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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF ENGINEERING AND THE ENVIRONMENT 

Doctor of Philosophy 

DAMAGE ASSESSMENT OF PARTICLE-TOUGHENED CARBON FIBRE COMPOSITES 
SUBJECTED TO IMPACT AND COMPRESSION-AFTER-IMPACT USING 3D X-RAY IMAGING 

TECHNIQUES 

by Daniel John Bull 

In this thesis, particle-toughened and untoughened, carbon fibre composite material systems with quasi-
isotropic layups were investigated. This was to understand better the toughening behaviour leading to 
increased impact damage resistance and post-impact compression damage tolerance performance. To 
achieve this, mechanical testing and conventional ultrasonic C-scan methods were combined with 
damage assessments using several 3D X-ray computed tomography techniques. These consisted of lab 
based micro-focus computed tomography (µCT), synchrotron radiation computed tomography (SRCT) 
and synchrotron radiation computed laminography (SRCL). Mechanical impact and compression-after-
impact experiments were undertaken to establish the ranking of damage resistant and damage tolerant 
properties between material systems. This was followed up by damage assessments from CT scans and 
laminography to characterise the damage macroscopically and microscopically, linking these 
observations and quantifications back to the overall damage resistance and damage tolerance of the 
material systems.  

Through qualitative and quantitative assessment of the damage mechanisms it is revealed that particle-
toughened systems strongly suppressed the extent of delaminations but had little effect on matrix 
cracks. The suppression of delaminations was achieved through energy absorption and crack-shielding 
mechanisms consisting of; particle-matrix debonding, crack deflection and bridging effects, which were 
observed in the resin-rich regions between the plies. Based on quantification of SRCT data in this study, 
it is suggested that bridging micromechanisms contributed most significantly to increases in damage 
resistance over the untoughened material. 

Ex situ time-series experiments were also employed in this work. µCT scans of fully intact test coupons 
under incremental loads enabled internal damage initiation and propagation to be monitored. This was 
done for quasi-static indentation (QSI) and compression-after-impact (CAI) experiments.  

For QSI work, comparisons between impact and QSI experiments showed both similarities and 
differences between the two loading conditions. The most significant differences were observed in two 
material systems which resulted in a lower damage area under QSI loading than low velocity impact at 
applied energies above 30 J. This behaviour correlated to a larger extent of bridging ligament formation. 
It is suggested that the extent of bridging micromechanisms are linked to the improved damage 
resistance under QSI and that this toughening mechanism is potentially sensitive to strain-rate, hence a 
loss of damage resistance under impact.  

For CAI experiments, the sequence of events leading to failure was established. Based on ex situ µCT 
scans of material systems subjected to post-impact near-failure compressive loads, it was observed that 
delaminations propagating into the undamaged cone contributed to failure of the coupon by linking 
surrounding delaminations. This effect more than doubled the unsupported length of the sublaminates, 
significantly reducing buckling stability and in-plane load carrying capability. Particle-toughened systems 
maintained a higher residual compressive strength for a given damage area compared to the 
untoughened systems. It is suggested that particles suppressed delamination growth into the 
undamaged cone, increasing stability and enabling more load to be carried prior to failure. 

Overall, the experimental findings in this thesis will improve the understanding of the mechanisms 
contributing to failure and the particle-toughening processes which will support the development of 
superior carbon fibre-reinforced composite systems. The results also support the development of finite 
element models to ensure the most important mechanisms are included and captured. 
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BVID Barely visible impact damage 

CAI Compression-after-impact 

CFRP Carbon fibre reinforced polymer 
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SRCL Synchrotron radiation computed laminography 
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Nomenclature 
 

   Buckling strain of sublaminate 
  Impactor displacement 

 ̅ Mean crack-opening displacement 
    Adjusted length at voxel ij 

  Correction factor accounting for crack bowing 
  Centre-to-centre particle spacing 
    Bridging stresses 

     Ultimate compressive residual strength 
  

   Tearing energy of the rubber particles 
  Acceleration of the impactor 

Dimensions of half the elliptical axis parallel to the loading direction 
Half length of the delamination in the loading direction 

  Cross-sectional area of composite 
            Terms from ABD matrix with coordinate 1 in the loading direction 

  Length of remaining uncracked region 
Dimensions of half the elliptical axis perpendicular to the loading direction 

   Percent bending of plate during compression-after-impact 

                Terms from ABD matrix with coordinate 1 in the loading direction 
  Young’s modulus 

Equivalent Young’s modulus of the quasi-isotropic laminate 

   Young’s modulus of the rubber particles 

   Young’s modulus of the modified epoxy 
   Young’s modulus of the matrix 
   Young’s modulus of the unmodified epoxy 
   Young’s modulus of the particle 

  Volume fraction of rubber particles 
   Interpolating function 
    Area fraction of bridging ligaments 
     Force measured from the dynamic load cell as a function of time 
   Buckling load of sublaminate 
   Critical threshold force for the onset of delamination 

     Maximum force at the point of failure 
  Acceleration due to gravity 
gij Grey scale value at voxel ij 
gair Greyscale value of air 
gmat Greyscale value of material away from a crack 

 Mode II critical strain energy release rate 

  Drop height 
Laminate thickness 

   Mode I stress intensity factor 
   Mode II stress intensity factor 
   Mode III stress intensity factor 
   Unmodified epoxy stress intensity factor 
   Shielding stress intensity factor 
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   Modified epoxy stress intensity factor 
    Fracture toughness of rubber-modified epoxy 
   Applied far-field stress intensity 
   Limiting stress intensity factor that specifies the failure of the trailing end of 

the reinforced zone 
    Bridging-zone size 
  Delamination length across the sublaminate 
  Mass of the impactor 
n Points along the trace of a fracture profile 
   Flexural membrane modulus 
   Flexural membrane modulus 
  Rotational factor 
   Diameter of particles 
   Surface-to-surface particle spacing 
  Laminate thickness 

Time during impact test 
   Time the first (lower) flag prong passes the lightgate detector 
   Time the second (upper) flag prong passes the lightgate detector 
   Time of initial contact obtained from the force-time curve 
   Critical crack-opening 
  Poisson’s ratio 
   initial velocity of the impactor at the point of first contact with the test 

coupon 
     Poisson’s ratio of the base laminate 
   Poisson’s ratio of the matrix 
   Poisson’s ratio of the particle 

    Distance between leading edges of the first (lower) and second (upper) flag 
prongs 

yi Vertical distance from the mean line to the ith data point 
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Chapter 1   
 
Introduction 

1.1 Background and motivation 

Carbon fibre reinforced polymer (CFRP) materials are increasingly being used in 

aircraft structures due to their superior stiffness to weight and strength to weight 

properties compared to conventional materials; these allow weight savings in 

current and future aircraft [1]. The new Airbus A350-XWB and Boeing 787 

Dreamliner are the latest commercial aircraft which demonstrate a significant 

increase in the use of composite materials. The Boeing 787 has been designed 

and manufactured with CFRP dominating the primary structures, including the 

main fuselage skin, wings and vertical and horizontal stabilisers. Comparison with 

the Boeing 777 launched in June 1994 and the Boeing 787 shows an increase 

from 12 % composites to 50 %, respectively by weight, reflecting an increased 

premium on weight saving, due to significantly higher fuel cost and also a greater 

confidence in designing and manufacturing with this material [2]. 

A significant disadvantage associated with carbon fibre composites is their poor 

impact damage resistance, which directly adversely affects the residual 

compressive strength of the material [1, 3, 4]. Most composite materials are 

essentially brittle and absorb impact energy through fracture mechanisms, unlike 

metals that absorb energy through plastic deformation [5] . Barely visible impact 

damage (BVID) produced by low velocity impact  is of general concern, due to the 

creation of internal damage with a lack of visible surface damage other than a 

shallow dent, or back-face damage which is often not easily accessible for 

inspection [6]. This poses a problem as the extent of damage is usually internal 

and significant in size. It is this damage, in particular delaminations, which have a 

strong effect on the residual compressive strength [3, 7]. This is usually mitigated 

by a design approach in which aircraft structures are required to incorporate the 

anticipated maximum local loss in strength into the design, increasing the 

structural weight, possibly unnecessarily [8]. In order to minimise these issues, 
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tougher composite materials are desired, with better damage resistant and 

damage tolerant properties [1]. 

Delaminations are of significant concern in composite laminate materials. 

Delaminations form sublaminates with lower flexural stiffness characteristics, and 

lower in-plane load carrying capability due to the onset of local failure by buckling 

[4, 9, 10]. It is reported that the mode II driven delamination has a direct bearing 

on the damage resistance. By increasing the mode II toughness at the interply 

regions, the damage resistance and subsequent damage tolerance can be 

increased [11, 12]. To achieve this, thermoplastic toughening particles can be 

included at the interlaminar resin-rich regions [13, 14]. This thesis aims to gain a 

better understanding of particle toughening mechanisms comparing particle-

toughened systems to an untoughened counterpart without particles. 

The anisotropic and heterogeneous nature of carbon fibre laminates means the 

damage mechanisms and interactions between different modes of damage are 

distinctly dependent on the three-dimensional (3D) spatial relationships and 

interactions. Established damage assessment techniques such as C-scan [15, 16] 

and optical microscopy [17], that are commonly used to investigate post-impact 

and compression-after-impact damage behaviour have significant limitations for 

3D analysis. In terms of microstructural and micromechanical analysis, the latter is 

typically undertaken after cross-sectional cutting or thermal deplying [18, 19]. This 

is a destructive technique that may artificially affect the results via sectioning 

damage and/or the release of internal stress states. Extended 3D imaging is 

possible via serial sectioning [20], however even with automation, this remains a 

time-consuming method of preparing significant depths of material, 

notwithstanding the destructive nature and underlying potential to introduce 

sectioning artefacts. In the case of ultrasonic C-scans, time-of-flight methods allow 

some depth measurement, but it is not strictly possible to distinguish different 

damage modes, spatial resolutions are low, and overlapping damage cannot be 

distinguished [21-24]. 

3D techniques such as X-ray computed tomography and laminography may allow 

internal composite damage features to be detected non-invasively, at high 

resolutions, and in 3D. The use of these techniques is relatively new in the 
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application of composite damage assessment, with few published studies using 

these methods to study composite material systems [21, 25-37]. 

Industrial microfocus CT (µCT) scanners have successfully been used to study 

impact damage at spatial resolutions down to ~4 µm [21, 35, 38, 39]. To gain 

higher resolutions, use of synchrotron radiation computed tomography (SRCT) can 

routinely enable rapid sub-micron scanning, revealing features down to the size of 

individual fibres in standard/commercial aerospace composite systems [32, 34, 36, 

37]. However, due to the frequent use of aerospace composites in highly laterally 

extended (i.e. planar) forms, high resolution imaging frequently requires local 

regions of interest to be cut out in order to achieve voxel sizes on the order of 1 

µm and below. To avoid these issues, synchrotron laminography has also been 

used to study carbon fibre damage enabling relatively large planar coupons to be 

scanned at such high resolutions [31].  

Since both laboratory- and synchrotron-based imaging techniques routinely offer 

resolutions in the micrometer and sub-micrometer range for samples in cm to mm 

lengthscales, the combination of using both techniques can offer a comprehensive 

view of the macroscopic and microscopic damage behaviour. In addition to this, 

the relatively non-destructive nature of this technique can allow for time series 

studies to be achieved, contingent on resolution and sample size requirements 

[26, 31, 34]. 

Many studies have investigated the susceptibility of composite damage by out-of-

plane deflection through quasi-static indentation and impact events [40, 41]. The 

former loading condition is desirable due to eliminating oscillations in force-time 

data [42] and the ability to interrupt the experiment for non-destructive testing [43]. 

Whilst most studies report similarities between the two loading conditions based 

on conventional measurements, they do acknowledge that the dynamic nature of 

impact should be taken into account [40, 44]. The limited understanding of the 

similarities and differences between the two loading conditions provides a 

motivation for comparing the internal damage mechanisms. Computed 

tomography can achieve this non-destructively with the added benefit of being 

able to monitor damage initiation and growth [43]. Such information is important to 

the understanding of how and where various damage modes are occurring. 
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Internal comparison between loading conditions offers a better understanding of 

the mechanisms that may be sensitive to strain-rate behaviour. Additionally, this 

will help to ensure finite element models are capturing the correct mechanisms. 

A similar lack of understanding is currently seen in post-impacted compression 

failure in composites. Since compressive failure is usually instantaneous and 

catastrophic, identification of critical failure modes is not easily accomplished. The 

opaque nature of carbon fibre, coupled with the complexity in assessing the 

various internal damage modes, has resulted in a lack of studies which 

systematically monitor damage initiation and growth, prior to catastrophic failure 

[45]. Such understanding of the damage characteristics at the point prior to failure 

and post-failure is necessary to ensure damage features are correctly included in 

finite element models used to predict failure load and for the development of better 

damage tolerant material systems. 

1.2 Project aims 

There are two overarching aims in this project. The first aim is to gain a better 

understanding of how particle-containing fibre-reinforced composite systems lead 

to improvements in damage resistance and damage tolerance. The second aim is 

to bring the application of multi-scale 3D X-ray imaging to the field of impact 

damage in composite materials; understanding the limitations and benefits of 

these techniques, and developing image-processing tools to quantify data.  

The following specific objectives of this thesis are to: 

 Investigate the feasibility of multi-scale 3D tomography for studying impact 

damage and compression-after-impact.  This will form a methodology for 

the rest of the work in the thesis. 

 Develop a partial volume correction technique that increases the accuracy 

of crack-opening measurements from µCT data. 

 Create techniques to measure the extent of damage and the effectiveness 

of toughening micromechanisms.  

 Understand the 3D impact damage behaviour, the modes of damage and 

their interactions from impact events on both 1 mm and 4.5 mm thick 

composite materials with a quasi-isotropic layup and on toughened and 

untoughened systems.  
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 Investigate how particles play a role in toughening, the micro-mechanisms 

that lead to increased fracture toughness. 

 Identify the similarities and differences between quasi-static indentation and 

impact-induced damage. 

 Investigate the post-impact compression mechanisms leading up to final 

failure. 

 

1.3 Contributions to the analysis and understanding of 
composite damage 

To satisfy the aims of this thesis, this work contributes to the field of composite 

materials and structures in several key areas: 

 It is the first study to use extensively a range of laboratory and synchrotron 

based X-ray computed tomography techniques to understand better the 

damage mechanisms in particle-toughened and untoughened composite 

materials. 

 It is the first study to use computed tomography to study initiation and 

propagation of damage mechanisms at incremental load steps in ex situ 

quasi-static indentation and compression-after-impact experiments. 

 Image-processing techniques have been developed to obtain 

measurements of damage and microstructures from 3D imaging. This 

includes a partial volume correction algorithm to measure more accurately 

crack-openings from microfocus computed tomography, and tools to 

quantify the extent of bridging, crack deflection and increases in crack path 

length based on 3D synchrotron CT images. 

 The use of multi-scale computed tomography has resulted in a better 

understanding of the role that particles play in determining the damage 

resistance and damage tolerance though qualitative and quantitative 

damage assessments. 

 The observations have resulted in better-informed comparisons of damage 

evolution between low velocity impact and quasi-static indentation loading 

conditions. 

 The observations have resulted in a better understanding of damage 

initiation and growth under quasi-static indentation loading conditions. 

 The observations have resulted in a better informed understanding of the 

damage processes leading to compression-after-impact failure and the role 

particles play in maintaining a higher residual compressive strength. 
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1.4 Thesis structure 

The content of this thesis is based on six journal papers, which have been written 

during the course of this research, four of these have been accepted for 

publication, and the other two are in preparation or are under review. These 

papers constitute chapters 4-9, overall the structure of the thesis is set out as 

follows: 

Chapter 2 presents a literature review that describes the background, theory and 

fundamentals based on previous studies. This chapter covers several key areas 

consisting of; low velocity impact damage, compression-after-impact, quasi-static 

indentation, toughening techniques, damage micro-mechanisms, previous CT 

work on composite damage and finite element modelling. Chapter 3 describes the 

experimental methods and materials used in this thesis. Chapter 4 shows the 

benefits and limitations of using different 3D imaging techniques consisting of; 

µCT, SRCT and SRCL, for studying impact damage in composites. The 

understanding of these techniques resulted in refinements to the approach to the 

experimental work in the remaining chapters. Chapter 5 demonstrates a partial 

volume correction technique for improved measurement of crack-opening 

displacements obtained through lab-based micro-focus CT and compares these to 

SRCT measurements. Chapter 6 discusses the toughening mechanisms involved 

in suppressing delaminations in 1 mm thick particle-toughened and untoughened 

carbon fibre/epoxy coupons. Chapter 7 makes comparisons between four particle-

toughened and one untoughened system subjected to low velocity impact and 

includes quantification of the extent of key toughening processes identified earlier 

in Chapter 6. Chapter 8 uses micro-focus CT to track damage initiation and growth 

in composite materials subjected to quasi-static indentation loads. The 

observations were also compared to composites subjected to low velocity impact 

to make a better informed analysis of the similarities and differences between the 

two loading conditions. Chapter 9 studies the development of damage leading to 

compression-after-impact failure and explains how particle-toughening allows the 

laminates to sustain higher residual loads. The sequence of events leading to 

failure are also assessed and are related to suggestions for how to predict better 

the compression-after-impact strength using finite element modelling. Finally, 

Chapter 10 presents the conclusions of this work and suggests possible routes for 
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future work. Due to the nature of chapters 4-9 as published articles that are 

necessarily self-contained, there is some common information between chapters 

resulting in repetition. Where this occurs it will be highlighted so as to help guide 

the reader. 

1.5 List of publications 

The following journal papers and conference proceedings have been produced as 

a direct output from this work: 

 Journal papers 1.5.1

Bull, D. J., Helfen, L., Sinclair, I., Spearing, S. M., and Baumbach, T., A 

Comparison of Multi-Scale 3D X-ray Tomographic Inspection Techniques for 

Assessing Carbon Fibre Composite Impact Damage. Composites Science and 

Technology, 2013. Vol 75. pp. 55-61. DOI:10.1016/j.compscitech.2012.12.006. 

Bull, D. J., Sinclair, I., and Spearing, S. M., Partial volume correction for 

approximating crack opening displacements in CFRP material obtained from 

micro-focus X-ray CT scans. Composites Science and Technology, 2013. Vol 81, 

pp. 9-16. DOI:10.1016/j.compscitech.2013.03.017. 

Bull, D. J., Sinclair, I., Spearing, S. M., and Helfen, L., Three-dimensional 

assessment of low velocity impact damage in particle-toughened composite 

laminates using micro-focus X-ray computed tomography and synchrotron 

radiation laminography. Composites Part A, 2013. Vol 52, pp. 62-69.  

DOI:10.1016/j.compositesa.2013.05.003. 

Bull, D. J., Scott A.E., Spearing, S. M., and Sinclair, I., The influence of 

toughening-particles in CFRPs on low velocity impact damage resistance 

performance. Composites Part A, 2014. Vol 69, pp. 47-55. 

DOI:10.1016/j.compositesa.2013.11.014. 
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Bull, D. J., Sinclair, I., and Spearing, S. M., Importance of damage details in the 

response to low velocity impact and quasi-static indentation loading on particle-

toughened carbon-fibre composite materials. In preparation. 

Bull, D. J., Sinclair, I., and Spearing, S. M., Observations of damage development 

from compression-after-impact experiments using ex situ microfocus computed 

tomography. Composites Science and Technology, 2014. Accepted in press. 

10.1016/j.compscitech.2014.04.008 

 Conference papers 1.5.2

Bull, D. J., Helfen, L., Sinclair, I., and Spearing, S. M., Composite laminate impact 

damage assessment by high resolution 3D X-ray tomography and laminography. 

Proceedings of the 18th International Conference on Composite Materials, Jeju, S. 

Korea, 2011. 

Bull, D. J., Helfen, L., Sinclair, I., and Spearing, S. M., Multi-scale 3D imaging of 

carbon fibre laminate impact and compression-after-impact damage using 

computed tomography and laminography. Proceedings of the 15th European 

Conference on Composite Materials, Venice, Italy, 2012. 

Bull, D. J., Sinclair, I., and Spearing, S. M., Quasi-static indentation and 

compression-after-impact damage growth monitoring using microfocus X-ray 

computed tomography. Proceedings of the 19th International Conference on 

Composite Materials, Montreal, Canada, 2013.  

Bull, D. J., Sinclair, I., and Spearing, S. M., The role of particle-toughening to 

improve post-impact compressive strength. Proceedings of the 16th European 

Conference on Composite Materials, Seville, Spain, 2014.  
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Chapter 2   
 
Literature review 

2.1 Low velocity impact threats on aircraft 

Low velocity impacts pose a threat to composite structures, particularly in the 

barely visible impact damage (BVID) regime. In these cases, significant internal 

damage can occur with little more than a small (< 0.3 mm) dent on the surface. 

This poses a problem if the damage is undetected, resulting in structures having to 

be designed to accommodate this level of damage. Impact damage has a direct 

effect on the residual compressive strength, therefore requiring an allowable in the 

design to accommodate this anticipated loss of strength [1].  

In service, low velocity impact damage can occur from hailstones and foreign 

object damage (FOD), such as debris on the runway hitting the aircraft skin [2]. 

Other risks of low velocity impact damage include mishandling and maintenance of 

the aircraft. Transportation, handling and storage could put the aircraft at risk, for 

example if the wing or fuselage was to clip an object, or if an inspection or repair 

engineer dropped a tool on the wing. Better care in this area would reduce the risk 

of low velocity impact damage, however it is inevitable that mistakes will happen 

which demands tougher and more impact resistant and tolerant materials [3-5]. 

2.2 Definition of low velocity impact 

Although the difference between low and high velocity impact seems obvious, 

many authors have introduced their own definitions of what constitutes a low 

velocity impact, and there can be some overlap between the two. 

Some authors [6-8] consider that low velocity impact events can be treated as 

quasi-static wherein the onset of damage is force-dependent and dynamic effects 

are negligible.  Depending on the target stiffness, material properties and the mass 

of the impactor, the impact velocity threshold to cause this behaviour is variable, 
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within the 1-10 ms-1 range [9, 10]. The transition to high velocity impact is 

dominated by stress wave propagation causing much more localised damage. 

Boundary effects become less important as the impact event is shorter than the 

time for the stress waves to reach the boundary edges of the structure. This differs 

from low velocity impact in which the structural response plays an important role in 

responding to the impact, resulting in more elastic energy being absorbed. 

Lui and Malvem [11], and Joshi and Sun [12] suggest low or high velocity impact 

can be defined by the type of damage incurred within the composite laminate. Low 

velocity impact is characterised where there is significant matrix cracking and 

delaminations occur, and high velocity impact is classified by the presence of 

penetration-induced fibre fracture. 

The most common experiments involving low velocity impacts use a relatively 

large mass of approximately 5 kg in accordance to ASTM D7136 standards [13-

15]. Such tests lead to strain-rates in the order of 10 s-1 for low velocity impacts 

[16]. It is reported that this test can be replicated by quasi-static indentation (QSI) 

tests, with many studies reporting similarities between the two loading conditions 

[17-19]. This similarity requires that the impact velocity is sufficiently low for the 

contact time between the impactor and coupon to allow the material and boundary 

conditions to respond [20, 21]. The comparison between QSI and impact is 

explained in more detail in section 2.5.4. 

2.3 Failure modes from low velocity impact 

There are four major damage modes that are commonly identified with the 

heterogeneous and anisotropic behaviour of CFRP laminates absorbing low 

velocity impact energy [22]. These are: matrix cracks, delamination and fibre 

breakage.  Matrix cracks can be caused by shear and tensile stresses. Matrix 

cracks predominantly caused by tensile stresses dominate towards the non-

impacted side of the coupon beneath the impact site due to bending. Matrix cracks 

mainly caused by shear stresses form a “cone” surrounding the impact location. 

Within the cone, little damage is observed in non-penetrating cases, whereas 

outside the cone, delaminations are seen to be initiated by matrix cracks and 

propagate away from the impact site. The last damage mode to occur after matrix 
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cracks and delamination formation is fibre fracture, this mode of damage occurs 

predominantly bellow the mid-plane under the impact region. Observations of 

these damage modes have been documented in previous studies through 

sectioning of post-impacted specimens [22-25]. Figure 2.1 shows a schematic of a 

cross-section of an impacted specimen, illustrating the various damage modes 

[22]. 

 

Figure 2.1: Cross-sectional view showing typical damage modes caused by an impact 
event [22]. 

 Matrix damage 2.3.1

It is considered that matrix cracks are the first modes of damage to occur during 

an impact event [26-28]. Whilst matrix cracks do not dramatically affect the overall 

laminate bending stiffness during an impact event, they initiate delamination when 

they reach adjacent plies of a different fibre orientation [9]. It is these 

delaminations that dramatically change the local and global bending stiffness of 

the material, and have implications for reducing the residual in-plane compressive 

strength [3, 25, 29, 30]. Matrix cracks can be caused by tension and shear, and 

are oriented in the intralaminar regions running parallel to the fibre directions. 

Matrix damage can occur by cracking within the matrix itself, or by debonding 

between the fibre and polymer matrix [31]. 
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Figure 2.1 shows matrix cracks forming a typical “pine tree” pattern associated 

with Hertzian contact stresses between the impactor and composite surface 

resulting in very high transverse shear stresses through the material which are 

inclined at approximately 45 degrees to the plane of the laminate [26, 27, 32-34]. 

Matrix cracks originating on the back-face, are associated with large local tensile 

bending stresses and are typically vertical within the ply [27]. 

 Delamination 2.3.2

As noted above, it is generally agreed that matrix cracks initiate delaminations. 

When a matrix crack interacts with a ply of a different fibre orientation it is unable 

to continue in a co-planar manner as a matrix crack; this leads to crack deviation 

into the interface layer, creating a delamination [30, 35].  

The initiation of delaminations by matrix cracks is thought to be dominated by local 

mode I opening in the transverse direction as intralaminar matrix cracks intersect 

the ply interfaces [36, 37]. Delaminations then propagate in mode II, driven by 

interlaminar shear stresses resulting from the overall bending of the laminate [3, 

25, 29, 37, 38]. The mode I-, and mode II-dominated regions are shown in Figure 

2.2. Delamination growth has been reported to be exacerbated by the bending 

stiffness mismatch between adjacent plies of different orientations. It is reported 

that the extent of delamination increases with increasing angular mismatch in 

adjacent ply orientations [39]. 
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Figure 2.2: Impact damage with creation of highly damaged central conical shape: (a) 
delamination initiation in mode I and (b) propagation in mode II [37]. 

 

There are two characteristic shapes of delamination areas reported in the literature 

for impact sites in classical quasi-isotropic layups; these consist of ‘peanut-

shaped’, and 45° segments. A significant proportion of studies report a ‘peanut’ 

shape as shown in Figure 2.3, based on ultrasonic C-scan data [40-43]. The cause 

of this shape is due to the delamination growth which occurs more extensively 

along the fibre direction than in the transverse direction of the bottom layer at the 

interface [44]. In work by Hull et al. [35] the impact damage area was reported to 

form  45° delaminated segments; this is shown in Figure 2.4 forming a ‘spiral 

staircase’ pattern of damage, i.e. a stepwise set of delaminations through the 

thickness of the composite. In this previous work, the de-ply technique was 

employed on impacted [-45/0/45/90]2S carbon fibre material, revealing the network 

of delaminations. Delaminations formed 45° segments due to interactions with 

matrix cracks which form parallel to the ply orientations and surround the impact 

site. Since ply orientations are spaced at 45° angles, delaminations were formed in 

45° segments. Since there is some discrepancy over the exact shape of 

delaminations, potentially due to the range of damage assessment techniques 

employed, these may have some implications for finite element modelling work, for 

example using realistic delaminations to estimate residual compressive strength 

[45]. A clear understanding of the exact shape of delaminations is, therefore, 

required. 
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Figure 2.3: The delamination region between an upper and lower ply resembles a ‘peanut’ 
shape [46]. 

 

 

 

 

Figure 2.4: Superposition of delaminations obtained through the de-ply method showing 
(a) interfaces 4/5/6/7; (b) interfaces 5/6/7; (c) interfaces 6/7; (d) interface 7 [35]. 
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In the development of tougher material systems, suppression of delaminations is 

desired for increasing the materials’ damage-resistant properties. This potentially 

improves damage tolerance and residual bending stiffness properties since the 

extent of delamination scales with a reduction in residual compressive strength [5, 

30, 47-49]  and a reduction in bending stiffness [48]. 

 Fibre fracture 2.3.3

Fibre fracture occurs at higher impact energies; and occurs much later in the 

fracture process than matrix cracking and delamination [27]. Should the impact 

force be sufficiently high to cause a large indentation, then significant fibre failure 

can occur directly under the impactor, due to the local high stress and indentation 

effects causing local shear [22]. On the non-impacted side, fibre failure can occur 

from bending stresses [42], see Figure 2.1. In addition to delaminations, fibre 

fracture is also responsible for influencing residual compressive strength [50, 51], 

and may be responsible for affecting the residual tensile strength [27, 52, 53]. 

2.4 Strategies to increase damage resistance and damage 
tolerance in laminates 

There are several methods that have been described for creating more damage 

resistant and damage tolerant materials, this includes: surface protection, self-

healing mechanisms, Z-pinning, stitching and particle toughening. These are 

explained briefly in this section; however the focus of this project is on particle-

toughened systems. 

 Protective surface layers 2.4.1

One of the simplest solutions to improve impact resistance is to use protective 

layers on the surface of laminates. Layers of glass fibre, polyethylene [54], cork 

[55] or Kevlar plies have been used to create energy absorbing outer layers to 

protect carbon fibre composite material systems. An alternative method is to use 
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softened or toughened outer layers such as adhesives or resins filled with 

toughening particles [56]. Both approaches offer additional energy absorption 

mechanisms at the surface, reducing the energy absorbed in the structural 

laminates it protects. Whilst these methods offer better impact resistance, they add 

additional unwanted weight and thickness to the structure in addition to extra cost 

[38]. This is not an advantageous route for the design of lighter aircraft structures. 

 Z-pinning and stitching 2.4.2

The intrinsic weak point in laminate composites is at the interlaminar regions 

where there is no reinforcement between plies in the through-thickness “Z 

direction”. Z-pinning provides this reinforcement by using composite pins 

approximately 0.5 mm in diameter or less,  that are typically inserted by an 

ultrasonic gun through the thickness of uncured plies [57]. Large improvements to 

the mode I and mode II toughness have been reported in carbon fibre material 

systems; an increase of an order of magnitude [58]. In experiments comparing 

unpinned T300/914C carbon fibre epoxy systems to Z-pinned, a reduction of up to 

64 % to the impact damage area was reported in the Z-pinned system. This 

translated to a 45 % larger compression-after-impact strength [59]. Improvements 

in suppressing delaminations on carbon/epoxy laminates using Z-pinning are also 

reported in many studies e.g. [58-61]. 

One of the key toughening mechanisms introduced by Z-pinning is bridging in the 

wake of the delamination front which delocalises the stresses at the crack tips by 

transferring forces to adjacent plies as shown in Figure 2.5. In addition to this, 

fracture of pins and pin pull-out add additional energy absorbing mechanisms, 

reducing the energy available for delaminations to propagate. Despite these 

toughening effects, there is some evidence that suggests that they do not increase 

the threshold force to cause damage, and in some cases actually reduce it [57, 

59]. This threshold force is the force required to initiate delaminations, and is 

usually detectable as a load drop on a force-time plot (see section 2.5.2). In quasi-

isotropic carbon fibre layups, a reduction of up to 14 % in threshold force is 

observed in z-pinned systems compared to unpinned systems [59]. There are two 
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possible explanations to why Z-pinning does not improve delamination initiation. 

Firstly, Z-pins create pockets of resin between the pin and base laminate with a 

relatively weak bond between them. Secondly, Z-pins are placed vertically to a 

mode II crack plane, and therefore are not effective in resisting shear-induced 

damage initiation. After delamination initiation however, the pins rotate towards the 

direction of the crack plane and become more effective at bridging the crack as the 

angle of rotation increases, and hence reduce the stresses acting at the crack tip 

[59].  

 

 

Figure 2.5: Z-fibres bridging crack from propagating [59]. 

 

Whilst many studies as discussed earlier suggest improvements to damage 

resistance from Z-pinning, there are still a few issues to consider; the effect on the 

performance properties of the material, and additional manufacturing steps 

required. Research has found that Z-pinning can reduce the tensile strength of 

plain laminates due to both fibre fracture caused by pin insertion, and formation of 

stress concentrations around the pins [62]. This reduction in tensile strength 

correlates both with Z-pin volume content, and Z-pin diameter, and has been 

reported to be up to approximately 25 % [63]. Z-pinning can also affect the in-

plane ultimate compressive strength of the material [64] and also the compression 

modulus which correlates with increases in Z-pin volume content and Z-pin 

diameter. A 12 %  and 11 % reduction to the compression modulus and ultimate 

compression strength respectively has been reported in quasi-isotropic carbon 
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fibre layups for Z-pinned laminates compared to unpinned [65]. Regarding 

manufacturing processes, cost and time issues can also become a problem, as Z-

pinning requires an additional step in the fabrication processes [38]. 

 Self-healing CFRP 2.4.3

Self-healing resin systems were initially created by White et al. [66] using 

microcapsules filled with uncured dicyclopentadiene (DPCD) distributed in the 

system. These microcapsules are designed to break when a crack reaches the 

capsule, allowing the uncured DPCD to be drawn into the crack through capillary 

action enabling the crack to be repaired.  

Various alternative technologies are now being considered to produce self-healing 

CFRPs for engineering applications. In one approach, tubes of hollow glass fibre 

are filled with uncured resin distributed at specific interfaces within the laminate 

and are designed to break on impact and fill cracks and delaminations by capillary 

action [67]. Whilst self-healing CFRPs do not increase damage resistance, they do 

increase the damage tolerance after impact once the resin cures i.e. self-heals. 

Whilst there are reports of compressive strength recovery after impact of 90 % 

[68], the feasibility of this technology for commercial aircraft structures is 

questionable. Damage from manufacture, viscosity of the resin, shelf life, post-

impact cure time to retain compressive strength, and limitations to single impact 

events are problems that need to be overcome [69, 70]. 

 Particle toughening to increase interlaminar fracture 2.4.4

toughness 

Due to cost and processing considerations, composite materials commonly use 

thermoset resins that have relatively poor intrinsic impact toughness compared to 

thermoplastics [71]. The toughness of these resins can be improved by introducing 

second phase particles [72]. Considering that impact damage resistance is 

controlled by delaminations that normally propagate within the interlaminar 
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regions; the associated increase in toughness provided by second phase particles 

should be directed to these regions [73]. This toughening technique is the main 

focus in this PhD thesis. 

It has been reported that thermoplastic particles are preferential to rubber 

toughening. This is due to the concern that the very-low stiffness rubber particles 

would reduce the overall stiffness of the material [74-76], whereas thermoplastic 

particles are relatively hard/stiff systems and offer better retention of stiffness [77, 

78]. It is also shown in studies that higher modulus particles as opposed to 

relatively compliant rubber particles improve GIC [79] and GIIC [80-82] values. This 

has been attributed to an increase in stiffness and strength which affects the 

bridging toughening behaviour as discussed later.  

The inclusion of particles in a matrix is reported to develop a variety of 

micromechanisms that may contribute to energy absorption and crack-tip shielding 

processes [83] including: crack deflection, crack bridging, crack-tip blunting, 

particle-matrix interface debonding, and particle-induced localised yielding [72, 83-

88]. Whilst these micromechanisms are reported, there is debate regarding which 

of these micromechanisms significantly contribute to toughness. There are many 

factors that may be anticipated to contribute towards toughness; these include 

particle size, particle geometry, volume fraction, particle/matrix interfacial adhesion 

and particle mechanical properties [72, 83, 89, 90]. 

2.4.4.1 Particle-resin interfacial adhesion 

It is seen that particle-resin interfacial adhesion is important for effective transfer of 

load across the particle [91]. Typically, adhesive strength can be improved through 

coatings or surface treatment applied to the particles [92].  

The improvements to fracture toughness through increasing particle-resin 

interfacial strength was observed in one study comparing unmodified and modified 

silica nanoparticles introduced to a Nylon resin subjected to a notched Izod impact 

test. This is observed in Figure 2.6. Treatment of the modified particle was by 

amino-butyric acid to improve particle-resin adhesion [93]. Such improvements to 

impact toughness through increase particle-resin adhesion were also observed in 



24 
 

PP/CaCO3 composites where particles were modified with a lanthanum compound 

[83, 94]. 

 

Figure 2.6: Impact toughness of nylon 6 nanocomposites filled with modified (■) and 
unmodified (●) silica (SiO2) particles, respectively [93]. 

 

Whilst significant improvements to fracture toughness were observed in these 

studies which used thermoplastics as the base resin, systems using thermosetting 

resins report little enhanced toughness through improving particle-resin interfacial 

strength [83, 95, 96]. It is cited that on these systems, crack growth is dominated 

by matrix failure and particle breakage, hence interface debonding is less relevant 

and therefore improvements to interfacial strength are not effective at increasing 

toughness on these systems [83]. It is questioned however that should the particle 

strength be substantial enough, then it is possible particle-resin interfacial strength 

would be relevant in these cases. Such adhesion would enable a load transfer 

across the particle and toughening through bridging ligament formation discussed 

later in section 2.4.4.5. 

2.4.4.2 Plastic deformation and crack blunting 

Blunting of the crack tip can take place by local yielding in the vicinity of the crack 

tip, lowering near-tip stress levels for a nominal stress intensity under small scale 

yielding conditions [97-99]. In rubber particle-toughened epoxy systems, crack 
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blunting is reported to be produced by cavitation of rubber particles under the 

triaxial stresses at the crack tip which lowers the effective local yield stress and 

provokes extensive shear yielding [100]. 

In polymer matrices, crack blunting is reported to promote a transition in crack 

growth regime from a steady crack propagation, to a stick/slip state in which a 

saw-tooth appearance is observed in load-displacement curves due to crack 

initiation followed by crack arrest, see Figure 2.7 [97]. This stick/slip propagation 

has been attributed to localized plastic deformation and fracturing representing 

plastic blunting and sharpening processes. The ratios of    , the stress intensity 

for the onset of crack growth representing the initiation value, and    , the stress 

intensity factor for crack propagation representing the arrest value can be used to 

determine stable or unstable growth; i.e. 
   

   
   would show stable growth where 

as 
   

   
   would represent unstable growth.  

The magnitude of    is reported to be dependent on the radius of the blunted 

crack where a higher applied stress is required to re-initiate the sharp crack. It is 

shown in Figure 2.8 that an intermediate yield stress of the matrix phase is 

required to promote unsteady propagation. The effect of this behaviour is that a 

lower local stress concentration is present at a blunted crack tip requiring a higher 

applied stress to initiate the crack; from an energy point of view more energy is 

consumed in advancing the crack between the arrest and initiation stages as work 

is done deforming the crack tip at these stages [97, 101]. 
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Figure 2.7: Typical load displacement curves for (a) stable continuous crack propagation 
and (b) unstable stick-slip crack propagation [97]. 

 

 

Figure 2.8: Relationship between         ratio, crack growth mode, and yield stress [97]. 

 

2.4.4.3 Increased crack path / surface area 

The use of particles in thermoplastic-modified epoxies can cause deflection of the 

crack and a meandering crack path. This results in an increased fracture surface 

area and, therefore, higher energy absorption during crack propagation [102]. 
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Expressions to calculate the increase in fracture toughness through increased 

crack path length based on the volume fraction of spherical particles,   , have 

been proposed [89, 103-105]: 
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where    is the fracture toughness of the modified epoxy,    is the fracture 

toughness of the unmodified epoxy,    is the Young’s modulus of the modified 

epoxy and    is the Young’s modulus of the unmodified epoxy,     is the increase 

in mode I toughness, and   is the specific fracture energy of the matrix. In 

equation (2-1) the constant 0.87 is related to toughening by pure tilt-induced crack 

deflections. Given a close ratio of Young’s moduli between thermoplastic-modified 

epoxies, a volume fraction of thermoplastic modifiers of 30 % would yield only a 

modest increase: 
  

  
      [102]. The limitation of these 2D models is the 

assumption that the crack path fully deflects around one half of the particle surface 

area. Since the actual deviation of the crack may be less, the equation may 

overestimate the fracture toughness increase [89]. 

2.4.4.4 Crack deflection 

In a mode I loaded situation, crack deflection locally reduces the crack tip driving 

force by deviating the crack path from the surface of maximum tensile stress, see 

Figure 2.9 [106].  A solution by Cotterell and Rice [107] shows that a kinked crack 

under purely elastic conditions when subjected to a far-field applied mode I stress 

intensity factor    can be expressed in terms of the kink angle   and 

corresponding local mode I and mode II stress intensities   and     in equation 

(2-3): 
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The solution is applicable provided that the length of the deflected portion is 

relatively small in comparison to the overall crack length. The local crack tip driving 

force,     , for coplanar growth along the deflected portion of the crack can be 

estimated in terms of the maximum strain energy release rate   in equation (2-4): 

 

               {  
           

            
       }

   
 (2-4) 

 

Where,     , is the local mode III stress intensity factor,   is Young’s modulus and 

  is the Poisson’s ratio. For a simple deflected crack, in-plane deflections of 30° 

and 90° can reduce crack-driving force on the order of 10 % and 50 % respectively 

[106]. The promotion of crack deflection through inclusion of particles in brittle 

ceramic materials has been shown to increase fracture toughness by up to a factor 

of 3 demonstrating the effectiveness of this toughening micro mechanism [108]. 

 

Figure 2.9: Crack tip deflection around a particle and kink angle θ [106]. 
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2.4.4.5 Crack bridging 

The use of relatively stiff polymer particles in modified epoxies has been reported 

to invoke crack bridging [86]. In this mechanism, the stiff particles span the two 

crack surfaces and apply surface tractions that effectively reduce the stress 

intensity applied at the crack tip. From an energy absorption consideration, the 

opening of the crack can cause well-adhered particles to fracture or debond at the 

interface, as well as deformation of the resulting ligaments, thereby contributing to 

the overall energy required for crack propagation [102]. 

The development of intact ligaments along the wake of the crack leads to a 

reduction in the stresses acting on the crack tip by providing traction sites; this 

process is illustrated in Figure 2.10. The bridging stresses,    , acting across the 

crack wake change with position, falling to zero in the region beyond the critical 

crack-opening   . The crack illustrated here represents a steady-state crack, in 

which bridges are being both created at the crack tip and equally destroyed in the 

crack wake beyond the critical crack-opening displacement [97].  
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Figure 2.10: Schematic illustrating bridging stresses [97]. 

 

The degree of crack-tip shielding due to uncracked-ligament bridging in terms of 

the area fraction of the ligaments and applied stress intensity has been expressed 

in a 2D model using equation (2-5) [106] for co-planar bridging sites to calculate 

the shielding stress intensity,   : 
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Where    is the area fraction of bridging ligaments on the crack plane,   is the 

applied (far-field) stress intensity,     is the bridging-zone size,   is a rotational 

factor, and   is the length of the remaining uncracked region ahead of the crack, 

see Figure 2.11 for geometry. This model was tested on Al/SiCP composites to 

predict the magnitude of crack-tip shielding under fatigue crack growth. An area 

fraction of bridges was reported between 27-31 percent, and was determined 

through serial sectioning,     was approximately 400 µm behind the crack tip, and 

rb was 1 mm which led to ~6 % shielding by bridging in this instance. One of the 

limitations in this model is that bridging ligaments are simplified as an area fraction 

along the length of the bridging zone     where the traction provided by the 

bridging sites is likely to diminish along the length. 

As crack bridging acts within the crack wake, the effect on crack propagation is 

crack-size-dependent. As the crack length increases, the driving force to sustain 

cracking will increase until a steady state is reached [106]. 

 

 

Figure 2.11: Schematic illustration of idealized fatigue crack with bridging zone, showing 
definitions of the rotational centre and crack-opening displacements [109]. 

 

A crack bridging model by Ahmad, Ashby and Beaumont [110] for rubber-modified 

epoxies is based on the idea that toughness can be improved through stretching 

and tearing of the rubber particles in the wake of the crack. The improvements to 

toughness are considered in equation (2-6) by a reduction of stress intensity at the 
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crack tip where these particles provide compressive tractions in the wake of the 

crack: 

 

    

  
        

     
         

 
 

(2-6) 

 

where    is the fracture toughness of the rubber-modified epoxy,   is the fracture 

toughness of unmodified epoxy,   is a correction factor that accounts for crack 

bowing,   is the volume fraction of rubber particles,    is the Young’s modulus of 

the rubber particles and   is the tearing energy of the rubber particles. It is 

reported that the improvement to toughness attributed to crack bridging is 

negligible in rubber-modified epoxies. This mechanism is reported to be more 

dominant for rigid thermoplastic particles since these are much stiffer with higher 

tensile strength than rubber particles [106].  

A model by Rose [111] for glass-filled epoxies, equation (2-7), shows the ability of 

these ‘impenetrable’ particles to act as springs to support the wake of the crack: 
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(2-7) 

 

where   is the fracture toughness of the modified epoxy,   is the fracture 

toughness of the unmodified epoxy,    is the surface-to-surface particle spacing, 

   is the diameter of the particles,   is the centre-to-centre particle spacing,    is a 

limiting stress intensity factor that specifies the failure of the trailing end of the 

reinforced zone, and    is an interpolating function constructed to reproduce the 

correct asymptotic expansions for soft springs and for hard springs. From this 

equation, two key features arise. Firstly the toughness increases rapidly with 

volume fraction of particles,          , secondly for a given      value, the 

toughness reaches a maximum at an intermediate volume fraction corresponding 

to 
  

 
    .  
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This model was experimentally validated with an epoxy matrix containing a 

dispersion of quasi-spherical alumina trihydrate particles and presented a 

reasonable fit across diluted concentrations and intermediate particle volume 

fractions. The       reached ~ 2.1 for 12 µm diameter particles at an inclusion 

diameter / spacing (    ) of ~0.4. It should be noted that comparison with 

experimental data was achieved through treating       as an adjustable 

parameter where the value was adjusted so to make the theoretical curve pass 

through one data point for each set of results on a normalised toughness vs. 

inclusion diameter / spacing plot. This should be seen as a curve fitting parameter 

which may introduce doubt as to the reliability of the model. 

2.4.4.6 Influence of particles on delamination toughness 

The presence of particles in the interlaminar regions enables the formation of a 

thick resin-rich region which has been reported to allow complete formation of 

plastic deformation around the crack tip [82, 86, 88, 112, 113]. Experimental work 

by Groleau [86] for example, shows that the untoughened interply thickness 

correlates with mode II critical strain energy release rate as shown in Figure 2.12. 

It has been widely reported that toughness improvements seen in neat resins (i.e. 

fibre-free monolithic samples) do not usually translate to equivalent improvements 

in composite intralaminar toughness. This has been linked to the effective scale of 

the crack-tip process zone; in composite materials the interply region is 

constrained by the fibres, and the thickness of this region is usually much less 

than that of the crack-tip process zone seen in the bulk material [86, 112]. An 

ancillary benefit of the widely used particle toughening approach is the creation of 

thickened resin-rich regions at ply interfaces, with corresponding contributions to 

toughness [114]. 
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Figure 2.12: Mode II fracture toughness as a function of average interply thickness for 
interlayered and non-interlayered DER 331/DDS matrix specimens [86]. 

 

Particle size, particle volume fraction and the thickness of the interply region all 

have an effect on the fracture toughness of the resin [43, 86, 115]. Achieving the 

correct balance of these three variables is critical in maintaining higher fracture 

toughness. This is highlighted in work by Singh [116] which shows optimal particle 

volume fractions for different sized particles, see Figure 2.13. Whilst experimental 

work shows these trends clearly, a better understanding of the toughening 

micromechanisms and how these can be exploited to achieve greater toughness 

will considerably help in the development of tougher systems. 
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Figure 2.13: Normalised fracture toughness of aluminium-polyester composites plotted 
against particle volume fraction for various particle sizes [116]. 

2.5 Mechanical testing 

To measure impact damage resistance and damage tolerance, compression-after-

impact (CAI) tests are carried out as a standard element of material qualification 

across the aerospace industry. This test is designed to replicate an out-of-plane 

impact event followed by an in-plane compression test to measure the residual 

compressive strength. The test methods are detailed in ASTM D7136M for low 

velocity impact and ASTM D7137M for compression-after-impact. Prior to 

introduction of these ASTM standards, tests were carried out using either 

proprietary Airbus or Boeing impact or compression-after-impact standards, or 

other setups [117, 118]. This has led to some variation in test apparatus and in 

earlier publications. Therefore, direct comparisons between experiments using 

different setups cannot be made in all cases on a like-for-like basis. 

 Variations of experimental setup 2.5.1

There are numerous experimental setups to test different geometries, layups, 

environmental and loading conditions, all developed with the aim of recreating in-

service conditions. These include testing the influence of environmental conditions 

such as temperature [119], the influence of pre-loaded test coupons under impact 

[120], through to how the span-to-thickness ratios affect the impact response 

[120]. This demonstrates the complexity inherent in evaluating the performance of 
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composites across the full range of potential in-service conditions. Whilst taking 

into account all of these factors would be out of the scope of this project, previous 

studies are acknowledged below and may be of interest for future work. 

2.5.1.1 Temperature 

Given the variability in environmental conditions that aircraft are subjected to, 

temperature is an important parameter to consider. A study by Río et al. [119] 

considered low velocity impact at low temperatures ranging from -150 C to 25 C. 

In this study quasi-isotropic and cross-ply carbon fibre composite systems were 

studied and subjected to low velocity impact. The materials were manufactured 

using AS4 carbon fibres and Hexcel 3501-6 resin forming coupons measuring 80 x 

80 mm. Their study concluded that low temperatures caused embrittlement of the 

polymer matrix and a build-up of interlaminar thermal stresses, which contributed 

to the generation and propagation of damage when subjected to impact loads. 

2.5.1.2 Preloaded structures 

It is quite likely that structures in aircraft will be under a certain amount of load 

when impacted. Heimbs et al. [120] have conducted experiments to evaluate the 

effect of compressive preload on low velocity impact behaviour. The preload was 

applied in-plane along two edges under displacement-controlled conditions.  It was 

concluded that preloaded plates led to a larger damage area for a given impact 

energy compared with unloaded conditions. The compressive preload caused a 

larger out-of-plane deflection during the impact event. This enabled greater energy 

absorption and subsequently led to larger delamination formation. 

2.5.1.3 Span-to-thickness ratios 

For large mass, low velocity impacts that are considered to be effectively quasi-

static, the structural geometry plays an important role in determining the impact 

response [121]. Experiments have shown that the span-to-thickness ratio has a 

large influence on the stiffness of the plate. Typically, a system with a high span-

to-thickness will globally have a lower bending stiffness and result in longer impact 
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event durations. While it has been reported that the critical impact load is more or 

less constant for a given thickness, widening the span between the supports will 

increase the energy required to initiate damage [40, 46]. In terms of damage 

characteristics, a larger span has been reported to change the initial damage 

modes from top surface delaminations to lower surface matrix cracking [121]. This 

is due to increased tensile bending forces at the back-face, and a reduction in 

local contact forces between the impactor and coupon governed by the longer 

time, enabling a slower deceleration.  

 Threshold impact force 2.5.2

Based on drop tower experiments it is largely agreed that during a low velocity 

impact event, a critical threshold force is reached at the impactor prior to the 

formation of significant delaminations [5, 6, 22, 59, 119]. This is illustrated in 

Figure 2.14 which shows a typical instrumented low velocity impact event, e.g. see 

[5, 6, 22, 59, 119] where a sudden load drop at point A corresponds to the critical 

force for the onset of delamination. Point B represents a residual force value due 

to the reduction in transverse stiffness of the laminate. Should there be enough 

residual potential energy stored in the impactor, a reloading phase may occur, 

point C.  

As noted above, the load drop between points A and B is attributed to 

delaminations reducing the flexural stiffness of the test coupon. Impact events 

yielding forces below this value are believed to be accommodated by the elastic 

response of the laminate [122]. It is however unreported whether or not the 

presence of other modes of damage, such as matrix cracks, occurred prior to 

reaching this critical threshold load. Whilst the process of instrumentation can 

determine the onset of damage above a threshold load, the dynamic load cells 

used in these experiments are generally not sensitive enough to detect load 

changes caused by localised matrix microcracking in the early stages of the 

impact event [3].  
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Figure 2.14: Instrumented impact showing crucial, residual and maximum forces [59]. 

 

 

Figure 2.15: Instrumented impact at low impact energy below critical threshold energy 
value [3]. 

 

For impact energies that are less than the critical threshold force, a typical 

response curve can be seen in Figure 2.15 [3]. The graph represents a half sine fit 

with the experimental response correlating well to it. The low level impact causes 
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the plate to respond in a quasi-static, linear way showing no indication of any 

damage being introduced during the test. Small oscillations do exist, however, 

which are attributed to vibration from impact and the sensor [26].  

There is a relationship between the mode II interlaminar critical energy release 

rate and the critical threshold force for the onset of delaminations [5, 8, 32, 41]. 

The predicted threshold force can be calculated using the model proposed by 

Davies and Zhang [41] in equation (2-8):  

Where: 

   Critical threshold force for the onset of delamination on a quasi-isotropic 

laminate (N) 

  Equivalent Young’s modulus of the quasi-isotropic laminate (N-m-2) 

  Poisson’s ratio of the quasi-isotropic laminate 

  Laminate thickness (m) 

 Mode II critical inter-laminar energy release rate (J-m-2)  

 

This relationship was tested by Davies et al. [8], who used it to calculate critical 

impact energies on various coupon geometries that were simply supported, see 

Figure 2.16. The impact velocities were low (< 3m/s) using 1 kg and 2 kg masses. 

They concluded that the critical mode II interlaminar energy release rate was in 

good agreement with experimental data for CFRP materials given the inherent 

scatter of critical failure loads. There are some limitations of this technique 

however, firstly the impact velocity needs to be low (<10 ms-1), and secondly the 

application of this technique to strain-sensitive systems e.g. glass-polyester 

laminates was shown not to work well in one study [123]. 
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Figure 2.16: (a) Comparison of threshold impact energy for the smaller plates as predicted 
by the quasi-static model and the pre- and post-delamination energy levels measured 
experimentally; (b) comparison of threshold impact energy for the larger plates predicted 
by the quasi-static model and the pre- and post-delamination energy levels measured 
experimentally [41]. 

 

Cartié et al. [5] has showed that equation (2-8) can be rewritten to predict the 

mode II energy release rate from measurements of the critical threshold force 

obtained from instrumented impact tests; this showed good agreement with actual 

GIIC measurements. Its application to toughened systems may be of limited use 

however as the critical threshold force may be difficult to measure from 

instrumented impact tests. This is due to the absence of a distinct load drop in 

toughened systems, attributable to a more gradual progressive failure than in 

untoughened systems [88]. 

 Projected impact damage area by ultrasonic C-scan 2.5.3

Many papers report using ultrasonic C-scan methods to provide information on the 

projected damage area after impact [5, 6, 119, 124, 125]. Unfortunately, routine 

scans typically only capture the extent of delaminations, neglecting other damage 

modes i.e. matrix cracks and fibre fracture. Despite this limitation C-scan is a quick 

method to understand the damage resistant performance in a material system. 



41 
 

There are some developments and advanced procedures using the ultrasonic C-

scan technique. One study has shown some success in detecting matrix cracks 

using oblique incidence ultrasonic techniques [126].  In addition to this, there are 

successful studies using time-of-flight C-scans that can give the through-thickness 

location of delaminations [7, 127, 128]. However, one of the major limitations with 

time-of-flight is that overlapping delaminations can be obscured. 

Figure 2.17 shows a linear relationship between the projected delamination area 

and impact energy above the critical threshold level represented by the vertical 

lines [5]. This linear relationship between delamination area and impact energy 

has been commonly reported in other studies [129-131]. In the example shown in 

Figure 2.17, four carbon fibre systems with different resin systems of varying 

toughness were used and consisted of laminates 32 plies thick with a consistent 

quasi-isotropic layup. From delamination area vs. impact energy data, it is clear 

which material systems have the greatest damage resistant properties. The most 

damage resistant systems are shown to have a higher critical threshold value, 

shallower gradient and low delamination area values. It should be noted that in the 

example shown, impacts were considered low velocity with a relatively long 

contact time (approximately 10 ms) and the damage area was confined within the 

boundary regions of the supporting rig.  
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Figure 2.17: Delamination area against impact energy from different resin matrix systems 
[5]. 

 Quasi-static indentation 2.5.4

Quasi-static indentation (QSI) experiments test material damage resistance from a 

concentrated out-of-plane load. It also serves to simulate the force-displacement 

relationship of large-mass, low-velocity impact damage on test coupons with 

relatively small unsupported regions [132]. The ASTM standard for this test is 

D6264M, and base plates matching that used in D7136M drop weight impact tests 

can also be used in combination with the test procedure. It is generally agreed in 

the literature that low velocity and quasi-static indentation leads to similar damage 

behaviours [9, 20, 133-137]. This enables damage monitoring through interrupted 

tests when performed with non-destructive evaluation [138, 139], and destructively 

after application of certain deflections on separate test coupons [140]. This allows 

identification of the sequence of damage events, whereas only the final damage 

state is identifiable after a drop weight impact test. 

The slow out-of-plane movement of the crosshead allows specific damage events 

associated with load drops to be detected more easily compared to impact tests, 

where oscillations in the force history make it difficult to detect. Whilst quasi-static 
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tests yield more control compared to drop weight impact tests, some authors 

disagree about the similarities in damage between the two experiments, citing the 

importance of including the dynamic nature of the experiment [20, 21], others agree 

that if the impact contact time is sufficiently long, the event can be considered 

quasi-static provided the response is not governed by stress wave propagation 

[141]. Work by Sun et al. [142] verified that delamination crack propagation in 

graphite/epoxy laminates caused by low-velocity impacts with a heavy mass can 

be treated as quasi-isotropic. Their work used parallel conductive lines 2mm apart, 

when these lines were broken, the speed of delaminations could be measured 

allowing a crack-length vs. time history to be obtained. 

Figure 2.18 shows a comparison between a drop weight and static indentation 

deflection test. The goal here is to carry out the static test to the same maximum 

force as the impact test and monitor displacement. In doing so, the presence of 

hysteresis can be seen in the area between the loading and unloading curves. 

Both tests show a close overlap in the loading and unloading curves suggesting 

that both events can be considered quasi-static events [6].  

 

Figure 2.18: Comparisons of static deflection and drop weight impact tests for tough 
laminates. [6]. 
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Gao et al. [88] have investigated the effects of interleaving carbon fibre prepreg 

with thermoplastic toughening particles which are subjected to out-of-plane quasi-

static indentation. Comparison between a toughened (interleaved) and 

untoughened (non-interleaved) material system are shown in Figure 2.19. In this 

work, there was a significant load drop observed on the load-displacement curves 

in the brittle systems at intermediate load levels, whereas toughened systems 

exhibited non-linearity but no load drop. The absence of oscillations from the load-

deflection curves helps in the identification of damage formation, particularly with 

the toughened system which does not exhibit a load drop at the delamination 

onset.  

 

Figure 2.19 – Load-deflection curves on the non-interleaved and interleaved quasi-static 
indentation specimens [88]. 

 

Despite the similarities between QSI and impact, it has been noted above that QSI 

does not introduce the dynamic and time-dependent components of impact 

events; with the corresponding potential to cause differences in load and damage 
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response. One of the key issues surrounding the similarities between QSI and 

impact is whether or not an impact is considered low velocity and therefore low 

enough to be considered quasi-static. At higher impact velocities, stress wave 

propagation and dynamic effects play a significant role; typically resulting in 

damage that is more localised [141]. This transition between low to high velocity is 

difficult to define and will be specific to material type, layup, geometry, span-to-

thickness ratio, boundary conditions, etc. that will have an effect on the 

equivalence of the two loading conditions [133]. In either case, the question 

remains as to whether QSI can replicate certain aspects of impact. These aspects 

include but are not limited to: permanent indentation, force-displacement 

characteristics and the extent and type of damage formed [18]. These parameters 

must be compared against an independent variable common to both QSI and 

impact loading conditions, typically maximum transverse load, or maximum 

deflection [18]. 

In studies that compare QSI to impact loads, similarities were observed in C-scan 

damage area and load deflection curves [9, 19, 135-137, 143, 144]. In these 

studies, carbon fibre composites were subjected to low velocity impact energies, 

typically less than 30 J and 10 m/s. Comparisons between the two loading 

conditions in these studies were achieved using identical coupon and base-plate 

geometry. Whilst similarities in projected damage area between loading conditions 

provides an understanding of the general damage resistance response of such 

systems to loading, micromechanical aspects have not been reported. 

2.6 Compression-after-impact testing – damage tolerance 

The purpose of compression-after-impact (CAI) testing is to measure the residual 

compressive strength and subsequently the material’s damage tolerance in 

coupon level tests. Experiments involve application of an in-plane compressive 

load to an impacted test coupon positioned in an anti-buckling guide.  The coupon 

is loaded until failure and the maximum force is recorded.  
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 Applicability of laboratory test coupons to aircraft 2.6.1

structures 

In a paper by Davies et al. [41], the applicability of laboratory-based test coupons 

to larger-scale structures has been questioned. In an aircraft structure, the 

dynamic response can be different depending on its location; for example the 

structure may be locally very stiff and large, or flexible and light. Features such as 

curvature and how it is loaded and supported may change the dynamic response 

of an impact and ability to handle residual compressive loads. This will make the 

response different to that of a laboratory coupon under test standard conditions. 

On the other hand, the costs to conduct hundreds of impact tests over complete 

aircraft would be prohibitive. Whilst it is difficult for test coupons to replicate the 

exact conditions within a structure, they do enable damage resistance and 

damage tolerance properties in material systems to be developed and compared 

using standardised experiments. Such improvements to these properties can then 

be translated to enhancements on material toughness within structural designs; 

however, it is still questionable whether or not they translate well and are really 

truly representative at the structural level. 

For the purpose of work conducted in this thesis, test coupons allow particle 

toughening micromechanisms to be studied across different material systems. 

This allows an understanding of how these micromechanisms translate to 

improvements in damage resistance and damage tolerance when compared 

against a standardised method.  

 Residual compressive strength after impact 2.6.2

Numerous experiments have reported losses to the residual in-plane compressive 

strength of composite materials after an impact event [4, 5, 59, 113, 124, 145, 

146]. It is generally reported  that delaminations are primarily responsible for 

affecting the residual compressive strength by creating sub-laminates with lower 

bending stiffness and load carrying capability [27, 30, 50, 147, 148]. Buckled sub-

laminates cannot sustain any additional load and result in the stress having to be 
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redistributed to other regions [4, 27, 50].  Estimations of sublaminate buckling 

strains have been undertaken using Rayleigh-Ritz solutions of a circular or 

elliptical delaminated region, creating a sublaminate of thickness h (equation 

(2-9)), or Euler wide strip buckling solutions (equation (2-10)) [45, 149-153]: 
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Where    is the buckling strain,    ,    ,    ,    ,    ,    and     are terms from 

the “ABD” laminate stiffness matrix (coordinate 1 in the loading direction),     is 

the Poisson’s ratio of the base laminate,   and   are the dimensions of half the 

elliptical axis parallel and perpendicular to the loading for the Rayleigh-Ritz case,   

is the half length of the delamination in the loading direction in the Euler case, and 

h is the sublaminate thickness.    and    are equivalent flexural and membrane 

moduli of the buckling sublaminate respectively.  

These solutions have been tested by Craven et al. [45] against finite element 

models. The model highlights that the Releyigh-Ritz methods conforms well to the 

buckling predictions made by the finite element models, overestimating between 

10-20 % for circular delaminations and 20-30 % for elliptical solutions. The Euler 

strip buckling model on the other hand severely underestimated buckling strain for 

circular delaminations and overestimated for elliptical. This is unsurprising given 

the one-dimensionality of the Euler approach in contrast to the two-dimensional 

Rayleigh-Ritz model. 

What is clear from these two equations is that the buckling strain is related to the 

inverse square of the sublaminate free length. This correlates with studies which 

report that the residual CAI strength scales inversely with low velocity impact 

energy, in cases for which there is a linear relationship between impact energy 

and the size of the projected damage area [5, 23, 35, 146]. The size of the 

damage area roughly correlates with the square of the length across the damage 
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area (area of a circle calculation). This suggests from experimental studies that the 

length squared across the projected damage area scales linearly with CAI 

strength. 

An example of the relationship between impact energy and residual compressive 

strength is shown in a report by D.D.R. Cartié et al. which studied the effect of 

different resin systems on quasi-isotropic CFRP laminates, see Figure 2.20 [5]. In 

this plot, the vertical line at the lower load levels represents an immediate drop in 

strength after the impact energy reaches a critical threshold to create 

delaminations. The corresponding residual strength is shown to decrease linearly 

with an increase in impact energy. This work also shows a link between , 

projected delamination area and residual CAI strength as it is reported that the 

resin toughness, not the fibres, controlled the extent of delamination. The tougher 

HTA920 system suppressed the extent of delaminations compared to the HTA922 

system with mode II critical energy release rates of 729 Jm-2 and 298 Jm-2 

respectively.  

Since the projected size of delamination after impact is reported to affect strongly 

residual CAI strength by increasing instability in the region, there should be 

concern about subcritical delamination growth prior to failure. Growth in 

delaminations during in-plane compressive loading could further reduce the critical 

compressive strength in systems and may be an issue that needs to be included in 

finite element models of the CAI experiment. It is unclear in the literature whether 

or not there is significant delamination growth prior to critical failure in CAI tests; 

this highlights a need for further investigation. 
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Figure 2.20 – Effects of resin matrix on CAI strength [5] 

 Failure modes from in-plane compression-after-impact 2.6.3

In the previous section, it was presented that the loss of compressive strength 

after an impact event is attributed to local instability resulting from delamination. 

Delaminations caused the laminate to be divided into sub-laminates with lower 

buckling load-carrying capabilities. In a study by Reis et al. [30] observing buckling 

behaviour, three types of buckling  were detected as shown in Figure 2.21. This 

was studied on 977-2 Cycom prepreg systems stacked to 24 plies and measuring 

150 x 100 mm with four varying quasi-isotropic stacking sequences leading to 

varied in-plane laminate stiffness. Coupons were subjected to low velocity impact 

and loaded in compression using an anti-buckling rig. Out-of-plane movement was 

monitored using two LVDTs positioned on opposite faces at the centre of the 

coupon. In (a), the most common type of buckling is shown, with over 50 % of all 

coupons tested reported to buckle in the direction away from the impact site, 

attributed to the permanent indentation depth, which leads to misalignment of the 

specimen [146]. The second common failure is shown in (b) where 35 % of results 

failed in which delamination buckling occurred by outward bulging of laminate 

surfaces at both sides. The remaining 15 % failed in (c) towards the impact site. 
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Whilst it is unreported how these different failure modes influenced the residual 

compression strength, it may be an issue worth considering should there be 

experimentally-observed variations in failure load. After failure, inspection of 

specimens confirmed that local delaminations extended completely across the 

specimen’s width, but propagated only a short distance in the axial direction as 

shown by the C-scans in Figure 2.22 where (a) shows damage after impact and 

(b) shows progression of damage after compression. This is in agreement with 

other studies [4, 154]. It was also reported in this study that the size of the 

delaminated area controlled the residual strength and was independent of the 

stacking sequence used. 

 

 
 (a) 

 
 (b) 

 
(c) 

Figure 2.21: Difference delamination buckling modes, (a), (b), (c) [30]. 
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Figure 2.22(a) 

 
(b) 

Figure 2.22: C-scan of (a) after impact and (b) after compression-after-impact [30]. 

 

There are several reported explanations regarding the mechanisms leading to 

post-impact compressive failure [155]. Whilst it is generally agreed that 

delaminations are predominantly responsible, due to the formation of sublaminates 

with a reduced flexural stiffness, and therefore lower load carrying capability, as 

discussed earlier, the sequences of events that lead to compressive failure are 

debated in the literature. Some studies report that sublaminate buckling leads to a 

sudden growth of damage extending laterally leading to a sudden failure of the 

coupon [30, 156, 157]. Another reported mechanism is that the buckled 

sublaminates lead to a load redistribution resulting in compressive fibre fracture 

[48, 158]. One study, using X-ray radiography to monitor damage growth at 

incremental compressive loads, suggests that sublaminate buckling at the 

damaged regions leads to a combination of bending and compressive loads in the 

remaining undelaminated part of the laminate leading to final failure [159]. At the 

fibre-level, microbuckling can occur on the 0° load-bearing fibres aligned with the 

loading direction. In comparison to fibres, the matrix resin stiffness is significantly 

lower. This typically leads to a kink-band formation in which deformation of the 

matrix can lead to rotation of the fibres and consequently fracture in two places 

leading to a loss in load carrying capability. Under compression loading, 

microbuckling can be initiated at material free edges, resin-rich regions, voids and 

fibre waviness [50, 160, 161]. 

It has been reported that the use of stitching and Z-pinning can increase CAI 

strength in two ways: by reducing the extent of the delamination area for a given 

impact energy and by improving the out-of-plane stability of sublaminates by 
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bridging together these regions [23, 59, 60]. With this information, it may be 

possible that particle-toughening micro-mechanisms such as bridging ligaments 

may create similar constraining behaviour. 

Whilst it is believed that delaminations are the dominant damage mode in 

determining CAI strength, it has been reported that other impact-induced damage 

mechanisms may also affect the residual strength. These include matrix cracks, 

fibre microcracking and weakening of the interlaminar cohesive strength beyond 

the delamination zone [157]. 

The wide range of reported mechanisms that contribute to CAI failure highlights a 

need to clarify and identify key contributing factors. There is a current absence of 

systematic studies in the literature to understand the interaction of these damage 

processes [157]. This is made problematic due to the rapid, catastrophic failure of 

composites, which makes identification of critical failure modes difficult to achieve 

[162]. In order to develop material systems to prevent strength degradation, a 

detailed analysis of failure in the pre- and post-buckling loading region is required, 

taking into account the dominant failure mechanisms and their interactions [137].  

2.7 Finite element modelling of compression-after-impact 

 Finite element failure criteria and fracture mechanics 2.7.1

Finite element (FE) models to predict residual compressive failure have been 

produced in previous studies discussed in section 2.7.2. These models can 

typically include failure criteria and fracture mechanics to predict structural failure, 

or simply perform purely elastic models to predict local buckling behaviour [45, 

163]. Whilst it is beyond the scope of this thesis to review all modelling 

approaches in depth, excellent reviews of failure theories can be found in works by 

Hinton et al. [164], Orifici et al.[165], and Mishnaevsky and Brøndsted [166]. 

Failure criteria typically include values such as maximum stress, strain, force, 

displacement and rotation for example, where damage occurs when the 

parameters reach a critical level. Such examples of failure criteria include 
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stress/strain based failure, Tsai-Wu [167], and maximum stress/strain theories, 

Tsai [168]. Other failure criteria can provide indications of fibre/matrix failure, such 

as Hashin [169-171] and Puck [172]. These failure criteria can be used to generate 

failure envelopes, e.g. a biaxial stress envelope as shown in Figure 2.23 [173]. 

The accuracy of such failure criteria and many others has been tested in a series 

of world-wide failure exercises led by Hinton and Kaddour [164, 174-177]. 

Predictions for test cases consisting of different loading configurations, layups and 

material properties have been compared between failure criteria and to 

experimental data. One of the key findings from this work is that no failure criteria 

work for all conditions with the best only providing predictions which lie within 10 % 

accuracy for 40 % of cases [174-178] and is further highlighted by the differing 

failure envelopes between failure criteria solutions shown in Figure 2.23. The 

complex nature of composites and the vast array of material parameters and 

loading conditions means at present no single modelling approach can accurately 

account for damage and failure of laminates under all possible conditions. 

 

Figure 2.23: Example of biaxial failure envelopes for (90/±30/90) laminate made of E-
glass [173]. 
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Fracture mechanics approaches consider the growth of existing defects. In the 

case of compression-after-impact, delamination propagation is of particular 

interest due to its effects on structural integrity. Two widely used methods of 

modelling delamination propagation include the virtual crack closure technique 

(VCCT) [179] and cohesive zone modelling (CZM) [180]. The former technique 

has the limitation that a precrack is required, whereas cohesive zones can model 

crack initiation and propagation.  

CZM models are based on traction-separation laws. For a single failure mode, the 

traction (t) represents the stress in the direction of failure and the separation (δ) 

represents change in displacement between the upper and lower cohesive 

element. The shape of the traction-separation curve can range from a trapezoid, 

polynomial, exponential and bilinear. New crack surfaces are formed when the 

fracture toughness is equal to the area surface under a traction-separation curve 

[181]. 

In cases where there is a mixed mode failure, a BK mixed-mode traction-

separation model can be used to compute the critical energy (GC) based on mixing 

mode I and mode II fracture energies. The BK material parameter, ƞ, is 

determined through curve fitting experimental data [182, 183].  

 Compression-after-impact models 2.7.2

Compression-after-impact models typically utilise idealisations of the 

delaminations resulting from the impact event. To keep the models simple, a 

significant number of studies have focused on consolidating the complex network 

of delaminations into simplified circular or elliptical delaminations [184-186]. To 

construct these finite element models, delaminations are represented by creating 

untied regions within a stack of sublaminate plies, with the remaining undamaged 

surfaces tied together. To prevent the buckled delaminated sublaminates from 

penetrating the neighbouring sublaminates, surface contact behaviour is included. 

To enable local buckling of the model, instability has to be included, either through 

applying a negligibly small pressure or point load to the delaminated region, 

applying an initial out-of-plane deflection, or inclusion of the mode 1 and mode 2 
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buckling shape as imperfections. Models can be purely elastic or include 

delamination growth by including cohesive zones for example [45, 163]. One of the 

most common measures in these models is the local out-of-plane deflection 

response against the load applied which produces a representative graph shown 

in Figure 2.24 demonstrating elastic instability [163, 187]. 

 

Figure 2.24: Plot representing load vs. out-of-plane deflection highlighting instability above 
a critical load [163].  

In order to represent better the actual geometry of delaminations caused by 

impact, some models include more complex idealisations. Craven et al. [45] used 

models containing idealised “peanut” shaped impact damage obtained from time 

of flight C-scans, and varying delamination location and size. It was concluded that 

delamination size and shape are important factors to consider together with 

distribution of the shapes and delamination sizes through the thickness. This work 

showed that these factors led to significant differences in buckling strain, upwards 

of a factor of two for a given damage length in one damage model which included 

an undamaged region at the centre. Limitations of this work, however, include an 

absence of comparisons between experimental and predicted results and a lack of 

consideration of damage growth during loading.  
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Suemasu et al. [188] also studied two idealisations of delamination systems; a 

more complex delamination mode consisting of 45° “spiral” damage interlinked 

with matrix cracks and for comparison a simplified circular delamination model. 

Some damage growth prior to failure was captured in the “spiral” system at the 

lower interfaces towards the bottom surface, which was not captured in the 

simplified circular model prior to buckling failure. To model this damage growth, 

cohesive elements were used. This growth however was reported as not 

significant. Growth at the edges of delaminations were modelled in later work by 

Suemasu et al. [184] using circular delaminations; again, cohesive elements were 

used. His work showed early buckling of the surface sub-laminates, followed by 

buckling of all the sub-laminates due to the load redistribution. At loads 

approaching failure, delaminations started to propagate, this propagation was 

found to be governed by the delamination fracture toughness and this growth 

contributes to reducing the failure load. 

Rhead et al. [185] simplified delaminations to circles at ply interfaces within the 

bottom 20 % of the material system. These are reported to be the critical locations 

in the laminate as described by Melin and Schon [189]. The model took into 

account delamination growth on these plies when they exceeded a critical mode I 

strain value. Comparisons between numerical and experimental data were made 

across eight carbon fibre material systems and the overall the accuracy of these 

models was within 16 % of the compression-after-impact experimental values. 

To model buckling failure, some examples that have been used include non-linear 

buckling calculations by finite element analysis [190] and thin film sub-laminate 

modelling [191, 192]. 

The simplest FE model for impact damage was undertaken by Chen et al. [147] 

which simplified the damage area to an elliptical hole with the lateral length 

equivalent to the damage width and height equal to the dent diameter. Overall, the 

predicted failure loads were up to 36 % lower than the actual failure loads and in 

most cases the predicted loads were lower than the experimental data. The 

applicability of this technique is questionable, as the failure mechanisms in 

compression may be different to that of impact-induced delaminations. Typically 
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an open hole will initiate and grow a micro-buckle from the edge of the hole [158] 

unlike buckling of delaminated sub-laminates.   

Overall, accurately predicting the mechanisms that lead to ultimate compressive 

failure is important. There are models available at present that require input of 

impact damage at predetermined layers using cohesive zones to model 

propagation, however, these are computationally expensive [193], alternatively 

there are very simple models that are efficient but are relatively inaccurate [194, 

195]. The combination of better representation of delaminated sub-laminates and 

delamination growth prior to failure are commonly ignored in order to simplify 

models. Whilst models that better represent impact-induced delaminations and 

damage growth during post-impact compression may better estimate the failure 

load, they require added complexity and longer times to solve. Whilst it is generally 

understood that delaminations lead to sub-laminates with lower stiffness and 

buckling loads, little is known experimentally about delamination growth under in-

plane compressive load prior to buckling failure. These mechanisms may be 

important issues to consider; delamination growth for example will further reduce 

the ultimate buckling load [184], but its contribution may be small in cases with 

little growth or where growth is only significant at certain ply interfaces.  Better 

understanding of these issues is needed to ensure models are accurate, by 

including the major mechanisms leading to failure, or to provide justification for 

simplification of these models. 

2.8 3D X-ray tomography 

Tomography is commonly known as the medical technique of computed axial 

tomography (CAT) since its invention by G.N. Hounsfield, and the introduction of 

this technique into the medical practice on the 1st October 1971 [196]. The key 

feature of tomography is the ability to obtain information regarding a slice of matter 

within a bulk object [196]. Beyond its use in the medical field, it has applications in 

material science for studying the material’s response to a range of conditions, 

such as fracture, response to mechanical loading, and non-destructive inspection 

techniques to identify defects and voids for example [197, 198]. There are several 

physical imaging principles that can be used in conjunction with tomographic 

reconstruction, including: ultrasonic, magnetic fields, electric fields and X-rays 
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[199]. The latter source is the most widely-used and is the method used in this 

thesis. Since the first application of CT in the early 1970’s, this technique has 

advanced significantly with the capacity of today’s industrial CT scanners being 

able to resolve structural detail to sub-micron resolutions in 3D [200]. To highlight 

the importance of CT, to acquire the same data, serial sectioning would be 

required through successive sectioning of a material. This has negative 

implications which include introducing damage to the sectioned region, and 

ultimately destroying the sample. 

 Principles of CT imaging 2.8.1

The key operating principles of CT are to record a series of 2D radiograph 

projections taken at controlled rotational increments of an object. These 

projections result from attenuated X-rays measured by a radiosensitive detector. 

The sequence of X-ray projections is reconstructed most commonly using filtered 

back-projection to produce a 3D volume representative of the sample [198, 201]. 

Once reconstructed, the 3D volume is represented by greyscale values 

corresponding to the X-ray attenuation through the sample [202]. 

In engineering considerations, two classifications of CT techniques are described, 

consisting of lab-based microfocus computed tomography (µCT) and synchrotron 

radiation computed tomography (SRCT). Whilst both work using similar principles, 

the key difference is the X-ray source used. This affects the routinely achievable 

resolutions of samples, down to 3 µm in µCT and sub-micron in SRCT [203]. 

Whilst the latter can offer better routinely achievable resolutions, in comparison to 

the relatively wide availability of commercial µCT facilities, synchrotron radiation 

facilities are few with limited access to beamtime. 

In addition to computed tomography, synchrotron radiation computed 

laminography (SRCL) is an alternative technique better suited to the laterally 

extended geometry of composite plates. It works on the same principles as CT, i.e. 

many radiographs (> 1000 projections) are collected as a sample is rotated about 

an axis. The key difference is that the axis of rotation is tilted whereas in CT the 

axis is perpendicular to the X-ray path. This minimises the X-ray path length 
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variation as the sample is rotated enabling local non-destructive assessment of 

plate-like structures at sub-micron resolutions. Further details of the operation and 

capabilities of SRCL can be found in papers by L. Helfen et al. [204, 205]. 

As with all computed tomography techniques, there are some physical effects that 

can degrade the quality of the CT scan. These include beam-hardening, partial 

volume, photon starvation, motion blur, ring artefacts, and cone beam effects. 

Further details of these artefacts, their implications and how they can be reduced 

or mitigated described in an article by J.F. Barret et al. [206]. 

Beam-hardening artefacts can lead to cupping artefacts (appearance of darker 

regions in the centre of an object, and brighter at the edges), and the formation of 

dark bands or streaks between dense objects. The cause of these artefacts is 

largely due to the use of polychromatic X-ray sources that enable lower energies 

to be more easily absorbed leaving behind only high energy photons. The cause of 

cupping artefacts is associated with more absorption of lower energy photons 

where there is variations in through-thickness, e.g. in the centre of a cylindrical 

object. As there is more material to pass through at the centre of a cylinder, there 

is more low energy absorption in this region than at the edges. The cause of 

streaks and dark bands can appear between two neighbouring dense objects, this 

occurs due to variations in X-ray path length during rotation. At certain positions 

the X-ray passes through one object, however in other orientations where both 

objects are in line, the X-ray passes through both objects and therefore more 

lower-energy photons are absorbed [206, 207].  

Ring artefacts are one of the most common artefacts in CT scans and appear as 

concentric rings in the reconstructed slices. The cause of ring artefacts is defective 

pixels across the detectors, which results in a slight deviation from the true grey-

scale value. As the sample is rotated, the defective pixels stay at particular points 

in the 2D projections; when reconstructed these defective pixels trace a concentric 

ring [206]. 
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2.8.1.1 Applications of µCT, SRCT and SRCL to composites 

3D X-ray computed tomography has been shown to be a valuable tool for studying 

the anisotropic nature of composites and complex damage modes associated with 

the material. These include recent use of µCT for impact damage studies [208-

210], and other damage assessments on carbon fibre composite materials [211, 

212] and glass fibre [213, 214] with the capability of detecting matrix cracks, 

delaminations and voids. In these studies, the voxel sizes used ranged between 5 

µm to 30 µm; at these voxel sizes, individual fibres could not be resolved. 

In carbon fibre composites, it has been reported that µCT can detect crack-

openings down to 20 % of the voxel size and even down to 5 % where contrast 

agents are used [211]. One limitation is that contrast agents require crack 

interconnectivity to penetrate through the whole damage network [211]. The 

detectability of cracks smaller than the voxel size is associated with partial volume 

averaging, in which two features are averaged and represented within a single 

voxel [206].  

High resolution SRCT has been used to study composite damage at the 

micrometer-levels with the ability to detect individual fibres and fibre breaks, as 

well as micro-damage mechanisms [114, 210, 215-219]. An extensive search of 

the literature revealed no current published work applying SRCT to study impact 

damage on carbon fibre systems. 

Synchrotron radiation computed laminography has been successfully used in 

previous studies to study damage in composite plates; this has been achieved on 

composites with a thickness no greater than 1 mm [204, 205, 215, 220]. As ASTM 

standard impact and compression-after-impact coupons are significantly thicker 

(~5 mm) the ability to locally scan this thickness of material at such high resolution, 

non-destructively, would be desirable for capturing damage micromechanisms 

without risk of introducing cutting artefacts, releasing residual stresses, etc. This 

requires a feasibility study to test its capabilities to this application.  

To better understand the development of damage, time-series experiments have 

been performed using computed tomography and laminography. Previous work 

has studied the initiation and growth of micro-damage in composite systems by 
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carrying out in situ experiments, i.e. applying a load to the specimen whilst it is 

scanned [212, 216, 217, 220, 221]. The key benefit of this technique is to 

understand how damage evolves, and offers a better understanding of critical 

failure mechanisms, which would otherwise not be captured by studying failed 

specimens. 

One of the key areas of development for industrial CT is on the transformation 

from a qualitative inspection tool to one that includes quantitative assessments. An 

excellent review paper by Maire, et al. [222] covers this area in particular with 

quantifying damage accumulation and crack growth. This paper highlights 

developing quantification strategies which could be brought to composite materials 

to enable numerical characterisation and comparison of damage mechanisms 

between material systems. Such quantification strategies are necessary to offer 

fairer comparisons without the bias associated with qualitative analysis. 

2.9 Conclusions 

Out-of-plane low velocity impact can cause subsurface internal damage in CFRPs, 

consisting of matrix cracks, delamination and tensile failure. Typically matrix 

cracks induce delaminations when they interact with plies of different orientations. 

These delaminations may directly affect residual in-plane compressive strength by 

dividing the laminate into sub-laminates with lower load carrying capabilities. To 

reduce delamination initiation and growth and to increase damage resistance, 

toughening of the interlaminar regions may be employed. There is general 

agreement that the mode II fracture toughness, GIIC, controls impact damage 

resistance, as delamination propagation in low velocity impact is dominated by 

shear stresses introduced by the transverse loading.  

Particles introduced to the matrix can create toughening mechanisms that 

increase damage resistance and subsequently increase the residual compressive 

strength of the material for a given impact. Investigations that directly compare 

particle-toughened systems to systems without particles, under impact and 

compression-after-impact conditions, could not be found in the literature. 

Particle size, stiffness, interfacial strength and concentration have been shown to 

influence the mode II fracture toughness; optimisations of these parameters and 
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better understanding of the toughening mechanisms are seen to be required to 

maximise fracture toughness. Particle-toughening mechanisms include particle-

matrix debonding, micro-crack growth through plastic deformation, crack deflection 

and crack bridging. Further work is required to understand the relative 

contributions of the different micromechanisms towards higher damage resistance. 

Quasi-static indentation experiments have been performed in studies and show 

similarities regarding the extent of damage and load-displacement curves when 

subjected to low velocity impact. The main benefit of this experiment is that it 

allows interruptions during the loading, allowing damage initiation and growth to be 

studied progressively, analogous to the sequence that occurs during an impact 

event. There are limitations however whereby dynamic effects may influence the 

outcome between the two loading conditions. To the author’s knowledge, no work 

has been conducted using µCT to track the initiation and propagation of the 

various damage modes under incremental loads. This would enable a better 

understanding of the way that damage forms, and allow comparisons of damage 

between quasi-static indentation and impact damage loading conditions. 

Whilst it is generally understood that post-impact compression failure occurs 

through local buckling events, the understanding of failure mechanisms leading up 

to failure are still relatively unclear. At present an extensive search of the literature 

has found no work involving 3D CT damage assessment during compression-

after-impact; this is important, as a better understanding of damage mechanisms 

leading up to final compressive failure will aid in the development of more suitable 

finite element models. A better understanding of the failure mechanisms during in-

plane compression will ensure finite element models are capturing the correct 

mechanisms. This will also aid in eliminating unnecessary complexity of future 

modelling work. 

The use of 3D X-ray tomography has enabled damage assessment studies in 

composite materials. These range from macro-level studies utilising micro-focus 

CT scanners to detect the presence of damage mechanisms, through to high 

resolution micrometer-level studies using synchrotron radiation. These techniques 

can be used to study damage in material non-invasively and enable time-series 

experiments to be performed. 
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Chapter 3   
 
Experimental materials and 
methods 
 

This chapter presents details of the materials and experimental procedures used 

in this thesis. To avoid repetition describing the experimental procedures used in 

the technical chapters, sections contained in this chapter are referred to for further 

details.  

3.1 Materials 

Two laminate thicknesses were used in this thesis corresponding to ~1 mm and 

~4.5 mm. The use of 1 mm thick specimens was driven by laminography work 

which has been found in previous trials to perform well with 1 mm thick carbon 

fibre plates [1]. The thicker (4.5 mm) laminates were used to conform to ASTM 

D7136M [2] and ASTM D7137M [3] standards for impact and subsequent 

compression testing respectively. In all cases, proprietary unidirectional carbon 

fibre prepreg provided by Cytec was used. These were stacked in a quasi-isotropic 

layup (see below) and cured in an autoclave according to the manufacturer’s 

specifications. All test coupons were subjected to an ultrasonic C-scan to check for 

manufacturing defects and damage. The C-scan equipment enabled defects 

(delaminations and groups of voids) larger than 1x1 mm to be detected. Coupons 

containing any detected defects were rejected. 

 Test coupons - 1 mm thick  3.1.1

Unidirectional carbon fibre prepreg material with an 8 ply quasi-isotropic [45/0/-45/ 

90]S layup was used to form coupons with an approximate thickness of 1 mm. Two 

resin systems were manufactured encompassing a proprietary particle-toughened 
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and an untoughened matrix system (Cytec Engineered Materials Ltd). The former 

system incorporated thermoplastic particles within the epoxy matrix that were 

concentrated at the interface of the prepreg. For direct comparison, the 

untoughened system used the same intermediate modulus carbon fibre and base 

resin as the particle-toughened system and the same fibre to matrix (resin plus 

particles) ratio by weight were used. Plates were laid up and cured in an autoclave 

using an aerospace industry-standard cure cycle before being cut to 80 x 80 mm 

test coupons. 

 Test coupons - 4.5 mm thick 3.1.2

Five proprietary unidirectional carbon fibre prepreg material systems were 

manufactured for use in these studies. These systems used a different resin and 

particle system to that of the 1 mm thick test coupons. These materials 

encompassed one untoughened epoxy system (UT) without particles and four 

particle-toughened systems (T1-T4), labelled in order of damage resistance (T1 

being the least damage resistant and T4 the most, as measured by ultrasonic C-

scan of the projected damage areas after impact).  For the particle-toughened 

systems, thermoplastic particles were introduced to the base epoxy resin to form 

the matrix. Different particles (particle size and chemistry) were used in each of 

the particle-toughened systems and the same base resin was used across all five 

systems.  Across all systems, the same fibre to matrix ratio by weight was used. 

For the particle systems the same ratio of particles to resin by weight was used to 

form the matrix. The same intermediate modulus fibre type was used in all five 

cases. The mode II fracture toughness supplied by the manufacturer was 

normalised by dividing the corresponding fracture toughness by the system with 

the largest fracture toughness. This led to normalised mode II fracture toughness 

values for the UT, T1, T2, T3 and T4 systems of 0.4, 0.8, 0.3, 0.6 and 1 

respectively. These toughness values are of the composite system with the matrix. 

For each material system, ASTM D7136M standard panels were manufactured 

consisting of a 24 ply layup with a [45/0/-45/90]3S stacking sequence. Panels were 

vacuum-bagged and fully cured under pressure in an autoclave to the 
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manufacturer’s specifications.  Panel thickness was approximately 4.5 mm 

±0.2 mm across the systems tested. Panels were cut using a water jet followed by 

end milling on a CNC machine to create test coupons measuring 100 x 150 mm to 

within the tolerances of D7136M. 

3.2 Instrumented Impact testing 

Impact tests were performed in general accordance with the ASTM D7136M 

standard for the 4.5 mm thick test coupons [2]. However to perform tests on the 

thinner 1 mm samples, a non-standard base plate was used, shown later. 

Instrumented tests were not carried out on 1 mm specimens but were performed 

on the thicker 4.5 mm samples; this was due to instrumentation hardware being 

added later on in the project. 

 Impact apparatus 3.2.1

A steel drop weight indenter guided by two vertical rails was built by the author 

and used to impact carbon fibre test coupons.  A 4.9 kg, 16 mm diameter 

hemispherical impactor (tup), with a hardness between 60 and 62 HRC, was set to 

a predetermined height to achieve the desired impact energy, see Figure 3.1. After 

the impact event, the crosshead was caught on the rebound preventing multiple 

strikes. 
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Figure 3.1: Impact testing apparatus. 

 

Two base plates were used to accommodate both specimen geometries. For the 

1 mm thick coupons, a non-standard base plate was used encompassing a 60 mm 
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diameter hole over which the coupon was loosely clamped using a ring of the 

same diameter. This is of a similar setup (base plate and impact conditions) to 

another study which performed impacts on 1 mm thick coupons [4]. The 4.5 mm 

specimens used a standard base plate with a rectangular window measuring 

125 x 75 mm with four toggle clamps at the corners providing a loose support for 

the specimen in accordance to the ASTM standard. 

To capture the velocity of impact, a combination of a 10 mm wide flag and a 

lightgate circuit was used. This was positioned so the circuit was triggered when 

the tup was between 3.0 and 6.0 mm above the coupon, in accordance with the 

standard. The lightgate was wired to a control circuit which sent a 5 V signal to an 

Arduino Uno microcontroller used to measure the impact and rebound velocity 

when it was interrupted. At the same time, the microcontroller also sent a 5 V 

trigger signal to the data-acquisition (DAQ) hardware to start capturing the data as 

shown in Figure 3.2. A flowchart describing the signal chain is shown in Figure 3.3. 

A piezoelectric load cell with a working compressive range of 22 kN was 

connected within the impact loading chain. The positioning of the load cell ensured 

that at least 95 % of the impactor mass was located above it. The load cell was 

connected to an amplifier and one of the channels on the DAQ card shown in 

Figure 3.2. Data-acquisition from the impact event was captured using a sample 

rate of 100 kHz to ensure the entire impact event was recorded with at least 100 

data points. 
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Figure 3.2: Instrumentation hardware and setup. 

 

Figure 3.3: Flowchart of drop tower instrumentation. 

 Impact test procedure 3.2.2

Coupons were loosely clamped onto their respective support fixtures. The impact 

device was then prepared to the required drop height to create the desired impact 

energy according to simple gravitational potential energy equations. 

The impactor was released so that out-of-plane impact occurred at the centre of 

the coupon.  Information recorded from the load cell consisted of force-time data 

that was combined with the initial velocity calculated from the lightgate and the 
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mass of the impactor, m. This information in accordance to the ASTM standard 

was used to derive displacement, velocity, acceleration and energy as a function 

of time using equations (3-1) to (3-5) allowing any combination of these to be 

plotted against each other. A Matlab code was created to achieve this. 

Impact velocity 
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where    is the impact velocity of the impactor as it makes first contact with the test 
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detector,    is the time the second (upper) flag prong passes the lightgate detector, 

   is the time of initial contact obtained from the force-time curve,   is the time 
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   ,   is the impactor displacement at time  ,   is the acceleration of the 

impactor, and    is the absorbed energy at time t. 

After impact, the dent depth and the projected C-scan damage area of the 

coupons was measured. This was achieved using a TaiCaan laser profilometer 

(see section 3.6), and ultrasonic C-scan (see section 3.5) for the respective testing 

procedures. 

3.3 Compression-after-impact testing 

There are two procedures of the compression-after-impact (CAI) test method used 

in this work. The first follows the ASTM D7137 [3] standard, in which impacted 

plates were subjected to quasi-static in-plane compression until failure. The 

second used a modified mechanical compression frame to apply stepped loads for 

ex situ µCT experiments. 

 Compression apparatus 3.3.1

A compression support fixture shown in Figure 3.4 was used as an anti-buckling 

guide to support the sample when loaded. The side supports encompassed knife-

edges to prevent global buckling, as per ASTM D7137M. The top and bottom side 

supports were square and provided no clamping forces, but enabled some 

rotational restraint due to the fixture geometry.  

 

Figure 3.4: Anti-buckling compression support fixture. 
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To perform conventional compression tests, a standard servo-hydraulic testing 

machine was used (Instron 8800 series). The machine applied a continuous load 

at a speed of 1.25 mm/min (displacement control). For ex situ CT work, a custom-

built compression frame was used, see Figure 3.5 allowing loads to be applied at 

various incremental steps. 

In both continuous and incrementally-stepped load testing conditions, a load cell 

measured the total force being carried by the test coupon with the critical failure 

load reported, and position was recorded via a linear variable displacement 

transducer (LVDT). 

 

 

Figure 3.5: Compression frame used to apply stepped loads for ex situ µCT work. 

 

To ensure the anti-buckling guide was set up correctly, a calibration plate with four 

strain gauges was used. This ensured the anti-buckling guide was set up to 
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minimise the amount of bending being introduced onto the test coupon. The 

calibration plate was made from the untoughened material system with the strain 

gauges positioned at two locations on each side as shown in Figure 3.6, orientated 

in the 0° direction. Calibration plates were placed in the anti-buckling guide and 

loaded to 450 N. The misalignment was characterised by calculating the 

“percentage bending” on the plates by comparing the average back-to-back strain 

values using equation (3-6), where    is the indicated strain of the gauge on one of 

the faces, and    is the indicated strain on the opposite face. If the percentage 

bending was less than 10 %, the calibration plate was swapped with the test 

coupon and the full CAI test performed. A percentage bending over 10 % required 

re-examination and realignment of the fixture in accordance with the ASTM 

standard [3].  

                    
     
     

     
(3-6) 

 

 

Figure 3.6: Diagram of CFRP coupon to be tested; (i) represents the impact point and (ii) 
represents the locations of the strain gauges for the calibration plate. 
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 Compression-after-impact test procedure 3.3.2

Prior to testing, the thickness and width of the coupon was measured at five 

locations using callipers to determine the average cross-sectional area. Coupons 

were then placed in the anti-buckling guide and positioned between two flat 

platens. The test was started and concluded once the coupon reached critical 

compression failure (>50 % loss in peak load). After the coupon was loaded to 

failure, it was removed from the anti-buckling guide and checked for a valid failure 

mode; non-acceptable failure modes include end-crushing and edge-restrained 

delamination growth. The ultimate compressive residual strength of the coupon 

was calculated using equation (3-7): 

where      is the ultimate compressive residual strength (MPa),      is the 

maximum force reached during the test (N), and   is the cross-sectional area 

calculated by     (mm2),   being the average thickness and    the average width 

of the material. 

3.4 Quasi-static indentation testing 

Quasi-static indentation testing was undertaken in accordance to the 

ASTM D6264M [5] standard  on the 150 x 100 x 4.5 mm coupons. The same 

rectangular base plate (125 x 75 mm) and indenter tup geometry (16 mm 

hemispherical) as in section 3.2.1 was used. Coupons were loosely clamped to the 

centre of the baseplate which was secured to the base of a mechanical testing 

machine.  An out-of-plane displacement was applied to the centre of the coupon 

with a cross head displacement speed of 2 mm-min-1. Force-displacement data 

were recorded during the loading stages of the test. Interrupted tests were 

performed on the coupons at increasing out-of-plane nominal displacements of 2, 

2.5, 3, 4 and 5 mm using the same coupon on each material system. Since each 

subsequent loading step was applied by positioning the tup to make initial contact 

with the coupon, the total displacement reported took into account the offset by the 

dent measured immediately prior to the subsequent loading stage. After each 

      
    

 
 (3-7) 
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loading step, C-scan, dent depth and µCT was performed. This process was 

repeated on three samples of each material system in the case of C-scan and dent 

depth measurements. Due to time constraints, µCT scans of the incremental 

loading process were conducted with no repeats and were carried out on all 

material systems with the exception of T2.  

3.5 Ultrasonic C-scan 

Ultrasonic C-scanning was used to check for manufacturing defects and to 

measure the projected damage area. A 5 MHz probe was used with signal gains 

set to 14 dB and 26 dB for the 1 mm and 4.5 mm thick coupons respectively. 

Figure 3.7 represents schematically the setup used to scan the coupons. A tank 

containing deionised water was used to couple the signal to and from the 

ultrasonic probe. The coupon was placed on a standoff, i.e. on Perspex blocks 50 

mm above a glass sheet. In this setup, a double through-transmission method was 

used. The glass sheet reflected the ultrasonic signal causing it to travel through 

the coupon twice. Should the coupon contain voids or delaminations (air), the 

reflected signal would be heavily attenuated with a reduction in amplitude, 

enabling the presence of a defect to be detected [6]. 

Figure 3.8 shows a comparison of two A-scans (ultrasound measurements) at two 

specific locations consisting of; (a) the probe over an undamaged coupon and (b) 

over a damaged coupon. The Y-axis represents signal amplitude and X-axis 

represents the time of the reflections relative to the initial pulse sent from the 

probe. Highlighted at (i) is the main signal reflection off the surface of the coupon. 

At (ii), the reflected signal that has passed through the coupon, reflected off the 

glass, and then passed through the coupon a second time, is detected on the 

probe. Should this signal pass through a damaged region in the coupon, it is 

attenuated as shown in (iii). The remaining peaks detected by the probe represent 

reflections off the bottom of the tank, and secondary reflections. 

To capture the attenuated regions representing damage, gates are applied both to 

the main reflection (i) and the reflection off the glass (ii) in order to detect the 

amplitude of these signals. During a C-scan, the probe is moved through a 

predetermined path over the coupon along the X and Y axes, capturing the 
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attenuation at these gates. This ultimately produces a projected damage area of 

the coupon as an image. In this work the X-Y measurements of the equipment had 

a resolution of approximately 1 mm. ImageJ TM software was used to measure the 

projected damage area. 

 

Figure 3.7: Ultrasonic C-scan setup. 

 

 

Figure 3.8: A-scan signal representing the position of the probe over (a) an undamaged 
and (b) a damaged region of the coupon. Y-axis indicates amplitude of reflected signals 
detected by the probe, and x-axis represents time of reflected signals. 
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3.6 Dent depth measurements 

ASTM  methods [2] to measure dent depth required use of a mechanical dial 

gauge that made physical contact on the coupon. From experience it was fairly 

difficult to achieve repeatable measurements with this technique due to the 

surface roughness caused by the material peel ply. To avoid these issues, a Tai-

Caan Xyris 4000 confocal laser surface profilometer was used to obtain a non-

contact measurement of the dent depth as shown in Figure 3.9. A 20 mm thick 

stainless steel block with a 60 mm diameter window was used to mount the 

specimen allowing it to sit reasonably flat despite the presence of back-face 

protrusions in some cases. A 30 x 30 mm region across the impact crater was 

scanned using 201 x 201 data samples, i.e. ~150 µm in-plane spacing, a depth 

resolution of 0.1 µm and a measurement spot size of ~2 µm diameter. After 

scanning, BODDIES TM software [7] was used to create a reference plane of the 

surface of the material that was used as a datum point for measuring the depth of 

the dent. 

 

 

Figure 3.9: Tai-Caan surface profilometer setup. 
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3.7 Optical microscopy 

In some cases, cross-sections of material were studied using standard optical 

microscopy. To achieve this, regions of interests approximately 4.5 x 4.5 x 20 mm 

were cut using a low speed diamond cutting wheel (Struers Minitom) to minimise 

sectioning damage. These were then cold-mounted in epoxy and polished via 

standard materialographic methods and imaged on an Olympus BX51 microscope. 

3.8 3D X-ray tomography 

3D X-ray tomography was used extensively in this project allowing internal 

damage at multiple scales to be detected. Three specific methods were used: 

synchrotron radiation computed tomography (SRCT), synchrotron radiation 

computed laminography (SRCL) and micro-focus computed tomography (µCT). All 

three techniques followed essentially identical principles of collecting multiple 

radiographs at different angles of rotation and reconstructing these to form a 3D 

volume. 

 Micro-focus CT 3.8.1

Micro-focus CT scans were carried out at the University of Southampton µVIS 

Centre using Benchtop and HMX facilities. A simplified µCT layout is shown in 

Figure 3.10 consisting of a micro-focus X-ray source, created by a focused 

electron beam hitting a molybdenum target, a manipulator that rotates the sample 

through 360°, and a digital X-ray detector. As the object rotates, a sequence of 2D 

X-ray radiographs is collected at the detector. Filtered back-projection (FBP) was 

then performed on these radiographs to reconstruct a 3D volume; this was 

achieved using CT-Pro software. The cone beam geometry allowed the voxel size 

to be increased by bringing the object closer to the source, however by doing so, 

the field of view decreases. 

To achieve the highest resolution scans, regions of interest are typically cut from 

the coupons forming ‘matchsticks’ with square cross-sections. This is to achieve a 

better scanning geometry [8], allowing the object to be positioned closer to the X-
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ray source, achieving usable spatial resolutions down to ~3 µm (reflection X-ray 

source) or ~1 µm (transmission X-ray source). This technique was performed on 

1 mm thick coupons to capture the entire damage area; the schematic diagram in 

Figure 3.11 describes how this was achieved. Approximately 4 mm wide strips 

were cut along the coupon across the damage area to form matchsticks. These 

matchsticks were stacked together and several µCT scans were performed along 

the length of the matchstick. Once reconstructed, realignment of the volumes and 

stacked matchsticks was carried out in VG Studio Max TM software to generate a 

new volume representing the entire damaged region. 

To achieve a non-destructive assessment of damage, local µCT scans of intact 

4.5 mm thick impact coupons were also undertaken; this is referred to in this thesis 

as ‘local full plate scans’. A schematic of this setup is shown in Figure 3.12 with 

local scanned regions highlighted. An important distinction here is that the sample 

is, in some directions at least, larger than the field of view of the detector, i.e. 

‘local’ scanning has to be carried out, see [9]. To maximise filling the actual 

volume of material scanned at one time, two coupons were stacked together and 

scanned at a time. In setting up the scans, self-adhesive putty markers (Blu-

tackTM) were used to position the coupon and to ensure the region of interest was 

positioned over the axis of rotation. Once positioned, the putty was removed prior 

to running the scan. This type of local scanning was performed for a more truly 

non-destructive assessment of impact panels, at the expense of additional noise 

and artefacts due to variations in beam transmission distance and partially out-of-

view material caused by the high aspect ratio of the coupon as it is rotated. 

Alternatively, SRCL is a scanning technique better suited to such a planar 

extended sample geometry, allowing local regions to be scanned at high resolution 

with uniform beam transmission distances at all angles [10], see section 3.8.3. 
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Figure 3.10: Simplified layout of a micro-focus CT scanner. 

 

 

Figure 3.11: Schematic showing 1 mm thick coupons prepared for µCT scans and 
rearrangement of the volumes. 
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Figure 3.12: Local µCT scans of 4.5 mm thick intact plates. 

 

Striking the right balance between the quality and scan time was important as 

there is usually a trade-off between the two. Typically the signal to noise, contrast 

to noise and ring artefacts are issues to consider [11]. Factors that affect scan time 

include radiograph exposure time, averaging of multiple radiographs, the number 

of projections (angular positions) used, and hardware settings such as the use of 

shuttling to minimise ring artefacts. Whilst it is desirable to achieve the best quality 

scans possible, time constraints on the equipment may make this impractical, for 

example the requirement to achieve a high throughput of coupons. Striking the 

balance between scanning work-load and image quality has therefore been a 

practical consideration in this work with time series experiments, both in situ and 

ex situ, requiring higher scan throughput. 

 Synchrotron Radiation CT 3.8.2

In this work, two synchrotron radiation facilities were used. Early work which 

focused on 1 mm thick material systems was undertaken at the European 

Synchrotron Radiation Facility (ESRF) in Grenoble, France on beamline ID19. 

Later work on the thicker 4.5 mm coupons was undertaken at the Swiss Light 

Source (SLS), Villigen, Switzerland on the TOMCAT CT beamline. ESRF and SLS 

scans were conducted at 1.4 µm and 1.5 µm voxel resolutions respectively. 
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SRCT typically offers greater spatial resolution and higher quality scans (e.g. 

contrast-to-noise-ratio, artefact control) than can be achieved from standard lab 

µCT systems with significantly shorter scan times in the region of minutes rather 

than hours. The key difference between laboratory CT and SRCT is the X-ray 

source whereby a synchrotron radiation beamline produces very bright, coherent 

monochromatic X-rays that are tuneable and collimated [12]. The parallel beam 

geometry means a full scan can be achieved from just 180° of rotation instead of 

the full 360° and all planes within the sample are radiographed at an ideal 90° 

orientation to the beam, as opposed to the non-90° angles obtained in all but the 

centre plane of a cone beam µCT system. To achieve high resolutions, SRCT 

systems typically employ a microscopic scintillator detector system, essentially an 

optical microscope and CCD camera coupled to a thin scintillator as opposed to 

the large panel detectors now commonly employed in lab µCT systems. To allow 

better detectability of edges, phase contrast imaging may be performed by 

adjusting the sample-to-detector distance to achieve near-field Fresnel diffraction 

effects [13, 14]. Reconstructions of synchrotron CT data in this work were 

achieved using a conventional filtered back-projection algorithm at the ESRF, 

whilst a GRIDREC approach [15] was used at the Swiss Light Source. 

In preparing physically extracted regions of interest (ROI) of the 1 mm thick 

impacted coupons, matchsticks were cut across the impacted region and stacked 

together prior to scanning at the ESRF, see Figure 3.13. For the 4.5 mm coupons, 

a 5 x 5 x 4.5 mm ROI ‘cube’ at the edge of damage was cut and mounted to the 

centre of an SEM stub prior to SRCT scanning at the SLS.  
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Figure 3.13: Schematic of 1mm thick sample cut to ‘matchsticks’ and stacked together for 
SRCT scanning. 

 

 

Figure 3.14: Schematic of region of interest ‘cube’ cut out of a 4.5 mm coupon and 
mounted to an SEM stub in preparation for SRCT scanning. 
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 Synchrotron Radiation Computed Laminography (SRCL) 3.8.3

SRCL was carried out at the ESRF on Beamline ID19 using a voxel size of 0.7 µm. 

The key difference between SRCL and SRCT is that the axis of rotation is inclined 

at an angle to the incident beam rather than perpendicular as in standard CT, see 

Figure 3.15 and Figure 3.16. It is this difference that make SRCL better suited for 

high resolution scanning of laterally extended objects by minimising two issues 

highlighted in (a): firstly, the large variations of X-ray path length which occur as 

the object is rotated yields non-optimised signal-to-noise conditions for the majority 

of projections and an effectively incomplete set of projections for the largest path 

lengths; secondly, material outside the volume of the scan moves in and out of 

view creating local CT artefacts, typically a bright band at the edges of the 

reconstructed volume. Whilst steps may be taken to limit these effect such as 

using angle dependent X-ray energy, or modified reconstruction methods 

[16](REF) these carry experimental and computational load and are of varying 

efficacy [17]. By tilting the specimen as shown in Figure 3.15(b), minimal variations 

in X-ray path is achieved when local scans are undertaken. 

 

Figure 3.15: Schematic comparing scanning techniques of a flat planar object using (a) 
SRCT and (b) SRCL. 
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Figure 3.16: Schematic of laminography apparatus. Red line indicates synchrotron X-ray 
path [18]. 

 

Since local scans are produced within a large coupon ‘space’, positioning is 

critical. The centre point of the volume of the scan is formed at the intersection 

between the axis of rotation and the X-ray source. To locate the regions of interest 

on the coupon to this position, a glass slide was fixed to the surface; this is 

illuminated by fluorescence when synchrotron radiation passes through the glass, 

indicating the location of the beam on the coupon. Overall, scans took 

approximately 15 minutes each to perform and about 60 minutes per coupon 

changeover. 

Local scans on 1 mm thick impacted coupons were undertaken across the length 

of the coupon to form four regions, see Figure 3.17. Scanning of region ‘A’ as 

highlighted in Figure 3.17 was undertaken at the impact site determined from the 

centre of the coupon. Scanning of regions ‘B-D’ was carried out 2 to 4 mm from 

the impact site to ensure the edge of the damage area would be captured. 
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Beamline time constraints restricted the study to focus on one toughened and one 

untoughened coupon at the four regions described. 

Laminography was also performed on a proof-of-concept basis on a 4.5 mm thick 

toughened coupon. This was scanned 20 mm away from the centre of the impact 

region and below the mid-plane in the through-thickness direction. This was to test 

the feasibility of locally scanning such thickness of material.  

 

Figure 3.17: SRCL scan locations on 1 mm thick impacted coupons. 

 X-ray tomography settings 3.8.4

Table 3.1 summarises settings used for the high-resolution synchrotron work, 

whilst Table 3.2 shows settings used for matchstick specimens undertaken on the 

µCT equipment.  

Table 3.3 lists the settings used for scanning full plates on the Benchtop and HMX 

scanners.  In all µCT scans, these were undertaken using a molybdenum target 

with no filtering. 
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Table 3.1: Synchrotron radiation imaging settings. 

 SRCT (ESRF) SRCT (SLS) SRCL (ESRF) 

Sample thickness 
tested 

1 mm 
‘matchsticks’ 

4.5 mm ‘cubes’ 1 mm ‘full plates’ 

Beam energy (keV) 
19 
(monochromatic) 

20 (monochromatic) 19 (monochromatic) 

Voxel resolution (µm) 1.4 1.5 0.7 

Detector dimensions 
(pixels) 

2048 x 2048 2048 x 2048 2048 x 2048 

Number of  
radiographs 

1500 (180°) 1501 1500 (180°) 

Number of frames 2 2 2 

Exposure time (ms) 100 200 100 

Scan time (minutes) 5 10 11 

 

Table 3.2: µCT scans settings for ‘matchstick’ specimens. 

 µCT Benchtop µCT HMX 

Sample thickness tested 
1 mm and 4.5 mm 
‘matchsticks’ 

1 mm and 4.5 mm 
‘matchsticks’ 

Acceleration voltage (kV) 75 65 

Beam current (µA) 80 70 

Voxel resolution (µm) 5.2 4.3 

Detector dimensions (pixels) 1024 x 1024 2048 x 2048 

Number of radiographs 2000 2000 

Number of frames 2 2 

Exposure time (ms) 2000 2000 

Scan time (hours) 2.5 2.5 
 

Table 3.3: µCT scans settings for ‘full plate’ specimens 

 µCT Benchtop µCT HMX 

Sample thickness tested 4.5 mm 2x 4.5 mm (double stack) 

Acceleration voltage (kV) 95 115 

Beam current (µA) 95 100 

Voxel resolution (µm) 12.6 14.2 

Detector dimensions 
(pixels) 

1024 x 1024 2048 x 2048 

Number of radiographs 1813 1301 

Number of frames 
1 (minimise ring artefacts 
setting enabled) 

2 

Exposure time (ms) 1000 1000 

Scan time (hours) 2 0.75 
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3.9 Analysis of CT data 

 Data conversion from 32-bit to 8-bit 3.9.1

To make processing and data handling more practical, the dynamic greyscale 

range of the reconstructed volumes were converted from 32-bit to an 8-bit format 

reducing the volume file size by a factor of four. As there is a clear contrast 

between cracks and background material this was done without any compromise 

to the data. Chapter 5 discusses the issues of accuracy and interpolation of CT 

data for crack measurement. This conversion was done using ImageJ software 

[19]. 

 Segmentation 3.9.2

Segmentation of cracks from the background material was required to create a 3D 

view of the extent of damage; this was achieved using VG studio Max 2.1 

software. In cases where there is good contrast between crack and material, 

particularly at high resolution scans, global thresholding applied to the histogram 

can segment these features relatively quickly [20].  

Where interactions between different damage modes and their corresponding 

locations were required, the seeded region growing tool [21] was used to segment 

these features separately allowing different colours to be used to distinguish 

between different modes of damage. Whilst this technique worked well for 

segmenting features, it was only a semi-automated (i.e. semi-manual) process and 

therefore time-consuming in many cases. 

For features with minimal contrast, segmentation was also achieved manually 

using a graphics tablet in some cases. Given the number of slices making up a 3D 

volume and the manual effort involved, this was typically performed on smaller 

regions of interest. For example in chapter 7, segmentation of particles in a region 

300 x 200 x 50 px. 
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 Quantification of micro-mechanisms 3.9.3

Quantification of crack bridging and deflection was applied to SLS SRCT data in 

chapter 7. A schematic illustration of how this was achieved is shown in Figure 

3.18.   

To quantify bridging behaviour, the sampled region was orientated so slices were 

perpendicular to the nominal crack front, Figure 3.17(b). Cross-sectional slices 

were spaced at one voxel intervals, i.e. adjacent slices. The crack was “binarised” 

by simple 2D grey-scale thresholding (c) with the threshold value being 

determined and checked by thorough visual inspection. Any binarised noise 

surrounding the crack was removed manually using a graphics tablet. A 

MATLAB TM script was prepared to read the binarised image slices and used to 

determine the shortest interconnected distance between crack segments in 

regions of bridging (d). A series of 200 voxel (i.e. 300 µm) sub-areas from the 

crack tip towards the wake of the crack was used to produce local averages along 

the crack wake. This dimension is essentially nominal, being selected to average 

ligament characteristics to some extent, whilst mapping the wake: a distance of 

300 µm was seen to capture at least five bridged regions within the sub-areas near 

the crack tip in each of the material systems. The lengths of bridged regions within 

each sub-area were summed to give a total accumulated length of 

interconnectivity for that sub-area and averaged across all 300 cross-sectional 

slices for that sub-area position relative to the crack tip.  

In addition to the extent of bridging along the crack wakes, the average number of 

bridging ligaments was also measured within each 300 µm region. Crack bridging 

was furthermore noted to occur in two distinct geometries, with either overlapping 

or non-overlapping crack sections, see Figure 3.18, which are identified here as 

‘oblique’ and ‘perpendicular’ respectively. In the overlapping case, this is defined 

where one crack segment extends over another crack segment in the through-

thickness direction and is indicated by the shaded region in (e). 
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Figure 3.18: Crack bridging measurement process. (a) Schematic showing the location of 
the sampled region within a segment of delamination.  (b) SRCT cross-section of the side 
of a delamination. (c) Binarization of the crack with the crack profile divided into 200 px 
sub-areas. (d) Close up of a sub-area with shortest distances between crack segments 
measured. The distances are summed together within each sub-area. (e) Example of 
overlapping (oblique) and non-overlapping (perpendicular) crack segments highlighted 
with dashed lines. 
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Quantification of crack deflection was carried out on a 500 x 500 voxel (750 µm x 

750 µm) area at the wake of a given crack, ~2 mm from the crack tip; see Figure 

3.19. A manual process of tracing a line profile along the fracture surface was 

undertaken using a graphics tablet (a). The cross-section was orientated with the 

side of the crack perpendicular to the normal crack front. Due to the laborious 

nature of this task, this was done at 25 cross-section intervals (30 µm spacing) to 

obtain a reasonable representation of the crack. 

 

Figure 3.19: SRCT cross-section of delamination in the wake of the crack. (a) shows an 
overlay of the lower fracture profile, (b) shows the fracture profile segmented from (a) 
where the length of the profile is divided by the projected length to calculate the increase 
in crack path length as a ratio. 

 

For each cross-section, the length of this fracture profile, Figure 3.19 (b), was 

measured and divided by the projected length to indicate the increase in path 

length as a ratio. This was achieved by calculating the distances between the pixel 

centres representing the profile. A conventional description of surface roughness 

was also obtained in terms of the Ra arithmetic average value, equation (3-8): 
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 (3-8) 
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where n represents points along the trace of the fracture profile, yi is the vertical 

distance from the mean line to the ith data point. In both sets of measurements the 

standard error in the mean was calculated for path length and roughness 

measurements. 

 Measurement of cracks and delaminations 3.9.4

Measurements of features such as crack lengths, delaminations and crack-

segments were undertaken using the ruler tools in ImageJ and VG Studio Max 

software. 

To measure the projected delamination area on each ply in a material system, 

semi-automated segmentation was required. To balance the workload, the 

majority of delamination measurements were performed by taking the projected 

length. This enabled the extent of the through-thickness distribution of 

delaminations and delamination growth to be studied. Measurements were 

achieved by locating the start and furthest detectable tip of the delaminations on 

the 2D slices, positioned to show the delamination crack front. The precision of the 

measurements were less than 10 voxels. Figure 3.20 shows how two different 

delamination characteristics were measured in this study. The majority of 

delaminations consisted of 45° segments as shown in white in Figure 3.20(i). The 

total delamination length within this ply was calculated by combining 

measurements of both sides of the delamination. This was similarly done for 

delaminations that occurred between 45° segments shown in red (ii). 
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Figure 3.20: Schematic showing how the lengths of two types of delaminations were 
measured. These consisted of (i) 45° delamination segments and (ii) delaminations which 
occurred between segments. 
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Chapter 4   
 
A Comparison of multi-scale 3D X-
ray tomographic inspection 
techniques for assessing carbon 
fibre composite impact damage 
 

This chapter explores the use of three imaging facilities to assess impact damage 

in CFRP materials. Tomographic imaging using both laboratory sources and 

synchrotron radiation (SR) were performed to achieve a multi-scale damage 

assessment of carbon fibre composites subjected to low velocity impact damage, 

allowing various internal damage modes to be studied in 3D. The focus of this 

study is the comparison of different tomographic methods, identifying their 

capabilities and limitations, and their use in a complementary manner for creating 

an overall 3D damage assessment at both macroscopic and microscopic levels. 

Having a clear understanding of the imaging techniques enabled a better 

understanding of their capabilities to be applied to the studies in the later chapters 

of this thesis. Overall, microfocus laboratory computed tomography (µCT) offers 

efficient routine assessment of damage at mesoscopic and macroscopic levels in 

engineering-scale test coupons and relatively high spatial resolutions on trimmed-

down samples; whilst synchrotron radiation computed tomography (SRCT) and 

computed laminography (SRCL) offer scans with the highest image quality, 

particularly given the short acquisition times, allowing damage micromechanisms 

to be studied in detail. 

4.1 Introduction 

Recent studies have used µCT to study impact damage on composite laminate 

materials and have detected interlaminar and intralaminar damage throughout the 

laminate thickness. In some cases contrast agents have been used to detect the 
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presence of damage [1]; this however has a limitation requiring interconnectivity 

between all cracks to absorb the agent, which cannot be guaranteed [2]. Other 

studies have successfully captured 3D damage without the use of contrast agents 

[3-5]. A major challenge in standard µCT imaging using a large-area (e.g. flat 

panel) detector is that to reach high spatial resolutions (15 µm and less), flat 

specimens cannot be fully turned due to collision with the X-ray tube housing, 

which effectively limits the angular acquisition range. In most studies the 

specimens are hence cut to smaller sample sizes. To our knowledge, no work 

using SRCT or SRCL to study composite impact damage has been published so 

far. 

SRCL, SRCT and µCT operate on similar principles: a large number of 2D 

radiographic projections are taken as the sample in question is rotated. These 

radiographs undergo an inverse Radon Transform via a variety of possible 

methods to form a 3D volume. The two key differences between these techniques 

are the X-ray sources - use of synchrotron vs. micro-focus tube - and the axis of 

rotation for scan acquisition; this is perpendicular to the X-ray beam in computed 

tomography (CT), and tilted to less than 90˚ in computed laminography (CL). Key 

benefits of synchrotron imaging include fast acquisition speed with high signal-to-

noise, convenient exploitation of phase contrast effects particularly propagation 

methods for enhanced edge detection [6], and sub-micrometer resolutions, when 

compared to conventional micro-focus sources [7].  

The present chapter specifically explores the use of SRCT, SRCL and µCT on 

relatively thin (1 mm) impacted coupons of CFRP laminate, to evaluate their uses 

in a complementary manner. The feasibility of scanning intact 4.5 mm thick 

coupons is also studied using coupons conforming to the ASTM D7136M [8] 

impact standard; this was performed using µCT and SRCL. This work differs from 

previous work by forming a direct comparison of 3D imaging methods on impacted 

CFRP panels. 
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4.2 Results and discussion 

 Initial observations 4.2.1

All three imaging techniques yield reasonably clear imaging of overall larger-scale 

damage modes associated with impact loading, particularly interlaminar and 

intralaminar cracking: a cross-sectional slice of the reconstructed volumes shows 

representative image qualities in Figure 4.1(a-c) for µCT, SRCT and SRCL 

respectively.  All results are shown in a mostly unprocessed state, i.e. no image-

domain filtering or enhancements are applied. For direct comparison, Figure 4.1 (a 

and b) show the same location within the same sample, and (c) is of a different 

sample at a similar damage region. Whilst both CT techniques involved specimen 

cutting, comparing this data to the non-destructive SRCL technique shows 

qualitatively comparable quality of damage visualisation, with similar damage 

morphologies and apparent crack-opening displacements (COD).  There was 

limited evidence of additional damage being introduced to the CT specimen 

volumes during cutting, although it is possible that some surface damage is 

introduced, particularly where sectioning across areas that are severely damaged 

during impact. 

 

Figure 4.1: Cross-sectional views of impact damage via: (a) µCT, (b) SRCT and (c) SRCL. 
Images (a) and (b) are of the same sample at the same location, whilst (c) is of a similar 
damage region of a different sample. 

 

Although individual fibres could not be detected in the µCT scans at the moderate 

voxel resolution selected here, individual plies and their interfaces could be 

distinguished as well as the presence of cracks, including those with CODs less 
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than the voxel size used in the scan. The two SR methods shown in Figure 4.1(b) 

and (c) demonstrate the benefits of phase-enhanced edge contrast and increased 

resolution: details of individual fibres and resin-rich regions are clearly visible, with 

damage micromechanisms clearly delineated. SRCT and SRCL yield qualitatively 

similar damage visualisation employing the edge-enhancing phase contrast [6, 9], 

with the benefit of SRCL being the intact coupon geometry. However in the case of 

SRCL, artefacts resulting from incomplete Fourier-space sampling can arise: an 

exact inversion of the modulation transfer function (MTF) is not possible. Using a 

filtering step for the 2D projection prior to back-projection data minimises artefacts 

in the 3D reconstructed volume [9, 10]. Additional artefacts appearing in this study 

were particularly evident at the edges of the volume in places where not all 

projections contribute to the reconstructed image. Additional artefacts in the 

reconstructed 3D images of SRCL will have direct implications for automated 

segmentation and feature extraction processes, inevitably increasing the 

complexity of such processes.  

Delaminations are a key damage mode in impact loading, in which micro-scale 

data for the crack morphology and shear and opening displacements is important 

[11, 12].  A comparison of the same delamination shown in Figure 4.2(a/b) 

obtained using µCT and SRCT techniques respectively, and a similar delamination 

obtained with SRCL in Figure 4.2(c) highlights the role of multi-scale imaging. 

Assessment of the delamination via µCT at moderate resolution suggests the 

presence of a continuous crack with a single bridged section. The greater level of 

detail obtained from both SR techniques shows that the micromechanisms are 

more complicated, with significant incidence of fine-scale crack bridging within the 

resin-rich regions.  
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Figure 4.2: Close up of a delaminated region obtained using (a) µCT (b) SRCT (c) and 
SRCL. (a) and (b) are of the same specimen at approximately the same location, (c) is 
representative of similar damage on a separate specimen. 

 Sub-voxel assessment of µCT data 4.2.2

It is reported that sub-voxel data may be captured from CT data [13], as illustrated 

in Figure 4.3(a i-ii). Direct comparison with the SRCT data for the low resolution 

µCT data indicated that cracks with an opening displacement as low as 30 % of 

the voxel resolution were reliably captured with µCT, in keeping with previous 

comparisons between µCT and conventional microscopy [2, 14]. Figure 4.4 

illustrates the significance of partial volume effect on crack detection via grey-scale 

plots across the crack-openings, indicated by the lines in Figure 4.3(a i-iv). The 

presence of a crack is indicated by a minimum on the line plot and, in the case of 

sub-voxel data, this minimum falls between the bounds of the mean grey-scale 

values of air and material.  In the presence of complex crack-bridging ligaments, it 

is clear that whilst the CODs from these cracks cannot be measured via µCT to 

high accuracy, for example by exploiting weighted averages of bulk greyscale 

values to deduce partial volume effects [13], they show the locations and extent of 

damage. This informs the general mechanics of failure, in addition to identifying 
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ROIs for more detailed analysis. It may be noted that to achieve greater effective 

contrast in crack detection penetrant dyes may be employed [1, 2, 15]; however 

impact damage analysis presents limited scope for penetrant use given the 

presence of many non-surface breaking cracks, particularly in the critical Barely 

Visible Impact Damage (BVID) regime. 

 

Figure 4.3: Cracks of varying COD level (approximate) (i-iv) <1.4, 3, 4, and 8 µm 
respectively, comparisons of image quality between (a) µCT and (b) SRCT. 

 

 

Figure 4.4: Line-plot showing the corresponding µCT grey-scale values across the 
opening of cracks ranging from crack-opening displacements of <1.4 to ~8 µm. 
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 3D segmentation 4.2.3

The 3D morphology of impact damage was segmented via the semi-automatic 

‘seed growth’ approach [16] in the same ‘matchstick’ specimen using µCT and 

SRCT data, as shown in Figure 4.5(a/b). The field of view for SRCT was smaller 

than that of µCT, hence the smaller segmented volume. µCT and SRCT both give 

a reasonable mechanistic representation of 3D damage, nonetheless the reduced 

resolution of µCT means that even though sub-voxel information can be extracted 

to some extent, information is lost when crack-opening displacements (COD) start 

approaching the lower limits of detection. 

 

Figure 4.5: 3D segmentation revealing the damage morphology surrounding the impact 
region within the same specimen obtained by (a) µCT with the dotted region indicating the 
region obtained using (b) SRCT. Blue is representative of delaminations whilst other 
colours indicate matrix cracking occurring on each respective ply. 

 

A compromise between resolution and the overall size of the volume needs to be 

met. At the 4.3 micrometer voxel resolution used in this study, µCT gives damage 

representation over a sample volume cross-section of approximately 10 mm. 

Additionally measurements of crack lengths can be approximated, although 

information towards the tips of the crack will be missed where crack-openings are 

down to 30 % of the voxel resolution, leading to an underestimation of the crack 

length. To achieve the microscopic detail required to capture the undetected or 

non-segmentable damage, SR techniques are clearly of significant value (e.g. in 

identifying the role of traction forces due to ligament formation across cracks) at 

the expense of reduced overall fields of view. Multiple scans may of course be 
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taken to capture a larger proportion of damage; however increased computational 

costs in terms of data-set size and post-processing load are non-trivial. 

 SRCL: analysis of thick specimen 4.2.4

Whilst the above results are based on 1 mm thick laminate samples, to study 

impact damage within a conventional engineering context it is desirable to achieve 

high resolution non-destructive scans of specimens meeting standard impact test 

conditions such as ASTM D7136.  For a D7136 compliant coupon thickness of 

4.5 mm, the SRCL conditions noted above led to a scanning condition that is local 

in terms of both in-plane, and through-thickness position.  As such, by adjusting 

the location of the specimen so that the ROI lies at the point where the tilted centre 

of rotation intercepts the beam, localised volumes through the thickness of the 

material may be generated within the specimen. 

Figure 4.6(a) illustrates such a typical ‘local’ SRCL result for a 4.5 mm thick CFRP 

plate, demonstrating that high-resolution imaging is indeed possible for such a full-

thickness intact impact coupon. Artefacts consisting of vertical streaks are present 

towards the image corners as indicated by arrows, as these regions are 

increasingly out of view across the full scan rotation. These artefacts occur at 

similar image locations with the 1 mm specimens shown in Figure 4.1(c).  

A direct comparison of this local SRCL region shown in Figure 4.6(a) is compared 

with a µCT ‘matchstick’ scan of the same region in (b) with the corresponding 

SRCL location indicated by the box. The overall image quality from SRCL is 

sufficient to identify individual fibres, cracking and small voids, with the latter two 

features also being detected with µCT. Limited contrast is particularly noticeable 

for the large continuous delamination crack seen in the upper half of Figure 4.6(a) 

and the corresponding boxed area of Figure 4.6(b), consistent with this crack lying 

in a plane which is not directly sampled by the tilted rotation axis used for CL, 

highlighting the direction-dependence of image quality in a limited angular access 

geometry, such as CL.  Reasonably similar image qualities in detecting 

intralaminar cracking in 4.5 mm and 1 mm thick sample are illustrated in Figure 
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4.7, consistent with the modest absorption of CFRP for these thicknesses at the 

associated X-ray energy level. 

 

Figure 4.6: Cross-sectional view of an impacted 4.5 mm thick specimen, (a) mid-way 
through the cross-sectional thickness obtained using SRCL (voxel size = 0.7 µm) and (b) 
corresponding µCT slice (voxel size = 4.3 µm), with box showing the location of the SRCL 
scan within the through thickness. 
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Figure 4.7: Close up of a crack obtained using SRCL of 4.5mm thick specimen (a) and 
1mm specimen (b), the white lines indicate a region across the crack to obtain the line 
plots shown in (c). 

 

Considering that SRCL allows for truly non-destructive, high resolution testing on 

ASTM standard panels, one may identify SRCL as a preferred analysis method for 

materials performance analysis under standard impact conditions. However, high 

resolution SRCL carried out over the large areas that may be associated with an 

impact event clearly requires a high synchrotron beamtime and large 

computational/data handling load.  

 µCT: local scan on intact thick specimen 4.2.5

Whilst SRCL offers non-destructive assessment of full ASTM standard panels, 

time and beam access constraints apply. As an alternative, µCT scans of complete 

intact panels are also of interest and offer rapid global assessment at intermediate 
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voxel resolutions, as obtained in [17] and [5]. The voxel resolution was limited by 

how close the specimen could be positioned to the X-ray target source. Local 

scans of full plates were tested using µCT and importantly this was achieved using 

relatively fast micro-focus CT settings. A cross-sectional slice of such a scan is 

shown in Figure 4.8. Despite the non-ideal geometry of the sample for CT 

assessment compared to the near ‘matchstick’ samples and the lower 14.3 µm 

voxel resolution used, primary damage mechanisms were clearly detected. Whilst 

limited in resolution, the ability to image meso- to macro-scale damage 

characteristics in the absence of synchrotron access remains a valuable 

complementary approach. In particular, extended time-resolved studies of damage 

propagation under incrementally increasing compressive loads, where truly global 

assessment across a complete damage zone in the order of centimetres in 

diameter via SRCL would be excessive in both beamtime and the amount of data 

generated. 

 

Figure 4.8: Cross-section of a ~4.5mm thick CFRP laminate sample obtained by a local 
µCT scan of the whole panel. 

4.3 Conclusions 

It is evident that for the mixed length scales associated with impact events, 

different X-ray imaging methods offer alternative and complementary combinations 

of image resolution and fidelity, sample preparation requirements, limitations and 

hardware availability. 
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At routinely achievable voxel resolutions laboratory µCT offers valuable detail for 

understanding the three-dimensional macro and mesoscopic extent of impact 

damage, with reliable sub-voxel detection of the extent of cracks being illustrated. 

SR techniques (SRCT and SRCL) allow for rapid scanning of 3D micro-scale 

damage down to the scale of individual fibres. Laboratory µCT systems 

alternatively offer scan volumes up to hundreds of millimetres, capturing entire 

impact sites in a single scan on complete panels. This coupled with a fast scan 

setting make it feasible to perform ex situ time series work, enabling 3D damage 

propagation to be monitored.  

Comparing the damage morphologies of the 3D segmentation of the same sample 

obtained using µCT and SRCT, both techniques show similar results for capturing 

the overall extent of damage. However, where greater mechanistic detail is 

required, SR techniques are clearly superior, particularly in terms of the speed at 

which low noise, high resolution scans may be obtained. 

The potential for local, very high resolution 3D analysis of complete, engineering-

scale impact test panels is demonstrated for synchrotron laminography, offering 

unique opportunities for ‘through-process’ assessment of compression-after-

impact analysis; i.e. intact impacted panels being examined non-destructively at 

high resolution, prior to compression testing. However, integration within a 

program of more conventional and accessible testing and imaging modalities is 

likely to be required for effective use of such limited, specialised capabilities. 
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Chapter 5   
 
Partial volume correction for 
approximating crack-opening 
displacements in CFRP material 
obtained from micro-focus X-ray CT 
scans 
 

This chapter presents a partial volume correction technique that applies a 

measurement weighting based on grey scale intensity values, allowing crack-

opening displacements (CODs) to be better estimated in micro-focus computed 

tomography (µCT) scans. These were tested on 3D data obtained from two 

separate µCT scanners on particle-toughened and untoughened carbon fibre 

material subjected to low velocity impact. Direct comparisons of COD estimations 

were made with higher resolution measurements obtained using synchrotron 

radiation computed tomography (SRCT) scans taken at the European Synchrotron 

Radiation Facility (ESRF). In this study, partial volume correction is reported to 

improve the accuracy of these measurements to within 20 % of SRCT 

measurements, whereas measurements based on counting interconnected voxels 

representing a detectable crack are reported to consistently overestimate crack-

openings by up to 500 %. Scatter in estimations was dependent on material type, 

noise, and artefacts associated with µCT volumes. The development and 

understanding of this technique enabled crack-opening displacements to be better 

measured in chapter 9. 

5.1 Introduction 

Industrial CT scanners have made it possible to routinely extract 3D damage 

features in structural materials such as carbon fibre composites [1]. Common 

operating voxel resolutions of the order of 5 microns have been used in previous 
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studies on impacted composites [2-7]; the significant limiting factor affecting 

resolution is the X-ray focal spot size and specimen size [8]. Whilst this resolution 

is useful for identifying the components of composite damage, quantification of key 

features, such as crack-opening displacements (CODs) within impacted carbon 

fibre materials requires a higher fidelity. Informed use of the partial volume effect 

provides a means so that sub-resolution features may still be detected and 

quantified [2].  Crack-opening and crack shear displacements are important 

parameters in micromechanical modelling of composite damage and failure.  

Accurate experimental measurement of these parameters in three-dimensions 

(3D) is enabled by computed tomography, and allows the validation and calibration 

of models [9] and to calculate effective stress intensities at the crack tip [10]. 

The partial volume effect occurs when two or more phases with differing density 

are represented within a single voxel leading to an effective averaging of 

attenuation coefficients; this is typically critical if the object or region’s dimensions 

are at the voxel resolution or less (assuming other forms of un-sharpness are 

under-sampled by the voxel dimensions) [11-13]. Depending on the contrast 

difference between the two phases, this has an influence on the smallest 

detectable feature. For the detectability of cracks in composites it has been 

reported that openings down to 20 % of the voxel resolution in CT scans can be 

detected, and by using contrast enhancement agents, this may be further reduced 

to 5 %. Contrast agents require all cracks to be interconnected up to the surface of 

the material to allow full penetration of the dye [2].  For internal damage, such as 

that sustained in impact loading, this is often not the case.  Furthermore, in cases 

for which in situ load-stepped CT experiments are combined with digital volume 

correlation (DVC), the detectability of cracks can be greatly improved by 

quantifying the mechanical effects of cracking in addition to direct physical imaging 

[14, 15]. However, these rely on comparisons between multiple scans rather than 

a single volume. 

The partial volume averaging effect may lead to inaccuracies in the estimation of 

object sizes due to the dependence on the feature’s location on the image grid.  

Figure 5.1(a and b) shows schematically how this affects crack-opening 

measurements. Since a crack that partially fills a voxel may be treated as 

occupying a full voxel when interconnected measurements are taken, 
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overestimations in measurements occur [16-18]. This phenomenon is particularly 

noticeable at phase boundaries that fall within a voxel, leading to intermediate 

voxel intensities dependant on the percentage of “fill” between both phases [16, 

19, 20].  

 

Figure 5.1: Schematic showing (a) positions of an actual crack relative to the image grid, 
(b) corresponding rendered image. The crack boundaries that partially spill over and fill 
neighbouring voxels are rendered with less intensity at the edges and result in an 
inaccurate width estimate, this leads to consistent overestimates when measured by 
counting interconnected voxels.  

 

Where the crack-opening approaches the limit of detectability, in reported cases 

down to 20 % of the voxel resolution, measurements of counting interconnected 

regions will overestimate the crack-opening by up to ten times. If the smallest 

detectable crack were to fill partially two neighbouring voxels, measurements 

would include the crack as fully occupying both voxels leading to a large 

overestimation. Scanning at higher voxel resolutions does reduce these errors 

[16], however the trade-off between resolution and field of view [8], and the high 

barriers to entry to equipment capable of higher resolution such as synchrotron 

radiation computed tomography (SRCT) often limits this option. 

A partial volume correction algorithm has been used in previous studies to 

estimate crack-openings on Al-Li fatigue cracks in work by Ignatiev et al. [21] and 

Guvenilir et al [22, 23]. This work utilised attenuation coefficients to calculate an 

estimate for the measured fraction of crack-opening. Work similar to this by Heckel 

et al. [19] utilised linear interpolation based on intensity and applied a weighting on 

the voxel volume at feature boundaries; this has been reported to increase 
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accuracy and repeatability in volume measurements of liver metastases and lymph 

nodes obtained in CT scans.  

The work presented in the present chapter uses the same techniques by mapping 

grey scale intensities to a linear relationship between the material and crack levels 

to allow an adjusted length to be calculated for that voxel representing a crack-

opening. To the author’s knowledge, this is the first study applying this technique 

on cracks in carbon fibre composite materials and unlike previous work on this 

topic, this chapter calibrates partial volume correction estimates to higher voxel 

resolution SRCT scans enabling this technique to be tested more rigorously. 

5.2 Test procedure 

The testing procedures are briefly outlined here. For further details on the 

materials and testing procedures, refer to chapter 3. 

Two 1 mm thick carbon fibre reinforced epoxy materials were tested, consisting of 

a particle-toughened and untoughened systems. Coupons were impacted at 0.6 J 

and 1.2 J for the particle-toughened and untoughened systems respectively. In 

preparation for SRCT and µCT scans, two 4.5 mm wide ‘matchsticks’ were cut 

along the length of the coupon; one through the impact centre and one to the right 

of the previous cut. For each system, ‘matchsticks’ were stacked in pairs and 

scanned at the impact site. Two µCT machines were used in this study and 

consisted of a NikonTM HMX and Benchtop system. For comparison of 

measurements, a higher resolution SRCT scan was performed at the ESRF on 

Beamline ID19. The settings used can be found in section 3.8.4. 

The same test coupons were scanned for all three imaging facilities and no 

penetrants or any other treatment was applied to the specimens. Whilst the full 

lengths of the cracks were not captured due to the limited field of view, the same 

regions of interest were obtained with each of the three imaging facilitates. This 

enabled the same cracks from the same specimens to be directly compared 

across the different imaging facilities. 
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5.3 Partial volume COD approximation technique 

As the size of the crack-opening approaches the voxel resolution, a combination of 

background material and crack features are sampled and averaged within a voxel. 

Visually, the crack may appear faint, with a limited contrast against the 

surrounding material. This effect is shown in the lower resolution HMX scan in 

Figure 5.2(c) with a higher resolution SRCT scan of the same crack shown in 

Figure 5.2(b). Figure 5.3 illustrates this behaviour; a line plot across a ~3 micron 

crack exhibits a dip in grey scale value centred at 23 µm, which is indicative of the 

presence of a crack. The SRCT scan shows a sharp contrast between the crack 

and background material over a narrow band of voxels. In the example given in 

Figure 5.2(b) white fringes are present at the edge of the crack representing the 

edge detection regime. In this particular case, the fringe was more pronounced on 

the left hand side of the crack due to slight variations in path length through 

irregular material containing multiple phases, which has a control on the 

interference effect when reconstructed. With the lower resolution µCT scans, the 

crack intensity diminishes towards the background material mean grey scale, with 

the dip spread over a wider range of voxels, due to the crack partially filling the 

voxels. 
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Figure 5.2: (a) SRCT cross-section showing matrix cracks and delaminations, the box 
highlights a close up of this region in (b) and for an HMX scan of the same crack in (c). A 
schematic in (c) also shows the sampled rows and columns used to estimate the COD in 
equation 1. 
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Figure 5.3: Grey scale intensity line plot across the same crack obtained from three 
different µCT scans. 

 

By taking the grey scale intensity of a voxel partially containing a crack, the 

percentage of crack and material occupied within the voxel can be approximated 

as a linear combination of grey scales representing the crack (i.e. air) and 

material. Provided isotropic voxels are used, this calculated percentage can be 

weighted to the corresponding length of the voxel. A linear relationship between 

the adjusted length of a voxel and the two grey scale intensity values consisting of 

the crack (air) and the material is represented by the relationship in equation (5-1): 
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This relationship can be applied to approximate the adjusted length     at voxel ij 

where      represents the length of one voxel resolution and gij is the grey scale 

value at voxel ij. To obtain the grey scale constant of the material, gmat, a region 

representing material away from the crack is selected and the mean grey scale 

value is used; for the grey scale constant of the crack, gair , the grey scale value of 

air at the centre of a large crack-opening known not to be affected by any partial 

volume effects is used.  When the sampled grey scale value is equal to or less 

than gair, it is assumed that the whole voxel contains a crack and an adjusted width 

is applied equal to the width of the voxel resolution. Similarly if the voxel grey scale 

is equal to or greater than gmat, it is assumed that no cracks are contained within 

that voxel and a zero length is applied. A grey scale value between the two limiting 

values will result in an adjusted length being applied based on the proportion of 

crack and material contained within the voxel. 

After calculation of the adjusted length     at voxel ij, these adjustments can be 

applied to approximate the mean local COD,  ̅, using equation (5-2): 

 
 ̅  

 

 
∑∑   

 

   

 

   

 (5-2) 

 

In the case of a vertical crack such as that shown with a schematic in Figure 

5.2(c), the crack-opening on each horizontal row of voxels, i, is calculated by 

summing the adjusted lengths     at each voxel position along the row, j, in which 

  represents the total number of voxels in the row. The CODs from each 

respective row are then summed together and divided by the number of rows N to 

give the mean estimated COD value  ̅ across all the rows. It is acknowledged that 

the COD varies at different positions along a crack; hence a local region was 

cropped and sampled to determine the mean COD at a particular position, e.g. the 

cropped selection indicated by the box in Figure 5.2(a). 

To estimate the COD profile along the length of the crack in the k direction (i.e. 

perpendicular to the plane of an image “slice” such as shown in Figure 5.2), and to 

give a 3D representation, the equation was applied to one 2D slice at a time, thus 
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obtaining a displacement for each slice along the length of the crack, equal to the 

voxel depth. 

 Measurements of CODs by counting interconnected voxels 5.3.1

To achieve COD measurements from µCT (HMX and Benchtop) image volumes, 

both matrix cracks and delaminations were segmented and binarised by 

thresholding. In a conventional approach, an ISO50% threshold value is used 

consisting of a value exactly halfway between the mean air and material grey 

scale values [24]. The ISO50% approach was used on SRCT scans using a 

threshold value halfway between the light and dark fringes of the crack. 

In this study, the majority of crack-openings in µCT scans were around or below 

the voxel resolution leading to partially filled cracks. Segmentation by the ISO50% 

approach would exclude all partially filled cracks with voxels containing more than 

50% material, therefore, although the cracks could be detected, it will show zero 

crack-opening displacement using the ISO50% method. 

To segment all detectable cracks in µCT scans, a threshold value was chosen to 

exclude the material. This was achieved by measuring the grey scale values within 

a region of composite material containing no cracks and taking the mean minus 

two standard deviations of the grey scale values, excluding ~95 % of the material. 

The crack was segmented by including values less than this calculated threshold 

value. 

Voxels representing the segmented cracks were measured across the opening at 

all points across the crack and then averaged to calculate the mean crack-

opening; this is referred to in this study as the ‘counting’ method.  In SRCT scans, 

due to COD measurement variations at different points across the crack, error 

bars representing the standard error of the mean COD are reported. This 

technique was applied to both the 2D and 3D COD measurements. It should be 

noted that the edge detection fringes and partial volume effects on the SRCT 

scans can also influence the accuracy of these measurement, up to the length of a 
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single voxel; therefore the COD is taken as an average across multiple 

measurements. 

 Comparisons between measured COD mean values 5.3.2

In order to allow consistent comparisons, no modifications were made such as 

rotating, tilting, or repositioning the reconstructed volumes; which could affect the 

results by resampling the voxel intensities and positions. Direct comparisons were 

made from raw 8-bit reconstructions on cracks obtained at identical positions 

between scans; with both µCT locations within one voxel of the equivalent position 

in the SRCT scan. This was achieved by measurements of the crack’s position 

relative to fiducial features present in the scan such as small voids, inclusions, and 

other crack positions present in the volume. 

By taking the mean COD obtained from SRCT measurements as the benchmark 

value, error values were calculated for the estimates obtained from the two µCT 

scans for each crack location. This allowed an assessment to be made of the 

partial volume COD approximation technique and also allowed comparisons with 

the method of counting interconnected voxels.  Percentage errors were not 

calculated along 3D crack lengths. This is due to the different voxel resolutions 

used between the three CT scans resulting in the cross-sectional spacing no 

longer coinciding beyond the first slice, therefore preventing direct COD 

comparison using this method in the through-thickness direction along the length 

of the crack. Instead the general trends between COD and crack length are 

presented and compared.  

5.4 Results and discussion 

 Partial volume COD assessment 5.4.1

Figure 5.4(a) shows an example of a delamination as indicated by the box: close 

up SRCT and µCT (HMX System) images of this delamination are shown in (b-i) 
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and (c-i) respectively and has been binarised by thresholding in (b-ii) and (c-ii).  It 

is clear that due to the crack partially filling neighbouring voxels, segmentation of 

detectable cracks (c-ii) has captured a region larger than the true opening of the 

crack shown in (c-i), and when the opening is measured as indicated by the arrow, 

it is overestimated. 

Measurement of the CODs of the delamination in Figure 5.4 is shown in a plot in 

Figure 5.5 as a function of voxel position along the crack width. The COD 

measurement from µCT scanning is shown to overestimate the crack-opening by 

approximately three times. Applying the partial volume correction to the HMX 

scan, the estimated COD is comparable to SRCT measurements. Interestingly, 

some local variation in the SRCT COD measurements are observed depending on 

the position of the measurement due to the nature of the crack morphology; these 

variations have been smoothed by the partial volume correction estimation and fall 

within the peak to peak regions in the SRCT measurements. When the average 

CODs are considered consisting of 4.9 µm, 4.8 µm and 17.4 µm for the SRCT, 

µCT partial volume correction and µCT counting measurements respectively, it is 

clear that simple linear partial volume considerations provide a good estimation of 

crack-opening from the lower resolution the µCT scan. 

 

Figure 5.4: An example of counting interconnected voxels to measure the COD. A cross-
section of this damage is shown in the SRCT scan in (a), the box indicates a close up of 
this SRCT region in (b-i) and for an HMX scan in (c-i). Binarised images from these cracks 
are shown in (b-ii) and (c-ii), the arrow indicating the method of counting interconnected 
voxels representing the COD. 
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Figure 5.5: COD measurements of the delamination shown in Figure 5.4. SRCT and HMX 
COD were measured at each voxel along the width of the crack. A partial volume 
correction shows an improvement to the HMX COD measurement. 

 Average COD comparisons on single slice cracks 5.4.2

The partial volume correction algorithm was applied to µCT scans to estimate the 

average CODs on several 2D matrix cracks and delaminations. These were 

compared to counting COD measurements and SRCT measurements. The results 

of crack-opening measurements are shown in Figure 5.6(a) for particle-toughened 

and Figure 5.6(b) untoughened resin systems. Standard error bars indicated on 

SRCT COD measurements were larger in cases in which the cracks were more 

open, suggesting larger variations in crack-openings at these levels. R-squared 

values on partial volume correction estimates were 0.68 and 0.87 for the 

toughened and non-toughened systems respectively.  This scatter is believed to 

be principally caused by the ligamented and non-continuous delaminations, 

characteristic of particle-toughening that could be detected in the SRCT scan but 

not in the µCT scans. This led to bridged sites that were included in the partial 
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volume correction leading to underestimations of the mean crack-opening. 

Additional sources of scatter in the data include noise, beam hardening, ring 

artefacts, non-linearity in X-ray detector response and the simplicity of the 

algorithm which neglects the three-dimensionality of the partial volume effect. 

It should be noted that due to the use of different voxel resolutions across the 

three imaging facilities, there are approximately three to four SRCT cross-sectional 

slices to one µCT slice. Despite this issue, this has been shown not to have 

affected the partial volume correction results. It is probable that as the crack path 

moves through the µCT slice, the crack-opening does not vary significantly at 

these voxel sizes, therefore voxels contain similar proportions of crack and 

material between µCT and SRCT scans. 

In comparison, COD measurements using the “counting” method on µCT scans 

overestimated CODs by up to five times. There is no correlation between the 

measurements obtained through counting connected voxel measurements in HMX 

and Benchtop scans and the measured SRCT scan. This shows the unreliability in 

using the counting technique in detectable but partially-filled cracks to gauge 

crack-openings. The use of partial volume correction is shown to reduce these 

significant overestimations. 

Percentage errors comparing µCT COD estimates to SRCT measurements are 

shown in Figure 5.7 and demonstrate good approximations within 20 % error. 

Discontinuities in the crack generally led to underestimations either when the COD 

was below approximately 4 µm, or in the particle-toughened system where 

delamination crack ligaments were present. The discontinuous behaviour of the 

cracks led to lower proportion of crack partially filling a voxel and hence an 

underestimation of the COD. 
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Figure 5.6: Graph showing partial volume corrected and counting COD measurements 
obtained from µCT scans directly compared to SRCT COD measurements for (a) 
toughened and (b) non-toughened specimens. 
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Figure 5.7: COD percentage errors for counting and partial volume corrected 
measurements compared to SRCT measurements for (a) particle-toughened and (b) 
untoughened material 
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For counting interconnected voxel measurements in µCT scans, the percentage 

errors increase with smaller crack-openings up to 500 % and all measurements 

were overestimated. This demonstrates the unreliability of this method for 

measuring crack-openings where the voxel resolution is within two to three voxels 

of the feature size, and the use of partial volume correction is shown it provide 

better accuracy. 

 3D COD assessments and comparisons 5.4.3

Multiple COD measurements were taken along the length of the crack at arbitrary 

starting and ending positions that fell within the field of view of the CT scans. 

These are shown in Figure 5.8(a-d) in which partial volume COD corrections are 

applied to HMX and Benchtop µCT scans, and the resulting estimates are 

compared to those obtained from SRCT data. Different crack types were 

measured consisting of delaminations as shown in Figure 5.8(a & b) and matrix 

cracks as shown in Figure 5.8(c & d).  The COD measurements were made on the 

two materials; particle-toughened as shown in Figure 5.8(a & c) and untoughened 

as shown in Figure 5.8(b & d). 
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Figure 5.8: COD measurements along the length of a crack comparing partial volume 
correction techniques applied to HMX and Benchtop CT cracks to SRCT measurements. 

 

All measurements show similarly decreasing crack-openings towards the crack tip. 

Comparisons between estimates from µCT observations to SRCT measurement 

show good COD correlations along the crack towards the crack tip. Divergence 

from the SRCT measurements started to occur when the COD was less than 

approximately 4 µm leading to underestimations of the COD. This again was 

attributed to cracks becoming discontinuous below this threshold. The 

delamination COD estimations for toughened material, as shown in Figure 5.8(c), 

had the greatest scatter for both Benchtop and HMX µCT; this was attributed to 

the ligamented, non-continuous delamination associated with particle-toughening.  

The presence of ring artefacts created noticeable spiked peaks, particularly in the 

Benchtop µCT results in Figure 5.8(a & c). In this case the cracks were in a region 

of ring artefacts that affected the local grey scale intensity [13] which led to 

erroneous COD measurements. Care therefore needs to be taken to check the 
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presence of neighbouring artefacts when taking partial volume correction 

estimations that are dependent on grey scale intensity values. 

Again, as discussed earlier, when the partial volume correction method is 

compared to the method of counting interconnected voxels representing the COD, 

improvements to the accuracy are achieved as illustrated in Figure 5.9. 

 

Figure 5.9: Comparison between both the counting and partial volume correction method 
to calculate COD on Benchtop and HMX CT scans for an untoughened delamination. It is 
clear the counting method vastly overestimates COD by up to a factor of two in this 
instance. 

5.5 Conclusions 

Crack-opening displacement measurements were estimated on µCT scans of 

impacted CFRP material by applying a partial volume correction based on grey 

scale intensities and weighting this to the voxel length. In 2D studies, partial 

volume estimates of CODs correlated well with measurements taken from higher 

resolution SRCT scans. This method is significantly more accurate (within 20 % of 
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SRCT measurements) than the more straightforward approach of simply counting 

interconnected voxels from detectable but partially-filled cracks, which 

overestimated CODs by up to 500 %.  Underestimations occurred when the cracks 

became discontinuous, this was typically when the crack-openings were less than 

approximately 4 µm, and in the toughened system where particles created crack 

ligaments in the delamination. Additional contributions to errors also include noise, 

non-linearity in X-ray detector response, CT artefacts (ring artefacts and beam 

hardening), and the three-dimensional nature of the partial volume averaging 

process. The partial volume correction technique has been demonstrated as a 

means to obtain 3D crack-opening profiles along the length of cracks.  Good 

correlations were obtained with SRCT data in estimating crack-openings along the 

length of the crack. Issues with the measured crack-opening being distorted by 

ring artefacts led to erroneous results indicated by large peaks in the 

measurements. Overall the use of partial volume corrections has been shown to 

be a viable method to obtain quantitative estimates of crack-opening 

displacements in composite materials using micro-focus computed tomography. 
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Chapter 6   
 
Three-dimensional assessment of 
low velocity impact damage in thin 
particle-toughened composite 
laminates  
 

Results are presented studying the contribution of particle-toughening to impact 

damage resistance in carbon fibre reinforced polymer materials. Micro-focus X-ray 

computed tomography and synchrotron radiation computed laminography were 

used to provide a novel, multiscale approach for assessing impact damage. Thin 

(1 mm thick) composite plates containing either untoughened or particle-

toughened resin systems were subjected to low velocity impact. Damage was 

assessed three-dimensionally at voxel resolutions of 0.7 µm and 4.3 µm using 

SRCL and µCT respectively, the former being an innovative approach to the 

laterally extended geometry of CFRP plates. Observations and measurements 

taken from µCT scans captured the full extent of impact damage on both material 

systems revealing an interconnected network of intra- and inter-laminar cracks. 

These lower resolution images revealed that particle-toughened systems suppress 

delaminations with little effect on intra-laminar damage. The higher resolution 

images revealed the contribution of particle toughening by crack deflection and 

bridging. The understanding of the key toughening micromechanisms in this 

chapter enabled regions of interest to be identified for work in chapter 7 and led to 

the development of quantification techniques. 

6.1 Introduction 

It has been shown that the inclusion of thermoplastic toughening particles in the 

resin of carbon fibre composites can lead to improved toughness in simple 

delamination fracture tests [1]. The mechanisms of particle-toughening include: 

crack deflection, crack bridging, crack-tip blunting, particle-matrix interface 
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debonding, and particle-induced localised yielding [2-9]. Whilst these toughening 

micromechanisms are understood, it is less clear as to what toughening 

mechanisms are present in particular systems and their relative contributions to 

the overall toughness. Additionally, it is less clear how such toughening strategies 

translate to the more complicated damage state associated with impact loading.  

This is exacerbated by the more commonly used techniques for impact damage 

characterisation which typically yield two-dimensional information; e.g. ultrasonic 

C-scan or cross-sectional microscopy.  These obscure the three-dimensionality of 

the interacting damage modes associated with composite impact.  

To accommodate the three-dimensional (3D) characteristics of impact damage 

and to study particle toughening micromechanisms, micro-focus computed 

tomography (µCT) [10] and synchrotron radiation computed laminography (SRCL) 

[11] using propagation-based phase contrast [12, 13] have been used in this 

chapter to understand better the role of particle-toughening and its toughening 

micromechanisms. 

6.2 Materials and testing procedure 

The materials and testing procedure are outlined in brief here. For further details 

please refer to chapter 3.  

In this study 1 mm thick coupons were used and consisted of one particle-

toughened and one untoughened system; details of which can be found in section 

3.1.1.  This thickness of material was chosen as it was known to yield good quality 

images, based on previous laminography studies [26]. 

To aid like-for-like comparison of microscopic and macroscopic behaviour in 

untoughened and particle-toughened systems, impact conditions were selected for 

an equivalent nominal projected damage area (approximately 50 mm2, as 

measured by ultrasonic C-scan to result in a 4 mm damage radius that could be 

captured within relatively few CT scans).  

To determine the impact energy required for producing the desired projected 

damage area; coupons were impacted at a range of impact energies between 

0.3 J and 3.0 J, see Figure 6.1. This resulted in impact energies of 0.6 J and 1.2 J 
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being identified for the untoughened and particle-toughened coupons respectively 

to achieve the desired projected damage area (i.e. ~50 mm2), although it should 

be noted that there is some scatter in the data as indicated by the 95 % prediction 

intervals. The damage areas exhibited by the particle-toughened system are 

clearly reduced in comparison to the untoughened sample tests. This is 

progressively more evident at impact energies of 2 J and above, corresponding to 

the increasing prevalence of delamination in the untoughened material at higher 

impact energies. 

 

Figure 6.1: Scatter plot of C-scan projected damage area vs. impact energy for 
untoughened and particle-toughened specimens. Linear fits are shown along with dashed 
lines representing 95 % prediction intervals. 

 

Post-impacted coupons were prepared for damage assessment by µCT and 

SRCL. Separate specimens were used for µCT and SRCL studies. µCT studies 

were performed on the material systems first to better understand the damage 

formation and identify regions of interest for SRCL work.  
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For each material system four regions of interest were imaged using SRCL of 

which the procedure can be found in section 3.8.3. The regions are labelled region 

‘A’ through to ‘D’. 

To capture the full extent of damage in impacted coupons, regions of interest were 

cut from across the damage region, stacked and µCT scanned at three locations 

using the HMX scanner. Details of this procedure are found in section 3.8.1. 

Details of scan settings used for SRCL and µCT can be found in section 3.8.4. 

Segmentation of cracks and measurements are described in sections 3.9.2 and 

3.9.4 respectively.  

6.3 Results and discussion 

 Impact damage mechanisms observed from µCT 6.3.1

A cross-sectional slice obtained from µCT is shown in Figure 6.2 for both material 

systems. A cone of internal damage is revealed at the impact region containing 

commonly observed modes of damage: (i) shear-induced matrix cracks, (ii) 

delaminations and (iii) bending-induced tensile matrix cracks towards the back-

face [14, 15]. Some evidence of delamination crack ligamented behaviour in the 

toughened system is observed in (iv). 
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Figure 6.2: µCT 2D cross-section showing post-impact damage for untoughened (0.6J) 
and particle-toughened (1.2J) systems. Typical damage modes are identified (i) matrix 
crack, (ii) delaminations, (iii) tensile cracks and (iv) cracks exhibiting ligamented 
behaviour. 

 

Segmentation of all detectable impact damage obtained from µCT scans revealed 

the 3D impact damage morphology and is shown in Figure 6.3. Based on previous 

observations, the crack-opening detectability limit of cracks was taken to be 

approximately 30 % of the voxel resolution used (i.e. just over 1 µm in this case) 

[16]. Due to the method of cutting ‘matchsticks’, some information representative 

of the width of the 0.3 mm blade is absent; despite this limitation, the overall 

internal 3D damage structure can be identified. A colour key is shown where blue 

represents the presence of delamination and each of the other colours represents 

intralaminar damage occurring in that particular ply. For clarity, the delaminations 

are labelled in Figure 6.3 i-iv at the 3/4, 5/6, 6/7 and 7/8 ply interface respectively. 

In both of the material systems, a similar damage interaction and morphology is 

observed on this scale. A characteristic “cone” of impact damage is formed around 



150 
 

the impact site, consisting of a network of delaminations interlinked by intralaminar 

matrix cracks. These intralaminar matrix cracks occur parallel to the direction of 

the fibres and form at tangents to a concentric ring surrounding the impact site. 

This leads to a “spiral staircase” of delaminations consisting of 45° segments that 

form between two matrix cracks of different orientations.  This is consistent with 

other studies using quasi-isotropic layups e.g. [15, 17]. Delaminations always 

occur within the boundaries of matrix cracks on plies of different orientation, 

consistent with initiation of delaminations from critical matrix cracks, e.g. see [15].  

 

Figure 6.3: µCT 3D damage segmentation of impacted 8 ply coupons for untoughened 
(0.6 J) and particle-toughened material (1.2 J). Point of impact is indicated by the arrow 
and grid lines are spaced 5 mm apart. 

 

The extent of the detectable delamination areas was measured at each ply 

interface and is plotted in Figure 6.4. The total delamination areas measured by 

µCT were typically lower than the projected damage areas measured by ultrasonic 

C-scan. There are two contributions to this; the 1 mm XY resolution of the C-scan 

has overestimated the damage area by including damage beneath the impact 
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cone. This is likely due to the ultrasonic probe partially detecting neighbouring 

cracks at these locations. Secondly, the detectability of cracks was limited to 

crack-openings above ~30 % of the voxel resolution; this typically underestimates 

the true extent of the damage areas and crack lengths. Nonetheless, relative 

comparisons to the extent of detectable damage between the two material 

systems can be made. 

Delaminations in this study were observed occurring dominantly within the bottom 

three ply interfaces (non-impacted side) below the mid-plane on both the 

untoughened and toughened systems, although some delamination was also 

observed above the mid-plane in the untoughened system. It is probable that 

coupon bending, induced by the point impact load, led to the formation of tensile 

stresses below the midplane causing a greater incidence of damage on the lower 

half of the material. 

Toughening particles clearly restricted delaminations and in this particular case, 

measurement of delamination areas taken from µCT data when plotted in Figure 

6.4 show that the toughened coupon resulted in a lower extent of delaminations 

across all ply interfaces despite the higher impact energy. Observations in Figure 

6.3 near the outer tips of delaminations in the toughened system show 

discontinuities in the crack, which are attributed to particle-toughening behaviour. 
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Figure 6.4: Delamination areas measured at each ply interface for untoughened (0.6 J) 
and toughened (1.2 J) systems. 

 

Intralaminar crack lengths were measured from the µCT data and plotted in Figure 

6.5 for both systems, for clarity these are plotted on two separate scatter plots with 

each point representing one crack and the number of cracks on each ply indicated. 

Between the untoughened and toughened systems, the incidence of intralaminar 

cracks did not appear to be equivalently suppressed as delaminations in the 

toughened system. Despite the lower level of delaminations, there is a significantly 

greater intralaminar crack density, although crack lengths are of similar lengths. It 

is possible that particle-toughening is most effective at the interlaminar regions 

between plies, consistent with the particles being constrained to these regions 

[18]. 
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Figure 6.5: Scatter plot of the length of each individual intralaminar matrix crack on each 
ply measured from µCT volumes on the untoughened (0.6 J) and toughened (1.2 J) 
systems. Ply 1 represents the impact side and ply 8 the back-face. Numbers above 
scatter points indicates the number of matrix cracks detected and measured on each ply. 
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 SRCL observation of toughening micromechanisms 6.3.2

To identify the micromechanisms of particle-toughening, higher resolution SRCL 

scans were utilised. As noted in the introduction, the non-destructive nature of this 

technique increases the confidence that the observed damage micromechanisms 

were solely caused by the impact event. 

Figure 6.6 shows a 3D segmentation of matrix and delamination cracks at regions 

‘A to D’ on both the untoughened and toughened systems, as viewed at an angle 

towards the back-face of the coupon. Whilst exact centring of the Region ‘A’ scans 

at the mid-point of the impacts was compromised in this case by a slight 

experimental error, ultrasonic C-scan confirmed that the ROIs in Region ‘C’ 

captured the delamination edge regions in both materials, whilst the tips of 

intralaminar cracks were captured in Region ‘D’. 

To understand the role particle-toughening plays, cross-sectional slices from 

SRCL data are shown in Figure 6.7. Similarly to the µCT cross-sections, key 

damage features consist of (i) delaminations and (ii) intralaminar cracks. However, 

an additional level of detail is revealed, the untoughened and particle-toughened 

systems show distinct differences in the delamination micromechanisms and the 

presence of an approximately 20 µm thick resin-rich region (Figure 6.7(iii)) in the 

particle-toughened system. Although toughening particles cannot be directly 

visualised in the present scan data due to the particles being chemically closely 

related to the resin (in contrast to observations made on a different particle 

composition in a previous study with particle sizes of a similar diameter [34]); it is 

probable particles may have induced both crack deflection and crack-bridging 

which are clearly visible (Figure 6.7(iv)).  The resulting ligamented behaviour of the 

delamination is consistent with crack deflection at the crack tip and subsequent 

bridging in the wake. Spacing of the order of ~20-80 µm is observed between 

crack segments. In comparison, delamination cracking in the untoughened system 

is restricted to deflections on the order of a few fibres diameters, < 14 µm. Such 

crack-shielding and bridging mechanisms within the particle-containing matrix are 

consistent with reducing delamination propagation: bridging creates traction 

between plies, reducing the stresses at the crack tip [19], whilst crack deflection 
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reduces the crack-tip stress intensity factor and increases the effective crack area 

[9]. These processes may act in conjunction with an increased process zone 

volume associated with the resin-rich layer [20], allowing greater energy 

absorption with crack propagation [5, 21, 22].  

 

 

Figure 6.6: 3D segmentations of interlaminar and intralaminar cracks from SRCL scans 
taken at region A to D for untoughened (0.6 J upper row), and toughened (1.2 J bottom 
row) systems. 

 



156 
 

 

Figure 6.7: SRCL cross-section of untoughened (0.6 J) and toughened (1.2 J) taken from 
Region ‘B’. The image shows a region below the mid-plane at the same interface plies in 
both systems. (i) indicates delaminations, (ii) matrix crack, (iii) ~20 µm resin-rich region 

and (iv) bridging ligaments. 

 

In both material cases, the crack segments that separate the bridging ligaments in 

the delaminations are oriented at a range of angles between 30°- 45° to the plane 

of the plies, indicating their micro-scale formation is controlled by a combination of 

tensile and shear stresses; similar observations are made in [23].  Macroscopically 

the delaminations under low velocity impact conditions propagate by interlaminar 

shear, which is also consistent with earlier observations [14, 15]. 

In the untoughened system, some local resin-rich regions (> 10 µm thickness) 

were present between ply interfaces as shown in Figure 6.8(i). These were 

typically less than 5 % of the total interface surface area. This led to cracks with 

local deflections of similar characteristics to the toughened material. Such resin-

rich variations during the manufacturing process will affect the local effective 

toughness and may be anticipated to contribute to variability in the impact 

response.  
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Figure 6.8: SRCL cross-section taken from Region ‘A’ in the untoughened material 
system. Variation in resin thickness led to a rich region present in (i) leading to ligaments 
with similar characteristics to the toughened system. (ii) show microscopic fibre-resin 
debonding. 

 

SRCL cross-sectional images taken from the edge of the impact damage region in 

Figure 6.9 (Region ‘C’) reveal similar delamination micromechanisms as observed 

near the impact site, albeit with smaller crack-openings. This consists again of 

crack deflections of the order of a few fibre diameters (i) in the untoughened 

system and larger scale crack deflection and bridging (ii) in the toughened system, 

demonstrating toughening micromechanisms occurring throughout the damaged 

area.  

Some fibre-resin debonding was observed in Figure 6.9(ii) between the -45° and 

90° in the toughened system, similar behaviour is also shown in Figure 6.8(ii) in 

the untoughened material system. The observed frequency of this behaviour was 

less than 1 % of the total delamination area in the toughened material system and 

is therefore anticipated to have little effect on the key toughening mechanisms 
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discussed or the macroscale response. For the untoughened system, the lack of a 

thick resin-rich region made this observation difficult to distinguish from 

microcracking and could only be detected unambiguously in thick resin-rich areas 

(> 10 µm thick).  

 

Figure 6.9: SRCL cross-section taken from the edge of the damaged area in Region ‘C’. 
(i) crack deflection on the order of single fibre diameters and (ii) fibre-resin debonding. 

6.4 Discussion and conclusions 

The µCT and SRCL techniques have been applied to provide novel 3D insights as 

to the micro-mechanical damage mechanisms responsible for impact damage 

resistance in CFRP materials. The particle-toughened system tested exhibited 

clear improvements in delamination growth resistance where delamination 

suppression is critical to retaining post-impact compression strength. Toughening 

clearly induces extensive crack deflection and crack bridging within the ~20 µm 

thick inter-laminar resin-rich regions, which contain the great majority of 

toughening particles.  Delaminations in the untoughened system were relatively 

planar, with little or no bridging, being constrained to local deflections of the order 

of a few fibre diameters within the relatively thin interlaminar region.   
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It is probable the presence of particles within the interlaminar region is highly 

effective at suppressing delaminations, but less so with intralaminar matrix cracks. 

Despite a larger impact energy used, the toughened system resulted in a lower 

extent of detectable delaminations in the µCT scans. However the lengths of 

intralaminar cracks were similar compared to the untoughened system. Further 

study comparing both systems impacted at the same energy would be required to 

confirm the influence of particles on matrix cracks.  Such ineffectiveness of 

interlaminar particle toughening to reduce intralaminar damage may be identified 

as a weakness in cases where water ingress [24] or post-impact fatigue damage 

growth [25] are of concern.    

Overall the work presented in this chapter highlights the potential for the use of 

complementary, multi-scale, 3D X-ray scanning methods to relate the 

micromechanical damage behaviour to the macroscopic mechanical responses of 

composite materials and structures. 
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Chapter 7   
 
The influence of toughening-
particles in CFRPs on low velocity 
impact damage resistance 
performance 
 

In this chapter, the role of particle-toughening for increasing impact damage 

resistance in carbon fibre reinforced polymer (CFRP) composites is investigated. 

Whilst chapter 6 highlights the key toughening micromechanisms, this chapter 

quantifies this behaviour across five material systems to establish the 

effectiveness of the various toughening mechanisms on damage resistance. 

These systems consisted of four particle-toughened matrices and one system 

containing no toughening particles that were subjected to low velocity impacts 

ranging from 25 J to 50 J. This was conducted so as to rank the impact damage 

resistance of each material system. Instrumented impact and ultrasonic C-scan 

were used to compare the damage resistant properties between the material 

systems. Synchrotron radiation computed tomography (SRCT) enabled a novel 

approach for damage assessment and quantification, including an accurate 

estimation of the damage area by mode and location. Toughening mechanisms 

were detected in the particle-toughened systems consisting of particle-resin 

debonding, crack-deflection and crack-bridging. Quantification of the bridging 

behaviour was undertaken as a function of distance from the crack tip, and in the 

wake of the crack the increase in crack path length and surface roughness was 

measured. Out of the three toughening mechanisms measured, particle systems 

exhibited a larger extent of bridging suggesting a significant contribution of this 

toughening mechanism compared to the system with no particles.  
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7.1 Introduction 

In chapter 6, impact damage assessment was performed to gain a preliminary 

understanding of the influence of particle-toughening in controlling the impact 

damage resistance of laminated fibre composite material systems. It was revealed 

that particles had a considerable effect on suppressing delamination growth 

through various observable toughening mechanisms. The three key mechanisms 

observed were crack-tip shielding through bridging ligaments, crack deflection, 

and increasing the crack path length. This is in agreement with other studies 

where inclusion of particles in a matrix is reported to develop a variety of 

micromechanisms that may contribute to energy absorption and crack-tip shielding 

processes [1]. This includes: crack deflection, crack bridging, crack-tip blunting, 

particle-matrix interface debonding, and particle-induced localised yielding [1-7]. 

Whilst these micromechanisms are generally agreed to be present, there is much 

debate regarding which of these contributes significantly to toughness. There are 

many factors that may be anticipated to contribute to this such as particle size, 

particle geometry, volume fraction, particle/matrix interfacial adhesion and particle 

elastic properties, making comparisons difficult between published studies [1, 5, 8, 

9]. A better understanding of the toughening micromechanisms which contribute 

most significantly to damage resistance is therefore required. This will enable the 

development of future toughened systems by focusing on improvements to the 

micromechanisms which work best. 

The present work compares four particle-toughened systems and one system with 

no particles (untoughened) to gain a phenomenological appreciation of the roles 

that particles may play in impact damage resistance. To complement traditional 

methods of instrumented impact testing and ultrasonic C-scan inspection, 

synchrotron radiation computed tomography (SRCT) has been used for the 

assessment and quantification of damage micromechanisms. The use of SRCT in 

composite damage analysis has been reported previously [10-14]. To the authors 

knowledge this is the first time such high resolution CT has been used to assess 

the three-dimensional micromechanistic role of toughening particles after impact, 

with novel quantification of crack deflection and bridging processes being 

provided. 
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7.2 Materials and testing procedure 

This chapter studied the five 4.5 mm thick material systems listed in section 3.1.2. 

Coupons were impacted at 25, 30, 40 and 50 J with three repeats for each energy 

level; this followed the procedure listed in section 3.2. After impact the projected 

damage area and dent depth were measured, see sections 3.5 and 3.6 

respectively. 

Material systems destined for SRCT scans were all impacted at 30 J. After a C-

scan was performed to identify the projected damage area, a region of interest 

consisting of a ‘cube’ was cut at the edge of the damage area, see section 3.8.2. 

This was mounted on an SEM stub to make use of automated sample handling 

facilities at TOMCAT [15]. A voxel size of 1.5 µm was used at 19 kV with a sample 

to detector propagation distance of 39 mm to enable imaging in the edge detection 

regime. 

In processing SRCT data, some quantification was performed to measure the 

extent of bridging, increase in crack path length, and roughness. This is described 

in section 3.9.3. In addition to this, some segmentation was performed to illustrate 

the 3D nature of damage; this process is described in section 3.9.2.  

The T2 system was studied in greater detail using cross-sectional microscopy. The 

procedure can be found in section 3.7. 

7.3 Results and discussion 

 Mechanical testing 7.3.1

The results of the mechanical testing are summarised in the graphs shown in 

Figure 7.1 to Figure 7.4. The projected damage area from ultrasonic C-scanning is 

plotted against impact energy in Figure 7.1 to give an overall representation of 

damage resistance for each of the materials. Damage areas were normalised 

against the largest measured damage area allowing trends between the material 
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systems to be compared. The variability of damage area between repeated tests 

was considered reasonable across all systems (on the order of ±10 % in terms of 

total range), with the exception of T3, with best fit lines being plotted. A linear fit is 

not shown for the toughened T3 system due to greater variability seen in damage 

areas in this system at the two highest impact energies (~40 and 50 J). 
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Figure 7.1: Plot of normalised projected damage area vs. impact energy. 
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Figure 7.2: Plot of energy absorbed vs. impact energy. 
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Figure 7.3: Plot of dent depth vs. impact energy. 
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Figure 7.4: Plot of impact force vs. deflection - a load drop is observed on the UT and T3 
system indicated by the arrows. 

 

In general, a positive linear correlation between impact energy and projected 

damage area is observed. There is a clear distinction in impact damage resistance 

between the UT system and the T4 particle system for all impact energies tested. 

The T4 system is shown to suppress the extent of damage by approximately four 

times compared to the UT system, and outperforms the other three particle 

systems in terms of damage area for a given impact energy. T1 and T2 materials 

fall between the bounds proscribed by UT and T4, with T2 showing a small but 

consistent improvement over T1. The cause of the scatter in the T2 and T3 

systems at the higher impact energies is unknown: careful cross-checking for 

anomalies in the instrumented impact data and sample micro-structures revealed 

no simple explanation of variations between otherwise identical tests. For the 

purpose of this chapter, impacts of 30 J are studied in greater detail from SRCT 
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scans; at these energies, variability between individual tests is modest (within -

±10 % of the trend lines). A clear separation is seen between the untoughened 

and particle-toughened systems, and there is a consistent ranking of damage area 

resistance (low to high) UT < T1 < T2 ≈ T3 < T4. 

Comparing the impact damage resistance against mode II fracture toughness, the 

T4 systems with the highest fracture toughness correlated to the highest impact 

damage resistance. Regarding the other particle-toughened systems there is little 

correlation between mode II fracture toughness and the corresponding impact 

damage resistance performance which suggests a possible strain-rate 

dependency for these material systems. For example the T2 and T1 systems had 

the lowest and second highest mode II fracture toughness values respectively yet 

still resulted in similar impact damage performance. This highlights the unreliability 

of fracture toughness values that are determined through quasi-static tests to 

inform the damage resistance under dynamic impact events, even when classed 

as low velocity. For this reason, it is important to relate the SRCT observations 

and measurements on impact data, as discussed later, directly to its effect on 

impact damage resistance. 

The energy absorbed by each of the five materials is plotted against impact energy 

in Figure 7.2. For each system there is a distinct linear correlation (R2 values in the 

order of ~0.97) of increasing absorbed energy with increasing impact energy. 

Variations between materials are generally modest, with the UT material exhibiting 

the highest absorbed impact energies, and T2 and T3 exhibiting the least.  

Interestingly there is no simple mapping of the ranking of damage resistance (by 

C-scan measured areas) to the absorbed energies. One explanation is that C-scan 

typically only measures the projected delamination area however the energy 

absorbed can go to local deformation, matrix cracking, delaminations and fibre 

fracture [16]. This can be further complicated by the energy release rate [17] 

where more energy is required to propagate delamination and by the distribution of 

the delaminations. 

Dent depth was plotted against impact energy in Figure 7.3. At the energies 

tested, dent depth increases approximately linearly with impact energy for all 

systems (R2 values ~0.95). At 25 J, all systems exhibit roughly the same impact 
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dent depth of ~0.15 mm. At higher impact energies there is a clear divergence, 

with the UT system exhibiting the largest dent depths. However again, the damage 

resistance of the material does not correlate simply with the extent of the dent. In 

this case the T4 material with the best damage resistance properties resulted in 

the second largest dent depth for a given impact energy. The lowest dent depth 

was observed in the T2 and T3 systems. Impacts around 25 J for the untoughened 

composite, and 30 J for the toughened systems, fell within the typical BVID regime 

(~0.3 mm dent depth). Interestingly the ranking of absorbed energy correlates with 

dent depth. The T1 and T4 systems may exhibit greater local ductility hence the 

larger absorbed energy and dent depth compared to the T2 and T3 systems.  

A plot of impact force against deflection is shown in Figure 7.4 representing impact 

from each of the five material systems subjected to a targeted 30 J of impact. The 

absorbed energy represented by the area contained in the hysteresis loop clearly 

shows the UT material has absorbed the greatest energy, consistent with Figure 

7.2. It is also clear that the 30 J impact led to a higher deflection on the UT system 

compared to the toughened systems, approximately 4.5 mm and 4.0 mm 

respectively. The greater deflection in the UT system could explain why the T2 

system resulted in a lower extent of impact damage despite having a lower mode 

II fracture toughness value. This is discussed in chapter 8 where low velocity 

impact and quasi-static indentation loading conditions are compared. 

Beyond some mild oscillations in load seen in all cases, a distinct load drop was 

consistently seen in the UT and T3 tests as indicated by arrows. It has been 

reported previously [14, 18, 19] that the load drops arise from the effective 

brittleness of the material, indicating the onset of delamination and sudden loss in 

stiffness. Higher toughness systems generally tend not to exhibit a load drop, but 

exhibit non-linearity during the load increase during impact [7].  

 Damage micromechanisms 7.3.2

Cross-sectional SRCT slices showing delaminations near the crack tip of each of 

the material system are presented in Figure 7.5. A typical delamination crack is 

shown occurring in the interlaminar regions between two ply interfaces as 
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illustrated in (i). In contrast to UT, the delaminations in the T2 system (ii) are 

observed to propagate within the intralaminar region, typically several fibre 

diameters into the corresponding ply. This mechanism was confirmed via cross-

sectional optical microscopy on another test coupon to check for conformity of this 

feature, see Figure 7.6. 

 

 

 

Figure 7.5: SRCT cross-section of delamination formation towards the edge of the 
damaged region for materials subjected to 30 J impact. (i) delamination within the 
interlaminar region, (ii) delamination/longitudinal ply split within the intralaminar region, (iii) 
resin-rich region, (iv) multiple crack formation, (v) close up of overlapping crack deflection 
in the T1 region indicated by the box. 
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Figure 7.6: Optical cross-section showing delamination formation in the T2 system. 

 

A key microstructural difference between the UT system and the four particle-

toughened systems is clearly the presence of an approximately ~20 µm thick 

resin-rich region, as highlighted in Figure 7.5 (iii), attributable to toughening 

particles occupying space within this region [20]. The thickness of the resin-rich 

region is consistent across all four particle-toughened systems studied despite a 

difference in particle sizes used for the study. This is largely attributed to the 

consistent particle-resin concentration by weight between systems, i.e. smaller 

particle sizes enabled more particles to be used resulting in a similar volume of 

particles occupying the resin-rich region. 

The resin-rich region appears to play a direct role in toughening in the T1, T3 and 

T4 systems, with failure occurring both within and at the interface of these regions. 

The echelon crack segments indicate that failure occurred predominantly locally in 

shear in agreement with the results presented in chapter 6 and a previous study 

[20]. Such behaviour supports the hypothesis that delamination propagation 

caused by low velocity impact occurs predominantly in mode II [19, 21-23]. 

In the case of the T1 and T4 systems where the particles can be directly observed 

in the SRCT images, deflections of cracks are observed around the particles 

(particle-resin debonding), this is shown in Figure 7.5 (v). Such deflection can be 

seen to increase the crack path length, and hence has the potential to increase 

energy absorption. Additionally, crack bridging is observed, creating traction sites 

between the upper and lower crack faces. Whilst toughening particles in the T3 

material system could not be visualised directly, the crack morphology is 
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comparable to both the T1 and T4 systems, with the extent and frequency of crack 

deflection lying between these two systems. 

In the T4 system, smaller particles enabled two to three particles to fill the 

thickness of the resin-rich region instead of single large particles as seen in the T1 

system.  In some instances this appears to have allowed crack bifurcation as 

highlighted in Figure 7.5 (iv) within the thickness of the interlaminar region, 

increasing the fracture surface area within a shorter crack length. However, the 

frequency of such multiple crack formation instances was low - accounting for less 

than 1 % of the total damage area investigated, and therefore may be considered 

a relatively minor micromechanical effect. 

An in-plane cross-sectional slice of delamination micromechanisms in the T1 

system is shown in Figure 7.7; the box in (a) highlights the location of the 

magnified image in (b) which is ahead of the main delamination crack tip. A 3D 

segmentation of this region in (c) shows the crack morphology within this region 

with cracks represented in red and particles in grey. Particle-resin debonding is 

highlighted at points (i) and (ii), with similar processes also being observed in the 

T4 system. Such particle-resin debonding may be seen as an energy absorption 

process itself, occurring well ahead of the main continuous crack in a process 

zone, although the energy absorption relative to that of neat resin failure is not 

strictly known. Such discontinuous failure also leads to bridging ligaments in the 

crack wake with particles bridging between the crack faces. Failure of these 

ligaments in the wake of the crack was observed to occur predominantly through 

complete debonding of the particle-resin interface causing a loss in traction across 

the ligament. From the SRCT data, fracture of particles was not detected in the T1 

system, and was difficult to resolve in the T4 system. 

It is very apparent from the 3D SRCT imaging that the distinction between such 

processes occurring ahead of, or in the wake of such ligamented and deflected 

cracks, is difficult to distinguish and may be best considered overall as a 

continuous semi-cohesive zone. Observations of delaminations at the fibre/matrix 

interface at points (iii) and (iv) show crack propagation parallel to the fibre 

directions at these boundaries, most likely consisting of fibre-resin debonding. This 
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effect accounted for approximately 4 % of the total delamination area in the T1 

system, and is also observed in the wake of the crack circled in Figure 7.9 (i).  

 

Figure 7.7: T1 SRCT volume showing (a) cross-sectional slice of delamination at the 
resin-rich region, the box indicates a close up location shown in (b) with (c) showing a 3D 
segmentation of cracks in red, and particles in grey at this representative region. (i) and 
(ii) indicates particle-matrix debonding, (iii) and (iv) highlight delamination cracks 
propagating along the fibre-resin interface . 

 

In terms of the potential toughening mechanisms described above for particle-

containing materials, the behaviour of the UT system reveals clear differences: in 
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Figure 7.5 the absence of particles and a thick resin-rich region evidently confines 

delamination cracking to a narrower interface layer; with little or no crack deflection 

and bridging. Whilst there is some ligamented behaviour in the crack wake, these 

ligaments have cross-sections of the order of a single fibre spacing, i.e. 

considerably smaller than those observed in the T1, T3 and T4 systems. 

As shown in Figure 7.5 (ii), delamination in the T2 system takes a different path 

and has a different morphology compared to the other particle-toughened 

systems. Despite the presence of a similar resin-rich interface region, the great 

majority of delaminations observed in this material deflected out of the resin-rich 

region and propagated within the adjacent ply, parallel to the ply interface. It is 

possible that the local particle-resin interface toughness is high enough to prevent 

damage formation from occurring in the interlaminar region as evidenced by a lack 

of echelon cracking in this region, and this may also be linked to the stiffness 

mismatch between the particle and resin. For this reason, it may be the cause for 

the crack path to propagate into the intralaminar region following a path of lower 

resistance. The deflection of delaminations into the intralaminar region results in 

the potential reduction of energy absorption and crack tip shielding processes 

experienced in the interlaminar region as observed in the other particle-toughened 

systems. This potentially contributed towards the lowest mode II fracture 

toughness in comparison to the other systems and has a direct effect on its ability 

to suppress the extent of damage area as evidenced by a lower damage 

resistance compared to the T4 system. 

A schematic shown in Figure 7.8 summarises the key toughening 

micromechanisms discussed in this section acting within the resin-rich region. In 

the process zone ahead of the crack tip there is abundance of particle-resin 

debonding sites and to a lesser extent fibre-resin debonding. In the wake of the 

crack, ligaments form consisting of both particles and resin enabling a load 

transfer bridging the crack faces. Failure of the ligaments occurred predominantly 

through debonding between the resin and particle interfaces and fracture of 

ligaments consisting of resin. It is possible that fracture across the particle may 

have also occurred. Higher resolution SRCT data are needed to determine the 

presence and extent of this behaviour. The ability for SRCT to detect geometrical 

information enables numerical quantification of the extent of bridging ligaments 
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near the crack tip and the extremity of crack deflection and increase in crack path 

length in the crack wake. One of the key questions is whether these toughening 

parameters correlate with an increase in impact damage resistance, and this is 

discussed in the next section. 

 

Figure 7.8: Schematic of toughening micromechanisms. 

 Quantification of crack path length, roughness and crack 7.3.3

bridging 

Several toughening parameters were measured from SRCT data: crack path 

extension, roughness, and bridging behaviour. Measurement of these parameters 

would indicate if there is any significant contribution from these toughening 

mechanisms and how they compare between material systems of varying impact 

damage resistance.  

Measurements of crack path length and crack surface roughness were made in 

regions within the wake of the crack as presented in Figure 7.10. A plot of actual-

to-projected crack length ratio for each of the material systems tested is shown in 

(a) and roughness in (b).  The measurement of these two parameters is indicative 

of an increase in fracture surface area, and crack deflection. It is generally agreed 
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that an increase in crack path length would absorb more energy through increased 

fracture surface area i.e. more energy is required to propagate the crack [8]. 

Toughening through crack deflection is obtained by deflecting the crack so that its 

orientation is away from the path of maximum global strain energy release rate. 

 

Figure 7.9: SRCT segmentation of delamination areas taken in the wake of the crack at 
the same ply interface position for the five material systems. (i) Delamination cracks 
propagating along the fibre-resin interface. 

 

Across all the systems, there is an increase in crack path length due to some 

degree of crack deflection. The increase in crack path length was lowest in the UT 

and T2 systems, presumably due to the constraint imposed on the crack path by 
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the relatively thin interlaminar (UT) and intralaminar (T2) resin regions. In the T1, 

T3, and T4 systems, a greater extent of crack deflection is evidenced by a 

consistent but modest increase in the actual-to-projected crack path length ratio 

(from ~1.2 to 1.4).  This has led to an increase in fracture surface area (~17 %) in 

the toughest T4 system, therefore increasing the energy absorption associated 

with generating the projected crack area. This is a small but important contribution 

to toughness, however, in this case the marginal increase in crack path length is 

unlikely to have a significant contribution to the overall impact damage resistance, 

which is in agreement with a previous study [8]. 

The measurements of crack wake roughness in terms of Ra are broadly consistent 

with the qualitative observations of crack deflection and crack length 

measurements: the particle-toughened systems show greater crack roughness in 

the crack wake compared to the untoughened and T2 systems, as shown in Figure 

7.10 (b). Toughness does not scale simply with surface roughness however, with 

the T4 system exhibiting the greatest toughness but only an intermediate Ra value.  

The high surface roughness observed in the T1 system is due to the larger 

particles used in this system and these lead to large deflected crack segments, 

relative to the other systems. In comparison, the T4 system, in spite of 

approximately 30 % less roughness, an indicator of shorter crack deflections, 

showed approximately 120 % more deflected segments, resulting in a larger crack 

path extension. It is difficult to discern whether crack deflection contributed 

significantly to toughness by reorienting the crack to a plane of lower stress. It is 

also possible that a contribution to the toughness resulted from the deflection of 

the crack leading to bridging ligament formation, which is discussed subsequently. 
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Figure 7.10: (a) Ratio of actual-to-projected crack length for each of the material systems 
tested. (b) Fracture surface roughness across the five material systems. Error bars 
indicate standard error in mean values based on 50 crack wake segments of ~750 µm 
length measured for each case. 
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Extents of crack wake bridging and the numbers of crack segments are plotted in 

Figure 7.11 and Figure 7.13 respectively. The extent of interconnectivity shown in 

Figure 7.11(a) is greater near the crack tip in the particle-containing systems; 

approximately 70-100 % more compared to the untoughened system.  With the 

exception of the T2 system, it is evident that the extent of bridging drops as a 

function of distance from the crack tip. This decrease may be simply associated 

with increasing ligament strain, and hence the propensities for ligament failure; as 

crack-opening displacements grow larger with increasing distance from the crack 

tip. The T3 and T4 systems have a ~30 % smaller average ligament size near the 

crack tip compared to T1 and T2, see Figure 7.11(b), however there is 

approximately double the number of ligaments, as shown in Figure 7.13(a) and (b) 

- and this has led to a larger accumulated extent of bridging. 

The scattered nature of bridging in the T2 system in the crack wake circled in 

Figure 7.11(b) is due to the crack deflecting from the intralaminar region into the 

resin-rich region, see (i) in Figure 7.12. 
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Figure 7.11: Plot of bridging behaviour as a function of sub-area distance from the crack 
tip. (a) The total interconnectivity in each sub-area, and (b) the average ligament size in 
each sub-area. The circled region in the T2 system represents the crack deflecting back 
into the resin-rich region. 
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Figure 7.12: Cross-section of T2 system. (i) Crack deflected into resin-rich region at 900-

1500 µm from crack tip. 

Two categories of bridging sites as a function of sub-area distance from the crack 

tip are represented in Figure 7.13 consisting of: (a) oblique and (b) perpendicular 

cracks. The proportion of oblique ligaments is generally much lower than the 

perpendicular ligaments, with the exception of the large particle-containing T1 

system, where a consistently greater proportion of oblique ligaments is seen.  In 

relation to damage resistance, it is clear that the more resistant materials (T2-T4) 

are dominated by perpendicular ligament formation, particularly in the near-tip 

region. 
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Figure 7.13: Plot showing average number of bridging sites in sub-area for (a) overlapping 
and (b) non-overlapping crack segments. 
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With the exception of T2, the average size of the ligaments decreases away from 

the crack tip. This is due to the growth of crack segments reducing the size of the 

bridging ligaments, Figure 7.11(b). The T3 and T4 systems have a larger number 

of non-overlapping crack segments, which decrease in number density with 

distance from the crack tip. This decrease in number is attributed to crack growth 

and fracture of the bridging ligaments. This characteristic is observed in the UT, T1 

and T2 systems beyond 1.2 mm from the crack tip. 

It is clear that bridging ligaments near the crack tip, as represented by the total 

interconnectivity in Figure 7.11(a), offers some indication to the corresponding 

impact damage resistance performance and can be ranked in terms of low (UT), 

intermediate (T1, T2 and T3) and high (T4). However, the relative improvements to 

the extent of interconnectivity between systems do not always correlate to the 

same magnitude of improvements in impact damage resistance, particularly 

between T3 and T4 systems. This suggests that whilst bridging ligaments may 

offer a significant contribution towards impact damage resistance, it is likely to be 

in conjunction with other parameters not measurable through SRCT, which can 

only capture geometrical information. 

A key question is how the T4 system provides superior damage resistance, 

quantified as a 75 % reduction in damage area at a similar impact energy level 

compared to the untoughened system. Due to the difference in failure in the T2 

system, the most direct micromechanistic comparisons may be drawn between the 

materials exhibiting true interlaminar failure, i.e. UT, T1, T3 and T4. From the 

quantification of the increases in crack path length, roughness, and bridging 

behaviour, both T3 and T4 systems show comparably similar results despite a 

50 % lower projected damage area in the latter material system. This is interesting 

as one would expect to see a significant increase in the extent of one of these 

mechanisms. This suggests that whilst these toughening contributions are 

important characteristics to consider, there are additional factors that need to be 

understood which are not measurable from the SRCT data, therefore requiring 

other complementary techniques. These include, but are not limited to the inelastic 

deformation in the bridging ligaments, the resulting bridging traction-deflection 
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behaviour, interfacial strength between the particle and resin, energy absorbed by 

particle-resin interfacial debonding, and other factors such as fibre fracture. 

7.4 Conclusions 

As evident from mechanical testing and ultrasonic C-scans, particle-toughened 

systems show an improvement in low velocity impact damage resistance 

compared to an untoughened system. In this study, the T1, T2 and T3 systems 

improved damage resistance by a factor of two, and the T4 system by a factor of 

four when compared to the untoughened (UT) system at a 30 J impact. A poor 

correlation between mode II fracture toughness and corresponding impact damage 

resistance was observed across the material systems studied suggesting strain-

rate dependency on some systems. For this reason, characterisation of toughness 

observations and measurements from SRCT impact data were compared directly 

to the impact damage resistance performance. 

SRCT revealed that the toughening behaviour in the T1, T3 and T4 systems 

consisted of particle-resin debonding, crack bridging and crack deflection. In the 

T2 system, delaminations were driven into the intralaminar region with little 

damage existing in the interlaminar region. The lack of damage in this region 

points to a potentially high particle-resin interfacial strength causing failure to occur 

via the next competing fracture mechanism i.e. the intralaminar region, resulting in 

poor overall impact damage resistance. 

Quantification of the increase in crack path length, roughness and bridging 

behaviour was undertaken via SRCT-derived images. A small ~17 % increase in 

crack path length was observed in the toughest system. It is considered the 

contribution of increase in crack path length as a toughening mechanism is small 

in comparison to the extent of bridging where a significant increase in this 

mechanism was observed in particle-toughened systems which correlated with 

gains in impact damage resistance. Whilst this study quantified these behaviours, 

it was unable to correlate this to the superior damage resistance in the T4 system, 

suggesting that other mechanisms need to be considered and further 

complementary work is required. 
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The measurements provided in this chapter indicate the potential of high resolution 

computed tomography to quantify the relative effects of toughening mechanisms in 

structural materials.  The ability to quantify these mechanisms is an important 

element in the independent calibration of micro-mechanical models for fracture 

and failure processes.  This represents an opportunity to pursue a strategy of 

data-rich mechanics, whereby limited numbers of in situ experiments can yield 

sufficient data to allow for the validation and calibration of sophisticated damage-

based micromechanics models. 
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Chapter 8   
 
An investigation of low velocity 
impact and quasi-static indentation 
loading on composite materials 
 

This chapter investigates low velocity impact and quasi-static indentation (QSI) 

loading in four particle-toughened composite systems and one untoughened 

system. For impact tests, a range of energies were used between 25 to 50 J. For 

QSI, coupons were loaded and unloaded at increasing increments from 2 to 5 mm 

to allow for monitoring of damage initiation and propagation. In both the impact 

and QSI experiments, non-destructive inspection techniques were used, including 

ultrasonic C-scan and X-ray micro-focus computed tomography (µCT). These 

techniques are complemented with instrumentation to capture force-displacement 

data. Results show similarities between low velocity impact and QSI loading with 

regard to the projected damage area as a function of applied energy in all but two 

of the material systems which showed differences above 30 J. On these two 

systems, a lower damage area was recorded under QSI compared to impact at the 

highest energies with a corresponding increase in crack bridging behaviour. µCT 

enabled the evolution and distribution of delaminations to be quantified. 

Observations from QSI tests show that delaminations initiate and propagate below 

the mid-plane at the early stages of loading. At increasing out-of-plane 

displacements, the distribution of delaminations evens out across each of the ply 

interfaces throughout the thickness, with fibre fracture observed at the highest 

loads. The toughest system could accommodate more displacement prior to 

initiation of delaminations. Fibre fracture was observed at lower displacements in 

the toughened systems compared to the untoughened system. 
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8.1 Introduction 

In addition to low velocity impact, composite structures may be susceptible to 

damage from non-transient out-of-plane point loads which can be represented 

using quasi-static indentation (QSI) experiments. It is reported by many studies 

that the two loading conditions yield similar damage characteristics in both 

experimental and analytical cases due to the analogous loading and boundary 

conditions that may arise [1, 2]. Controlled QSI loading may therefore present a 

valuable experimental strategy to imitate the chronology of processes occurring 

during impact. The non-destructive inspection capabilities of µCT [3] may then 

offer a powerful approach to monitor the evolution of damage, with the initiation 

and development of damage being measured with increasing displacement loads. 

Despite the similarities between QSI and impact, it is of course clear that QSI does 

not introduce the same dynamic and time-dependent components of impact 

events. It is debated within the literature as to the limits of utilising QSI to 

represent low velocity impact events, e.g. [1, 4]. 

In studies that compare QSI to impact loads, similarities have been reported in C-

scan damage area and load displacement curves [5-11]. Whilst this provides an 

understanding of the general damage resistance response of such systems to 

loading, it neglects to identify if there are similarities in the interaction of different 

damage modes and if there are underpinning mechanistic similarities or indeed 

differences. Whilst previous studies have captured the micromechanisms of 

damage under increasing QSI loading, e.g. using cross-sectional microscopy, no 

time resolved 3D analysis has been reported. Such information may play a 

significant role in validating finite element models and guiding future toughening 

strategies, in which toughness may for example be targeted to certain ply 

interfaces [12].  

This chapter aims to delineate and understand the micromechanical similarities 

and differences between QSI and impact damage in four particle-toughened and 

one untoughened composite system. Additionally, through use of interrupted QSI 

tests, this chapter aims to characterise the initiation and development of damage 
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with increasing out-of-plane displacements. µCT is used to provide novel, detailed 

comparisons of damage under low velocity impact and interrupted QSI conditions, 

complementing ultrasonic C-scan, dent depth and force-displacement data. 

8.2 Materials and test procedure 

The materials and testing procedures used in this chapter are described briefly 

here, with further details being found in chapter 3. 

One untoughened (UT) and four particle-toughened (T1-T4) systems were studied 

using ~4.5 mm thick quasi-isotropic test coupons. Instrumented impact tests were 

conducted at 25, 30, 40 and 50 J and repeated three times for each material 

system. QSI was carried out at incremental applied displacements (2.0, 2.5, 3, 4 

and 5 mm) on the same coupon on each material system and were repeated three 

times. After impact or application of QSI loading to the coupons, ultrasonic C-

scans, µCT scans and dent depth measurements were carried out on intact uncut 

samples. 

8.3 Results 

 Projected C-scan damage area 8.3.1

To assess damage resistance under quasi-static and impact loading conditions, 

normalised C-scan damage areas have been plotted against the applied energies 

in Figure 8.1 for both loading conditions. Data was normalised by dividing the 

measured projected damage area against the single largest damage area in the 

complete data set, i.e. comparisons can be made across all five materials. The 

applied energies for QSI data were calculated by integrating the area under force-

deflection plots for the loading stages e.g. see Figure 8.2. Energies for each 

additional loading step were calculated by adding the energy applied beyond the 

previous displacement to the energy calculated from the previous loading stage to 

give the total energy applied. Applied energies for impacts were based on the 

measured impact energy. 



192 
 

The plots show a linear relationship between damage area and the applied energy 

for impact with the exception of the T3 system where scatter, on the order of a 

factor of two, was observed in the impact data at 40 and 50 J. The gradients of the 

trend lines are reasonably consistent for UT, T1, T2, and T3 systems with T4 

showing a distinctly lower gradient trend line. For the UT system, the trend line 

approximately intersects the origin, and with the toughened systems the intersects 

with the axis occurred between 10-15 J indicating a translation to the data points 

and subsequently lower damage area for a given applied energy in comparison to 

the UT system. 

It is interesting to note the correlation between QSI and impact loading conditions 

for each of the material systems. The UT, T2 and T4 systems represent good 

correlation on QSI data against the trend lines representing impact. However in 

two of the systems, T1 and T3 show a reasonably close correlation up to 30 J and 

a significantly lower damage area response (of the order of two to three times 

respectively) at the highest values of energy applied under QSI conditions 

compared to impact as circled in Figure 8.1. Furthermore, it should be noted that if 

the impact trend line in the T3 system were to follow the lower scattered data, then 

the QSI data would follow good correlation with the trend lines representing 

impact. 
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Figure 8.1: Graphs of normalised C-scan damage areas against the energy applied for 
impact and quasi-static loading conditions. Lines of best fit are shown for impact data. The 
T1 and T3 systems show different trends between QSI and impact loading which are 
circled. 

 



194 
 

A plot of QSI performance for all five material systems is shown in Figure 8.2 

where the normalised damage area is compared against the applied energy. 

These are compared to impact performance rankings, see Figure 7.1 in chapter 7. 

Excellent linear correlations are shown (R2>0.85) indicating the extent of the 

damage area is strongly linked to the applied energy. Studying the QSI 

performance rankings of each material system, the T1 systems shows a significant 

improvement compared to its impact performance, exceeding the T2 system and 

on par with the T3 performance. The T3 system also shows closer performance to 

the most damage resistant T4 system in comparison to how it performed under 

impact conditions. 

The normalised damage area can be directly compared against the applied 

displacement, as shown in Figure 8.3. At a first inspection, the toughened systems 

seem to show similar corresponding behaviour, (i.e. the relative gradients are 

similar between both plots). However, a clear difference is observed for the UT 

system which has a trend line approaching that of the T2 system when damage 

area is compared against applied displacement in contrast to the impact energy 

applied. 

The applied displacement of each load step was compared against the applied 

energy as plotted in Figure 8.4. All four particle-toughened systems display a 

similar response, i.e. for a given displacement, the applied energies are 

approximately the same. The UT system however shows a lower response and 

indicates that for a given displacement, there is a lower applied energy in 

comparison to toughened systems. This difference increases with applied 

displacement; at the highest displacement the UT system resulted in a ~20 % 

lower applied energy compared to the toughened systems. 
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Figure 8.2: Plot of normalised damage area against energy applied for QSI tests on each 
of the five material systems. 

 

Figure 8.3: Plot of normalised damage area against displacement for QSI tests on each of 
the five material systems. 



196 
 

 

Figure 8.4: Plot of QSI applied energy against displacement for all five material systems. 

 Force-displacement comparisons 8.3.2

Force-displacement plots for quasi-static and impact loading conditions are shown 

in Figure 8.5. 40 J impact curves were plotted as a representative comparison with 

QSI due to similar resulting maximum displacement. Loading steps for each of the 

material systems are plotted together and show that the loading cycles on each 

incremental load are consistent as the load-displacement curves intersect or are in 

close proximity to the curves at the end of the previous load steps. The exception 

to this is on the T1 and T4 systems on the last loading stage where a difference in 

load at the previous displacement on the order of 1.5 kN was observed, ~15 % of 

the applied load at that point. Since the energies for each additional loading step 

was calculated by adding the energy applied beyond the previous displacement to 

the energy calculated from the previous loading stage, this may have ramifications 

for calculating the energy applied at the final load step which is likely to be 

underestimated. 

A drop in load was observed in the UT system under both QSI and impact loading 

conditions at approximately ~1.8 mm displacement (see Figure 8.5 (i)). The drop in 
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load under impact conditions occurred at approximately the same displacement 

and force across the range of impact energies tested. Under QSI conditions, the 

load drop occurred at approximately the same displacement and force on the first 

loading stage of each of the three repeated UT samples. 

It is likely that this drop in load is attributed to the brittle nature of this material 

system and corresponded to the onset of delamination which agrees with other 

studies [5, 7, 13]. The magnitude of this load drop was consistently higher at all 

impact energies, approximately 7 kN, compared to that consistently seen in the 

QSI tests, of approximately 5 kN. It is not known whether this difference in load 

drop is associated with the material response to the loading conditions or 

ringing/resonance of the instrumentation used in the impact apparatus. 

Unlike the UT system which exhibited a load drop in the QSI test, the toughened 

systems did not exhibit a load drop, but rather increasingly non-linear load-

displacement curves, as also observed in particle modified composites in [13]. A 

load drop was observed in the T3 system at the displacement indicated in Figure 

8.5(ii) for impact but not QSI. Similar to the UT system, the drop in load was 

observed at approximately the same displacement and load across the impact 

energies tested. This load drop suggests a particular sensitivity to the dynamic 

nature of impact in this system. 

At subsequent repeated loading cycles in the QSI test, there is an increase in non-

linearity at the loading stages of the force-displacement plots, most noticeable at 4 

and 5 mm displacements. This was observed across all material systems and is 

likely due to the loss in bending stiffness arising from delamination formation in the 

previous loading cycles, similar to results reported in [14]. 

At the highest displacement (4 or 5 mm), load drops were observed across all 

material systems indicated in Figure 8.5(iii) and (iv) for impact and QSI 

respectively. In the QSI test with the exception of T4, a smaller load drop (iv) 

preceded a significant load drop (v). This was consistent across all QSI tests when 

the load levels to cause this effect were reached. In the T4 system, the load drop 

indicated by (iv) was of a similar magnitude to the second load drop (v) in the other 

four material systems. The load drops in the impact instance occurred at 
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approximately the same load and displacement for 40 and 50 J cases across all 

the specimens tested. 

 

Figure 8.5: Force displacement curves for QSI and impact loading. 
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 Comparison of QSI and impact from µCT scans 8.3.3

µCT cross-sections of damage from impact and QSI loading conditions are shown 

side by side in Figure 8.6. The T2 system was not scanned due to time constraints 

on the µCT scanner. For like-for-like comparison, the cross-sections shown are of 

similar out-of-plane displacements for both loading conditions, i.e. 25 J for UT and 

30 J for T1, T3 and T4, led to a maximum out-of-plane displacement of 

approximately 4 mm. The peak force reached in the impact case was marginally 

greater but within 10 % of the QSI loading case. As noted above, both impact and 

QSI loading conditions show similarities in damage behaviour. This consisted 

typically of a cone of essentially undamaged material beneath the contact point of 

the tup. In the T4 system, fibre fractures are observed below the mid-plane in both 

loading conditions. Fibre fracture was distinguished against other damage modes 

by observing fracture across plies oriented with the fibres parallel to the page. 

The presence of larger bridging ligaments (circled in Figure 8.6) was only 

observed in the T1 and T3 systems under QSI loads. This is shown more clearly 

on an enlarged view of the T1 system in Figure 8.7. The difference in bridging 

behaviour between the two loading conditions cannot be simply attributed to the 

displacements used in the QSI load case, as displacements and corresponding 

applied energies were in fact smaller in the impact case for these samples 

(~0.2 mm or ~1 J in both material cases).  
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Figure 8.6: µCT cross-sections showing impact damage (left) and quasi-static indentation 
(right) at approximately the same maximum displacement. Observable bridging ligaments 
are circled. 
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Figure 8.7: µCT cross-section comparing impact and QSI loading conditions of T1 system. 
More extensive bridging ligament behaviour is observed in the QSI loading condition. 

 Development of damage  8.3.4

The development of damage was captured from µCT scans in QSI tests as the 

applied displacement was increased. Cross-sections of the damage development 

are shown in Figure 8.8 to Figure 8.11 representing observations made on UT, T1, 

T3 and T4 systems respectively. The deflection and peak-force are indicated on 

each cross-section. 

The T1 system (Figure 8.9) shows a reasonably clear sequence of damage 

initiation and propagation, as also observed in all the particle-toughened systems 

studied. It is revealed that matrix cracks initiate first (i) occurring predominantly 

below the sample mid-plane.  In the toughened systems, matrix cracks are present 

at 2 mm applied displacements; conversely delaminations are shown to be 

suppressed unlike the UT system. With increasing displacements, delaminations 

are observed (ii) initiating at previously formed matrix cracks; in this case bridging 

ligaments are shown which are subsequently fractured at higher displacements 

(iii). At the highest displacement levels, fibre fractures occur (iv) which initiate 

below the mid-plane beneath the impact site due to tensile stresses and becomes 

more substantial (v) as the displacement is further increased. Fibre fracture was 

distinguished against other damage modes by observing fracture across plies 

oriented with the fibres parallel to the page. 
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Studying the µCT cross-sections (Figure 8.8 to Figure 8.11) fibre fracture was 

observed at 4 mm displacements in the toughened systems (T1, T3 and T4) under 

QSI loads and in the UT system this was only observed at 5 mm displacement. 

Initial fibre fracture was observed in the T1 and T3 systems at 4 mm and is 

indicated in region (iv). At 5 mm displacements, a substantial degree of fibre 

fracture was detected on the UT, T1 and T3 systems as indicated by (v), this was 

observed at 4 mm displacement for the T4 system. 

 

Figure 8.8: µCT cross-section of damage from the UT system at increasing QSI 
displacements. Peak displacement and peak forces are indicated. (v) shows substantial 
fibre failure.  
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Figure 8.9: µCT cross-section of damage from the T1 system at increasing QSI 
displacements. Peak displacement and peak forces are indicated. Damage features are 
indicated consisting of (i) matrix crack, (ii) delamination with bridging ligaments, (iii) failure 
of bridging ligaments, (iv) fibre fracture and (v) substantial fibre fracture.  
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Figure 8.10: µCT cross-section of damage from T3 system at increasing QSI 
displacements. Peak displacement and peak forces are indicated. (iv) shows fibre fracture 
and (v) highlighting substantial fibre fracture.  
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Figure 8.11: µCT cross-section of damage from T4 system at increasing QSI 
displacements. Peak displacement and peak forces are indicated. (iv) shows fibre facture 
and (v) highlighting substantial fibre failure.  
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The detectable extent of delaminations from QSI was measured from µCT scans 

at each ply interface and normalised to the largest delamination in that material 

system, see Figure 8.12. This allowed the through-thickness location and 

magnitude of the delamination to be plotted at increasing quasi-static 

displacements. The ply interface number on the plots represents the interface 

location where 1/2 indicates the first and second ply closest to the side in contact 

with the tup. In the UT, T1 and T2 systems, a significant proportion of detectable 

damage exceeded the field of view in the Benchtop µCT scan at 3 and 4 mm 

displacements and at 5 mm in the UT system with the HMX scan, therefore these 

were not plotted. No detectable delaminations were observed in the T4 system at 

2 and 2.5 mm displacements. 

It should be highlighted that the detectability of cracks is dependent on the voxel 

resolution used, in this case cracks with openings less than approximately 3 µm 

would not be expected to be detected (20 % of the voxel resolution) [15]. This 

limitation means that the extent of the actual length of the delamination is likely to 

be underestimated. However, it is anticipated that comparison/ranking is still 

possible between tests. 

In all the toughened systems, delamination predominantly initiates and propagates 

below the mid-plane (Figure 8.12). As the load level increases, the distribution of 

delaminations evens out across the material system. The formation of damage 

initially below the mid-plane agrees with other studies which have considered the 

progressive nature of damage at increasing out-of-plane displacements [7, 14, 

16].The largest delaminations occurred at the last ply interface (23/24) due to 

peeling stresses [17]. In this study, the delamination in the last ply exceeded the 

field of view of the µCT scan at the highest displacement levels. The reported 

delamination length is the measurable length within the field of view. In all tests, no 

delaminations were observed at the 12/13 ply interface, largely due to the same 

ply orientation ([90/90]) used at this interface [17, 18]. 
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Figure 8.12: Graphs showing normalised delamination segment lengths on each 
respective ply after application of incremental quasi-static loads. † Note: on the 23/24 ply 
interface at 5 mm displacement, delaminations exceeded the field of view of the scan and 
would be expected to be greater than recorded. Data was normalised to the largest 
measured delamination within each material system. 

8.4 Discussion 

 Loading rate sensitivity 8.4.1

The use of QSI to inform low velocity impact damage resistance performance has 

been shown to work reasonably well with close correlation between the extents of 

the damage area for a given applied energy under both loading correlations, see 

Figure 8.1. At energies in excess of 30 J, the T1 and T3 systems experience a 
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lower damage area under QSI conditions of the order of approximately two and 

three times respectively.  This difference suggests an upper limit to this 

conformable behaviour, beyond which there are strain-rate dependencies on these 

systems. One of the definitions of “low velocity impact” (as discussed in section 

2.2) is focused on there being a lack of strain-rate dependency. According to this 

definition, the T1 and T3 systems are no longer experiencing a low velocity impact 

event above 30 J. This transition away from a low velocity impact could explain the 

scatter in impact damage area observed at 40 and 50 J in the T3 system. 

The strain-rate sensitivity is shown to affect the ligamented behaviour on both the 

T1 and T3 systems where larger bridging ligaments were present in the QSI case. 

This was shown on µCT cross-sections of the two material systems under impact 

and QSI at similar displacements in Figure 8.6 and Figure 8.7. From the 

understanding that bridging ligaments contribute significantly towards impact 

damage resistance as discussed in chapters 6 and 7, the presence of larger-scale 

bridging ligaments under QSI loads in T1 and T3 systems would appear to offer a 

straight-forward explanation of the load-rate sensitivity of these materials and why 

these systems maintained a lower extent of damage area under QSI loading 

conditions above 30 J.  

To try and capture the strain-rate sensitivity, one suggestion for future work would 

be to test the feasibility of increasing the loading rates of mode II fracture 

toughness experiments and see if it offers comparable correlation to low velocity 

impact performance. 

 Damage characteristics 8.4.2

Comparisons of damage characteristics between QSI and impact show similar 

damage modes and interactions. In both loading cases, an undamaged cone 

formed beneath the contact point. This was preceded by delaminations which 

initiated from intralaminar cracks. Due to the same boundary and loading 

conditions, this is as expected. Where differences do arise, in the case of the T1 

and T3 systems which showed a lower extent of damage area under QSI 

conditions, this was attributed to a larger extent of bridging ligaments. Therefore, 
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the differences in damage morphology between QSI and impact are likely to be 

attributed to the toughening micromechanisms associated with delamination 

formation. Higher resolution scans are however required to clarify as to how the 

micromechanisms between the two loading conditions differ.  

The use of QSI has the benefit of enabling µCT time resolved studies to monitor 

delamination propagation across the through-thickness. From this study it is 

consistent across the three particle-toughened systems (T1, T3 and T4) that 

delaminations predominantly initiated and propagated below the mid-plane first. It 

is suggested that locally introducing additional toughening below the mid-plane 

could prevent the early stages of delamination formation. On the UT system, it is 

unknown whether this system exhibited a progressive or sudden damage growth 

as the first load step exceeded the load drop associated with the onset of damage. 

µCT scans prior to the load drop associated with the onset of damage in the UT 

system would be needed to confirm the behaviour. 

The ability to measure the extent and distribution of delaminations as a function of 

displacement is useful for validating finite element models of QSI and impact 

events. A combination of µCT and ultrasonic C-scan data can provide a more 

accurate description of the delamination size and geometry. This information can 

be used to provide a much more realistic input of initial damage in finite element 

models, e.g. compression-after-impact modelling, in which these models are 

reported to be sensitive to delamination size, location and shape [24]. 

 Load drops and fibre fracture 8.4.3

Combining the force-displacement plots with µCT scans, it is possible to associate 

the load drops that occur towards the highest displacements (4 and 5 mm) with 

fibre fracture, which was present on the back face below the tup. Some initial load 

drops were detected at 4 mm displacement and corresponded to some initial fibre 

fracture below the mid-plane beneath the contact point, and the latter load drop 

associated with significant fibre fracture. This is verified in Figure 8.9, where 

distributed, isolated fibre fracture was observed (iv) and localised fibre fracture 
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was detected (v) which corresponded to the load drops in Figure 8.5 (iv) and (v) 

respectively. 

One interesting observation is the presence of significant fibre fracture which 

occurs at lower applied displacements in the T4 system, i.e. at 4 mm displacement 

in comparison to the other systems where it is present at 5 mm displacement. This 

behaviour appears to be independent of the peak-load reached, the T3 system 

which experienced a greater peak-load at 4 mm displacement showed no 

extensive fibre fracture. It is probable that the formation of a larger damage area 

observed on the other systems relieved the build-up of tensile stresses at the 

back-face of the material, delaying the fibre fracture process as explained by other 

studies [19, 20]. On systems that heavily suppress delamination formation, this 

presents a potential limitation. Considering that fibre fracture has been reported to 

have a detrimental effect on the residual tensile strength [21-23]; this may be of 

particular concern and may be a potential trade-off for toughened systems 

between suppressing delamination growth to maintain compression-after-impact 

strength at the expense of an earlier formation of fibre fracture which may reduce 

residual tensile strength. 

 Corresponding applied energy to out-of-plane displacement 8.4.4

There is a strong correlation between the applied energy and out-of-plane 

displacement for all four toughened systems, as shown in Figure 8.4. The UT 

system showed a lower applied energy for a given displacement compared to the 

toughened systems. This was reflected in the 40 J impact tests for which the 

toughened systems reached a peak displacement of ~5.0 mm and the UT system 

reached ~5.8 mm, see Figure 8.5. The cause of this behaviour is interesting, and 

can be explained by the QSI force-displacement loading curves. Across all five 

material systems, the gradients at the initial loading stage are consistent between 

systems (within 3 %). This corresponds to the very similar initial elastic properties 

between the systems. In the UT system, the load drop attributed at ~1.8 mm, 

reduced the stiffness and subsequently the energy applied needed for a given 

displacement. 
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The difference in displacement and corresponding energy curves highlights the 

need to make damage resistance comparisons across material systems against 

the applied energy. In the UT instance, this system shows poorer damage 

resistance to the toughened systems when using applied energy as a metric in 

contrast to displacement, see Figure 8.2 and Figure 8.3 respectively. Since 

applied energy was calculated by the integration of force-displacement plots, it 

takes into account load drops and different force-displacement loading response 

between material systems and makes straight forward comparisons with impact 

energy. 

 QSI: low cycle fatigue issues 8.4.5

The use of QSI as a method to allow the damage progression to be monitored 

through interrupting the experiment presents potential low cycle fatigue loading 

issues. In this study, the unloading and loading stages do not appear to influence 

the results significantly as evident by the damage areas being lower than the 

impact case in the T1 and T3 systems and correlating reasonably well with the 

other systems. If low cycle fatigue was to influence the data, one would expect to 

see a larger damage area with QSI than impact for all systems. Additionally, the 

incremental loading stages intersect or are in close proximity to the end of the 

previous loading stage on the force-displacement plots in Figure 8.5. 

8.5 Conclusions 

QSI and low velocity impact correlate reasonably well up to a limit with damage 

area corresponding closely with applied energy between both loading conditions. 

There was an upper limit to this correspondence observed in the T1 and T3 

systems. Above 30 J, a lower damage area was recorded on these two systems 

under QSI conditions compared to impact. On these systems, more extensive 

bridging ligaments were detected under QSI loading compared to impact, based 

on µCT observations at similar applied energy levels. The extensive bridging and 

resulting lower damage area augments the evidence provided in chapter 7, in 

which the extent of interconnectivity (bridging ligaments) is shown to correlate with 



212 
 

a reduction in damage area. It is probable that the bridging ligaments in these 

systems are strain-rate sensitive such that a reduction in bridging leads to a 

significant increase in damage area. It can be inferred that a key to achieving 

higher impact damage resistance is to maintain bridging at higher strain-rates. 

In the toughest system (T4), significant fibre fracture was observed at a lower 

displacement (4 mm) compared with the UT system (5 mm). It is suggested that 

the larger extent of delamination damage in the latter system relieved the tensile 

stresses leading to fibre fracture thereby delaying its onset. This suggests a 

potential trade-off in terms of performance and also a practical limit in terms of the 

maximum impact damage resistance that can be achieved. 

Measurements of delamination length at increasing out-of-plane displacements 

showed that the earliest delaminations predominantly initiated and propagated 

below the mid-plane in all the particle-toughened systems tested. As the 

displacement increased, the distribution of damage became more uniform 

throughout the thickness of the coupon. This growth was gradual, starting with a 

very low extent of damage and is likely linked to the toughness of the particle 

systems. It is unknown whether the propagation of delamination in the UT system 

was gradual or sudden. 
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Chapter 9   
 
Observations of damage 
development from compression-
after-impact experiments using ex 
situ micro-focus computed 
tomography 
 

 

The development of damage mechanisms leading up to compression-after-impact 

(CAI) failure is studied in particle-toughened and untoughened systems. Micro-

focus computed tomography (µCT) enabled non-destructive monitoring of the 

internal damage development in three-dimensions (3D) by taking scans after 

impact, after an application of near-failure compression loads and after coupon 

failure. In combination with µCT work, mechanical CAI testing and ultrasonic C-

scans were conducted to determine the effect of the projected damage area on 

residual CAI strength and to complement the observations made from µCT scans. 

The important role of the undamaged “cone” of material immediately under the 

impact site for out-of-plane sublaminate stability is identified. The implication of 

delamination growth into this region is discussed. It was found that where particle-

toughened systems suppressed delamination growth into this region, greater 

residual CAI strength was maintained on a like-for-like projected damage area. 

9.1 Introduction 

It is widely accepted that low velocity impact leads to damage in carbon fibre 

materials which has a direct effect on the residual compressive strength. It is 

reported that the loss in residual compressive strength scales with the size of the 

projected damage area (a representation of the extent of delaminations) [1-11]. 
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This conclusion is based on conventional methods of measuring the damage area, 

typically using ultrasonic C-scans. Whilst this correlation based on projected 

damage area is widely accepted, the controlling mechanisms leading to 

catastrophic failure are still debated and not well understood. Such lack of 

understanding may be attributed to the complex and sudden nature of CAI failure 

making it difficult to identify the critical mechanisms contributing to the loss of 

compressive strength.  

Whilst it is generally agreed that delaminations lead to a reduction in compression 

strength after impact, due to the formation of sublaminates with a reduced flexural 

stiffness which results in the earlier onset of buckling [6, 12], it is the sequence of 

events that is debated. Some studies report that sublaminate buckling leads to a 

sudden growth of damage extending laterally, leading to a sudden failure of the 

coupon [2, 13, 14]. Another reported mechanism is that the buckled sublaminates 

lead to a load redistribution resulting in compressive fibre fracture [4, 15]. One 

study using X-ray radiography to monitor damage growth at incremental 

compressive loads suggests that sublaminate buckling leads to a combination of 

bending and compressive loads in the remaining undelaminated regions. In this 

model the final failure is believed to occur when these stresses exceed the 

maximum compressive stress in the 0° plies [16]. 

To understand damage mechanisms that can develop and contribute towards 

critical failure, this study uses novel µCT experiments scanning coupons at various 

loading stages: after impact, after application of near failure in-plane compressive 

loads and after compressive failure. This technique allows for a non-destructive 

three-dimensional evaluation of the damage development within the same coupon 

[17] and is carried out in combination with conventional ultrasonic C-scan and 

compression-after-impact experiments. The aim of this study is to understand 

better the damage mechanisms leading up to compressive failure and any 

additional contribution towards damage tolerance in particle-toughened systems 

beyond the extent of the impact damage area. Such understanding will aid 

development of damage tolerant material systems and ensure finite element 

models for CAI tests are capturing the correct failure mechanisms in order to 

better predict critical failure loads. 
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9.2 Materials and test procedure 

A brief outline of the materials used and testing procedures are described. Further 

details of the material systems and experiments are provided in chapter 3. 

Experimental procedures are divided into two parts consisting of conventional 

compression-after-impact testing and ex situ µCT studies on incrementally-loaded 

test coupons. 

Compression-after-impact tests were performed on UT and T1-T4 material 

systems. Coupons were impacted at 25, 30, 40, and 50 J with three repeats per 

applied energy and material system. After impact, ultrasonic C-scan was 

performed to measure the damage area. Post-impacted coupons were placed in 

an anti-buckling rig and loaded in compression until failure to measure the failure 

stress. 

To monitor damage progression at near-failure compressive loads, ex situ 

experiments were carried out. Coupons were impacted at 25 J for the UT system 

and 30 J for T1, T3 and T4. A lower incident impact energy was chosen for the UT 

system to enable the majority of damage to be within the field of view of the µCT 

scan. Two regions were locally scanned on each specimen, one directly in the 

vicinity of the impact site, and the other at the lateral edge of the damage area, as 

determined from C-scan. Due to time constraints, the T2 system was not scanned. 

Coupons were µCT scanned after impact and following application of incremental 

load steps near the critical failure load, see Table 9.1. The first load was applied to 

two standard deviations below the mean failure load based on previous 

mechanical testing results. Subsequent loads were incremented at approximately 

2 kN load steps or until audible damage was heard. The UT and T1 system 

reached loads higher than the eventual failure load at load step 5; this is likely 

attributed to sub-critical damage growth weakening the coupons at the load step 

prior to failure. 
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Table 9.1: Sequence of compressive load steps applied. Percentage loads are normalised 
to the measured failure load corresponding to the tested material system. 

 Step 1 Step 2 Step 3 Step 4 Step 5 Step 6 

UT 87.4 % 93.6 % 101.3 % 101.7 % 103.1 % 
100 % 
(Failed) 

T1 81.6 % 94.8 % 101.3 % 102.4 % 106.5 % 
100 % 
(Failed) 

T3 94.1 % 98.8 % 101.9 % 99.6 % 
100 % 
(Failed) 

 

T4 94.0 % 98.3 % 96.6 % 98.7 % 
100 % 
(Failed) 

 

 

9.3 Results and discussion 

 Mechanical testing 9.3.1

A plot of normalised failure stress against impact energy is shown in Figure 9.1. 

Normalisation of failure stress was calculated by dividing the failure stress against 

the largest failure stress in the data set. Across all systems tested, there is an 

approximately linear reduction of in-plane compressive failure stress as the impact 

energy increased. There are clear differences in damage tolerance of the four 

material systems tested, correlating with the impact damage resistance of each 

system. As expected, the UT system exhibits the least damage tolerant properties, 

T2 and T3 showed similar intermediate levels and the T4 system had the highest.  

There was some scatter in the compressive failure stress across all the material 

systems at different impact energies. The effects of scatter made it difficult to 

predict the exact failure load during interrupted ex situ µCT tests which had the 

aim of achieving damage observations at loads near to failure. For this reason, the 

lower bound of failure to two standard deviations, as determined from these tests 

was used on the first loading cycle. 

To show how the extent of the projected damage area correlates with a reduction 

in failure load, these data are plotted in Figure 9.2. The projected damage area 

based on ultrasonic C-scan measurements is representative of the scale of 

delaminations; detailed µCT measurements of impact-induced delaminations 



219 
 

shows the through-thickness delamination distribution to be fairly uniform across 

the though-thickness as presented in chapter 8. The projected damage area was 

normalised by dividing the particular damage area for a particular impacted 

specimen by the largest damage area in the set of data (all materials, all impact 

energies). Comparing the failure stress against the projected damage area, it is 

clear there is a correlation between the two parameters, allowing for the scatter in 

the data. Within the same systems, an increase in projected damage area clearly 

results in a loss in residual compressive strength. It is interesting to note, however, 

that there are variations in the gradients and overall values of the CAI strength-

damage area relationships between material systems. As such it may be 

conjectured that several damage modes or toughening mechanisms may 

contribute to the damage tolerance. Compared to the UT system, the T2 and T3 

systems share a similar gradient across the range studied. However, for a given 

damage area, the T2 and T3 systems showed a higher compressive failure stress, 

in the order of ~30 % more than the UT system. There was also a higher damage 

tolerance exhibited by the T1 system over the UT system, particularly at lower 

impact damage areas. In the most damage resistant, T4 system, the slope is 

significantly steeper than the other systems tested. Whilst T4 exhibits good CAI 

damage tolerance when considered in terms of impact energy, when plotting CAI 

load against damage area, failure loads are in fact quite similar to T1, T2 and T3 in 

the regime where they overlap with the T4 data. It is clear that the CAI failure 

stress decreases considerably more rapidly with damage area in the T4 system: 

extrapolating the T4 and UT results indicates that area-for-area, the T4 material 

may in fact be worse than the UT material at intermediate to high damage areas. 

As such, T4’s CAI engineering performance may be identified as strongly impact 

damage resistance-driven, whilst T2 and T3 demonstrate greater damage 

tolerance for a given impact damage area. Overall it is clear that factors other than 

simple delamination area-controlled buckling contribute to residual CAI strength. 
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Figure 9.1: Graph showing normalised compression-after-impact failure stress vs. impact 
energy for the five systems tested. 

 

Figure 9.2: Graph showing normalised compression-after-impact failure stress vs. impact 
damage area for the five systems tested. 
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 Compression-after-impact µCT damage development 9.3.2

observations 

9.3.2.1 Delamination development 

Some early work prior to this experiment was carried out using ultrasonic C-scan 

to monitor damage growth, see Figure 9.3. As can be seen from the C-scan data, 

no significant increase in projected damage area occurred after application of a 

near failure load. After failure, damage was seen to grow laterally across the 

coupon. 

 

Figure 9.3: Interrupted CAI tests monitoring damage by C-scan undertaken on the T3 and 
UT material systems. 

µCT cross-sections at the impact site after impact and after application of a near-

failure compressive load are shown in Figure 9.4 for the T1 and T3 material 

systems. Common to the UT, T1 and T3 systems, an increase in residual crack-

opening displacement two to four plies from the back face (i.e. opposite to the 

impact site) was observed as highlighted in (i). In combination with an increase in 

crack-opening, delamination growth was clearly detected, propagating into the 

undamaged cone beneath the impact site, e.g. (ii). 
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The sum of the residual crack-opening displacements above and below mid-plane 

was calculated at a particular cross-section using the partial volume correction 

algorithm presented in chapter 5. The measurements were taken 5 mm left of the 

impact site as to not include additional delamination propagating into the 

measured region; these are presented in Figure 9.5. It is clear that in all five 

material systems there is some increase in crack-opening after application of near-

failure loads. Such observations of crack-opening may indicate sub-critical 

buckling of the sublaminates, this is discussed later. 

 

Figure 9.4: µCT cross-sections of T1 and T3 material systems showing: (i) increase in 
crack-opening and (ii) delamination growth into the undamaged cone after application of a 
near failure load. White arrow indicates location of impact and side arrows indicate loading 
direction. 
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Figure 9.5: Measurement of the sum of the residual delamination crack-opening 
displacements above and below mid-plane as measured 5 mm to the left of the impact 
site. 
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Figure 9.6 shows a 3D segmentation of two modes of delaminations: (i) central 

where delaminations grow into the undamaged cone and (ii) 45° segments where 

delaminations grow away from the impact site, constrained at the interface 

between two matrix cracks 45° apart. The 45° delamination segments form a 

“spiral staircase” of delaminations through the thickness of the material; this is 

illustrated by the example shown in Figure 9.7 representing segmented 

delaminations at four ply interfaces with each colour representing a delamination 

at a particular ply interface. The combination of the 45° delamination segments 

forms a near circular pattern surrounding an undamaged “cone” of material 

immediately below the impact site. The projection of the near circular patterns 

represents the damage area typically obtained through ultrasonic C-scan methods. 

Across all systems studied, no detectable delamination growth was observed on 

the 45° delamination segments during loading up to the near failure loads. 

Delamination growth was only observed to occur within the undamaged cone 

region formed by the impact. The distribution of damage surrounding the 

undamaged cone is shown clearly in a 3D segmentation of the UT system in 

Figure 9.8. 

To quantify this “inward” delamination growth, the total length across central 

delaminations was measured after impact and after application of near-failure 

loads. The arrows in Figure 9.6 (i) show how the total length of these central 

delaminations was measured. These measurements are plotted in Figure 9.9 

representing the normalised central delamination length against the ply interface 

for impact and near failure loads. Delamination extents were normalised by 

dividing the measured length by the largest measured length for that material 

system. Ply interface numbers are labelled in order of distance from the impact 

side of the coupon with ply 1/2 representing the interface closest to the impact 

side. From the plot, it is clear central delamination growth is occurring into the 

undamaged cone in the UT, T1 and T3 systems at near failure loads. What is also 

interesting is the initiation of new central delamination sites that were captured at 

six interfaces in the UT system and two on the T1 system. These delaminations 

were observed initiating from pre-existing matrix cracks. The T1 system had 

central delaminations at nine ply interfaces after impact, this resulted in more 
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impact-induced damage growing into the undamaged cone in comparison to the 

other systems, see Figure 9.4. 

Delamination growth can be explained by considering the out-of-plane buckling of 

the sublaminates created by compressive loading. Such out-of-plane buckling of 

the sublaminates provides a mode I driving force to propagate delaminations into 

the undamaged cone. The out-of-plane deflection during post-impact compression 

has also been observed in other studies through surface profilometry [2, 11, 12, 

18]. 

 

Figure 9.6: T3 material system showing (i) growth of ‘central’ delamination between the 
third and fourth ply interface into the undamaged cone. (ii) represents a 45° delamination 
segment, there was no detectable delamination growth of these delamination segments. 
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Figure 9.7: 45° delamination segments. 

 

 

Figure 9.8: 3D segmentation of UT matchstick sample subjected to 25 J of impact. Note 
the undamaged cone forming beneath the impacted region. 
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Figure 9.9: Measurements of the total ‘central’ delamination lengths within the undamaged 
cone region, measured at each ply interface after impact and after application of a near 
failure compressive load for each material system. 

 

µCT cross-sections of the T4 system are shown in Figure 9.10. In the T4 system 

which has the greatest damage resistance, no delamination growth into the cone 

was observed at the near-failure load. However in the scan taken after CAI failure, 

delaminations were observed in this undamaged region indicated at (i). It is likely 

that the load step prior to CAI failure was not sufficiently high in this case to create 

delamination growth into this region. In comparison, the other systems were within 

0.4 % or exceeded the failure load in the load step prior to failure, whilst the T4 

load step prior to failure was 1.3 % below the failure load.  

The other observation with the T4 system is the significant permanent out-of-plane 

deformation caused by the impact event highlighted in (ii) creating an indentation 

and locally bowed plies. An out-of-plane deformation of ~0.3 mm was measured at 

the mid-plane directly beneath the impact site. This was similar to the T1 system.  
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On the UT and T3 systems, the permanent out-of-plane deformation beneath the 

impact site at the mid-plane was approximately half, i.e. ~ 0.15 mm. The effective 

lateral extent of this out-of-plane deformation is ~15 mm for all systems tested. 

 

 

Figure 9.10: T4 material system, µCT cross-section at the impact region after impact, after 
application of near failure load and after failure. No significant observable damage was 
detected at the near failure stage. Black arrows on the side indicate loading direction. (i) 
represents delamination growth into the undamaged cone detected after failure and (ii) 
represents a ~0.3 mm out-of-plane deformation caused by the impact 

9.3.2.2 Fibre fracture development 

Pre-existing 0° fibre fracture in some of the particle-toughened systems was found 

to grow laterally across the ply at near-failure loads, as shown circled in Figure 

9.11 (a). Similar observations have been made previously [19]. A 3D segmentation 
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of this fibre fracture (b) is shown in red, and can be seen to propagate across a 

load bearing 0° ply, which has delaminations at its interfaces with neighbouring 

±45° plies, shown in blue and yellow. In systems where no 0° pre-existing fibre 

fracture was present after impact, there was no detectable fibre fracture at near 

failure loads. It is conceivable that pre-existing failed fibres led to a redistribution of 

load to the neighbouring 0° load bearing fibres, leading to a growth of fibre fracture 

laterally across the ply. Such fibre fracture in the load bearing 0° plies will 

inevitably contribute towards a reduction in compressive failure load. The current 

observations indicate this is most important for the T4 system which exhibited a 

greatly reduced projected impact damage area, but sustained significantly more 

fibre fracture during impact in comparison to the other systems. An interesting 

point to consider is the degree to which CAI load performance in these materials is 

a convolution of, or competition between, load bearing fibre fracture (and 

associated growth during loading) and loss of constraint from delamination. 

Independent of which case applies, the increased incidence of this additional 

damage mechanism appears to provide a simple explanation of greater CAI load 

sensitivity of the T4 system when compared on an equivalent delamination area 

basis in Figure 9.2. 
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Figure 9.11: T1 material system, µCT cross-section (a) showing load bearing 0° fibre 
fracture growth propagating longitudinally off a pre-existing region of fibre fracture after 
application of near failure compression load. This occurred on the sixth ply from the 
impact side. 3D segmentation of this fibre fracture is shown in red in (b) with neighbouring 
delaminations occurring at the interfaces between the fifth and sixth (yellow), and sixth 
and seventh (blue) plies. 
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9.3.2.3 Sequence of events leading to compressive failure 

In the UT, T1 and T3 material systems, central delamination growth was observed 

propagating into the undamaged “cone” beneath the impact site. The progress of 

delamination growth at the impact site is shown for a UT system in Figure 9.12 at 

three stages: after impact, after application of a near-failure compressive load and 

after the coupon failed. Key features contributing to critical buckling of the 

sublaminates in this region may be linked to: (i) representing the undamaged 

“cone”, (ii) showing delamination growth into this undamaged cone, and (iii) 

showing critical sublaminate buckling. In the load step prior to the near failure 

loading stage, delamination growth into the undamaged cone was only observed 

across the upper third and fourth ply interface. Substantial delamination growth 

into the undamaged cone occurred immediately prior to CAI failure resulting in a 

sudden loss of sublaminate stability. 

The importance of the undamaged cone is simply illustrated schematically in 

Figure 9.13 where in (a) it offers support to the sublaminates at the centre 

resulting in a shorter unsupported length ‘L‘ of the sublaminates. As the 

compressive load is increased, out-of-plane deflection of the sublaminates occurs 

and is linked to delamination growth into the undamaged cone. When delamination 

growth within the cone allows the delaminations to extend, unbridged across the 

full near-circular impact damage region, it effectively more than doubles (in a one 

dimensional sense at least) the unsupported length ‘>2L’ of the sublaminates, (b). 

This sudden increase in unsupported length significantly reduces the load-carrying 

capability of the sublaminates resulting in local buckling.  

The significance of the undamaged cone has been reported in finite element 

models by Craven et al. [20] which shows that the undamaged cone leads to two 

smaller local buckles compared to a single larger buckle in a system without an 

undamaged cone. As a result, the inclusion of an undamaged cone led to an 

increase in local buckling strain by a factor of approximately two, although the 

model did not include delamination growth into this region. Considering the 

occurrence of delamination growth into the undamaged cone, the local buckling 

strain is expected to be greater than a system modelled without an undamaged 
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cone but lower than the inclusion of an undamaged cone with no delamination 

growth. 

The gain in buckling strain by the undamaged cone highlights a clear advantage 

for systems preventing delaminations propagating across the undamaged cone 

during loading in order to maximise the critical failure strain and load. Prevention 

of this delamination propagation is achievable by maximising the quasi-static 

fracture toughness. In particle-toughened systems, the increase in fracture 

toughness is achieved by providing traction sites between sublaminates, see 

Figure 9.14 (a). Whilst the presence of bridging ligaments was not easily observed 

from the µCT scans, used in the present study, their presence has been observed 

using higher resolution SRCT as shown in chapter 7, see (b). This process can be 

seen to suppress the onset of delamination growth into the undamaged cone. With 

the exception of the T2 system, particle-toughened systems resulted in bridging 

ligaments formed by the toughening particles bearing some of the load between 

the crack faces in the interlaminar region; this process acts to reduce the stress 

intensity at the crack tip. In the T2 system, delaminations occurred in the 

intralaminar regions where fibre bridging mechanisms were observed under mode 

I loading conditions in another study using the same material [21]. 

By suppressing delamination growth into the cone, sublaminates maintain a 

shorter unpinned length thereby increasing stability and load carrying capability. 

This is consistent with the observation that the T2 and T3 systems maintained 

~30 % greater failure stress for a given projected damage area compared to the 

UT system. The more marginal improvement in the T1 system is consistent with 

initial delaminations within the undamaged cone reducing the extent of material 

available for delamination propagation. In addition to suppressing delamination 

growth, should the ligaments extend sufficiently far behind the crack tip they may 

also counter out-of-plane deflection of the sublaminates by ‘tying’ regions together 

in a similar way to Z-pinning strategies [7, 22]. Use of high resolution facilities, e.g. 

synchrotron radiation laminography [17] in future work would allow confirmation of 

the role of particles in restricting delamination and thus determining the CAI failure 

load.  
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The observation of delamination growth into the undamaged cone and the 

presence of bridging ligament formation highlights some of the limitations in 

simplified sublaminate buckling models such as those using a Rayleigh-Ritz 

solution of circular or elliptical delaminations [13, 20, 23]. Based on this solution, it 

is found that the buckling load and strain generally follows an inverse square 

dependency on delamination length as given by Equation (9-1): 

 
      

 

  
 (9-1) 

 

where    is the buckling strain,    is the buckling load and   is the delamination 

length across the sublaminate in the loading direction. Based on this relationship, 

the buckling strain/load is governed by the size of the delamination length across 

the sublaminate. This is not so straightforward in this study, the ~30 % increase in 

failure stress for a given damage area in two of the particles systems compared to 

the untoughened system is attributed to the observed delamination growth through 

the undamaged cone, and bridging ligament formation creating traction sites 

between sublaminates. The complexity of the mechanisms observed in this study 

highlights features that are important to capture and include in models to 

accurately predict failure beyond a simplified critical delamination size. 
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Figure 9.12: µCT cross-section at the impact site, red arrow indicating impact location, 
and white arrows indicating CAI loading direction. (i) undamaged cone, (ii) delamination 
growth into the undamaged cone and (iii) sublaminate buckling. 
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Figure 9.13:Schematic showing (a) the unsupported length of the sublaminate ‘L’ and 
delamination growth into the impact cone and (b) more than doubling of the unsupported 
length due to delamination growth. 

 

Figure 9.14: (a) schematic illustrating the effects of bridging ligaments on the 
sublaminates and (b) a high resolution SRCT image of the T4 system showing the 
presence of these ligaments within the delaminated region. 
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9.4 Conclusions 

The CAI performance of four particle-toughened and one untoughened carbon 

fibre composite systems were examined. Consistent with previous work the CAI 

strength correlated strongly with the projected impact damage area.  

In addition, for a given damage area, the CAI strength also correlated with the 

damage resistance: up to a certain point, tougher materials exhibited higher CAI 

strength. Compared to untoughened systems, particle toughened systems 

demonstrated up to 30 % improvement to failure stress for a given damage area 

highlighting that the link between failure stress and the size of the delamination 

area is not straightforward. Through use of µCT to study CAI damage growth, 

several observations were made regarding: delamination growth into the 

undamaged cone immediately under the impact site, driven by out-of-plane 

deflection of the sublaminates, growth of pre-existing 0° fibre fracture, and 

permanent out-of-plane deformation.  

Regarding the T4 system, it is known from chapter 8 that despite being the 

toughest material system by suppressing delamination growth, it also led to more 

extensive fibre fracture. This behaviour provided a simple explanation of the 

greater CAI load-damage area sensitivity for this material system. It is therefore 

suggested that very tough material systems may be developed at the cost of being 

more prone to fibre fracture during impact, which may in turn also significantly 

contribute to a loss in CAI strength. 

The importance of the undamaged cone of material under the impact site was 

observed to constrain the buckling deformation of the sublaminates. When 

delamination growth into this region occurs, it connects the surrounding 

delaminated regions, greatly increasing the unsupported length of the 

sublaminates and significantly reducing its residual load bearing capability. This 

mechanism apparently controls the buckling of the sublaminates and provides a 

mechanistic explanation for the role of toughness in determining the CAI strength 

for a given damage area. After application of near-failure compressive loads, no 

sub-critical delamination growth was observed beyond the envelope defined by the 

projected damage area caused by the impact event. 
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Whilst higher resolution would be required to increase confidence that these 

micromechanistic effects are indeed occurring, the findings in this work have 

pointed to a key topic for further study. If, as might be suspected, particle-bridging 

plays a key role determining the residual in CAI strength; this may be a vital area 

of improvement for the development of superior damage tolerant materials.  It also 

raises questions regarding the transferability of CAI test data to the practical 

damage resistance and damage tolerance in composite structures. It is strongly 

indicated that CAI performance is strongly determined by quite subtle, local 

effects, such as rate dependences, formation (or not) of an undamaged cone, and 

the occurrence of fibre fracture.  There is scope for work to be conducted to 

evaluate the robustness of CAI data in determining the in situ damage resistance 

and damage tolerance of more complicated built up structure subjected to typical 

in service damage events.  This may be best achieved by modelling, with limited 

experimental verification. 
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Chapter 10   
 
Conclusions and future work 
 

10.1  Conclusions 

Lab-based µCT, synchrotron radiation computed tomography (SRCT) and 

synchrotron radiation computed laminography (SRCL) have been demonstrated as 

powerful tools for characterising the macroscopic and microscopic damage 

mechanisms in laminated CFRP material systems. Through use of both lab and 

synchrotron-based sources, a multi-scale failure analysis has been achieved. Due 

to trade-offs between voxel resolution and field of view, complementary use of 

SRCT, SRCL and µCT was employed to enable the overall extent of damage and 

corresponding toughening micromechanisms to be captured. The feasibility of 

locally scanning intact coupons was demonstrated via µCT scans using a fast 

acquisition time (~45 minutes) and at higher resolutions using synchrotron 

laminography. This enabled ex situ experiments to be performed allowing damage 

initiation and growth to be monitored on the same coupon. For laminography, the 

feasibility of locally scanning 4.5 mm thick coupons was shown to work well, this 

could enable ex situ experiments to be performed at micron and sub-micron level 

resolutions. 

Crack-opening displacements were observed in this study down to approximately 

30 % of the voxel resolution. To gain more accurate measurements of the crack-

opening displacements through µCT scans, a partial volume correction algorithm 

was used and compared to the same cracks obtained through higher resolution 

synchrotron CT and laminography scans. In previous studies, this approach has 

been used before; however this correction technique has not been previously 

calibrated to higher resolution scan data. In general, partial volume correction 

measurements of detectable cracks were within 20 % of measurements obtained 

through SRCT. This correction method enabled more information to be extracted 
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from µCT scans and was useful for measuring changes to crack-opening 

displacements in ex situ compression-after-impact experiments.  

The interaction between matrix cracks and delaminations in impact-damaged 

coupons was captured in 3D. It was indicated that matrix cracks initiated 

delaminations which propagated away from the impact site. This behaviour was 

also observed in the quasi-static indentation experiments. Regarding 

micromechanisms, toughening particles were most effective at suppressing the 

extent of delaminations whilst there was little effect on matrix cracks. Particles 

were seen to toughen the material through energy absorption and crack tip 

shielding processes. These consisted of particle-resin debonding, crack deflection, 

increase in crack path length, and bridging ligaments in agreement with 

observations made in previous studies on similar particle-toughened resin 

systems. One of the limitations in previous studies is that these toughening 

behaviours have not been quantified experimentally and in 3D, therefore the 

overall contributions to toughness are not well understood. Quantification of crack 

deflection, increase in crack path length, and bridging ligaments suggests bridging 

behaviour was the most significant mechanism. The extent of bridging near the 

crack tip was shown to be approximately 150 % greater in the toughest system 

compared to the untoughened system. Whilst this study has quantified these 

behaviours, the magnitude of the increase in bridging did not translate to a 

commensurate relative improvement to damage resistance. This suggests that 

other toughening mechanisms play important roles and that these are not 

measurable by SRCT. This will require use of other techniques to complement the 

SRCT analysis.  

One material system (T2) exhibited delaminations occurring predominantly in the 

intralaminar region, unlike the other particle-toughened systems where 

delaminations were clearly seen to interact with particles in the interlaminar region. 

This material system exhibited the poorest mode II fracture toughness and a low 

impact damage resistance. In the other particle-toughened systems, the formation 

of particle-resin debonding ahead of the crack tip appeared to play a key role in 

confining the delamination within the interlaminar region, thereby maintaining the 

benefit of particle-toughening. It is suggested that there may be a maximum 

particle-resin interfacial strength beyond which other competing mechanisms of 
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fracture dominate, e.g. fibre-resin debonding and crack growth into the 

neighbouring ply.  

Ex situ quasi-static indentation (QSI) experiments enabled the progress of damage 

initiation and growth to be monitored as a function of out-of-plane displacement 

and were compared with low velocity impact data. Whilst most of the literature 

including the ASTM D6264M standard suggests QSI and low velocity impact offer 

similar behaviour in terms of force-displacement relationships, sequence of 

damage and final damage state for an applied energy, this thesis showed 

similarities and differences between both loading conditions which varied between 

the material systems. Similarities were observed in the pattern of damage, i.e. a 

“spiral staircase” of delaminations surrounding an undamaged cone at the 

contact/impact point, and the reasonably close correlation with extent of the 

damage area vs. the applied energy up to a limit. Where differences were 

observed, two material systems exhibited a lower damage area under QSI 

compared to impact at applied energies above 30 J. This phenomenon correlated 

with a greater extent of microscopic bridging ligaments under QSI loading 

conditions on these two particle-toughened systems. This suggests that bridging 

ligaments (one of the key toughening mechanisms discussed in Chapter 7) are 

sensitive to the applied strain-rate. Maintaining similar levels of bridging under QSI 

and impact conditions could therefore potentially improve damage resistance to 

levels observed in the toughest system. Regarding the onset of fibre fracture, the 

toughest system exhibited a significant extent of fibre fracture at lower loading 

levels/displacements than the untoughened system. It is suggested that 

delamination formation in the untoughened system relieved the stresses leading to 

fibre fracture, thereby delaying its onset. In this instance there may be a possible 

trade-off between suppressing delamination which affects residual in-plane 

compression-after-impact strength, and fibre fracture which can also affect the 

compression-after-impact strength in addition to the residual tensile strength. 

µCT scans of incrementally-loaded compression-after-impact tests enabled 

damage processes immediately prior to failure and post-failure to be observed. An 

increase in delamination crack-opening displacements was observed suggesting 

out-of-plane movement of the sublaminates caused by sub-critical buckling. It is 

apparent that this buckling behaviour provided the driving forces to propagate 
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delaminations into the undamaged cone of material immediately beneath the 

impact site. There was no observable delamination growth extending beyond the 

envelope of the projected damage area. The delamination growth into the 

undamaged cone resulted in surrounding delaminations linking up, more than 

doubling the maximum unsupported length of the sublaminates. This is anticipated 

to significantly reduce the load carrying capability of the sublaminates, which lead 

to critical buckling of the coupon. It is suggested that bridging ligaments in the 

toughened systems suppressed delamination growth into the undamaged cone 

and increased the out-of-plane stability within the sublaminates enabling a larger 

residual compressive strength for a given projected impact damage area in 

comparison to the untoughened system.  

The study in this thesis highlights that whilst the size of the projected damage area 

controlled residual CAI strength as previously reported in the literature, 

delamination growth and interconnectivity through the undamaged cone is an 

important phenomenon that has not previously been considered and should be 

included in future models aiming to predict CAI failure.  Furthermore, these 

observations call into question the relevance of the CAI test for screening 

materials and informing the selection of materials for structural applications. It is 

clear that relatively small features play a key role in the performance of materials 

in CAI.  The presence of an undamaged cone of material after impact, the 

influence of rate effects and the onset of fibre failure can all significantly change 

the CAI response.  It is not clear whether these sensitivities would be replicated in 

the operation of large scale structures.  This merits further exploration. 

10.2  Future work 

The work conducted in this thesis has identified some interesting findings in 

addition to some unanswered research questions. The major questions lie as to 

how particles contributed to damage resistance. Whilst the key mechanism has 

been identified as the formation of bridging ligaments, the relative importance of 

other toughening mechanisms, not measurable through SRCT, requires further 

work. Consideration needs to be given to the many parameters associated with 

particle toughening and particularly bridging ligament formation e.g. particle 

constitutive behaviour (including rate effects), interface strength/toughness, 
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particle size, shape, concentration, residual stresses, etc. It is suggested that an 

approach involving microscale testing and observations in parallel with modelling 

is likely to be fruitful.  

As an example, in one particle-toughened system (T2), delamination was 

observed propagating primarily in the intralaminar region; this translated to a poor 

mode II fracture toughness and low impact damage resistance. It is suggested that 

there is a critical particle-resin interfacial strength beyond which other mechanisms 

dominate. This could also be affected by residual stresses in the particle and a 

stiffness mismatch between the two constituents. The magnitudes of these effects 

are unknown but could be elucidated by modelling of the competing damage 

processes and to identify their sensitivity on material and processing parameters  

Furthermore, the QSI and impact experiments showed that two material systems 

have a lower extent of damage area under QSI loading conditions compared to 

impact above 30 J. This transpired to a greater extent of bridging. Whilst this 

supports the notion that the bridging behaviour is key to achieving damage 

resistance, it also highlights the strain-rate dependency of this toughening 

micromechanism. This also ties in with the mode II fracture toughness values 

which correlated poorly with impact damage resistance, but did show 

improvements to the correlation under QSI loading. Considering mode II fracture 

toughness values are typically determined through quasi-static experiments, it is 

suggested that dynamic mode II fracture toughness experiments could be used to 

inform low velocity impact damage resistance. Further work into the effects of 

strain-rate on the micromechanisms is therefore required.   

Fibre fracture was observed to occur at earlier stages in the overall failure of the 

toughest material systems. This observation highlights the potential trade-off 

between suppressing the extent of delaminations at the expense of earlier fibre 

fracture in very tough material systems. Since fibre fracture is known to affect 

residual tensile stresses, it would be interesting to explore experimentally the loss 

in tensile strength to understand if this outcome is truly significant.  

Compression-after-impact experiments revealed the importance of delamination 

growth into the undamaged cone. The linking up of surrounding delaminations 

through the cone more than doubled the unsupported length of the sublaminates 
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leading to a significant loss in load carrying capability and subsequently critical 

failure. It is suggested that particle-toughened systems suppressed this growth 

into the cone which could explain why these systems maintained a greater failure 

load for a given damage area. Additionally, the traction provided by particle 

bridging may have also increased sublaminate buckling stability. These 

observations highlight the importance of including these mechanisms in models to 

better predict failure 

 Implementation of results into models 10.2.1

Based on the results found in this thesis, there is a need for multi-scale modelling 

at the micro-, meso-, and macroscopic levels. These models would have three 

distinct purposes: 1) to guide the development of more effective materials for 

damage resistance and damage tolerance, 2) to allow the influence of material 

choices on CAI performance to be predicted and 3) to predict how impact test and 

CAI performance might be translated to predict structural damage resistance and 

damage tolerance. These models need to be calibrated and validated with 

previous and future experimental work to increase confidence in the models. The 

models can then aid material development by enabling more informed constituent 

material selections. 

10.2.1.1 Microscopic and mesoscopic models 

A schematic shown in Figure 10.1 shows an idealization of a representative 

volume that might be translated into a micro-mechanical under mode I and mode II 

loading conditions. Parameters such as particle constitutive behaviour, density, 

residual stresses, interfacial strength, size, spacing, concentration, strain to failure 

and loading rates can be used to predict toughness and cohesive properties.  

While other approaches may be feasible, this problem is particularly amenable to 

exploration via parametric finite element analysis, most likely using extended or 

augmented finite element methods.  In turn, at the mesocopic level, bridging 

ligaments forming in the wake of the crack should be modelled in 2D and/or 3D as 
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traction-separation responses, which could be implemented in cohesive-zone 

formulations.  

It is envisioned that simplification/idealisation of the particle geometry and 

distribution will be needed to reduce the computational load and detail tied up with 

finding accurate constitutive equations for a relatively complicated microstructure. 

One important early study would be to compare the toughening response of an 

idealised geometry vs. an equivalent realistic geometry so as to understand what 

the critical elements are for effective idealisation/simplification. Validation of these 

models should be achieved through use of actual particle geometries obtained 

though SRCT data which are then meshed using SimplewareTM software, as 

demonstrated in Figure 10.2. Finite element models should be then compared 

against SRCT data to check for similar behaviour and predictions of resulting 

fracture toughness could be made against mechanical tests. Following this, a 

model with simplified geometries should be compared with these data. 

From the observations of the differences in bridging ligament formation between 

quasi-static indentation and impact loading, it is apparent that the effect of loading 

rate plays a key role. Therefore, one of the key parameters needed in the finite 

element models is the strain-rate sensitivity of the constituent properties, 

particularly of the toughening particles and possibly the interfaces. Being able to 

predict delamination fracture toughness at increasing strain-rates (in the order of 

10 s-1 for low velocity impact [1]) may translate to better correlation to impact 

damage resistance performance.  
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Figure 10.1: micro- and mesoscopic finite element models with mode I and mode II 
loading conditions. The effect of varying particle properties on toughness and cohesive 
behaviour can be predicted and used in macroscopic models. 

 

 

Figure 10.2: Particles extracted from SRCT data (T1 system) can be meshed using 
Simpleware TM software. This enables micro- and mesoscopic models using actual particle 
geometries to be performed in finite element software. 

10.2.1.2 Macroscopic models 

The use of µCT has enabled a better understanding of the distribution, geometry 

and scale of the damage after impact and after application of near-failure 

compressive loads. This information may be used in finite element models to 
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predict more accurately the development of damage during impact and the 

compressive strength after a low velocity impact event. Again, XFEM or AFEM 

models appear to be suitable. These might include cohesive zone models derived 

from the micro/meso-scale models and/or meso-scale fracture tests, including the 

effects of strain rate.  These models would be used to explore the effects of 

material parameters at the structural level, and also allow exploration of the 

similarity or otherwise of the response of representative structural geometries to 

those observed at the coupon level.    

As an intermediate modelling step, the location, geometry and size of 

delaminations can be directly extracted from µCT data and implemented into finite 

element models. In a previous study it has been reported that the precise 

geometry and location of delaminations has a strong influence on the predicted 

failure load in finite element models [2]. This is in contrast to traditional models 

using circular idealised delaminations taken from C-scan information. What is now 

known, based on results in this thesis, is that the undamaged cone and 

delamination growth into this cone may play an integral role towards CAI strength. 

Other factors that were observed from ex situ CAI work highlighted 0° fibre fracture 

growth along pre-existing fibre fracture, permanent out-of-plane deformation 

beneath the impact cone, and pre-existing delaminations on certain ply interfaces 

within the undamaged cone. These are all factors that are highly amenable to 

modelling.  Parametrically testing the contribution of each of these factors towards 

the loss/retention of CAI strength will help identify their relative importance to 

damage tolerance and allow for informed decision-making in material 

development.  

 Image-processing 10.2.2

With such data rich imaging as described in this thesis, the process of feature 

extraction and obtaining quantitative data was laborious at times. Whilst some 

tools were developed to automate the measurement processes, preparation of 

regions of interest was only semi-automated and, therefore, still a manually-

intensive procedure. ROI preparation involved extracting features from the scan, 
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and to achieve the level of detail and ensure the correct features were captured, 

considerable human intervention was required. Many hundreds of image slices 

were examined by eye; this highlights a need for further development. Automated 

identification and accurate extraction of key features such as matrix cracks, 

delaminations and crack segments would significantly speed up the processing of 

image data. In future this will enable many repeated tests, more scans to cover a 

larger region of interest and will provide scope for more material systems to be 

studied at this level of detail. 
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