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A B S T R A C T   

Bonded repairs are advantageous for the aircraft industry when applying repairs to composite parts. However, 
their post-impact behavior under mechanical loads has to be addressed. Within this study, CFRP specimens 
repaired via a soft-patch repair approach as well as pristine (i.e. virgin) laminates without repairs, were impacted 
(energy: 5 J to 30 J). Subsequently, tensile tests were performed in order to investigate their post-impact me
chanical properties. For selected impact energy levels, a detailed analysis on the extent of damage was conducted 
by micro-CT imaging. From these investigations, the interrelation of the impact energy, the mechanical prop
erties obtained from the post-impact tensile tests as well as of the extent (quantitative and qualitative) and nature 
of damage could be studied and visualized in 2D and 3D images. Furthermore, a high-resolution image acquired 
on an undamaged repair-specimen was segmented, from which the individual bond constituents could be 
identified and visualized in 3D representations.   

1. Introduction 

Polymer matrix composites, especially carbon fiber reinforced 
polymers (CFRP) found acceptance in the civil as well as the military 
aircraft sector in all types of structures (primary, secondary as well as 
tertiary/cabin interior) [1–5]. One of the latest aircraft manufactured by 
Airbus, the A350, consists of roughly 50 % composites by weight [6,7]. 
Especially the use in primary, load bearing structures, which lead to 
catastrophic events in case of failure [8], leads to the demand for repair 
strategies suitable for CFRP [9,10]. In terms of e. g. load transfer as well 
as weight savings and the absence of drilled holes to the composite 
structure, when compared to mechanically fastened repairs, bonded 
patch repairs offer several advantages for CFRP [10,11]. In recent years 
the scope of studies that were conducted on bonded repairs for com
posite structures was extended from the investigation of static strength 

and the related influencing factors (e.g. joint geometry, surface prepa
ration and environmental conditions) [9,10,12–15] towards damage 
tolerance behavior. The investigation of damage tolerance behavior is of 
importance because CFRP are in general susceptible to impact events 
causing internal damage (e.g. delamination or matrix cracks) resulting 
in e.g. a deterioration of strength and stiffness [16–19]. Especially low 
velocity impact, typically causing extended internal but minor external 
damage, is of concern for the aircraft industry because there is the risk of 
it passing undetected [18–22]. The characterization and understanding 
of damage mechanisms resulting from impact events is highly important 
for both, the design as well as the modelling process of composite 
structures [18], consequently it is also important to understand these for 
bonded composite repairs, additionally to the assessment of the damage 
tolerance of repaired laminates [23,24]. In recent years, X-ray micro- 
computed tomography (micro-CT) has proven to be an ideal, non- 
destructive characterization technique that provides high-resolution, 
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high-quality 3D images of internal damage and can therefore be utilized 
for the assessment of damage mechanisms and propagation occurring in 
CFRP [18–21]. 

Comprehensive literature reviews are available dealing with the 
post-impact behavior of composites under tension and compression 
loading (see e.g.: [25–31]). A few studies were conducted on the 
compression after impact (CAI) strength of thin laminates with a spe
cifically designed compression devices to avoid buckling [32,33]. 

Experimental tests on the compression after impact behavior of scarf 
repair composite have been performed for 2D [4,34] as well for 3D 
[16,24,35] patch repairs. 

However, only a few studies concentrate on the tensile after impact 
(TAI) strength of repairs [34,36–38]. Publications regarding CT in
spections aiming at the investigation of damage resulting from impact 
events were published by e. g. by Bull et al. [39,40], Senck et al. [41] and 
Leonard et al. [18]. The present study combines TAI tests on adhesively 
bonded, scarfed repairs of CFRP with micro-CT inspections. Due to the 
fact that the specimens’ thickness was significantly lower than described 
in the relevant ASTM standard [42] covering compression after impact 
tests, the specimens were more prone to buckling under compression 
loading. Several anti-buckling devices described in literature were used 
within simulations of the compression tests including the investigated 
laminate geometry. Ultimately, tension after impact tests were con
ducted because none of these anti-buckling devices could prevent 
buckling prior to failure. 

Impact tests with selected energy levels were performed on repaired 
as well as pristine (virgin) CFRP specimens. Subsequent to the impact 
tests, TAI tests were carried out in order to assess the post-impact me
chanical properties of both specimen types in comparison to non- 
damaged ones. The micro-CT inspections were performed with the 
intention to (i) visualize and characterize the post-impact damage pat
terns in 2D and 3D, to (ii) visualize and quantify the projected damaged 
areas and to (iii) perform a detailed 3D micron-scale characterization of 
the material microstructure on a small volume extracted from a 
repaired, undamaged specimen. 

This arrangement of experiments is, to the authors’ knowledge, quite 
novel in literature. It offers a unique perspective to the mechanical post- 
impact damage behavior of repaired specimens in comparison to pristine 
laminates in combination with qualitative and quantitative insights 
gained by micro-CT with respect to damage patterns as well as the 
repaired laminates’ microstructure. 

1.1. Materials and specimen production 

Only a brief summary of the specimen production procedure will be 
given at this point, because the respective procedure was already 
described in a previous publication [15]. It has to be noted, that the 
width of the specimens was increased in comparison to the cited paper 
and to the according standard, which is intended for tensile testing of 
tapered joints [43]. Also, the taper ratio of the repaired specimens was 
changed. In the previous paper, a taper ratio of 1:9 resulting in a taper 
angle of 6.3◦ was used [15]. In this publication, specimens were pro
duced with a taper ratio of 1:30, resulting in a less steep taper angle of 
1.9◦. 

Initially, laminate plates were manufactured from an epoxy-based, 
woven carbon fiber reinforced Cytec Cycom 977-2 prepreg material 
(Tempe, AZ, US) [44], which was cured in an autoclave at 180 ◦C for 2 h 
at 6.6 bar. The respective stacking sequence, [(±45)/(0/90)/(±45)/(0/ 
90)]S, resulted in a quasi-isotropic laminate. From these plates, two 
types of specimens were produced for the impact and the subsequent TAI 
tests: (i) pristine (virgin) specimens without repair (used as a basis for 
comparison or a “reference”, respectively) as well as (ii) specimens 
simulating bonded repairs (repair-specimens). 

For (i), tapered end tabs (glass fiber reinforced epoxy laminate) were 
bonded by 3 M Scotch-Weld AF163-2L (Saint Paul, MN, US) [45], an 
epoxy-based film adhesive, to laminate plates that were cut from the 
original, cured laminates. Curing of the film adhesive was achieved in a 
plate press (P300 E+, Dr. Collin, Ebersberg, DE) according to the man
ufacturer’s specifications at 120 ◦C for 1 h. Subsequently, individual 
specimens with dimensions according to the repaired ones (see Fig. 1) 
were cut from these plates by a diamond coated blade mounted on a 
water-cooled circular saw (Diadisc 5200, Mutronic Präzisionsgerätebau, 
Rieden, DE). 

For (ii), a repair approach by a soft patch, composed of the same type 

Abbreviations 

CFRP Carbon Fiber Reinforced Polymers 
CAI Compression After Impact 
DIC Digital Image Correlation 
micro-CT X-ray micro-Computed Tomography 
ROI Regions Of Interest 
TAI Tensile After Impact  

Fig. 1. A) Repaired TAI specimen with impact location indicated, all di
mensions in mm. b) Impact fixture with levers for specimen fixation during 
impact and cut-out area. 
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of prepreg material as used for manufacturing of the original laminate, 
was chosen. In contrast to a repair performed with a pre-cured repair 
patch (secondary bonding of pre-cured patch via adhesive), the patch is 
laid up ply by ply and subsequently cured (co-curing of adhesive and 
repair plies) [7,46,47]. Prior to the repair patch placement, the original 
laminate had to be tapered by milling followed by hand-sanding ac
cording to the taper ratio of 1:30. The patch was placed ply by ply on the 

tapered area, subsequent to one plie of an epoxy-based Cytec FM300K 
0.05 film adhesive (Tempe, AZ, US) [48] including a knit polyester 
carrier, thereby restoring the original stacking sequence of the laminate. 
Vacuum debulking was performed after the lay-up of two plies was 
completed for 10 min each. Curing of the repair patch was performed 
similar to the original laminate in a co-bonding procedure. Subsequent 
to the curing process, tabs were attached to the repaired plates followed 
by cutting of the individual specimens, as described above for (i). 

Fig. 2. Plots of force vs. time (as mean curve with standard deviation as shaded area surrounding the respective curve) for impact on virgin as well as repair 
specimens with (a) 5 J, (b) 10 J, (c) 20 J, (d) 30 J. 

Fig. 3. Stress vs. strain curves of virgin specimens in undamaged (non- 
impacted, i.e. 0 J) as well as damaged state (impact with 5 J, 10 J, 20 J, 30 J) as 
mean curves with standard deviation as shaded area surrounding the respec
tive curves. 

Fig. 4. Stress vs. strain curves of repaired specimens in undamaged (non- 
impacted, i.e. 0 J) as well as damaged state (impact with 5 J, 10 J, 20 J, 30 J) as 
mean curves with standard deviation as shaded area surrounding the respec
tive curves. 
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1.2. Experimental procedures 

1.2.1. Impact tests 
Impact tests were performed using ASTM D 7136 – 15 as guidance 

[42]. However, in order to adapt to the changes in specimen geometry 
and nature, a specimen clamping device had to be constructed. This 
device mainly consisted of 3 major components: (i) Base-plate with 
adaptor for mounting to the Instron CEAST 9350 drop weight impact 
tower (ITW Test and Instrument Italia S.r.L. – INSTRON CEAST Division, 
Pianezza, IT) (ii) Specimen support with cut-out (unsupported area 
where the impact event takes place) including an adjustable section in 
order to adapt for tab thickness, as impacts were performed with end 
tabs already in place. In accordance with the cited standard, 4 clamping 
devices were holding the specimens in place during the impact event. It 
is important to note that the geometry of the specimen support as well as 
of the cut-out were scaled according to the lower width of the specimens 
used in this study compared to the width specified in the ASTM 7136 
standard [42]. The impact location was centered within the cut-out. 
However, specimens were aligned eccentrically within the clamping 
device in order to ensure that the impact could be performed at the 
center of the repaired specimens’ scarf tip (see Fig. 1 (a) and (b) for 

details on the specimens as well as of the impact device), which was 
found to be critical in other studies [37]. The virgin specimens were 
impacted at the same position (i.e. the impact location had the same 
distance from the clamping devices used within the subsequent tension 
tests for both, the virgin as well as the repaired specimens). Another 
important fact is, that the thickness of the specimens used in this study is 
significantly lower (2.5 mm) than proposed by the according ASTM 
standard [42]. At least 4 specimens have been used for the impact tests. 
One specimen impacted with 5 J as well as one specimen impacted with 
20 J was used for the micro-CT investigations. Hence, a discrepancy 
exists between the number of specimens used for impact tests and the 
number of specimens used in the quasi-static tensile tests. 

Impact tests were performed at fixed energy levels (E) of 5 J, 10 J, 20 
J and 30 J, respectively. This spectrum of impact energies resembles in 
service conditions encountered by thin laminates [18]. The according 
drop height (h) was calculated by rearranging the formula for the 
calculation of potential energy (E = m*g*h) accordingly from the desired 
energy level (E) as well as from the impactor mass (m) of 2.63 kg and the 
gravitational acceleration (g) (9.81 m/s2). The nominal impact velocities 
were 1.95 m/s (5 J), 2.76 m/s (10 J), 3.90 m/s (20 J) and 4.78 m/s (30 
J). The striker itself had a hemispherical striker tip with a diameter of 20 

Fig. 5. (a) 2D tomogram images from the high resolution ROI scan (cylindrical ROI image with 3.7 mm diameter resulting in ~1.5 μm voxel size) acquired on the 
undamaged repaired sample (ROI-0 J-repair) with the purpose of investigating the sample’s constituents, (b) magnification of Detail 1 where (i) the knit carrier 
incorporated in (iii) the film adhesive and (ii) the tracer yarns can be identified within the virgin/repair laminate, (c)–(e) 3D visualizations of segmented images 
obtained for a subset of the ROI-0 J-repair tomogram image, where (c) all constituents, (d) the adhesive, the knit carrier incorporated in the adhesive as well as the 
tracer yarns and (e) the knit carrier without the surrounding adhesive are shown. 
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mm and was instrumented with a piezoelectric load cell (36 kN load 
range). In order to prevent the striker from re-impacting the specimens 
subsequent to the initial impact, the drop tower’s anti-rebound system 
was activated. 

1.2.2. Quasistatic tensile tests 
Comparable to the description of specimen manufacturing, only a 

brief summary of the procedure for quasi-static tensile testing will be 
given, as a detailed description can be found in [15]. Quasi-static tensile 
tests were performed in accordance with DIN prEN 6066 [43] (except for 
the changes in specimen geometry and the presence of impact damage, 
respectively) on a 250 kN universal tensile/compression test machine 
(Z250, Zwick, Ulm, DE). Specimens were loaded via wedge-screw grips 
(250 kN maximum load) at a test speed of 2 mm/min with an initial gage 
section of 160 mm. Loads were recorded by a 250 kN load cell. At least 3 
specimens have been used for the quasi-static tensile tests. 

Strain measurements were performed using a Mercury RT (Sobriety 
s.r.o., Kuřim, CZ) full field 3D digital image correlation (DIC) system 
equipped with two 29 megapixel cameras (Prosilica GT 6600, Allied 
Vision, Stadtroda, DE) in combination with Nikkor 105 mm f/1.8 lenses 
(Nikon, Tokya, JP). For this purpose, a speckle pattern was sprayed to 
the specimen surfaces that have been facing the striker during the 
impact tests. In order to achieve strong contrast, the pattern consisted of 
graphite spray (Graphit 33, CRC Industries Europe, Zele, BE) on a white 
spray-primer (Nord Test Entwickler U89, Helling, Heidgraben, DE). 

1.2.3. Computed tomography 
All CT images utilized for this work have been acquired at the 

Australian National University’s (ANU) CT laboratory on a micro-CT 
instrument equipped with a flat panel detector (3040 × 3040 pixel) 
and a 60 kV micro-focus X-ray source. Inside the micro-CT chamber, the 
specimens were placed on a motor-controlled rotating stage. Radioscope 
projections were taken after each interval of rotation. Subsequently, a 
3D reconstruction from the grayscale projections was performed using 
proprietary ANU Helical Reconstruction software [49]. 

To thoroughly inspect and characterize the damaged area in 3D, a 
multi-scale imaging approach was followed. As a first step, overview 
images of six specimens were acquired (virgin and repaired specimens 
both in undamaged state, i.e. 0 J, as well as after 5 J and 20 J impact, 

respectively) at a scanning resolution, i.e. voxel size, of 32 μm. These 
images were used to investigate the material’s main structural features 
and to map the damage extent in order to identify smaller regions of 
interest (ROIs) in each of the four damaged samples to be further 
investigated at higher resolution. In the next step, the selected ROI 
volumes, which were subsequently imaged at a scanning resolution of 
14 μm (specimen designation: ROI-5 J-virgin/repair) and 19 μm (ROI- 
20 J-virgin/repair), respectively, were extracted from the damaged 
samples using a diamond saw (LECO VC50 Precision Diamond Saw). 

In parallel, one specimen with a cross section of ~3.2 × 4.1 mm and a 
length of 48 mm was cut from the undamaged repaired sample, using the 
same diamond saw. On that specimen, a cylindrical (~3.7 mm diameter) 
ROI image was acquired by micro-CT at a higher scanning resolution of 
1.5 μm (specimen designation: ROI-0 J-repair). To further characterize 
the specimen’s micro-structure, a small cylinder of ~6.5 mm length was 
digitally extracted from the ROI image and then segmented, where 
segmentation is the partitioning of a gray-scale image into multiple 
disjoint regions, each of them homogeneous with respect to certain 
properties [50] using Mango, a software tool developed at the ANU 
specifically to work with tomographic data [50]. The small cylinder 
tomogram (gray-scale) and segmented (binary) volumetric data were 
then rendered in 3D using Drishti [51]. The resulting images were used 
to investigate and characterize the specimen’s microstructure in detail. 
Micro-CT images’ total acquisition time varied between 20 h (overview 
of the six samples), 39 h (ROI-0 J-repair) and 14 h (ROI-5 J/20 J-repair/ 
virgin), which warranted for the acquisition of high quality (i.e. favor
able signal-to-noise ratio) scans. 

2. Results and discussion 

2.1. Mechanical testing 

Figure 2(a)–(d) shows the force vs. time history (mean curve) of the 
virgin in comparison to the repaired specimens as well as the standard 
deviation, which is indicated as shaded area. The standard deviation is 
most pronounced for the 30 J impact as depicted in Fig. 2(d). It can be 
noted that the maximum forces as well as the duration of the impact 
process increase with increasing impact energy from below 3000 N and 
~5 ms in the case of the 5 J impact to ~4500 N and ~9 ms in the case of 

Fig. 6. 2D tomogram images of virgin samples impacted with (a) 5 J (ROI-5 J-virgin, scanning resolution of 14 μm) and (b) 20 J (ROI-20 J-virgin, scanning resolution 
of 19 μm). Please note that the scalebars have been inserted manually using ImageJ [57]. 
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the 30 J impact, respectively in the case of the virgin specimens. These 
trends are in accordance with literature for various combinations of fiber 
and matrix as well as specimen thickness: Kumari et al. (glass fiber 
reinforced vinyl ester cross-ply laminate, thickness of 4.8 mm) [37], 
Jefferon Andrew et al. (glass fiber reinforced, epoxy-based laminates, 
thickness of 2.0 mm) [52], Ivañez et al. (carbon fiber reinforced, epoxy 
based quasi-isotropic laminates, thickness of 2.0 mm) [23] as well as 
Jang and Kim (carbon fiber reinforced, epoxy based quasi-isotropic 
laminates, thickness of 5.1 mm) [53]. 

The general trends for the repaired specimens are comparable to the 
virgin specimens. However, contrary to the virgin specimens, for the 
repaired specimens impacted with 20 J, a significant increase in the 
maximum force occurred compared to the 10 J impacts. For the virgin 
specimens, the most significant increase was monitored between 20 J 
and 30 J. Compared to the virgin specimens, the repaired specimens 
show a higher peak force at the respective impact energy levels, which 
can be attributable to their increased thickness in the tapered region, 
leading to an increase in bending stiffness [23]. 

Regarding the influence of the impact events on the post-impact 
mechanical properties, stress vs. strain plots as a function of impact 
energy are depicted in Fig. 3. Again, the plot consists of mean curves and 
includes the standard deviation (shaded area) for the respective curves. 
A significant decrease in both, post impact strength as well as strain at 

break can be observed with increasing impact energy, which is in 
accordance with literature as well [37,52]. The tensile strength as well 
as the strain at break decreased with increasing impact energy from 550 
± 17 MPa/1.3 ± 0.03 % (non-impacted, i.e. 0 J) to 448 ± 14 MPa/1.1 ±
0.04 % (5 J impact), 361 ± 8 MPa/0.9 ± 0.02 % (10 J impact), 257 ± 8 
MPa/0.7 ± 0.02 % (20 J impact) and 197 ± 11 MPa/0.6 ± 0.03 % (30 J 
impact) respectively. 

With the impact energy exceeding 10 J, a deviation in the slope of the 
stress vs. strain plots becomes apparent. The decrease in stiffness for the 
20 J and 30 J impacts could be related to the extent and type of damage 
resulting from the impact events [54]. In contrast, the specimens 
impacted with 5 J and 10 J show a similar slope as the undamaged (0 J) 
specimens. 

The according post-impact mean stress vs. strain diagrams as a 
function of impact energy are plotted in Fig. 4 for the repaired speci
mens. Except for the 10 J impact, the repaired specimens’ stress and 
strain response to the quasi-static tensile loading conditions was com
parable to the virgin specimens’ response. The tensile stress of the 
repaired specimens in undamaged state (non-impacted, i.e. 0 J) was 
found to be 542 ± 4 MPa, the strain at break 1.3 ± 0.02 %. For the 
impacted specimens, the respective material properties were found to 
be: 447 ± 9 MPa/1.0 ± 0.03 % (5 J impact), 262 ± 29 MPa/0.7 ± 0.05 
% (10 J impact), 265 ± 22 MPa/0.7 ± 0.05 % (20 J impact) and 203 ±

Fig. 7. 3D visualizations focusing on the damage volume of the virgin samples: (a) and (b) 5 J impact (ROI-5 J-virgin) as well as (c) and (d) 20 J impact (ROI-20 
J- virgin). 
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13 MPa/0.6 ± 0.04 % (30 J impact). As indicated, the 10 J impacted 
repair-specimens showed lower tensile strength as well as strain at break 
levels than the according virgin specimens (see Fig. 3 for comparison). 
Additionally, the decrease in stiffness occurred at a lower impact energy 
level of 10 J for the repair-specimens than for the virgin specimens. In 
the latter case, the decrease was found for the 20 J and 30 J impact 
events. 

An interesting aspect is, that the repaired specimens, except for the 
10 J impact, performed comparable to the virgin specimens in terms of 
maximum stress and strain. This is in contradiction of literature results 
from e.g. Kumari et al. [37]. However, Kumari et al. were working with 
glass fiber reinforced cross ply laminates impregnated with vinyl ester 
resin repaired with a hard patch repair approach, a different repair ge
ometry, i.e. 3D repair, as well as with a different taper ratio [37]. In the 
present study, a taper ratio of 1:30 was used, leading to a taper angle of 
1.9◦, whereas in the study by Kumari et al., the taper angle was 10◦ [37]. 

2.2. Computed tomography 

In micro-CT images, the X-ray attenuation value for any material 
scanned is a function of the energy of the instrument’s X-ray source used 
to acquire the scan and of the material’s density and atomic number 
[55,56]. In general, the lower a material’s density is, the lower its 
attenuation to the beam becomes, hence the darker it will appear in the 
grayscale reconstructed image; at the same time, the higher a material’s 
density is, the brighter it will appear in the image [55,56]. As a result, 
voids and/or fractures/cracks, if present, constituting of air, are usually 
the darkest phase in an image [55,56]. 

The image of the ROI-0 J-repair specimen depicted in Fig. 5(a) shows 
the individual components forming the repair-specimens, which are 
magnified in Fig. 5(b), (marked as “Detail 1” in Fig. 5(a)): (i) the carrier 
(low attenuating knit polyester) incorporated in (iii) the adhesive (high 
density material) as well as (ii) the tracer yarns (glass fibers) surrounded 
by the parent and repair laminate. Additionally, individual carbon fibers 
can be identified within the matrix material in both images, (a) and (b). 
In general, no voids or cracks could be found within the inspected vol
umes, implying that, if structural defects are present within the polymer 
structure, their size must be below the image spatial resolution, hence 

sub-micron. In addition, regions where the adhesive is mixed with the 
epoxy matrix were also recognized by an average beam attenuation 
value that is higher than the matrix and lower than pure adhesive. 

3D visualizations of segmented images acquired from a subset of the 
ROI-0 J-repair image are depicted in Fig. 5(c)–(e). The tracer yarns could 
be segmented and are observable especially in Fig. 5(d). As observed 
from the previous images, the carrier possesses a very low attenuation 
value. In order to distinguish it from voids, that would be low attenu
ating as well, the segmentation of the adhesive and the carrier, respec
tively, was performed as well. The knitting pattern of the carrier is 
clearly visible in close detail in Fig. 5(e). 

In Fig. 6, representative virtual cross-sectional 2D slices are pre
sented. These images were acquired at a lower scanning resolution and 
show the virgin specimens impacted at 5 J and 20 J, designated (a)/(b), 
respectively. It can be seen that with the increase in impact energy from 
5 J to 20 J, the extent of damage increases significantly. For the speci
mens impacted with 5 J, damage is visible on the face opposing the 
impact site and is extending towards the impact location. Several other 
2D virtual cross-sectional images were digitally extracted parallel (X 
slices) and perpendicular (Y and Z slices) to the impact direction. From 
their visual inspection it is suggested that the damage propagates within 
the sample mainly as fractures through the matrix which appear to be a 
precursor to delamination. Some fiber fracture is also likely to take 
place; however, due to the relatively low resolution of the images, in
dividual carbon fibers within the laminate cannot be distinguished from 
the surrounding matrix material. A similar analysis was conducted on 
cross-sectional images extracted from the 3D image of the specimen 
impacted with 20 J. 

Beside punctuation damage, Fig. 6(b) shows a complex network of 
fractures propagating through the matrix which affect the full specimen 
thickness causing severe delamination and, most likely, extensive fiber 
fracture. Comparable observations were also made by Léonard et al. 
[18], who were working on micro-CT images of specimens consisting of 
carbon fibers impregnated with epoxy resin acquired at a voxel size of 
35.7 μm. 

For better visibility, information on the extent of damage in the 
entire specimen with respect to all 3 dimensions is presented in Fig. 7 as 
3D-visualisations: (a) and (b) 5 J impact, (c) and (d) 20 J impact. From 

Fig. 8. 2D tomogram images of repaired samples impacted with (a) 5 J (ROI-5 J-repair, scanning resolution of 14 μm) and (b) 20 J (ROI-20 J-repair, scanning 
resolution of 19 μm). Please note that the scalebars have been inserted manually using ImageJ [57]. 
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these images it can be concluded that the damaged zone for both impact 
energies is significantly smaller compared to the width of the specimens 
used in the tensile tests (i.e. 80 mm). 

Similar to the virgin specimens, several 2D virtual cross-sectional 
images were extracted from the 3D images acquired on the repaired 
samples impacted with 5 J and 20 J. One representative 2D image is 
shown in Fig. 8(a) and (b). A thorough inspection of the cross-sectional 
images suggests that failure mode, damage propagation and extent 
within the repaired specimens are overall very similar to what observed 
and previously described for the virgin samples, when impacted with the 
same energy. 

In addition, while in the case of the 20 J impact (e.g. Fig. 8(b)), 
damage in the forms of matrix fractures, extensive delamination and 
fiber fracture (assumed) affect the whole specimen thickness by propa
gating through the adhesive and the adjacent parent- and repair- 
laminates, in the case of the 5 J impacted specimen (e.g. Fig. 8(a)), no 
sign of damage can be identified within the adhesive. Concluding from 
Fig. 9, where (a) and (b) correspond to the 5 J and (c) and (d) to 20 J 
impacts, the dimension of the damaged zone again does not extend 
across the full tensile specimen’s width for both impact energies. For 
better comparison and depiction of the damage-extent and character
ization of the damage-propagation throughout the entire specimen, 
video 1 and video 2 show comparative 3D visualizations of the repaired 
as well as the pristine specimens impacted with 20 J impact energy. In 
addition, video 1, also shows details of the adhesive and knit polyester. 

A comparison of the projected in-plane damaged area depicted in 

Fig. 10 shows similarities between the virgin, i.e. 5 J (a) and 20 J 
impacted (b), as well as the repaired, i.e. 5 J (c) and 20 J impacted (d), 
specimens. However, it can be noted, that with respect to the in-plane 
damage area extension, a significant difference is visible between the 
5 J and the 20 J impacts. The respective damaged areas (projected area) 
were found to be 115 mm2 (virgin) and 147 mm2 (repair) for the 5 J 
impacts as well as 687 mm2 (virgin) and 718 mm2 (repair) in the case of 
the 20 J impacts, respectively. For each imaged sample, the volumetric 
extension of the damage was then calculated by overlying the perimeter 
of the 2D damaged areas on top of the relevant 3D images, estimating 
the average thickness of the underlying portion of samples affected by 
some form of damage and multiplying 2D damaged areas by thickness. 
Estimated damaged volumes follow the damaged areas’ trends, with a 
damaged volume of 290 mm3 for the virgin and 440 mm3 for the 
repaired specimens impacted with 5 J and a damaged volume of 1790 
mm3 for the virgin and 2250 mm3 for the repaired specimens impacted 
with 20 J. It should be noted that for the samples impacted with 20 J, the 
volumetric extension of the damage is likely to be underestimated given 
that the damage propagates throughout the full thickness of the samples, 
in both virgin and repaired cases. 

3. Conclusion 

In the first section of the present study, impact as well as tension after 
impact tests were performed on repaired as well as pristine (virgin) 
specimens produced from quasi-isotropic laminates (woven carbon 

Fig. 9. 3D visualizations focusing on the damage volume of the repaired samples: (a) and (b) 5 J impact (ROI-5 J-repair) as well as (c) and (d) 20 J impact (ROI-20 
J-repair). 
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fibers impregnated with epoxy matrix resin, stacking sequence [(±45)/ 
(0/90)/(±45)/(0/90)]S). The repairs were conducted via a soft-patch 
repair approach restoring the original stacking sequence of the laminate. 

The aim was to investigate the post-impact mechanical properties of 
the repaired specimens in comparison to the pristine laminate in de
pendency of the impact energy. For both, the pristine as well as the 
repaired specimens, the maximum impact force as well as the duration 
of the impact process increased with increasing impact energy. The 
quasi-static tensile tests showed a decrease in the mechanical properties, 
i.e. tensile strength, strain at break and stiffness, with increasing impact 
energy for the repaired as well as the pristine laminates. 

The second section of the study was aimed at the detailed investi
gation of the non-impacted, repaired specimens as well as the post- 
impact damage on repaired as well as pristine laminates via CT in
spection. It could be shown, that via micro-CT the individual 

constituents of the bonded repairs could be identified and segmented. 
This was especially important in the case of the low-attenuating carrier, 
which could be distinguished from voids by the identification of its 
knitting pattern in 3D representations. For the damaged laminates, the 
extent of damage could be visualized via 2D cross-sectional slices and 3D 
visualizations. The damaged area could be compared qualitatively and 
quantitatively for the pristine as well as the repaired specimens by the 
use of 2D projections as well as by assessment of the volumetric exten
sions. Similarities in the extent of damage were found between the 
pristine as well as the repaired specimens. It could furthermore be 
shown that in the case of the repaired specimens, damage extended into 
the adhesive layer. Furthermore, comparative videos showing in great 
detail the damage extent and propagation within the entire specimen 
were produced for the two 20 J energy impact samples. 

Within this work, specimens were tested at room temperature only. 

Fig. 10. 2D projections of the total damage area (including numerical value) for the impacted specimens: (a) ROI-5 J-virgin (b) ROI-20 J-virgin (c) ROI-5 J-repair (d) 
ROI-20 J-repair. 
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In further research, special emphasis has to be laid on the conditions 
relevant for aircraft repairs, e.g. increased test temperature or condi
tioning under hot/wet conditions or in fluids typically used within 
aircraft service or during maintenance. 
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