic amplitude
due to energy consumption as the tool vibrates. Measure-
ments of drilled through stacks of CFRP/Ti6Al4V, produced
by UAD and CD with a three-point bore micrometre has
shown more consistent and closer to nominal diameters
for UAD [37–40]. The application of UAD demonstrates
promising results and further investigation is required, while
the combination of CFRPs and titanium alloys introduces

unforeseen challenges that depend on the nature of the
specific combination of CFRP and titanium alloy.

1.2 Quality inspections and computed tomography

The investigations of different machining processes and
combinations of different materials usually apply destruc-
tive methods by cutting the part to examine it. As a result
of these examinations, part of the specimen is destroyed
and some potentially useful data is lost. Optical inspections
with microscopes while non-destructive can only provide
data of the entrance and exit surfaces of the drilled holes
and surface roughness examinations provide limited data of
specific points.

The most common examination methods used in the
investigation of defects of CFRPs are radiography, ultra-
sonics, and eddy-currents after optical examinations and
destructive test. Optical techniques used in the past include
infra-red thermography while the specimen is under load,
eddy currents with special probes, pulse echo ultrason-
ics, digital image analysis, shadow moire laser and guided
waves [18, 22, 41–47]. These methods were used to identify
the orientation of fibres, defects and their type, fibre frac-
tions resin-rich zones, impact damages, the extent of hidden
delamination and the growth of fatigue damages during
tests. Each method has its limitations, and they are chosen
according to the application. All of these methods provide
limited data with constrained accuracy which is subject to
human error, and they are unable to provide data for the
entire specimen. The inspection of titanium also includes
destructive methods that are then optically examined with
microscopes and non-destructive methods such as radiogra-
phy, ultrasonics and eddy currents with similar limitations
as previously discussed [18, 22, 41–47].

The combined issues caused by drilling of these materials
require the identification of the optimummachining settings
for the specific combination of materials. This study exam-
ines and compares drilled holes produced by UAD and CD
of CFRPs and titanium alloy Ti6Al4V stack using CT and
image processing. The holes examined in this case study are
part of an investigation to identify optimum drilling meth-
ods and settings that could benefit an industrial production

Table 1 Machines and software used in this method

Machines and software used Name Producer Year

X-ray CT scanner X-TEK XT H 225/320 LC Nikon Metrology, UK

Optical CMM scanner NEXIV VM2 - R6555 Nikon Metrology, UK

CT Reconstruction software CT Pro 2.4 Nikon Metrology, UK 2014

CT Inspection software VG Studio Max 2.2 Volume Graphics GmbH, Germany 2014

Analysis software Matlab MathWorks, USA 2014
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line. The method used is based on an investigation of CFRP
drilled holes utilising CT and image processing [48]. The
combination of different materials and the significant differ-
ence of their atomic mass and structure introduce issues to
the CT examination and image processing analysis that are
identified and overcome by this method.

2 Method

The method presented here was developed to examine dif-
ferent materials with significantly different atomic mass
and structure. A stack of CFRP and Ti6Al4V was used to
demonstrate the results of the method. The examined sam-
ples are test results of two different machining processes,
and they are part of an investigation to identify the optimum
drilling settings. The CT examination of the two drilling
methods, CD and UAD, can provide information about the
quality of the holes and assists in the identification of the
optimum settings for this combination of materials. The
evaluation of the quality of the holes is based on the internal
damage of the materials, the circularity and centre deviation
of the entire hole. The image processing analysis is based on
a method developed to evaluate the quality of CFRP holes
[5, 48]. All of the scanners and software packages used are
provided in Table 1.

2.1 Preparation of the parts

Both machining processes, CD and UAD, were performed
on CFRP/Ti6aAl4V stacks with the same machine, Ultra-
sonic 65 monoBLOCK, DMG with an ultrasonic actuator
built into the tool holder, as shown in Fig. 2. The two
materials were joined together with Hysol 9492 prior to
the machining. The thickness of the different materials was
4 mm. The cutting speed and feed rate were constant at

Fig. 2 Experimental drilling set-up of conventional and ultrasonic
drilling

Fig. 3 Voxel rescaling according to CMM measurements. The centre
to centre distance of the prescribed circles shown are scaled to the
actual canter to centre distance measured by optical CMM

50m/min and 0.05mm/rev, respectively. The drilling took
place with a reground tungsten carbide 2-flute twist drill
with point angle of 140◦ and a helix angle of 30◦. The
diameter of the tool was 6.12mm and 50 holes for each
technique were drilled. In order to compare the two tech-
niques and examine the effect of the tool wear into the
quality of the results, one hole was examined for every 10
drilled holes, 5 holes per technique. The drilling initiated
with CFRP material on the top and as a result the entrance
surface is CFRP while the exit surface is Ti6Al4V. The cool-
ing method used for both techniques was via the external

Fig. 4 X-ray set-up. In order to achieve maximum resolution, the part
needs to be place as close to the X-ray source as possible while keeping
the part in the field of view
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Table 2 Selected CT settings

CT settings

Voltage (kV) 215

Power (W) 6

Exposure Time (s) 4

Gain (dB) 18

Voxel size (μm) 17.5

X-ray filtration (mm) 0.675

X-ray filtration Materia Tin

application of a standard water-based cutting fluid. The
UAD holes were produced with maximum oscillation of
2.6 μm and the frequency of the vibrations was 42.7 kHz.
The positioning of each hole according to the manufacturer
is ≤8 μm.

Four slots were produced prior to the drilling of each
hole so as to mark the centre of the hole and the orienta-
tion of the part during the drilling, as shown in Fig. 3, and
they were used for voxel rescaling during the image pro-
cessing. The tool used for the production of the slots was a
2-mm-diameter Q-coat tungsten carbide slot drill with cut-
ting speed 18.833m/s, cross feed 0.042m/s and depth feed
0.002m/s. Their depth is 0.7mm and length 8mm.

2.2 CT acquisition and reconstruction

CT scanning depends on a series of variables that are
selected based on the scanned material, the capabilities of
the CT system and the required resolution. In order to
achieve optimum results that can be used for a metrologi-
cal investigation, VDI/VDE 2630 Part 1.4 guidelines were
followed. The CT scanning set-up is shown in Fig. 4.

Initially, the stacks of CFRP/Ti6Al4V were scanned prior
to the drilling to ensure the quality of the joining with Hysol
9492. Then, the part was scanned after the drilling to investi-
gate the quality of the holes. The settings selected are shown

in Table 2 and the positioning of the parts was selected
for maximum magnification resulting in a voxel size and
resolution of 17.5 μm.

The combination of the two materials with distinctly dif-
ferent atomic masses cause one of the most common CT
artefacts, which is beam hardening. Figure 5 demonstrates
the effect of beam hardening and noise caused by the scan-
ning of the two materials with the histogram providing the
amount of grey values in the length of the red line. The black
line in the histogram demonstrates the point where the mate-
rials intersect. The areas that are affected by these artefacts
are around the titanium alloy. Prior to the reconstruction of
the 2D images, a beam hardening reduction algorithm with
offset was used to minimise the effect of the artefacts in the
model [49].

After the reconstruction of the images to a 3D model,
each hole was aligned based on the slots produced prior to
the drilling to the intended centre of the hole. Each slot was
measured with optical CMM and the distances between the
slots were later used for voxel rescaling performed in VG
Studio Max 2.2, as shown in Fig. 3. Each CMM measure-
ment was repeated five times to improve the accuracy and
reduce the uncertainty of the results. The voxel rescaling
took place prior to the image processing during the align-
ment of the part according to the slots that demonstrate
the indented machining axis. The aligned model was then
exported as a 2D DICOM image stack for analysis, where
each slice is one voxel thick.

2.3 Image processing

The DICOM images were exported by the visualisation soft-
ware VG Studio Max 2.2 for image analysis in MATLAB.
The Otsu method was used to identify the required thresh-
old to convert the grey images to binary and the Hough
transform was used to identify the lines of the markings and
calculate the ideal centre [50]. The Wiener filter was also
used to reduce the noise introduced by the residual beam

Fig. 5 The histogram
demonstrates the irregularities
of grey values at the red line in
the 2D slice. The black line in
the histogram shows the point
where the material change
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Fig. 6 Examination of the join show extreme porosity. Pores are
represented as black and glass particles as white

hardening. It is based on statistical methods to identify and
remove noise by considering the neighbourhood of each
pixel, removing abhorrent values. Removal of noise in this
manner is edge preserving. The Canny method was used to
identify the edges that form the circle and a circular Hough
transform was used to identify the circles and calculate the
actual radius.

Initially, an image close to the entrance surface was
selected and the slots were used as markings to identify
the ideal centre of the hole. This measure was applied to
all images that were used to calculate the maximum and

Fig. 7 The slots are close to the hole and may have affected the
entrance delamination

Table 3 Tolerances when drilling CFRPs

Tolerances type Symbol Tolerances values (mm)

Diameter 6.120 + 0.075

Circularity 0 + 0.200

Positioning 0 ± 0.075

minimum radius, maximum and minimum diameter, circu-
larity, perimeter and positioning of the circle shown in every
slide. The maximum and minimum radii were found by cal-
culating the distance between the ideal centre and the edges
of the circle. The maximum and minimum diameters were
calculated by two points that intersect the circle edge from
the line that passes through the ideal centre. The circularity
was calculated as the difference between the maximum and
minimum radii which agrees with ASME Y 14.5M 1994
[51]. The circumference of the hole can indicate the extent
of delamination instead of the maximum that is identified
by the calculations of diameter and radius. However, due to
the defect, the shape of the hole can become abstract and
as a result it is called perimeter. The perimeter of each hole
was calculated by the points of the edge. The positioning of
the hole was calculated as the absolute difference between
the ideal centre and the actual centre of the circle identified
by the actual centre of the circle determined by the circular
Hough transform.

3 Results and discussion

Initially,the joining of the two materials was visually exam-
ined prior to the drilling, as shown in Fig. 6. The joining
of the materials was achieved by Hysol 9492 and includes
glass particles with 0.3 mm diameter to ensure homoge-
nous thickness. The results show significant porosity in the
join and the glass particles are easily identifiable from their
higher density in comparison to the surrounding material.
This joining was intended to bond the two materials together
after the drilling for the CT investigation since no other
fastening method is used.

Each hole was also visually inspected prior to the image
analysis to identify any abnormalities. Concerns were raised
because it is believed that the close proximity of the slots
to hole could had affected the entrance delamination as
shown in Fig. 7, subsequent analysis negates the entrance
delamination that may have been compromised, although
this effect is well known and previously quantified [22, 23,
28].
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The image analysis provided data on the maximum diam-
eter and radius, the circularity, perimeter and positioning,
that were used to compare the two different drilling meth-
ods and the effect of the tool wear throughout the drilling
of 50 holes. It also demonstrates whether the tolerances are
met that determine the quality acceptance or failure of the
part. The tolerances provided in Table 3 are an example
of typical tolerances required from the aerospace industry
for CFRPs [48]. The differences between the two materials
are conspicuous with the results improving for the titanium
alloy for both drilling methods especially in the latest holes
when the tool wear affects the CFRP material greater than
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Fig. 8 Maximum diameter and maximum radius per slide. The dif-
ferent sections of the hole are identified as CFRP, Join and Ti6Al4V.
Results for (a) 10th drilled hole and (b) 50th drilled hole

Ti6Al4V. The greatest difference in the results are in the
joins that are affected by severe porosity. The results of the
maximum diameter and radius of the first and last inspected
holes are shown in Fig. 8a, b. Hole nos. 10 and 50 for each
technique demonstrate the difference of distribution that is
located in the joins due to the porosity and discontinuities
of the joining material. In order to examine the results of the
two materials better, the following figures do not include the
values from the area of the joins.

The results of the first pair of holes, CD10 and UAD10,
shown in Fig. 9a indicate that the maximum radius and
diameter of both materials are more consistent and closer
to tolerance with UAD. The maximum values of maximum
diameter and radius for CFRP are 6.432 and 3.365mm
for CD and 6.293 and 3.209mm for UAD, ignoring the
entrance delamination and the joining session, the maxi-
mum diameter for the Ti6Al4V is 6.204mm for CD and
6.163mm for UAD, the maximum radius of Ti6Al4V is
stable and does not exceed 3.125mm. Even so, both holes
would have failed inspection since the CFRP part of the
holes exceed the required tolerance of 6.195mm diame-
ter. Figure 9b shows the results of circularity. Overall, the
results are similar for the two drilling methods with the
Ti6Al4V circularity varied around 0.055mm and the CFRP
circularity varied just below the tolerance of 0.200mm
except the few random peaks reaching 0.504mm for UAD
and 0.207mm for CD. The maximum value of circular-
ity for the CFRP is 0.273mm for CD and 0.0239mm
for UAD. The circularity of Ti6Al4V is stable for both
drilling methods and it does not exceed 0.080mm. Perime-
ter results of the first holes, CD and UAD 10, also indicate
that UAD provides slightly more stable results, as shown
in Fig. 9c. The difference between the two techniques is
not significant and show that the perimeter of the UAD
hole does not exceed 26.149mm for CFRP and 24.699mm
for Ti6Al4V while the results of the CD hole demon-
strate that the perimeter reaches 27.871mm for the CFRP
and 24.899mm for the Ti6Al4V. The positioning of the
holes, shown in Fig. 9d, fail to meet the tolerance target of
0.075mm and reaches 0.237mm for CD and 0.241mm for
UAD. The results of both drilling methods give similar read-
ings and CFRP positioning is worse than the positioning
of Ti6Al4V.

The results of both materials worsen with tool wear, espe-
cially for CD. Figure 10 shows the maximum radius, circu-
larity, perimeter and positioning differentiate the results of
the two drilling methods, more for CFRP while the results
are getting more similar for the titanium alloy. Figure 10a
shows that that UDA hole provides better results since both
CFRP and Ti6Al4V are below the tolerance with only a
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Fig. 9 The results of the first holes for both CD and UAD of the
10th holes. The results shown are per slice and the entrance surface
is located at 0mm and exit surface at 8.4mm. Tolerances are given
for diameter, circularity and positioning. Panel a shows the maximum

diameter and radius, b shows the circularity results, c show the results
for the perimeters and (d) shows the positioning with a zoom in area
to demonstrating the difference between the two materials

few high values exceeding for the CFRP and indicate exit
delamination with a radius reaching 5.784mm. Ti6Al4V
radius is in the steady range of 3.130mm. The circularity
results shown in Fig. 10b show CFRP results slightly fail-
ing to meet the tolerance with few worse exceptions close
to the entrance and exit CFRP surfaces reaching 1.407mm.
Ti6Al4V results show a better picture for both drilling tech-
niques with the circularity stable close to 0.098mm. The

perimeter results, Fig. 10c, similarly show stable results for
Ti6Al4V for both drilling methods while the perimeter of
CFRP reaches 33.141mm close to the entrance surface for
both techniques. The circularity and perimeter results shown
in Fig. 10b, c show that tool wear affects CD more than
UAD. The results of positioning of the holes, Fig. 10d, show
that tool wear affects the position of both CD and UAD, and
reaching 0.3mm for CFRP.
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Fig. 10 The results of the last holes for both CD and UAD of
the 50th holes. The results shown are per slice and the entrance
surface is located at 0mm and exit surface at 8.4mm. Tolerances
are given for diameter, circularity and positioning. Panel a shows

maximum diameter and radius, b shows the circularity results,
c show the results for the perimeters and (d) shows the positioning
with a zoom in area to demonstrating the difference between the two
materials

4 Conclusions

This paper demonstrates a new method of multi-material
CT scans and analysing them with image processing. CT
scanning of two or more materials with significantly differ-
ent atomic mass and structure can cause beam hardening
and noise that affects image quality. The method combines
physical filtration to reduce the spectrum of polychromatic
radiation, alongside beam hardening reduction algorithms

and image processing algorithms to reduce the noise from
residual beam hardening. In order to demonstrate the effect
of this method, the results of two different drilling methods,
CD and UAD, on a stack of CFRP/Ti6Al4V, were examined.
The combination of the two materials introduces challenges
to the already difficult machining process since both mate-
rials require special consideration with specific settings to
be machined. The combination of CT scanning and image
processing provides quantitative quality assessment of the
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machining processes that were previously inaccessible with
any other non-destructive method.

The parameters considered were maximum diameter and
radius, circularity, perimeter and positioning of each hole.
The joining of the two materials with Hysol 9492 contained
porosity that could adversely affect the drilling process and
the resultant hole dimension. The joining method was kept
constant between all parts to ensure similar initial conditions
as found in initial scans prior to drilling. The results demon-
strate that Ti6Al4V is more resilient to the drilling process
with the aforementioned parameters remaining within tol-
erance. The CFRP results are within tolerance when using
new drills, but the material becomes increasingly prone to
defects as the tool begins to wear as shown in later holes.
In hole no. 10 where tool wear is at lowest level, the
combination of the two materials has minimal exit delami-
nation of the CFRP, while hole for sample no. 50 for both
drilling methods demonstrates severe exit delamination and
an increase diameter. The results of maximum diameter and
radius for both CD and UAD are similar within Ti6Al4V
for all holes. UAD provides slightly better results for CFRP
where the positioning of the hole is not affected by the selec-
tion of the machining method. The results indicate that the
deterioration of the tool affects the quality of the holes, and
this hypothesis will be investigated in future works.

This investigation inspected examples of the two drilling
methods without identifying the optimum drilling settings.
The results provided in this study are not representative of
production holes and demonstrate that further investigation
is required to identify appropriate methods, settings and set-
ups for drilling sandwich materials. The combination of the
two materials increases the tool wear that affects the quality
of the holes. In this case study, the tolerances were used
for demonstration based on the tolerances followed by the
aerospace industry for CFRP drilling only.
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