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Abstract 

This paper describes the fractographic observations from the study of embedded defects 

subject to compression. The fractographic observations aim to characterise the interaction 

between intralaminar and interlaminar fracture and to understand their role in the 

delamination growth and the delamination migration. The influence of the stacking sequence 

orientation on the damage modes is studied in eight different configurations. A detailed 

fractographic study led to the identification of the different failure modes and failure 

sequence. It was also possible to establish the stacking sequences more prone to delamination 

migration and the failure modes more critical for damage tolerance. 

1. Introduction 

Delamination has been recognised as the principal damage process in laminated composites 

under compressive and bending loading conditions [1]. When such delaminations propagate 

in a structure, large reductions in performance can result [1]. Delaminations can develop from 

a number of features such as ply-drop-offs, notches or inclusions. Also, most critically, 

delamination is one of the principal failures modes following low velocity impact. The 
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sensitivity of composite components to delamination is perhaps the key driver for the need to 

“make and test” for composite certification. 

A particular defect which has been widely studied to investigate delamination behaviour is 

the embedded single-plane defect  under compressive loading [2–6]. Such defects are 

representative of manufacturing defects which may have been introduced during fabrication 

of composite structures. A further motivation for studying such defects has been the 

simplification of the damage state induced by low velocity impact damage [7]. However, a 

comparative study using post-buckled stiffened panels [8] concluded that the damage growth 

mechanisms for these two defects are fundamentally different: impact damage induces a 

localised perturbation of the laminate, which then bends as the compressive loading is 

applied, driving rapid delamination growth and culminating in a ‘notched’ flexural failure. 

For embedded defects closer to the outer faces, the delamination growth tends to be stable 

(i.e. not global bending driven), and consequently a very different behaviour ensues.  

It has been recognised [9–16] that delamination migration is a critical phenomenon in 

understanding how delaminations grow within a laminate or structure: this is the process by 

which the delamination crack will change between ply interface as it extends. Delamination 

migration has been studied statically and in fatigue by means of single cantilever beams [15], 

end-load-split beams [16] and double-clamped asymmetric beams which permitted the 

isolation of a single migration event [9,10]. The authors [12,14,17] have also demonstrated 

migration using a tapered width cantilever beam. A key observation from these studies is that 

the orientation of the driving force for delamination growth with respect to the local ply 

orientations at the delaminated interface is critical to the migration processes that ensue [14]. 

Characterisation of the behaviour of laminates containing embedded single plane 

delaminations can be viewed as the next step in complexity in the study of delamination 

migration.  
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In previous studies in this area, a plate or slender coupon containing a pre-implanted insert 

was subjected to either compressive [2,3] or bending loads [6]. These studies have 

demonstrated that delamination growth from the pre-implanted insert is controlled by the 

insert depth and laminate stacking sequence, and is relatively insensitive to defect shape and 

size (unless higher local buckling modes develop) [2]. The fracture mechanisms observed 

from such tests illustrate the complexity of the problem: despite the external appearance of a 

continuous crack front, a single plane defect usually results in multiplane delamination 

growth, intralaminar splitting and even fibre fracture [6,8,18].  

The complexity of the processes associated with delamination growth have a profound 

influence on damage tolerant design, since identifying the conditions under which rapid 

damage growth will occur (i.e. safety critical conditions) and conditions under which benign 

growth will develop (i.e. benevolent growth conditions), is imperative. The means to 

distinguish between these conditions is through understanding the detailed (local) growth 

processes, and how they interact, hence dictating global damage propagation and ultimately 

loss of load carrying capability. The aforementioned delamination migration phenomenon 

underpins this understanding: if there is migration, it can lead to bridging of fibre bundles 

across the crack faces, thus inhibiting further delamination extension. Conversely, if the 

delamination reaches a critical plane in which it will not migrate, then damage growth is 

rapid.  

In this paper, the influence of the orientation of the plies at a pre-existing delaminated 

interface (i.e. an embedded defect) with respect to the applied loading on the damage growth 

mechanisms is investigated. An experimental procedure has been developed to investigate the 

failure modes while progressively changing the ply orientation at the defect plane to 

characterise their influence on delamination migration, and hence the damage development. 

Understanding these damage growth processes is key to damage tolerant design: i.e. 
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identifying under which fracture processes migration, instead of rapid damage growth, 

develops. The overarching focus of the paper is to use fractography to understand the failure 

processes in these specimens, and hence provide validation data for the development of 

physically based predictive models of delamination growth. 

2. Experimental Methods 

2.1. Specimen Preparation 

Three 620 mm x 620 mm laminates were fabricated using a quasi-isotropic stacking 

sequence, [+45˚/-45˚/0˚/90˚]4s, manufactured from Cytec HTA/919 unidirectional tape 

(0.125mm thick) and autoclave cured following the manufacturer’s recommendations [19], to 

give a nominal laminate thickness of 4.2mm. The laminates were manufactured containing 

10μm thick circular PTFE film defects, of 50mm diameter, between the third and fourth plies 

from the back face (i.e. a 0°/90° ply interface). Following fabrication and ultrasonic 

inspection to accurately identify the positions of the embedded defects, eleven 250 mm x 150 

mm plates were cut from the laminates, with the longer edge orientated at 0˚, 90˚, 87˚, 85˚, 

80˚ (2 specimens), 75˚, 70˚, 65˚ (2 specimens) and 45˚ with respect to the 0° plies. This 

resulted in the defects being located at the ply interface angles tabulated in Table 1. The 

plates were cut such that the embedded defects were located at the centre of each specimen. 

Details of the nomenclature used for the specimens and the numbering system are given in 

Figure 1 and Table 1. 

Following cutting, a 1 mm hole was partially drilled through the front face through to the 

centre of the delamination plane to ensure the air pressure was equalised during local 

buckling [20]. Steel end tabs (150 mm x 50 mm) were adhesively bonded on the specimens 

giving a gauge section of 100 mm in length and leaving the lateral edges free. Two strain 

gauges (Figure 1) were attached on either side of the delamination to detect global buckling 
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and to ensure uniform loading. Specimens were tested in quasi-static compression, at a stroke 

speed of 0.5 mm/min applied parallel to the longer specimen edge (but not necessarily 

parallel to the 0° ply). The applied compressive displacement of the specimen, δ, and the out-

of-plane displacement of the front (vf) and back (vb) faces at the specimen centre were 

measured using laser and dial gauges. From monitoring the in-plane/out-of-plane 

displacement response, the local and global buckling loads of the specimens were identified, 

although the former only had a resolution of kilonewtons. Testing was conducted using a 

series of loading steps. The steps were determined during each test: loading was interrupted 

whenever macroscopic delamination growth could be determined visually or acoustically. 

After macroscopic delamination growth, the specimens were unloaded completely and 

removed from the testing machine. Ultrasonic inspection (time of flight) of the specimens to 

gauge the extent of the delamination growth entailed removal of the specimen from the 

loading fixture, ultrasonic inspection using immersion to characterize the damage extent, and 

then drying. The subsequent loading steps were determined in a similar manner.  

2.2 Fractographic Analysis 

To characterise the damage mechanisms, five specimens (indicated in bold on Table 1) were 

chosen for detailed fractographic inspection. The specimens were selected to represent a 

diverse spectrum of ply interfaces: specimen B (90°/0°), specimen C (+87°/-3°), specimen E2 

(+80°/-10°), specimen H2 (+65°/-25°), and specimen I (+45°/-45°), with the latter deemed to 

be the Baseline specimen. To expose the delamination fracture surfaces, the surface layers 

were carefully cut away using a hand-held ‘Dremel’ type circular saw. Following dissection, 

the fracture surfaces were imaged on a flatbed scanner. Then both matching surfaces were 

mounted on stubs, gold sputter coated for 30 seconds and examined under an S-3400N 

Hitachi scanning electron microscope (SEM) and a Leo 1550 Field Emission Scanning 

Microscope (FE-SEM) at magnifications between x40 and x1000 with an acceleration 
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voltage of 15 kV. Regarding the ultrasonic scans, only the fracture surfaces associated with 

the mechanical test (and not any artefacts from the dissection) were characterised. From 

inspection of these fracture surfaces, the failure modes, damage growth directions and 

delamination failure sequences were inferred. Micrographs were taken from the front 

matching (Figure 3) surface except Figure 8 and Figure 9 that were taken at the back 

matching surface (Figure 3) 

3. Mechanical Test Results 

The results of the mechanical tests are summarised in Table 2, which show the maximum 

applied load, delamination initiation strains, and global and local buckling loads. Note that 

this data was associated with testing for the first load step, i.e. after local/global buckling and 

after the delamination was visually observed to have grown. A typical load/out-of-plane 

displacement and respective load/front and back strains (specimen I) are shown in Figure 2. 

Local buckling was deduced from the divergence of the front face out-of-plane displacement 

from that of the back face out-of-plane displacement (see Figure 2), whilst the global 

buckling was deduced by simultaneous divergence of both the back and front face in-plane 

strains.  

All specimens, except Specimen B (90°/0°), presented significant, stable, delamination 

growth. The general sequence of failure was as follows, as illustrated in Figure 3: firstly, 

local buckling occurred (Figure 3a) (i.e. buckling of the sub-laminate immediately above the 

insert), which was then followed by global buckling of the entire specimen (Figure 3b). 

Following this, delamination initiation, and subsequent growth occurred at the transverse 

boundary (Figure 3c). The extent of the delamination growth could only be deduced from the 

C-scans between interrupted tests (Figure 4). Specimen B, however, presented catastrophic 
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compressive failure immediately upon initiation of delamination growth, with no local 

buckling having been evident. 

From the tests it was observed that the global buckling loads were less than 2.5% lower than 

the maximum load. The local buckling load varied between 22 and 56 % of the maximum 

load during the first load step. For the second and third loading step this varied between 3 and 

16 %. Also the maximum loads during the second and third load steps were almost the same 

as during the first load step. Finally, no significant dependency in strain for the onset of 

delamination growth with fibre orientation could be determined. After three load steps 

migration of the delamination determined via C-scan inspection was observed in all the 

specimens (Figure 4). 

The effect of delamination growth on the mechanical performance of the panels was assessed 

by considering the reduction in effective load carrying capacity, i.e. the load at which global 

buckling was detected, in subsequent load steps (Figure 5a). The global buckling loads across 

all panels were combined and plotted against the relative damage growth occurred at the 

previous load step. The delamination growth was measured from the C-scans performed after 

each load step considering the combined delaminated area for all delaminated ply interfaces 

and normalised by the initial delamination area (A0) so that the delamination growth (%)= 

((A- A0)/A0). Note that the area thus measured is a lower bound estimate as ultrasonic C-

scans are not able to capture delaminations growing concurrently at two different ply 

interfaces. However, the fractographic analysis (Section 4) showed that the delaminations had 

mainly propagated at a single ply-interface.  

In Figure 5a, previous delamination growth refers to the pre-existing delamination at the 

moment to initiate the test. For example: the delamination growth achieved during the second 

load step was plotted against the global buckling load at the third load step. The results 
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(Figure 5a) show little correlation between the delamination extent and the load at which the 

panel experienced global buckling. However, when the global buckling load is compared 

with the maximum load of the previous load step a stronger correlation was found Figure 5c. 

This could indicate that the presence of other failure modes observed fractographically may 

have stronger effects in the panel performance. 

The delamination growth extent was also analysed in terms of the back ply angle (Figure 5b). 

In this case the delamination growth ((A- A0)/A0) was normalised by the maximum load 

attained per each load step. As the tests were interrupted at different load levels, which had an 

effect on the delamination growth extent (delamination growth (%)), it was necessary to 

normalise the delamination growth with the maximum load attained at each load step (Max 

load (kN)) to be able to compare between different load steps. It could be seen that although 

initial delamination growth was insensitive to the orientation of the back ply, at the second 

and third load step, panels B, D, E2 and F presented extensive delamination growth and in 

one case reaching the edges of the specimen (denoted until free-edge in Figure 5b).  

4. Fractographic Observations 

In the following paragraphs the detailed observations from the fractographic studies are 

reported. For clarity, the detail of the Baseline (Specimen I; +45˚/-45˚ ply interface) is 

described and then the differences between the Baseline and subsequent specimens are 

presented. It should be noted that visual inspection of the exposed delamination surfaces 

identified tide marks [21] which matched the delamination fronts seen in the C-scans [22].  

4.1. Observations on Specimen I (+45˚/-45˚ ply interface) - Baseline 

Firstly, consider the Baseline specimen (Specimen I) which had a stacking sequence of 

[90˚/0˚/+45˚/-45˚]4s, with the initial defect at the +45°/-45° ply interface (Figure 6). In this, 

and subsequent images for the other specimens, the C-scan of half the delaminated portion 



  

Page 9 of 33 

from the end of the test (Figure 6a), an optical image of the equivalent delamination surface 

(Figure 6b) and a schematic of the delamination surface indicating the ply interfaces (Figure 

6c), are shown. Visual inspection of the delamination surface of Specimen I (Figure 6b) 

identified long intralaminar splits in the third (+45˚) and second (0˚) plies and delamination 

migration. The delamination migration was driven towards the back face of the specimens 

and two migrations were observed. It has been shown by the authors in [14], that 

delamination migration is driven by the sign of the shear at the delaminating interface. In this 

configuration and for compressive loading, the resolved shear stresses at the transverse 

boundary, indicate that the delamination migration will be driven towards the back face. The 

ply towards which delamination migration is being driven is identified by means of an 

underline in the micrographs. The shear stresses at the transverse boundary (Figure 3c) arise 

from the difference between the transverse deformations of the back and front sublaminates. 

There were imprints of these ply splits on the matching surfaces of the fourth ply, from which 

it was inferred that these ply splits had occurred before delamination between the third and 

fourth plies. 

Scanning electron microscopy presented evidence of further small ply splits in the third ply 

(+45°) adjacent to the insert boundary. Figure 7 shows detail of the delamination growth 

initiation from the insert boundary (site 1 in Figure 6c); fibre imprints from the third ply 

(+45˚) whilst the fibres of the fourth ply (-45˚) are visible underneath. From the tilt of the 

cusps it can be inferred that the growth had extended from the insert [23]. Figure 8 (site 2 in 

Figure 6c) shows the delamination morphology further around the insert boundary. The 

continuity of the delamination morphology across the ply splits in the third ply was consistent 

with the delamination having occurred prior to ply splitting in this region. The delamination 

growth had been mode I dominated in this region on the insert boundary. 
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Moving away from the starter defect in the direction of delamination growth, there was 

evidence of fibre fracture having occurred. Figure 9 (site 3 in Figure 6c) was at the 

intersection of a region containing +45° fibre compression failure, 0° fibre in-plane shear 

failure and ply splits A-A’ and B-B’ (Figure 6c). These ply splits acted as initiation sites for 

the 0˚ shear failure presented in Figure 9. This in-plane shear failure then transformed into a 

0˚ compression failure until reaching ply split C-C’ (Figure 6c) in the second (0˚) ply. Since 

the fibre failure of the second ply was confined between these two ply splits (A-A’ and B-B’ 

in Figure 6c) it was inferred that these two intralaminar failures had occurred prior to fibre 

failure.  

Based on the fractographic observations, the sequence of failure of the Baseline (Specimen I) 

which had a defect at the +45°/-45° ply interface can be summarised as follows (Figure 10). 

As shown in Figure 10a, once the delaminated plies above the starter defect had locally 

buckled, intralaminar failure had developed in the plies which had been subjected to larger 

bending strains (i.e. the third ply: +45°). Hence, once the delamination had started 

propagating within the original defect plane (Figure 10b), numerous ply splits were already 

present in the third ply which had led to delamination migration into the adjacent 2nd/3rd ply 

interface (0°/+45°). Further migration of the delamination plane had occurred via the 0° ply 

split B-B’ (Figure 6) into the interface between the first and second plies (90°/0°), as shown 

in Figure 10c. As a consequence of this delamination, the exposed second ply (0˚), leading to 

out-of-plane microbuckling and compression failure (Figure 10c).  

4.2. Observations on Specimen H2 (+65˚/-25˚ ply interface) 

The next configuration studied (Specimen H2) had a stacking sequence [-70˚/+20˚/+65˚/-

25˚]4S: i.e. it was rotated +20˚ with respect to the Baseline, such that the initial defect was 

located at a +65˚/-25˚ ply interface. As can be seen in Figure 11, this specimen exhibited 

three long ply splits (labelled A-A’, B-B’ and C-C’ in Figure 11c) in the third ply which had 
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resulted in migration of the delamination to the adjacent +20˚/+65˚ ply interface (i.e. between 

the second and third plies). Splits A-A’, B-B’ and C-C’ had led to a change of the 

delamination growth interface. Similarly to Specimen I, these ply splits had formed prior to 

the delamination growth, and hence provided a path by which the delamination migrated. 

These ply splits, however, were not sufficient for delamination migration as can be seen in 

Figure 12 (site 4 in Figure 11) in which the ply split towards the back of the image having 

occurred prior to delamination growth (contrarily to the ply split in the foreground) did not 

lead to delamination migration. In-plane shear fibre failure of the third ply (Figure 13) was 

observed between a narrow zone that was bounded by ply splits A-A’ and B-B’ (site 5 in 

Figure 11).  

Based on these observations, the detailed failure sequence (Figure 14) for Specimen H2 

(defect at the +65°/-25° ply interface) was deduced. This was very similar to that of the 

Baseline configuration (Figure 6). Firstly (Figure 14a)) ply splits in the third layer (+65°) had 

developed both before and after (Figure 12) delamination growth. Through one ply split 

delamination changed ply interface to the +20°/+65° ply interface (Figure 14b) and the local 

growth direction changed to match the backward ply (+65°). After ply splitting and 

delamination growth, the ply splits and the insert tip stress concentrator promoted the 

formation of in-plane shear fibre failure (Figure 14c).  

4.3. Observations on Specimen E2 (+80˚/-10˚ ply interface) 

Specimen E2 (+80°/-10°) had a stacking sequence which had been rotated by +35° as 

compared to that of the Baseline (i.e. [-55˚/+35˚/+80˚/-10˚]4S), and is shown in Figure 15. 

However, unlike the Baseline, the delamination surface in Specimen E2 (Figure 15b) was 

entirely contained within the original defect plane (i.e. between plies three and four). It was 

notable that the delamination had propagated asymmetrically, having grown 35 mm on one 
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side and 10 mm to the other: the C-scan presented in Figure 15a corresponds to the former 

side.  

As can be seen in Figure 15, a ply split had developed in the third (+80˚) ply tangentially to 

the lowermost part of the insert boundary (B-B’ in Figure 15c). However, its location was far 

from the delamination growth initiation sites at approximately the axial boundary of the 

defect. Therefore, unlike in the Baseline (Specimen I), no interaction between the third ply 

splitting and delamination growth had occurred.  

Tangential to the transverse boundary of the defect, a ply split of the fourth (-10˚) ply had 

developed (A-A’ in Figure 15c). From the middle of this ply split, fibres micro-buckled 

leading to a compression failure that extended away from the embedded defect, as shown in 

Figure 16 (site 6 in Figure 15c). From the continuity of the fracture morphology at this site, it 

was inferred that the delaminated surfaces had been generated prior to formation of the ply 

splitting in the fourth ply. The compression failure was inferred to have initiated at the ply 

split, since it was only present on one side of this ply split surface. Similarly to the Baseline, 

the compression failure was located at a load bearing ply. 

As shown in Figure 17, the growth sequence in Specimen E2 (defect located at the +80°/-10° 

ply interface) differed from that of the Baseline (defect located at the +45°/-45° ply interface) 

since there was no significant delamination migration in Specimen E2. Instead the 

delamination had grown at the original defect plane whilst some ply splitting of the fourth (-

10°) ply had developed (Figure 17a and Figure 17b). Consequently, compression failure of 

the fourth ply (-10°) had extended away from the starter defect, initiating at these ply splits.  

4.4. Observations on Specimen C (+87˚/-3˚ ply interface) 

Specimen C ([-48˚/+42˚/+87˚/-3˚]4S) with a defect at the +87°/-3° ply interface had a stacking 

sequence which had been rotated by +42˚ with respect to the Baseline configuration. As 
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shown in Figure 18, this specimen presented similarities with Specimen E2 (+80°/-10° ply 

interface), by which it only differed in orientation by +7˚. As with Specimen E2, Specimen C 

also presented delamination in the original defect plane and fibre failure of the fourth ply. 

However, upon closer examination, it was apparent that there was a different failure 

sequence. Unlike specimen E2, ply splitting of the fourth ply (-3˚), which are shown as splits 

A-A’ and B-B’ in Figure 18b, was after the translaminar compression failure of this ply. In 

Figure 19 (site 8 in Figure 18c), the intersections between these -3° ply splits and the 

translaminar compression failure are shown. It was apparent that the compression failure was 

continuous across the ply splits, from which it was inferred that the compression failure had 

occurred first. 

The sequence of events for Specimen C (defect at the +87°/-3° ply interface) is illustrated in 

Figure 20. . Although ply splits developed in the third ply (+87°), the delamination remained 

at the original ply interface (Figure 20a). This is similar to the observations of Specimen E2 

(Figure 15c). Once the fourth (-3˚) ply had been exposed by the delamination, the lack of 

through-thickness support on this loading ply had promoted micro-buckling, which had 

propagated away from the starter defect (Figure 20b). Consequently, from this compression 

failure, delamination had grown between the fourth and fifth plies (Figure 20c). Finally, ply 

splits had developed in the fourth (-3˚) ply (Figure 20c).  

4.5. Observations on Specimen B (90˚/0˚ ply interface) 

Specimen B (defect located at the 90°/0° ply interface) was the only specimen that did not 

exhibit substantial local buckling prior to delamination therefore the observations from this 

specimen were limited. As can be seen in Figure 21, the delamination had propagated across 

the entire specimen upon global buckling (Figure 21a) and delamination migration or ply 

splitting had not occurred (Figure 21b). 
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5. Discussion 

5.1. Mechanical Test Results 

No significant dependency on the stacking sequence was observed for any of the parameters 

studied (local and global buckling load and delamination growth strain). Also, the two 

configurations (+80°/-10° and +65˚/-25˚) with two specimens tested (E, E2 and H1, H2) 

exhibited too large a scatter to infer any dependence on the stacking sequence. The scatter 

observed during the 1st load step has been previously reported in the literature [20] as being 

caused by the PTFE film adhering to substrate. For the subsequent load steps, the scatter 

could be due to the fact that the load steps were dictated solely by acoustic and visual cues on 

the specimen indicating delamination growth. Although it was attempted to eliminate the 

effect of the load steps by taking into account the measured delamination growth and the load 

reached during the previous load steps the scatter remains significant. However, a general 

interpretation of the results is still possible. The global buckling load decreased as the 

maximum load of the previous load step increased (Figure 5). Even if the global buckling 

load was reduced in subsequent load steps, the effect of delamination growth on the global 

buckling load was not clear, suggesting that the reduction in global performance could be 

dominated by other failure modes. 

5.2. Fractographic Analysis 

While there are discrepancies between the results for the repeated specimens in terms of 

buckling load and delamination growth onset, the growth mechanisms are thought to have a 

higher degree of reproducibility as shown on the C-scans of the repeated specimens H1 and 

H2 in Figure 4. Based on the fractographic observations, the failure sequence and growth 

directions for Specimens I, H2, E2, and C are summarized in Figure 10, Figure 14, Figure 17 

and Figure 20, respectively. It can be summarised as follows: the region above the pre-

inserted defect buckled and formed a blister. Due to the high-bending strains at the insert 
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boundary and in-plane shear from the unbalanced delaminated layers, ply-splits started at the 

third ply tangential to the insert boundary and grew away from the insert. The intralaminar 

failure had a larger shear component in specimen I and H2 (Figure 12), while in specimen C 

it was mainly transverse tension (Figure 19). When the third ply was approximately 

orientated at 90˚ (E2 and C, +80˚/-10˚ and +87˚/-3˚ interfaces), the direction of the induced 

local buckling promoted the formation of ply splits at the axial boundary of the insert (Figure 

1). When the third ply was close to +45˚ (H2 and I, +45˚/-45˚ and +65˚/-25˚ interfaces, 

respectively) the position of the ply splits (Figure 10, Figure 14, Figure 17 and Figure 20) 

shifted towards the transverse boundary of the insert. Delamination migration occurred 

through these pre-existing ply splits. However, the sole presence of the ply split was not 

enough to promote complete migration. This is analogous to the findings of Pernice et al. 

[9,17] where several migration “attempts” were observed before delamination migration was 

completed.  

From the stress state at the crack tip at the axial boundary of the defect it can be deduced that 

migration will be dictated by the backward uppermost ply (third) at the delaminated interface 

[23]. In a similar mechanism as described by Canturri et al. [12], migration did not occur 

when the uppermost ply (third) was aligned to the global growth (E2, C and B, +80˚, +87˚ 

and 90˚). For specimens H2 and I, (upper ply being +45˚ and +65˚ respectively) this was not 

the case. The delamination then migrated via ply splitting until the uppermost ply of the 

delaminated interface matched the growth direction.  

After the delamination initiation and growth the generated delaminated surfaces lacked 

out-of-plane support. The fibres in the load carrying plies (i.e. 0˚ or close to this orientation) 

which were as such free surfaces, microbuckled and ultimately failed. Compression failure 

had started near the delamination initiation site and had then propagated away from the insert. 

Fibre microbuckling was observed in specimens E2, C and I. For specimens where there was 
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no predominant load carrying ply exposed, such as in specimen H2, compression failure did 

not develop. Similarly specimens E2 and C did not have significant load carried within the 

first three plies and therefore the compression failure was located within the fourth ply (-10˚ 

and -3˚, respectively). This compression failure was thought to have been contained by the 

ply splits and propagated only as far as the delamination reached. 

To summarise, the local growth direction was dictated by the direction of the fibres at the 

upper face of the delaminated interface. Delamination migration occurred through pre-

existing ply splits that had developed in the vicinity of delamination boundary. The location 

of these ply splits was dictated by the stacking sequence of the delaminated plies. As a late 

event, if delamination had developed at an interface with plies aligned with the load, these 

were likely to have exhibited fibre micro-buckling leading to compressive failure. In 

summary, the overall failure mechanisms were strongly influenced by the stacking sequence.  

6. Concluding Remarks 

A fractographic study into the influence of ply interface orientation on delamination growth 

mechanisms from embedded defects was undertaken. 11 composite panels (eight stacking 

sequences) with an embedded delamination were tested in compression until delamination 

growth was observed. The influence of the stacking sequences on the delamination growth 

and panel buckling were examined. From the eight stacking sequences tested, four stacking 

sequences were studied in detail via fractography and the modes and sequences of failure 

deduced. Delamination was proven to closely interact with ply splits. However, the presence 

of ply splitting alone was not sufficient to dictate if delamination migration would ensue. It 

was observed that, although macroscopically delamination migrated through a single ply 

split, multiple delamination migration attempts were observed close to the final delamination 

migration site. This resulted in limited crack branching at the vicinity of the migration step 
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and in a crack mostly progressing in a continuous manner elsewhere. The presence of plies 

parallel to the load, i.e. transverse to the delamination growth direction, promoted migration 

and thus inhibited the delamination growth. However, it was observed that once those plies 

had delaminated the load carrying plies were prone to out-of-plane microbuckling. These 

secondary failure modes were thought to have a greater impact on the reduction of the overall 

compression performance of the laminate than the advance of delamination. This study shows 

the importance for predictive models to not only predict the extent of the delamination but 

more importantly, the ply interface at which the delamination propagates. This detailed 

results can be used to validate those numerical models of progressive delamination growth 

where migration is explicitly modelled.  
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Tables 

Table 1 Stacking sequence and starter defect ply interface for the embedded defect specimens.  

Panel*† Stacking sequence 
Defect 

Interface 

A [+45˚/-45˚/0˚/90˚]4s 0˚/90˚ 

B [-45˚/+45˚/90˚/0˚]4s 90˚/0˚ 

C [-48˚/+42˚/+87˚/-3˚]4s 87˚/-3˚ 

D [-50˚/+40˚/+85˚/-5˚]4s 85˚/-5˚ 

E1 and E2 [-55˚/+35˚/+80˚/-10˚]4s 80˚/-10˚ 

F [-60˚/+30˚/+75˚/-15˚]4s 75˚/-15˚ 

G [-75˚/+25˚/+70˚/-20˚]4s 70˚/-20˚ 

H1 and H2 [-70˚/+20˚/+65˚/-25˚]4s 65˚/-25˚ 

I [90˚/0˚/+45˚/-45˚]4s 45˚/-45˚ 

* Note the defect was located between the third and fourth plies for all specimens 
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†Specimens examined using fractography are indicated in bold 

Table 2 Maximum loads, delamination strains, global and local buckling loads for the embedded delamination 

specimens. 

Specimen 
Ply 

interface 

Maximum 

load (kN) 

Delamination 

initiation 

strain () 

Global buckling 

Load (kN) 

Local buckling 

load (kN) 

A 0˚/90˚ -80.4 -12400 -75.1 -33 

B* 90˚/0˚ -75.5 -13800 - * -36 

C 87˚/-3˚ -70.3 -12700 -70.4 -33 

D 85˚/-5˚ -71.2 -13100 -70.1 -40 

E1 80˚/-10˚ -75.5 -10700 -74.8 -21 

E2 80˚/-10˚ -70.7 -10800 -68.7 -29 

F 75˚/-15˚ -72.8 -7900 -71.5 -23 

G 70˚/-20˚ -73.9 -8800 -73.5 -30 

H1 65˚/-25˚ -71.0 -11600 -69.6 -32 

H2 65˚/-25˚ -75.3 -9600 -74.9 -17 

I 45˚/-45˚ -79.1 -10500 -77.9 -25 
* Delamination growth occurred before global buckling  
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Figures 

 

Figure 1 Specimen dimensions and instrumentation.  

 

a) b) 

Figure 2 Representative responses of the three load steps of a) laser gauge out-of-plane displacement and b) 

strain gauges in-plane compressive strains on Specimen I (defect at the +45˚/-45˚ ply interface). 
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Figure 3 Damage growth mechanism of an embedded delamination with a) local buckling, b) 

global buckling and c) local-global buckling and delamination migration at the transverse 

boundary. 
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b) 

Figure 4 Representative time of flight C-scans between interrupted tests of Specimen a) H1 and b) H2 (defect at 

the +65˚/-25˚ply interface). 
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b) 

 

c) 

Figure 5 a) Effect of the extent of the pre-existing delaminated area on global buckling; b) Effect of the back ply 

angle on the growth of the delaminated area and c) Effect of the maximum load on the global buckling 

behaviour. 
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Figure 6 a) C-scan, b) front fracture surface and c) schematic showing the positions of the subsequent images 

from Specimen I (defect at the +45˚/-45˚ ply interface). 

 

 

Figure 7 Delamination growth at the insert boundary of Specimen I (defect at the +45˚/ -45˚ ply interface). Site 

(1) in Figure 6. 
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Figure 8 Ply splitting of the third ply (+45˚) of Specimen I (defect at the +45˚/ -45˚ply interface). Site (2) in 

Figure 6. Note that this micrograph was taken at the back matching surface (Figure 3). 

 

Figure 9 Compression failure of the third (+45˚) and second (0˚) plies in Specimen I (defect at the +45˚/ -45˚). 

Site (3) in Figure 6. Note that this micrograph was taken at the back matching surface (Figure 3). 
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Figure 10 Failure sequence for Specimen I (Baseline) with a stacking sequence of [90˚/0˚/+45˚/-45˚]4s with the 

defect located at the +45˚/-45˚ ply interface. 

 

Figure 11 a) C-scan, b) front fracture surface and c) schematic showing the positions of the subsequent images 

of Specimen H2 (defect at the +65˚/-25˚ply interface). 
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Figure 12 Ply splits of the third ply (65˚) in specimen H2 (defect at the +65˚/-25˚). Site (4) in Figure 11. 

 

Figure 13 Boundary of the insert showing an in-plane shear failure of the third ply (65˚) in specimen H2 (defect 

at the +65˚/-25˚) Site (5) in Figure 11. 
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Figure 14 Failure sequence for Specimen H2 with a stacking sequence of [-70˚/+20˚/+65˚/-25˚]4s and the defect 

located at the +65˚/-25˚ ply interface. 

 

Figure 15 a) C-scan, b) front fracture surface and c) schematic showing the positions of the subsequent images 

of Specimen E2 (defect at the +80˚/-10˚ ply interface). 
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Figure 16 Boundary of the insert in Specimen E2 (defect at the +80˚/-10˚) showing compression failure and ply 

splitting of the fourth ply (-10˚). Site (6) in Figure 15. 

 

Figure 17 Failure sequence Specimen E2 with a stacking sequence of [-55˚/+35˚/+80˚/-10˚]4s and the defect 

located at the +80˚/-10˚ ply interface. 
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Figure 18 a) C-scan, b) front fracture surface and c) schematic showing the positions of the subsequent images 

of Specimen C (defect at the +87˚/-3˚ ply interface). 

 

Figure 19 Surface detail of the third ply (+87˚) in Specimen C (defect at +87˚/-3˚). Site (8) in Figure 18. 
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Figure 20 Failure sequence Specimen C with a stacking sequence of [-48˚/+42˚/+87˚/-3˚]4s and the defect 

located at the +87˚/-3˚ ply interface. 

 

Figure 21 a) C-scan, b) front fracture surface and c) schematic showing the positions of the subsequent images 

of Specimen B (defect at the +90˚/-0˚ ply interface). 
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