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Abstract. In aircraft as well as in other industrial field3arbon composites are of
steadily increasing importance. But, due to theihoimogeneous structure and
strong anisotropy, drilling of carbon compositedif§icult. Within the cooperation
project “ZAFH Spantec light”, different series ofim diameter drilling holes using
drills with different geometries, coatings and aliwa were produced in carbon-fibre
reinforced epoxy laminates. An important part o€ tproject deals with the
characterization of drilling induced delamination.

When analyzing the drilling-hole series, the X-@¥-technique supplied a
large and detailed catalogue with high-resolutime¢-dimensional damage-pattern.
Combining the CT-slices of the relevant layers afample to a resulting overlay-
image allowed the quantification of the delaminatfactors. Due to the high
resolution required, the samples had to be cutdntall pieces of approximately 20
mm width. So in this context, the X-ray-CT-methodnoot be considered as
non-destructive, but it is very important to pravigkference results.

Starting from the detailed knowledge supplied lbe tX-ray-CT-damage-
catalogue, a fast, mobile and manual Ultrasoniethatesting procedure was
adapted to the special type of damage. This allblies measurement of the
delamination of a drilling hole within 5-7 secomnd#h scanning resolution of 0.1
mm. Comparing the US-C-Scan and the CT-Overlay enaghe same drilling-hole
demonstrates the high resolution of the ultrasonmiethod even for small
delamination. To receive quantitative results, th®-data were segmented by a
global, normalized threshold. The image analyziafjvere AxioVision or Avizo
offered a fully automated segmentation and calmnatdf the delamination-factors.
Thus, for numerous samples of different delamimatithe diameter-weighted
delamination-factor was quantified. The resultsespond well with those received
by the X-ray-CT reference method, even for smalkénation with diameter-
weighted delamination-factors of approximately 10%

In a further study, the delamination-factors wetetermined by Low-
Magnification Microscopy. A comparison of the rasubf the three methods will be
discussed finally in the presentation.
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1 Introduction and state of theart

The steadily increasing demand for energy effiggenequires for light-weight-
materials such as carbon fibre reinforced plagitiSRPs). To assemble the CFRP parts
with fasteners like rivets, bolts and nuts, posicpssing machining operations such as
drilling is often necessary. Due to the inhomoggnand anisotropy of the composites, the
drilling process induces different kinds of damagech as fibre pull-out, fibre-matrix
debonding and delamination [1-3]. Especially thendge type of delamination causes a
strong reduction in structural integrity and lomgrd performance deterioration [4].

Drilling induced delamination consist of two diféett types: peel-up and
push-down delamination. Peel-up delamination aesalt of the peeling force induced by
the drill at the entry side. This causes debondingingle fibres or of the whole upper ply.
However the major damage happens on the exit Side.drill pushes the last remaining
uncut plies down, causing a separation betweenpives of the laminate [5]. Numerous
research work has been done to investigate thaeimdle of drill geometry and cutting
parameters (feed rate and spindle speed) on dritiduced delamination [6—13].

Due to their negative impact on the structural gritg of the laminates, the
nondestructive detection and characterization ef dhlling induced delamination is of
great industrial interest. Various methods sucts@ning electron microscopy (SEM),
optical microscopy, digital photograph, X-ray cortgm tomography (X-ray CT) and
ultrasonic (US) methods have been used to charzetire delamination in size, shape and
location. J. Babu et al. gave an overview of thihaws and the formula for calculating the
delamination factor [14].

Tsao et al. [12, 15, 16] used ultrasonic C-scansx@amine the drilling induced
delamination of woven CFRP laminate. The testedrlatas were immersed in a water box
and the testing device consisted of a 0.025 mmnsegrbridge moving a conventional
5 MHz focused ultrasonic transducer (9.5 mm meadris).diameter weighted delamination
factor was determinate from the US C-scans and aogdpto the corresponding ones from
the X-ray CT measurements. A good agreement wasiffiLb].

Lopez-Arraiza et al. [17] examined drilling inducddlamination in bidirectional
thermoplastic laminates by SEM, low magnificatiorcmscopy, X-ray CT inspection and
ultrasonic B- and C-scans. The testing device steiof a two axes encoder scanner
(0.1 mm) moving a 5 MHz linear phased array, theptiog was carried out by a gel. Each
hole was scanned twice with relative orientatior0f and the signals were averaged to
improve the resolution. X-ray CT and US C-scan wasmpared based on the diameter
weighted delamination factor. The results showasttnic testing being an accurate non-
destructive method for detecting and quantifyingidg induced delamination [17].

Due to the immersion tank and/or scanning bridgles, US-methods described
above are rather to be used in laboratory envirohme

The purpose of this work is to provide a basisdorultrasonic-procedure, which
might be used as a mobile, manual and fast NDT-toola production line for the
quantification of drilling induced delamination icommon autoclaved epoxy CFRP
laminates of unidirectional plies. The results loé tmethod will be compared to those
received by X-ray CT and low magnification microggdLM).



2 Materialsand Methods
2.1 Samplesand drilling tests

Within the project “Spantec light - Drilling Techlogy of Light Weight Materials -
Quantifying the comprehension of material and ayaion properties”, a cooperation of the
Universities of Applied Sciences Aalen, Uim and Mheim, numerous different series of
samples were produced.

Quasiisotropic, symmetric CFRP laminates were laypdising the carbon/epoxy
prepreg HexPly® UD/M21/35%/194/T800S (short: T8M3L) from Hexcel. The even
sheets were cured in an autoclave under the conditecommended by the manufacturer.
The stacking of sequence of the laminates is [O31545ks, resulting in a final thickness of
about 4.6 mm.

Wear series were carried out using the above destCFRP laminate and several
modified [18] step drills from Klenk GmbH (Germanyjth a diameter of 5.9 mm. The
used point angles of the drilling tools are 70%,8®0° and 130°. The corresponding wear
series are referred to as K70, K85, K100 and K¥Xpectively. The experiments were
performed in a CNC machine DMC 64 V from DMG (Genyawithout using of a cooling
agent. Each wear series was driven up to 305 hdspgectively to a total feed length of
1.4 m. Five investigation points over the wear pafthhe drill were chosen after 25, 75,
150, 225 and 300 drilled holes. The state of thksdras evaluated at this investigation
points and subsequently five samples were prepaitbddimensions of 200 mm x 15 mm.
The holes were drilled in the centre of these samplhereby the samples were solidly
clamped in order to avoid any influence of vibrasoThe drilled holes were investigated
using three different non-destructive methods. $amples were subsequently tested in
open hole bending experiments in order to figuretba impact of delamination on static
strength. The results of these experiments arsubgct of another paper [19].

2.2 X-ray computed tomography

The experiments were performed using the compuerograph phoenix X-ray
v tome X with a nanofocus X-ray tube. Several sawmphith a wide range of typical
delamination were investigated with a voxel sizel&fum. One scan was necessary to
measure one hole and their surrounding area whamagle occurs. Up to 1100 X-ray
projections were taken while the sample was turd@@® around its axis. Finally a 3 D
volume was computed containing the fully three disienal extension of the damaged
area around the drilled hole.

2.3 Ultrasonic inspection

The ultrasonic experiments were performed using gbdable ultrasonic flaw
detector OmniScan MX2 with a linear array probe ihgv64 elements and a center
frequency of 5 MHz. The distance between the centfetwo adjacent elements of the
array is 0.6 mm. In order to decrease its divergeangle, the ultrasonic beam was
electronically focussed. For the electronic scagnnside the linear array an active group
of 16 elements was used to generate a single BHaarfocus distance was set to a value of
3 mm.

The ultrasonic measurements were performed at nancidence in pulse-echo mode. The
CFRP samples with the drilled holes were manualgneed using of a gel couplant and a
manual wheel encoder in a single axis with a scanresolution of 0.1 mm like shown in

Fig. 1. The linear phased array provides electadngranning in the array axis, the
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scanning resolution of this axis was kept at 0.6. e linear array was located during the
measurement on the entry side of the sample irr dod#etect the push-down delamination
on the exit side. The recording of a US C-Scan twdut 5-7 seconds.

Linear phased array exit delamination
c on bottom side
IS
? manual scanning / .
2 :".:'.O";i 0° bottom layer W
8 S fibre orientation
3
©
drill entry side surface
I

Fig. 1. Schematic of the experimental setup forultrasonic inspection.

3 Experimental Results
3.1 Typical CT-patterns of the delaminated area and CT-overlay-images

Several CFRP samples were selected from differsaistigation points (see section
2.1) and investigated by means of X-ray computedography (X-ray CT). X-ray CT
provides the reference method for this study. ®selts of X-ray CT show that the major
damage happens on the exit side of the drilled gankjg. 2 shows CT images of three
different holes with the numbers 22, 155 and 30fopmed using of a twist drill with a
point angle of 100°. The CT slices in the uppet pathe Fig. 2 show the plane of the top
layer (exit side) with the largest delaminationeTdamage happens especially within the
top layer itself. The second layer of the CFRP feate is also affected in a few samples
whenever a worn-off drilling tool is used (see lineer part of Fig. 2).

2mm 2mm

Fig. 2. CT slices showing the largest delaminatibthe exit side top layer (upper images) and sedayer
(lower images) of the CFRP laminates (drill poingke 100°). a) Hole No. 301; b) Hole No. 155;
¢) Hole No. 22.

In order to obtain two dimensional images contgnimformation about the extension of

the delamination from deeper plies, the so call@do@erlay images were generated. An
image stack, containing single CT slices like shawFRig. 3a, was thus extracted from the
reconstructed volume. The CT slices of the imagekstvere added in one image using the
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image processing software GIMP 2.6. Two-dimension@ges, containing the whole
three-dimensional information were thus generaseé €ig. 3b).

- e 2

Image stack CT overlay image

b)

Fig. 3. Additive overlaying of the image stack t€& overlay image.

Fig. 4a show CT overlay images of the holes withribmbers 22, 155 and 301 from series
K100. The damaged area around the drilled holesoi® pronounced in Fig. 4a compared
to Fig. 2 due to the additional information gairfeain the deeper plies. The damage is
larger for drilling tools of a higher wear statdelextension of the delamination around the
holes 155 and 301 in Fig. 4a is much higher infithre direction of the laminate compared
to the other direction resulting in a non-symmeshape of the delamination. This shape of
the delamination is typical for the used CFRP lates consisting of unidirectional plies.
The delaminated area is also very irregular becthese are single fibre bundles which are
lifted over a longer extension than others in direighbourhood. This effect is smaller for
the holes of the series K70 (see Fig. 4b).

2mm 2m
-

Drill point angle 100°, Hole No. 301 Drill point gle 100°, Hole No. 155 Drill point angle 100°, Hole No. 22

2mm > 2]
-

Drill point angle 70°, Hole No. 303 Drill point aleg70°, Hole No. 152 Drill point angle 70°, Hole N29

Fig. 4. CT overlay images of holes performed usinlis of different wear states. The damage isdaifgr
drilling tools of a higher wear state. a) drill ppangle 100°; b) drill point angle 70°.



3.2 Ultrasonic C-scan patterns

The CT results in the previous section were usetefsence for developing the
experimental setup of the ultrasonic testing Theo@drlay images in Fig. 4 are typical for
the used material and all drill series. The sprdadction of the delamination in the
anisotropic composite was thus chosen to be the axes having the highest resolution
(0.1 mm) by the ultrasonic inspection. The extemsb the delamination is thus with the
highest resolution detected. By adapting the wmastesting procedure to the special type
of damage, a simple and mobile ultrasonic testimogcgdure results which allows the
manual measurement of the delamination quicklywatid high resolution.

If| )

2mm 2mm
2mm

Fig. 5. Ultrasonic C-scans of holes drilled witlol®in different wear states corresponding to theo@erlay
images in Fig. 4a. (drill point angle 100°): a) El®lo. 301; b) Hole No. 155; c) Hole No. 22.

Fig. 5 shows US C-scans of the three drilled hbla@gng the damage pattern shown in
Fig. 4a. A clear difference in the profile of thirasonic back reflection intensity can be
recognized between the different holes. Fig. 5awshthe US C-scan of the hole 301
(corresponding to the CT overlay image in the &fte of Fig. 4a). The non-symmetric
shape of the delamination is easy to be recognizedlS C-scan in Fig. 5a. Furthermore,
the non-symmetry of the delamination extenuate fiefhto right in Fig. 5 accordingly
with the CT results in Fig. 4a. One can thus cameltihat qualitatively the ultrasonic results
correspond to the CT ones. A further comparisothefUS C-scans and the corresponding
CT overlay images is shown in Fig. 6.

The left column of Fig. 6 contains US C-scans oté¢hdifferent holes having a small,
medium and large delamination. The correspondingo@drlay images are shown in the
middle column of Fig. 6. The images in the righiuoon of Fig. 6 are obtained superposing
the transparently illustrated US C-scans over theesponding CT overlay images. A
detailed analysis of the images in the right colwhfig. 6 shows that the boundary of the
damage area in the CT overlay image correspondsctatain threshold of the intensity of
the ultrasonic back reflection in the US C-scankisTthreshold was later used for
segmentation in order to quantify the US C-scaes ¢&ction 3.3.1).



Fig. 6.Qualitative comparison between US C-scans and @flayimages for three different holes having a
large, medium and small delamination. Right colwonsists of a superposition of the transparently
illustrated US C-scans (left column) and the cqroesling CT overlay images (middle column). a) dgrdint
angle 130°, Hole No. 230; b) drill point angle 13Bdle No. 24; c) drill point angle 100°, Hole Nz8.

3.3 Determination of the delamination factors and comparison of the three methods

The diameter weighted delamination factor on th&soaf the one first introduced
by Chen et al. [7] was calculated as follow:

F, = (DmLD_DJ% , Where D is the hole diameter. (1)

3.3.1 Delamination factor by Ultrasonic inspection

In order to quantify the US C-scans, a threshol8086 of the maximum ultrasonic
back reflection intensity was used to mark the loauy of the damaged area. The 50%
threshold was manually marked using dark dots gn Fa.
An automatic segmentation of the US C-scans bygusiage processing is presently under
progress. The delamination factors are subsequenihyputed based on a binary image like
in Fig. 7b. The automated method allows a fastcqrahtitative analysis of the US C-scans.

Fig. 7. Segmentation of a US C-scan: a) 50 % tlmldsmanually marked; b) binary US C-scan.

In Fig. 8¢ the maximum extinction of the delamioatiis green encircled. The
corresponding delamination factor was determin@agusquation (1).
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3.3.2 Delamination factor by computed tomography

In order to compute the delamination factey & digital analysis of the CT overlay
images was done using the software Carl Zeiss Agio¥ (rel. 4.9). The CT overlay
images were therefore imported into AxioVision ahd delaminated area around the hole
was segmented by setting a threshold value (se€8BjgThe red line in Fig. 8b marks the
damaged area and the diameter of the green ciesledy the centre in the middle of the
hole corresponds to the maximum diameter of theadgah area. The delamination factor
based on the CT overlay image was determined sigita the optical one using
equation (1).

3.3.3 Delamination factor by low magnification microscopy (LM)

The surface of the exit side of the drilled holessvanalysed with a light optical
microscope Carl Zeiss AxioZoom V.16 equipped withigh resolution digital camera of
type AxioCam 506 color. Grey value images showimg éxtension of the delamination at
the surface of the sample were captured using @altt illumination. The maximum
diameter of the damaged areaalowas measured using the software Carl Zeiss AxioWis
(rel. 4.9) as shown in Fig. 8a. An automatic segaten based of a threshold value is for
this material not possible because of the low @sttof the images [19].

3.34 Comparison of the three methods

Fig. 8. Calculation of the diameter weighted delzation factor from LM (a) and CT overlay images (b)
and from the US C-scans (c).

Computed tomography is the reference method ingtudy. Therefore, the delamination
factors determined from the US C-scans and LM imame directly compared with the

delamination factors based on the CT overlay imadég procedure to determine the
delamination factor from the US C-scans as desdriipe section 3.3.1 is quite time

expensive. For this reason a limited number of e C-scans were quantitatively

analysed. The delamination factor determined from WS C-scans is plotted against the
one based on the CT overlay images in Fig. 9a.didgram in Fig. 9a shows that the two
methods are quantitatively also in good agreenidm. experimental points are distributed
around the diagonal line which corresponds to idahtdelamination factors. A good

agreement between LM and CT is clearly shown by $tig
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Fig. 9. Comparison between diameter weighted delatain factors based on US and LM with CT.

Despite the overall good accordance between thee thon-destructive testing methods,
there are still some differences. Fig. 10 showsaadiagram comparing the determined
delamination factors J~based on the ultrasonic tests (red), computed gospby (blue)
and low magnification microscopy (green). The detation factors for 14 drilled holes
over all drill series were used for this plot. Magiation of the three delamination factors to
each other could be quite small (for example h8ldér@m series K100) but also larger like
for example for the hole 48 of the series K100th$ point has to be mentioned that the
delamination around the drilled hole is measuredifferent ways by the three methods.
The whole three-dimensional information is contdioaly in the CT images. The method
is however time and costs intensive and limitedlalbke. Contrary, using the light optical
method only damage visible direct on the surface rmt inside the material can be
detected. Especially for weakly damaged holes,|#ads to underestimation by the optical
method (see Fig. 9b). Sometimes a small delammatidy appears as a small crack on the
surface which can hardly be seen. This is espgai#ficult, if the CFRP surface is rough
and structured like the one of the material usethis study formed by a peel ply [19].
Computed tomography as well as low magnificationroscopy allows the analysis of the
entry and exit sides of the drilled hole separatélye probe of the ultrasonic device is
located on the entry side of the sample. The exjstesults show that the US C-scans
corresponds mostly to the exit delamination. THriémce of the entry delamination is in
focus of a further study. Furthermore, defectshm near of the drilled hole located inside
of the sample can also affect the US C-Scan. A lautgthin delamination like in the left
image of the Fig. 4a, appear smaller in the US &scThe thin end of the delamination
causes no measurable changes in the ultrasoniaétestion intensity.
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Fig. 10. Quantitative comparison between ultrastasting (red), computed tomography (blue) and low
magnification microscopy (green).

4 Conclusions

This paper presents a fast, mobile and manuallyedrnon-destructive ultrasonic
inspection procedure for drilling induced delamioat obtained by adapting the
experimental setup to the special type of damag®immon autoclaved epoxy CFRP. The
basis for this adaption was provided by a detadathlogue of high-resolution three-
dimensional damage-pattern supplied by X-ray CTe Karay CT results show that the
spread direction of the delamination in the CFRiRitates consisting of unidirectional
plies is identical with the fibre direction of itsp layer on drill exit side. The scanning axis
having the highest resolution (0.1 mm) in the ugir@c equipment was chosen in
accordance with the fibre orientation of the topela thus enabling the highest possible
resolution of the delamination spread. A subsequeage analysis allows an automatic
segmentation of the US C-scans by using a thresfadlet of the ultrasonic back reflection
intensity and, based on that, a quantitative catmn of the diameter weighted
delamination factor.

The results of the presented ultrasonic testingqmore correspond qualitatively
and quantitatively well with those received by Xrraomputed tomography and low
magnification microscopy even for small delaminatio

Computed tomography offers the entire three dinmradi information of the
damaged volume around the drilled hole. But dueh® high resolution required, it is
limited to small samples (of a width about 20 mn8o in this context, the
X-ray-CT-method cannot be considered as non-desteudn addition, the method is time
and cost intensive as well as limited in availapili

The low magnification microscopy (LM) provides remable results for
significantly damaged holes. But it is very sensitivith regard to the surface structure.
Because of the low contrast of the images, an aatiorsegmentation based on a threshold
value was not possible for the material considaretis work.

The presented results show that the US C-scangspmnds well to the exit
delamination. The detection of the entry delamoratas well as of other defects located
around the drilled hole should be the subject dhfer studies.
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