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Abstract 

With the widespread adoption of polymer composites in primary structures, understanding and 

prediction of the performance of composite to metal hybrid joints is now critical to engineering 

design of transport structures. This work investigated the damage processes associated with 

bearing failure of such composite joints, for both pristine holes and holes damaged during 

drilling. An aerospace grade composite was drilled under three different conditions, tested to 

failure under quasi-static double bearing loading, and then characterised using fractographic 

techniques. In the pristine condition, the initial damage process was 0° longitudinal splitting 

tangential to the lateral extents of the hole which then dictated the extent of the subsequent 

bearing damage development. Beneath the bearing face of the hole inclined lines of in-plane 

microbuckled fibres had developed whilst beyond the constraint of the washer there was 

considerable delamination and massive out-of-plane fibre microbuckling. As the degree of 

drilling damage increased, 0° longitudinal split development was inhibited, and the local pre-

existing damage at the periphery of the hole had extended into the bearing damage zone, 

directly initiating out-of-plane fibre microbuckling. Consequently the bearing damage zone 

exhibited irregular distributions of fibre microbuckles, both across the thickness and depth 

beneath the bearing face of the hole. The observations in this work provide a means to validate 



 

 

predictive models and offer potential routes to improve bearing performance and the tolerance 

of laminates with drilling damage when under bearing loads. 

1. Introduction 

There is a growing use of polymer composites as primary aerostructures, with recent aircraft 

such as Boeing Dreamliner and Airbus A350 having more than 50% of the vehicle weight as 

polymer composite [1], [2]. Other sectors, such as automotive, marine, and infrastructure are 

now widely adopting these materials. Hence as composites become more widespread, the 

need to join them to conventional metallic structures has come to the fore. Understanding and 

prediction of the performance of composite to metal hybrid joints is now critical to 

engineering design of transport structures. Such joints generally fail in three modes: net-

tension, shear-out, and bearing, but the latter is considered the most complex and challenging 

to model [1]. Moreover, parameters such as hole and washer dimensions, laminate stacking 

sequence, and lateral clamping pressures can influence the bearing failure processes. The 

study reported here has focussed on using fractographic techniques to glean an insight into 

the damage processes, and hence motivate the formulation of predictive models, for bearing 

failures. 

For the purposes of this study, the background literature on bearing failure has been 

partitioned into experimental studies into bearing response and failure, including the 

geometry, lay-up and material; failure mechanisms under bearing loads; predictive models for 

bearing response and failure; and the influence of hole defects and damage on the bearing 

response. Experimental testing has been undertaken using a range of specimen geometries, 

with research having focussing on the effect of localised compressive loading on the face of a 

notch by utilising both laterally clamped [3]–[9] and un-clamped [10]–[14] test specimens. 

Where the loading is symmetrical (i.e. a double-lap rather than a single-lap joint), 

fractography has been used to characterise the through-thickness microprocesses and failure 



 

 

associated across varying ply orientations. Where unsymmetrical loading has been employed 

(i.e. single-lap joints), experimental tests have shown that the bolt head produces a localised 

crushing damage due to the asymmetry of the loading conditions [7], [9], [15], [16]. 

Fractography has been used to ascertain that these single-lap joint failures initiate at the 

interface between the specimen and the internal surface of the bolt head due to lateral 

bending, and develop into kink-bands through the thickness of the laminate [7], [9], [15], 

[16], supported by FE modelling [15]. This type of failure is due to lateral bending and thus 

loading condition dependant: hence the severity of surface crushing varies with the bolt 

geometry, countersink angle, diameter, and head diameter. More pertinent to understanding 

the overarching damage mechanisms associated with bearing failure are studies which focus 

on the interactions between inter and intra-laminar failure modes, usually where a 

symmetrical bearing load is employed. Fractography of failed specimens having undergone 

symmetrical bearing loading has been used to effectively glean insight into the failure modes 

[8], [17]. Although delamination, intra-ply splitting, kink banding due to compression and 

shear loading, and transverse intra-ply cracking have been observed, the detailed sequence of 

these events is yet to have been identified and reported. 

A key feature noted under bearing loading is that of 0° microbuckling and the associated kink 

bands [5], [18]–[20]. In the context of bearing failures, observations as to the nature of the 

kink band formation, and their interactions with other damage mechanisms, can be gleaned 

from the fracture morphology, as illustrated in Figure 1 [17]. An interesting observation is 

that the angle of the kink bands within the 0° fibres tends to reduce towards the mid-thickness 

in a bearing failure.  This shallowing of the angle is attributed to the change in the stress state 

from compression at the mid-width to shear towards the circumference of the loading pin 

[21].  Kink bands have been noted to have occurred together (Figure 1a), and are referred to 



 

 

as ‘complementary’ kinks [21]: these features are attributed to the relief of the transverse 

offset caused by a single kink band [21]. 

Xiao and Ishikawa have provided an insight into the general damage mechanisms associated 

with failure of a double-lap joint [22], as detailed in Figure 2. They identified that failure had 

initiated at the contact surface between the bolt and the hole as crushing damage (Figure 2a). 

This led to damage accumulation inside the washer region (Figure 2b) which was 

characterised by progressive longitudinal fibre kinking, shear cracking and delamination at 

the off-axis plies. Finally, (Figure 2c), following saturation of the damage beneath the 

washer, large scale delamination and catastrophic failure ensued. Similar observations have 

been made by Cao et. al.[20], who identified matrix microcracking and minor crushing 

damage at the hole surface as the first events, and then fibre kinking in combination with 

delamination development from the hole edge. The kink bands were noted to have initiated 

local delaminations at the adjacent ply interfaces. Another study has shown that a thin ply 

unidirectional T700 CFRP composite (~0.03-0.05mm thick) inhibits the onset of kink bands 

by up to 47% compared to a traditional ‘thick ply’ composite (0.1-0.2mm thick) of the same 

material [23]. This indicates that the kinking process is unstable in nature and once initiated 

within a 0° ply can be arrested by encountering a ply interface, then extending into a 

delamination. Feser et al. conducted and assessed the dynamic bearing failure of notched 

quasi-isotropic laminates and their fractography indicated that delaminations occurred mostly 

at similar or at relative 90° ply interfaces [10]. 

Combining both X-radiography and metallographic cross-sections of the damaged laminate 

has provided an understanding into the failure modes during bearing loading [16], [20], 

although determining the sequence of failure using such techniques is challenging, 

particularly across multiple and varying ply interfaces/orientations. To achieve a deep insight 

into the sequence and evolution of the damage modes, detailed fractographic inspection in 



 

 

conjunction with non-destructive techniques is necessary [24]. The effect of material has 

been noticed to affect the bearing failure mechanisms in notched composites. The research 

previously discussed has largely focussed on the bearing failure mechanisms associated with 

CFRP, where post-test dissection and scanning electron microscopy is somewhat 

straightforward due to the relative ease of CF/epoxy dissection. Other reinforcement types 

such as glass fibres present material-specific issues with the processes associated with 

dissection and interrogation. For example, matrix crazing and fibre fibrillation during cutting 

and subsequent loading has been noted to obfuscate fracture surfaces in such materials [4], 

[25], [26], making detailed post-test fractography difficult. Also, the charging of glass fibres 

under scanning electron microscopy is known to make fractography more difficult [27]. 

Aramid fibres are also difficult to study fractographically due to excessive fibre fibrillation 

during dissection [27], which when subsequently loaded leads to fibre crushing and a matrix 

dominant bearing mode, resulting in a lower bearing strength compared to CFRP/GFRP 

composites [28]. 

An important parameter which is recognised to have an influence on the mechanical joint 

performance is the drilling process. This will impact on both the quality of the finishing of 

the hole and any subsequent damage induced in the loaded laminate. The most widely 

understood form of damage to a composite laminate from a drill bit is through both peel-up 

delamination (where the plies at the entry face are peeled away from the laminate in mode I), 

and push-out delamination (where the bottom-most plies are spalled from the laminate in 

mode I), shown diagrammatically in Figure 3 [26], [29]–[31]. There are a number of studies 

which have addressed the effect of the drill speed, drill parameter, and the feed rate on the 

subsequent bearing strength of composite laminates [32]–[34]. Non-optimal drilling 

conditions introduce damage to the face of the hole, which subsequently act as initiation sites 

for damage development during bearing loading. Erturk et al. tested the thrust force of the 



 

 

drill bit during drilling of a woven composite and also characterised the level of peel up and 

push down delaminations for various drill bit materials and drill speed [35]. Generally it was 

found that a lower drill speed produced less damage to the hole face in thermoplastic [35], 

carbon fibre/epoxy [36] and glass fibre/epoxy [34] composites. The delamination area during 

drilling was also noticed to increase with the ratio of the feed rate to the drill speed [34], [36]. 

Wang et al. used fractography and modelling to characterise the damage to a multidirectional 

carbon fibre/epoxy laminate [37]. They found that in-situ chips formed for each ply 

orientation and were able to quantify the mechanisms associated with each one, as shown 

diagrammatically in Figure 4 [37], [38]. They concluded that despite the varying mechanisms 

producing in-situ chipping for differing ply orientations, multidirectional laminates suffered 

similar levels of debris to unidirectional laminates due to the support provided by adjacent 

plies. Thus, in conclusion, although identification of the drilling conditions which depress the 

notched or bearing strengths are well known, the nature of the micromechanical failure 

processes which ensue from this introduced damage during bearing loading have not been 

characterised and are not well understood. 

Finite element modelling has been employed to capture the bearing response of laminated 

composites with varying levels of accuracy. Wu and Sun developed a linear elastic/plastic FE 

model and highlighted the need for a non-linear model once fibre kinking (microbuckling) 

occurs [14]. Xiao and Ishikawa then provided an in-plane FE model which takes into account 

the non-linear shear and degradation to the properties under bearing [22]. They and others 

[39] concluded that a three-dimensional approach is critical to capturing the translaminar and 

interlaminar cracking, as well as the lateral boundary conditions and out-of-plane elasticity of 

the material. More recently, modelling by Irisarri et al. highlighted the need to couple the 

interlaminar and intralaminar failure modes, and where they interact, by incorporating the 

out-of-plane properties of the material [11]. Sola et al. attempted to address these concerns by 



 

 

modelling the out-of-plane properties of a CFRP laminate but concluded that the progressive 

nature of the damage hindered the accuracy of the results, particularly concerning the kinking 

process [17]. Most recently Shipsha and Burman [8], and Davidson and Waas [3] 

incorporated the lateral boundary conditions associated with single-lap joints, and lateral 

clamping forces. Both studies highlighted the need to capture the local stress fields for the 

outer 0° plies, where kinking is most likely to occur. Fibre waviness and ply misalignments 

were also highlighted as important parameters in accurately capturing damage onset and 

progression. From these, it is clear than a micro-scale approach is needed to capture the 

kinking process effectively. Thus, given the ever increasing computational efficiency in 

modern hardware and FE code, future models are likely to focus solely on the out-of-plane 

boundary conditions through three-dimensional modelling [6], [15]. The progression of kink 

banding, complementary kinking [21], and their influence on the other failure modes such as 

delamination is critical to capturing the evolution of bearing failure with high accuracy. 

In summary, the background literature does provide some insight into the general failure 

mechanisms and the overall evolution of the damage development under bearing loads. 

However, there is a dearth of information on the detailed processes and, in particular, 

identification of the critical interactions that can occur. Furthermore, there is no 

understanding of the influence of drilling induced damage to the hole on subsequent bearing 

failure mechanisms. 

The aim of the work reported here was to use fractographic techniques to provide a deep 

insight into the damage processes associated with bearing failure in composite laminates, for 

both pristine holes and holes damaged during drilling. These observations will underpin the 

interpretation of the mechanical test results (i.e. identify the critical mechanisms associated 

with drilling damage which depress the bearing performance). Ultimately, this work provides 



 

 

a means to validate predictive models and offer potential routes to improve bearing 

performance and the tolerance of laminates with drilling damage when under bearing loads. 

In the work reported here, an aerospace grade composite with a representative laminate and 

hole geometry was drilled under three different conditions. The extent and type of drilling 

damage was characterised using X-radiography, and the laminates were subsequently tested 

to failure under quasi-static bearing loading. Finally, the failed laminates were characterised 

using X-radiography and fractography.  

The overarching methodology was to provide a detailed characterisation of the bearing failure 

associated with a pristine hole, and to then identify the differences in the bearing damage 

mechanisms associated with holes in which there was drilling damage.  With this in mind, the 

study was partitioned into mechanical results (Section 3), macroscale and microscopy of the 

polished sections (Section 4), fractography of the exposed fracture surfaces (Section 5). From 

the latter two Sections the sequence of failure in the pristine and drilled damaged 

configurations was deduced and presented (Section 6). This culminated in a discussion of the 

fractographic insights and the influence of preexisting damage on the bearing failure process 

(Section 7). 

2. Experimental Details 

2.1. Panel Preparation and Drilling 

Coupon Set 
Speed Rate 

(RPM) 
Feed rate 
(mm/min) 

Net Damage Area  
(mm²) (Cv) 

Typical damage 

Type A 
(Baseline) 

3000 150 3.68 (16.2%) 

 

Type B 3000 50 5.07 (16.6%) 

 



 

 

Type C 400 1000 117.83 (9.2%) 

 
  

 Table 1 Coupon conditions used in this study. 

A twenty four ply panel with the stacking sequence of 

[+45°/-45°/0°/90°/(-45/+45°/0°/90°)2/(90°/0°/+45°/-45°)3] with a nominal ply thickness of 

0.187 mm, was made using Hexcel T800/M21 following the manufacturers 

recommendations1. This entailed applying 7 bar pressure to the laminate in an autoclave, 

heating to 180°C at a ramp of 2°C/min, dwell for 120 minutes followed by cooldown to room 

temperature at 3°C/min. Drilling was undertaken using a diamond coated carbide 90° point 

drill (Karnasch 29.0120), using an aluminium backing sheet and coolantto generate holes of 

6.35 mm nominal diameter. Following a preliminary study, three drilling conditions were 

chosen for investigation, covering a range of drilling damages. Representative X-radiographs 

of the damage and polished cross-sections (taken parallel to the -45° ply) of the typical hole 

edge damage, are shown in Table 1 and Figure 5, respectively.  

2.2. Mechanical Bearing Testing 

The drilling conditions and coupon numbering used in this study are shown in Table 1, with 

five replicates tested per condition. The tests were conducted using the Airbus Standard 

AITM AITM1-0009 (Issue 4) [40], using coupons which had been water jet cut to 150 mm x 

45 mm x 4.5 mm, and the hole located 25 mm from the coupon end. Prior to mechanical 

testing, the holes were imaged (front and back) using a high-resolution flatbed scanner. To 

 

1 https://www.hexcel.com/user_area/content_media/raw/HexPly_M21_global_DataSheet.pdf 

https://www.hexcel.com/user_area/content_media/raw/HexPly_M21_global_DataSheet.pdf


 

 

identify the extent of any subsurface damage prior to testing, the first two coupons from each 

set were inspected using penetrant enhanced X-radiography. This technique entailed 

immersing the drilled coupons in volatile di-bromomethane solution for five minutes, and 

then drying in air for two minutes. Following this, the coupons were X-rayed for 90 seconds 

using a 25kVp beam in a HP Faxitron 438N X-ray chamber. The image was captured using 

the Durr NDT CR35 Unit and analysed using the associated software. 

Each coupon was bolted into the rig as detailed in Reference [40], using NAS6604-11 bolts 

and NAS509-4 nuts, with the bolts tightened up to a torque of 1.3 Nm to simulate the ‘finger 

tight’ condition. The coupons were then mounted in an Instron servo-hydraulic machine with 

a 250 kN loadcell and loaded quasi-statically in double bearing at a rate of 1 mm/min until a 

hole deformation of 20%. Tests were stopped at this deformation as specified in the standard 

[40]. The hole deformation was measured using a non-contact visual displacement 

measurement device (Imetrum Video Gauge) as defined in [40]. As shown in Figure 6 and 

Figure 7, the offset bearing stress at 0.02D (𝜎0.02𝐷), , maximum stress before 0.06D offset 

(𝜎<0.06𝐷) and ultimate bearing strength (�̂�) are reported here [40]. The first two correspond to 

the stress such that there is a permanent hole deformation of 2% and 6% whilst the latter 

corresponds to the maximum stress the specimen withstood before the test was stopped. 

2.3. Post-test inspection and fractography 

Following testing, the front and back faces of the failed coupons were imaged using an HP 

Scanjet 4850 scanner at a resolution of 1000 dpi (Figure 8). To identify the extent of any 

subsurface damage, all the holes were inspected using penetrant enhanced radiography using 

the same procedure described in the previous Section (Figure 9). 

Representative coupons from each Type (A, B and C) were chosen for detailed fractography. 

Due to the minimal drilling damage presented, Type A was deemed to be the baseline 



 

 

condition. The fractography entailed two stages, the details of which are presented in the 

following paragraphs: 

1. Metallographic polishing of sections at the mid-width, following which the surfaces 

were examined using scanning electron microscopy. 

2. Dissection of the laminate planes to expose the intralaminar and translaminar fracture 

morphologies.  

Firstly, the damaged regions were cut as illustrated in Figure 10. The sections were all taken 

parallel to the 0° ply and sectioned just adjacent to the coupon centrelines (i.e. mid-width). 

Subsequently, during the polishing process, the coupons were polished down to the centreline. 

The sections were cut using a non-serrated hacksaw, and then bonded between two sacrificial 

laminates using double sided tape. The laminates were subsequently ground and then polished 

for inspection using the procedures described in [27]. Grinding used a Struers MD Piano 220 

disc, and the polishing used a MetPrep Memphis cloth and MetPrep diamond suspension down 

to one micron grit.  

The coupons were then mounted on aluminium stubs using carbon black loaded rapid cure two-

part Araldite epoxy and left overnight to cure. The surfaces were blown with dry air to remove 

any dust and then coated with gold for 20 seconds using an Agar B734/SE sputter coating unit. 

Following this, the coupons were examined using a Hitachi S3700N-II scanning electron 

microscope in high vacuum mode, typically using an acceleration voltage of 10 kV.  

The polishing described in the previous Section presented information regarding the damage 

along the coupon centreline (i.e. mid-width), extending from the bearing face of the hole to the 

end of the coupon. However, to glean information remote from this centreline, it was decided 

to mechanically expose some of the interlaminar surfaces.  

The matching halves of the aforementioned coupons (Figure 10) were clamped at the non-

bearing end (beyond the hole), and then a steep wedge was introduced for a few millimetres 



 

 

into the opposite end. The wedge was then twisted to force the surfaces apart under mode I 

loading, exposing the individual laminate planes with minimal post-failure damage. Since there 

was limited extensive delamination between the layers, it was impossible to control which ply 

interfaces were exposed by this process. However, the peeling direction would have 

preferentially exposed 0° ply interfaces [27]. These exposed surfaces were then mounted, 

prepared, and inspected using scanning electron microcopy, as described earlier. 

3. Test Results 

3.1. Description of drilling damage 

In the following paragraphs the results of the bearing tests are presented. Details of the 

typical damage associated with the different drilling conditions are presented in Figure 5 and 

Table 1. The Type A coupons (Baseline), which had been drilled at 3000 RPM with a feed 

rate of 150 mm/min, presented the least damage, with an average net damage area of 

3.68 mm². As can be seen in Figure 5, the only significant damage was some localised 

gouging of a few of the interior plies. Reducing the feed rate to 50 mm/min (Type B coupons) 

led to increased damage around the hole periphery (Figure 5), with an average net damage 

area of 5.07 mm². The damage manifested as localised cracking of the angle plies. Finally, 

reducing the speed to 400 RPM but increasing the feed rate to 1000 mm/min (Type C 

coupons) led to significant hole damage. The average net damage area was 117.83 mm² and 

manifest as delamination lobes extending parallel to the surface ply, internal debris within the 

holes, severe damage around the holes, and interior delaminations extending around the 

holes. 

3.2. Bearing test results 

The results from the bearing tests are shown in Table 2. The typical bearing stress versus hole 

deformation behaviour is shown in Figure 6 for the Type A, B, and C coupons. Finally, a 

comparison between all the data is shown in Figure 7. 
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A 3000 150 3.68 911.1 (56.6) 1043.7 (18.9) 1038.3 (23.4) 

B 3000 50 5.07 873.5 (20.7) 1003.0 (27.1) 1000.3 (27.4) 

C 400 1200 117.83 744.4 (68.1) 912.3 (22.3) 860.9 (62.2) 

Table 2. Summary of bearing test results, with standard deviations shown in brackets. 

The front and back surfaces of the failed coupons which were subsequently scrutinised using 

fractography are shown in Figure 8 whilst X-radiographs before and after testing are shown in 

Figure 9. All the coupons were observed to have failed in bearing as defined in [40]. Generally 

the scatter in the results was below 10%, with the highest scatter presented by the Type C 

coupons. In general, the stress/deformation responses were very similar (Figure 6), the main 

difference having been the initial stiffness, with Type C having been more compliant, and 

therefore the subsequent stresses associated with different hole deformation conditions were 

lower in this dataset. This increased compliance upon initial loading in the Type C coupons 

was perhaps associated with the severe drilling damage in this dataset. In general, the Type A 

coupons presenting the highest stresses, whilst the Type C coupons presented the lowest 

stresses. 

 

4. Fractographic Observations 

In the following paragraphs the fractographic observations are described. The methodology 

adopted was to convey the Baseline (Type A) in detail, and then highlighting the differences 

in fracture morphologies associated with the other drilling conditions (Types B and C). 

4.1.  Macroscale morphology of the failed coupons 

The visual appearance of the post-test damage around the holes (drilling entry and exit faces) 

are shown in Figure 8. Considering the Type A (Baseline), the hole was plastically deformed 

in the loading direction with a small degree of damage at its lateral extents (Figure 8a). In the 



 

 

region of the bearing face of the hole, at both the ±45° positions, radial cracking had developed 

and crushing damage was visible within the hole. At the washer rim there was a partially 

circular band of damage in the material, associated with the crushing constraint. Beyond this, 

the surface plies had split and raised, consistent with sub-surface delamination. This fracture 

morphology was consistent for both the drilling entry and exit faces of the hole, and common 

to the Type B coupons. For the Type C (Figure 8c), the entry face had exhibited more severe 

damage, particularly surface cracking extending from the bearing face of the hole, parallel to 

the loading direction. 

X-radiographs prior to and after mechanical testing are shown in Figure 9. Prior to testing the 

Type C coupon presented significant damage around the hole, whilst negligible damage was 

evident for the other two configurations. Following testing, for Type A (Baseline) and Type B 

coupons, the damage was exclusively associated with the bearing face of the hole, having 

extended up to the lateral extents of the hole. The hole exhibited deformation in the loading 

direction, with the associated damage oval in distribution and symmetrical in the 0° ply 

direction. The bearing damage could be partitioned into two regions; an inner region (high 

attenuation) and an outer region (low attenuation) with fewer delamination planes and ply 

splitting. For the Type C coupon (Figure 9c), the damage had also extended around the whole 

periphery of the hole. Furthermore, there was considerable ±45° ply splitting visible around 

the hole, some of which had extended well beyond the inner damage zone. 

4.2.  Scanning Electron Microscopy of the Polished Sections 

The fracture morphologies associated with the bearing damage, as characterised by scanning 

electron microscopy of the polished sections, are presented in the following images. In all these 

images the hole is on the right-hand side, such that the bearing load would have been applied 

to the laminate from right to left. Furthermore, all the coupons were sectioned and polished 

such that the entry face during drilling was lowermost. Finally, all the comparisons presented 



 

 

are shown at the same working distance, coupon tilt and magnification. To permit comparison 

between the different failure processes the images are presented in sets of three (with the 

Baseline uppermost), showing the same approximate location with respect to the hole for each 

of the three Types of drilling damage.  

A set of low magnification images of each of the sections illustrating the overall differences 

between the bearing damages is shown in Figure 11. Figure 12 provides a comparison between 

the damage morphologies directly beneath the bearing face of the hole, close to the laminate 

mid-plane, whilst Figure 13 illustrates the surface damage just beneath the edge of the washer. 

Finally, Figure 14 presents high magnification images of the 0° fibre microbuckle 

morphologies within the interior of the laminate.  

Type A (Baseline): 150 mm/min; 3000 RPM; damage area 3.68 mm² 

Firstly, considering the Baseline condition (Figure 11a), the damage around the edge of the 

hole was visible, with closely spaced cracks within the plies around the periphery. At the top 

of the hole (opposite the bearing face), these closely spaced cracks were located at the 0° plies 

and were associated with longitudinal split development. However, towards the lateral extent 

of the hole these splits were located at the angle plies, having extended normal to the hole. 

Finally, approaching the bearing surface of the hole there was more severe damage visible to 

the hole face. Considering the laminate beneath the hole, at the intersections between the hole 

face and the free surfaces there was quite severe ply damage consisting of a combination of 

subsurface delamination and ply splitting (Figure 11a). However, at the interior of the bearing 

face there was relatively little damage. 

For about 4 mm beneath the bearing surface of the hole (Figure 12a) the washer had constrained 

the laminate through the thickness: this region is referred to forthwith as the bearing damage 

zone [22]. There was no ply splitting and very limited delamination within this region, only 



 

 

microbuckled fibres, mainly in the 0° ply. These microbuckles (Figure 14a) developed as 

zigzag steps, either as isolated single microbuckles (tending to be angled away from the hole) 

or as groups of between two and six. The distribution of microbuckling damage was 

approximately symmetrical about the mid-plane and was fairly uniform, about 5 mm beneath 

the hole face (i.e. about the limit of the washer extent). Details of these fibre damage processes 

are shown in Figure 12a and at high resolution in Figure 14a. The difference between 

microbuckles in the 0° plies (Figure 14a) and the angle plies are apparent (Figure 15) with these 

bands presenting fairly similar inclination across the ply thickness, and were generally single 

bands of fibre microbuckles, although occasionally multiple tiers were seen.  

As can be seen in Figure 11a, remote from the bearing face of the hole was a wedge shaped 

fracture band which had extended across the whole thickness. This had initiated from the 

surface just at the boundary of the washer edge (Figure 13a), and then extended through the 

thickness at an angle of about 53° with respect to the 0° ply (i.e. away from the hole), 

culminating in a wedge shaped fracture at the central 90°2 plies. The start of this band (Figure 

13a) consisted of severely displaced plies, delaminations, severely crippled bands of fibres, as 

well as associated ply splitting and localised delamination. Beyond this wedged shaped region 

(Figure 11a), the material had displaced principally through the formation of 0°/90° ply 

interface delaminations, particularly close to the free surface. It was notable that this region 

was devoid of any microbuckled fibres. 

Type B: 50 mm/min; 3000 RPM; damage area 5.07 mm² 

The Type B coupon (Figure 11b) exhibited a very similar damage morphology to that of the 

Baseline (Figure 11a). There was no damage around the non-bearing face of the hole, whilst 

the bearing face exhibited angle ply split development, as had been seen in the Baseline (Figure 

11a). At the bearing face of the hole there were localised sites of removed material (Figure 

12b), particularly at the intersection between the bearing face of the hole and the free surface 



 

 

(Figure 11b). There were also localised delaminations which had extended from the hole face 

and initiated fibre microbuckles beneath the hole: this was perhaps drilling damage which had 

triggered fibre microbuckles in the bearing damage zone. Directly beneath the bearing face of 

the hole (Figure 12b) there was a similar bearing damage zone to that seen in the Baseline 

(Figure 12a). In comparison to the Baseline (Figure 12a), there was a higher concentration of 

microbuckled fibres, but the extent of this zone was the same as that in the Baseline.  

As with the Baseline there was an angled band (Figure 13b) beyond the bearing damage zone 

which had initiated at a site of severe delamination and ply crippling, and had consequently 

extended through the thickness at about 50°, culminating in a wedge of failure of the central 

90° plies (Figure 11b). This angled fracture was perhaps more diffuse than that had been seen 

in the Baseline. Finally, beyond this angled band of fracture there were multiple sub-surface 

delaminations (Figure 13b). 

Type C: 1000 mm/min; 400 RPM; damage area 117.83 mm² 

The overview of the failure of the Type C coupon is shown in Figure 11c, illustrating that there 

was quite a different morphology to that of the Baseline and Type B. Firstly, there was very 

severe damage around the hole periphery, with a high degree of asymmetry in the hole face 

damage and particularly large delaminations towards the drilling exit surface. In this region, 

there had been severe material loss, delamination and wear damage of the composite towards 

one face, which was more severe than that which had been seen previously.  

As can be seen in Figure 11c, this exit face material loss had facilitated bowing of the adjacent 

plies at the hole, with these plies clearly having displaced towards this site, and associated 

delaminations having been formed. This had imbued the bearing damage zone with an 

asymmetric appearance and a higher concentration of damage towards the drilling exit face. In 

comparison to the Baseline (Figure 12a), the bearing damage zone presented fewer fibre 

microbuckles, but an increased propensity for secondary damage such as ply splitting and 



 

 

delamination. Detail of the region adjacent to the hole (Figure 12c) illustrated how the plies 

had displaced upwards into the damaged region, and hence there were numerous delaminations 

and ply splits extending into the bearing damage zone. Microbuckling of the fibres had almost 

exclusively been dominated by these secondary damage development processes (Figure 14c) 

which had clearly dictated the position of the damage. 

About 5 mm from the bearing face of the hole (Figure 11c) and beyond the bearing damage 

zone, there was an angled band of material. However, in comparison to the Baseline (Figure 

11a), this was far more diffuse. Figure 13c shows the surface of the laminate which presented 

loss of surface material, multi-plane delamination and microbuckled fibres. There had been 

clear interactions between these microbuckle bands and the associated delaminations, with out-

of-plane fibre microbuckling very much apparent but no mid-plane angled wedge of material. 

Finally, beyond the washer rim there were a few localised delaminations, particularly close to 

the surface. 

5. Scanning Electron Microscopy of Dissected Coupons 

Although the polished sections provided information as to the damage morphology along the 

coupon centrelines, several planes of the laminates were exposed to characterise the damage 

remote from these centrelines (Figure 16). These images illustrate the damage extending from 

the non-bearing faces of the hole, the bearing damage zone, and the wedge of compression 

damage just beyond the washer rim. In Figure 16, the positions of the subsequent images are 

indicated by labels. Note that several delamination planes were examined, but for brevity, the 

labels associated with all the images are condensed onto Figure 16. 

5.1. Type A (Baseline): 150 mm/min; 3000 RPM; damage area 3.68 mm² 

The damage in the Type A (Baseline) coupon, as shown in  Figure 16a, consisted of a bearing 

damage zone bounded by the coupon centreline and 0° longitudinal splitting tangential to the 

lateral edge of the hole. This 0° splitting (site i in Figure 16a) was coincident with a band of 



 

 

in-plane shear failure of the 90° ply above (Figure 17). The longitudinal displacement of the 

fibres was very severe at this site, consistent with the 0° ply split development at this region.  

It was apparent from the sharp change in morphology across the split (Figure 16a) that this had 

been an early event, effectively isolating the bearing damage zone (particularly the 0° fibres) 

from the rest of the laminate transverse from the hole. There was also evidence of 90° ply splits 

(Figure 16a) having extended from the lateral regions of the hole. However, these features 

appeared to have initiated at a band of 0° longitudinal splitting tangential to the hole, rather 

than having initiated at the hole edge, from which it was inferred that they had occurred after 

the 0° split development. Delamination had developed adjacent to these layers, but there was a 

thick residue on the surface, perhaps associated with pre-existing drilling damage induced 

delamination.  

The bearing damage zone manifest as a lobe beneath the bearing face of the hole , with the 

morphology around the centre of this region (site ii in Figure 16a) shown in Figure 18. This 

presented bands of in-plane fibre microbuckles extending across the laminate, inclined at about 

65° to the 0° fibre direction, with a pitch of approximately 400 microns.  

As can be seen in Figure 19, beyond the bearing damage zone and coincident with the washer 

rim (site iii in Figure 16a) there were bands of severe longitudinal compression failures 

approximately normal to the 0° ply direction, across the width (Figure 19a). These were 

associated with massive crushing of several layers, with the 0° plies having microbuckled out-

of-plane (Figure 19b). Away from the centreline of the coupon these compression bands had 

developed into steps, consistent with an increase in the in-plane shear component. Figure 20 

shows the morphology of this band in line with the 0° splitting tangential to the hole (site iv in 

Figure 16a). At this site, the in-plane shear component was dominant and there was perhaps 

some mode II delamination which had developed in the bearing damage zone following out-



 

 

of-plane fibre microbuckling. Detail of the fibres in Figure 20b illustrates the shear deformation 

and out-of-plane microbuckling of the 0° fibres in this region.  

5.2. Type B: 50 mm/min; 3000 RPM; damage area 5.07 mm² 

The overview of the damage morphology associated with the bearing failure in the Type B 

coupon is shown in Figure 16b, and was similar to that of the Baseline (Figure 16a). Detail of 

the lateral boundary of the hole is shown in Figure 21 (site i in Figure 16b), and shows the 

development of 0° ply splitting tangential to the hole. There were some localised 0°/90° ply 

interface delaminations between these splits and the hole edge which presented considerable 

crushing of the matrix, perhaps consistent with friction (through-thickness compression) 

between the delamination faces. There was further damage development at the 45° position on 

the hole boundary (Figure 16b). Firstly, a complicated combination of shear fracture of an angle 

ply, delamination between the angle and axial ply, and 0° split development was evident at this 

site, as shown in Figure 22 (site ii in Figure 16b). The angle ply fibres in this region presented 

evidence of severe in-plane shear fracture coincident with 0° longitudinal split development, 

although the continuity of the delamination across this split was consistent with the 

delamination having occurred first. At a different ply interface, but coincident with this damage 

at the edge of the hole there was tensile failure of an angle ply which had initiated at the hole 

edge, extended normal to the hole, whereupon it was arrested at a position close to a 0° 

longitudinal splitting tangential to the hole. At this arrest point it had changed direction to align 

with the 0° ply split, as an in-plane shear fracture of the angle ply, as seen in the Baseline. 

Further beneath the hole (site iii in Figure 16b), along the line of the 0° ply split, evidence of 

in-plane shear fracture of off-axis plies (±45°and 90°) was evident which were aligned with the 

band of longitudinal splitting (Figure 23). These translaminar damage processes (and the 

associated 0° splits) had extended well beneath the bearing face of the hole.  



 

 

The bearing damage zone directly beneath the hole, such as site iv in Figure 16b, exhibited 

irregular and alternating bands of out-of-plane fibre microbuckling (Figure 24). However, the 

morphology closer to the coupon centreline (site v in Figure 16b) presented a combination of 

in-plane and out-of-plane fibre microbuckling (Figure 25). In the centre of the bearing damage 

zone a similar morphology to that seen in the Baseline (c.f. Figure 18) was apparent, although 

the angled bands of fibre microbuckles were more irregular and less numerous than those 

observed in the Baseline.  

Finally, beyond the bearing damage zone, coincident with the washer rim (site vi in Figure 

16b), the failure mode had changed into several bands of massive 0° compression failure, with 

severe out-of-plane microbuckling of the 0° ply (Figure 26). Moving away from the coupon 

centreline, the degree of in-plane shear had increased, as evident from the increasingly step-

like morphology of the 0° ply fracture. 

5.3. Type C: 1000 mm/min; 400 RPM; damage area 117.83 mm² 

The damage in the Type C coupon (Figure 16c) was fairly complex, consisting of 0°/90° ply 

interface delamination around the lateral extents of the hole, 45°/90° ply interface delamination 

in the bearing damage zone, and finally 0°/90° ply interface delamination beneath this region. 

Such multiplane morphology was consistent with there having been a greater degree of ply 

splitting and delamination rather than translaminar fracture than in the Baseline (c.f. Figure 16c 

with Figure 16a). Again, the damage essentially consisted of a bearing damage zone, although 

this was less clearly bounded by 0° longitudinal splitting tangential to the lateral edge of the 

hole. There was evidence of pre-existing (i.e. drilling induced) delamination around the hole, 

particularly at the axial and lateral extents, which was characterised by ‘whitened’ regions 

extending from the hole perimeter (Figure 16c). In these regions localised mode II delamination 

growth as well as wear damage to the edge of the hole was present. 



 

 

As with the Type A and B coupons, at the lateral extent of the hole (site i in Figure 16c), there 

was evidence of 0° longitudinal splitting tangential to the hole (Figure 27). However, unlike in 

the previous coupons, this splitting was also accompanied by wear damage and localised 

delamination directly adjacent to the hole edge. Along the line of the 0° split development 

tangential to the hole presented evidence of in-plane shearing of the angle plies as had been 

noted in the Baseline, although again there was considerably more wear and secondary damage 

at the hole edges. This presented wedge-like localised bands of microbuckled fibres in the angle 

ply, consistent with the fibres having buckled into the longitudinal split position.  

The bearing damage zone (Figure 16c) in the Type C coupon was less distinct than had been 

observed in the other coupon types. Hole edge close to the centreline of the coupon (site ii in 

Figure 16c) presented considerable wear and drilling damage, with localised delaminations and 

ply splits, but no 0° microbuckling (Figure 28). Beyond the bearing damage zone, as seen in 

the Baseline (Figure 19), bands of severe out-of-plane 0° fibre microbuckles were apparent. 

Finally, remote from the hole, but aligned with the longitudinal 0° splitting, there was evidence 

of a complex combination of compression and in-plane shear failure of the 0° ply having 

interacted with the 0° longitudinal splitting. 

6. Sequence of Failure 

6.1. Sequence of Bearing Failure from a pristine hole (Baseline) 

A summary of the mechanisms associated with bearing failure from a pristine hole (i.e. 

Baseline) is illustrated in Figure 29a. These mechanisms include 0° longitudinal splitting 

tangential to the lateral extent of the hole, and adjacent to this, 90° ply splitting remote from 

the hole edge. Within the bearing damage zone, lines of in-plane microbuckled 0° fibres were 

apparent, but beyond this (coincident with the washer rim), there was out-of-plane fibre 0° 

microbuckling. At the centreline of the coupon this fracture mode was associated with pure 

longitudinal compression, but moving towards the coupon’s sides, the in-plane shear 



 

 

component increased, leading to a more jagged translaminar fracture band. Finally, beyond the 

washer rim, delamination was present. 

The sequence of failure in the Baseline, for which there was negligible drilling damage, is 

presented in Figure 30. For clarity, in this image only half the hole and associated material is 

illustrated. Furthermore, the representative mechanisms associated with each ply direction are 

presented, although there was some variation between the plies at different sites through the 

thickness. For some failure modes it was not possible to determine the crack growth direction, 

but the interactions between the mechanisms were inferred. 

The first event (Figure 30a) was associated with 0° longitudinal ply split development 

extending tangential to the lateral extent of the hole. This led to a narrow band (less than 1 mm 

wide) parallel to the 0° direction, which had grown towards the applied load, extending over 

the order of a hole diameter beneath the hole. This split was associated with the rapid change 

in the direct stress across the hole, leading to an increase in the in-plane shear stress moving 

from the coupon centreline to the lateral edge of the hole. This 0° split development bounded 

much of the subsequent fracture processes.  

Following 0° split development, a number of further processes had ensued (Figure 30b). 

Associated with the high tensile stress generated beyond the lateral edges of the holes, 90° ply 

splitting had developed, initiating from the 0° longitudinal splits. Furthermore, tensile fracture 

had initiated in the angle plies tangential to the edge of the hole, extending radially from the 

hole. Directly beneath the bearing face of the hole there was relatively little damage, 

particularly near the coupon mid-thickness. However, about 0.5 mm beneath this was the 

bearing damage zone which exhibited multiple bands of 0° and ±45° fibre microbuckles. Many 

of these consisted of single bands of fibres which had exhibited in-plane fibre microbuckling: 

these extended across the bearing damage zone, bounded by the 0° longitudinal splits. The 

inclination of these bands was perhaps associated with there having been a gradient in the in-



 

 

plane shear across the width, extending from the centreline of the coupon to the lateral extent 

of the hole. It is not clear where these bands had initiated, but it is suspected it had been at the 

centreline of the coupon (hence generating chevron shaped bands). It is notable that the 

inclination of these bands was such that they were closest to the hole at the coupon centreline, 

and then radiated away from the hole as they extended towards the 0° longitudinal splitting. 

It was thought that the in-plane microbuckle band development in the bearing damage zone 

had decreased in pitch as the load had increased, but further failure processes had probably 

begun to ensue (Figure 30c). The tensile failure of the ±45° plies tangential to the hole 

intercepted the 0° longitudinal splitting, at which point it developed into an in-plane shear 

fracture of the angle plies, with the fracture planes aligned, and became coincident with the 0° 

longitudinal splitting. Perhaps more critical was the development of subsurface delamination 

just beyond the through-thickness support provided by the washer, permitting through-

thickness deformation of the laminate. Consequently, massive out-of-plane fibre 

microbuckling of the 0° plies had developed (Figure 30d), coincident with the delamination of 

the surface layers. Close to the centreline of the coupon this tended to have been pure 

longitudinal compression failure, but away from the centreline the proportion of in-plane shear 

increased, leading to an increasingly step-like fracture surface. Whilst processes such as the in-

plane compression failure processes were stable, mechanisms such as out-of-plane 

compression microbuckling would have resulted in severe loss of load bearing capability. 

6.2. Sequence of Bearing Failure from a significantly drilling damaged hole 

Figure 31 illustrates the deduced sequence of failure when drilling damage was present prior 

to bearing loading and should be contrasted with Figure 30 (Baseline) for which negligible 

drilling damage was present. Such as seen in Figure 9c, when considerable drilling damage 

present, it manifest as extensive delamination and splitting around the edges of the hole: in the 

schematic in Figure 31 this has been illustrated in light blue. The polished cross-sections 



 

 

demonstrated how the drilling conditions had promoted material loss from the hole edge, 

particularly from the surfaces of the laminates. Furthermore, individual plies had been 

displaced, promoting delamination development directly adjacent to the hole in the interior of 

the laminate. The severity of the pre-existing drilling damage was consistent with the increased 

compliance of the Type C as compared to the Baseline. 

As with the Baseline, the first event (Figure 31a) was development of 0° longitudinal splitting 

tangential to the lateral boundary of the hole. However, the extent of this splitting was not as 

severe as that observed in the Baseline, and it subsequently had less of an influence on the 

subsequent damage processes. Early in the failure processes (Figure 31b) it was evident that 

delamination had extended from the pre-existing drilling damage. Such extension had 

developed laterally from the sides of the hole, but most critically, it had extended from the 

bearing surface of the hole into the bearing damage zone. This delamination formation had 

been facilitated by the loss of material from the drilling exit face of the hole, permitting out-

of-plane deformation of the plies adjacent to the hole. The delamination morphology was 

consistent with the delamination growth having been a mode II dominated delamination 

extending parallel to the 0° plies in these regions. In addition, 90° ply splitting developed at 

the lateral extent of the hole, as well as splitting of the ±45° plies from the wear damage at the 

edge of the hole.  

As with the Baseline, tensile failure of the ±45° plies radial to the hole was apparent, although 

in this instance it had not been intercepted and diverted by 0° longitudinal splitting extending 

from the hole. In fact, as illustrated in Figure 31c, such tensile failures changed into in-plane 

shear fractures as they extended beyond the hole.  

The extension of ply damage and delamination from the bearing face of the hole into the 

bearing damage zone had a profound effect on the fibre failure processes (Figure 31c). In the 

Baseline no such damage development had occurred, and hence the dominant fibre failure 



 

 

process was in-plane fibre microbuckling. However, when drilling damage was present, these 

local delaminations facilitated out-of-plane fibre microbuckling processes. Finally (Figure 31d) 

subsurface delamination development beyond the washer rim had occurred, promoting further 

out-of-plane fibre microbuckling in the bearing damage zone and beyond. 

7. Discussion 

7.1. Mechanical Test Results 

This study considered three drilling damage states: pristine (Type A: Baseline), limited drilling 

damage (Type B) and severe drilling damage (Type C). As shown in Figure 6 and Figure 7, the 

most significant influence of the drilling damage was the initial compliance of coupons, which 

was attributed to pre-existing delaminations and lamina damage softening the loaded faces of 

the hole. As a consequence of this softening, the bearing strengths with drilling damage present 

were depressed compared to those of the pristine coupons. Even a small amount of pre-existing 

damage led to a depression in the bearing strengths.  

7.2. Fractographic techniques 

Previous studies into characterising the mechanisms associated with bearing damage, such as 

that by Xiao and Ishikawa [22], have focussed on using polished sections at the coupon mid-

width. In this work the approach has been to couple observations using this approach in 

conjunction with fractography of the exposed delamination planes. Such a methodology 

provided a deep insight into the failure processes, particularly the initial events remote from 

the mid-width, such as the longitudinal splitting tangential to the hole which bounded the 

subsequent damage development.  

7.3. Fractographic insights into the bearing failure processes 

From the fractography it was clear the initial bearing process at the pristine hole was associated 

with 0° split developmentError! Reference source not found., tangential to the hole. Such a 

process is well understood in open hole failures [41], and is attributed to the high in-plane shear 



 

 

stresses which develop at the lateral boundaries of a hole. The development of the 0° splits 

during bearing loading would tend to localise the subsequent damage development. 

Importantly, it permited stable in-plane, rather than the more critical out-of-plane, 

microbuckling of the 0° plies within the bearing zone to accommodate deformation of the 

laminate. Other process were noted around the hole, such as off-axis (±45° and 90°) ply 

splitting, although these were also constrained by the 0° splitting.  

Within the bearing zone, the out-of-plane constraint provided by the washer and the presence 

of the 0° longitudinal splits promoted the development of in-plane microbuckling of the 0° and 

±45° plies. As noted by Xiao and Ishikawa [22], at the centreline of the hole (i.e. the mid-width 

of the coupons), compression dominated, but away from this position, the degree of in-plane 

shear increased, which was manifest by a shallowing of the angle of the kinkbands. The 

kindbands themselves formed zig-zag steps or complementary kinks [21], as illustrated in 

Figure 14 (0° plies) and angle plies (Figure 15), as had been noted previously [22]. Exposure 

of the delamination planes in the bearing zone (Figure 18) showed that the in-plane 

microbuckle bands were orientated at 65° to the loading direction, with a pitch of about 400 

microns. Such quantitative information would be useful to support model development.  

At and beyond the extent of the washer, failure of the 0° plies had switched to out-of-plane 

microbuckling (Figure 19), with the kinkband orientated at about 53° through the thickness. 

This change in mode was associated with the development of surface delaminations just beyond 

the washer (Figure 20), hence reducing out-of-plane support on the load-bearing fibres, and 

promoting this microbuckle mode. These delaminations had preferentially extended at the 

0°/90° ply interfaces, which was associated with preferential growth parallel to the 0° driven 

by mode II conditions [27]. 



 

 

7.4. The influence of drilling induced damage on bearing failure processes 

The Type B and C coupons presented increasing levels of drilling induced damage, which 

consequently had had a subtle effect on the failure processes. Increasing the severity of drilling 

damage around the hole had particularly influenced the mechanisms associated with the 

bearing damage zone. There was evidence (Figure 27) that local ply damage or delamination 

at the periphery of the hole had extended into the bearing damage zone, directly initiating fibre 

microbuckling processes (Figure 12c). Furthermore, such drilling damage, and particularly the 

delamination, promoted out-of-plane fibre microbuckling rather than the in-plane fibre 

microbuckling processes observed in the Baseline. Consequently, the bearing damage zone 

exhibited irregular distributions of fibre microbuckles across the thickness and depth beneath 

the bearing face of the hole (Figure 25). Perhaps a significant observation was the orientation 

of the final wedge of compression failure beneath the bearing damage zone. In the Baseline 

this was orientated away from the hole face, whilst in Type C coupon the orientation of this 

wedge was reversed. Finally, the presence of drilling damage at the hole and the extension of 

this damage into the bearing damage zone during mechanical testing resulted in an increased 

prevalence of delamination.  

The Type C coupon had considerably more severe drilling damage that the other two coupon 

Types, and consequently presented a different damage morphology. Figure 29b provides a 

comparison with Figure 29a (Baseline), showing the differences between the overall damage 

morphology when significant drilling damage was present. As can be seen from Figure 29b, 

overall the damage was more extensive but more nebulous when drilling damage was present. 

Severe material loss at the drilling exit face of the hole had consequently promoted gross 

deformation of the plies at the hole edge into this region. In particular, such deformations had 

promoted delamination extension into the bearing damage zone, significantly promoting out-

of-plane, rather than in-plane, fibre microbuckling. Hence, the damage processes in this site 



 

 

were more complicated than those in the Baseline, presenting strong interactions between 

delaminations and out-of-plane 0° fibre microbuckling. Consequently, beyond the bearing 

damage zone there was no clear wedge of out-of-plane compression failure but an increased 

prevalence of delamination remote from the hole. 

The damage development at the lateral extents of the hole was also more severe than that 

associated with the Baseline. Delamination had extended from all sides of the hole, but the 0° 

longitudinal splitting tangential to the hole was less severe. Subsequently, processes such as 

tensile failure of the angle plies radial from the hole were more extensive.  

7.5. Implications for predictive modelling and design 

Finite element modelling has shown that the extent of drilling induced delamination has a small 

effect on the bearing strength up to the delamination of free edges, whereupon the bearing 

strength drops by 44% [28]. Finite element modelling which incorporates non-linear effects 

such as fibre microbuckling [14] can improve model prediction beyond purely interlaminar 

failure but 3D finite element modelling is required to capture intralaminar longitudinal splits 

and through-thickness kinking, observed through the fractography for both the relatively 

pristine (Type A) and pre-damaged holes (Type B and Type C). More recent 3D finite element 

modelling has incorporated intralaminar, as well as interlaminar through-thickness effects, 

providing an accurate means of predicting composite bearing strength up to and including the 

initial damage mechanisms [19]. Finite element modelling could therefore be used to inform 

layup and geometrical designs with the intention to postpone initial 0° fibre splitting and 

promote more energy intensive processes, thus improving the overall bearing strength. 

8. Concluding Remarks 

The aim of this study was to glean the detailed failure mechanisms associated with bearing 

loading on CFRP laminates, and characterise the influence of drilling damage on these failure 



 

 

mechanisms. Double bearing tests were undertaken on Hexcel T800/M21 coupons with 

6.35 mm diameter holes which had been exposed to three different drilling conditions: 

• A: feed rate of 150 mm/min; speed 3000 RPM; average damage area 3.68 mm² (Baseline) 

• B: feed rate of 50 mm/min; speed 3000 RPM; average damage area 5.07 mm² 

• C: feed rate of 1000 mm/min; speed 400 RPM; average damage area 117.83 mm².  

Following testing, post-failure investigation was undertaken on representative coupons, which 

entailed metallographic polishing of sections at the mid-width of these coupons, following 

which the surfaces were examined using scanning electron microscopy. Subsequently, these 

coupons were dissected to expose delamination planes and therefore permit characterisation of 

the intralaminar and translaminar fracture morphologies.  

1. The initial damage processes in the Baseline was 0° longitudinal splitting tangential to 

the lateral extents of the hole. This splitting dictated the extent of the subsequent bearing 

damage development, and promoted in-plane rather than out-of-plane microbuckling in 

the bearing damage zone.  The subsequent processes included tensile fracture of the 

±45° fibres tangential to the hole, which had extended normal to the hole until it 

intercepted the 0° longitudinal splitting. At this point it developed into in-plane shear 

fracture of the ±45° plies aligned with the aforementioned longitudinal splitting. 

2. Beneath the bearing face of the hole was a bearing damage zone, in which inclined 

lines of in-plane microbuckled fibres had developed, but were limited in lateral extent 

by the presence of the 0° longitudinal splitting. The washer rim was located beyond this 

bearing damage zone and was coincident with considerable subsurface delamination. 

Beneath this delamination, a wedge of massive out-of-plane fibre microbuckles were 

present, consistent with longitudinal compression failure directly beneath the hole. 

Towards the lateral extents of the hole the proportion of in-plane shear had increased. 

3. As the severity of the drilling damage increased, there were subtle changes in the failure 

processes. Local ply damage and delamination at the periphery of the hole had extended 

into the bearing damage zone, directly initiating out-of-plane fibre microbuckling. 

Consequently the bearing damage zone exhibited irregular distributions of fibre 

microbuckles, both across the thickness and depth beneath the bearing face of the hole.  



 

 

4. Perhaps a significant observation was the orientation of the final wedge of compression 

failure beneath the bearing damage zone. In the Baseline this was orientated away from 

the hole face, whilst when drilling damage was present the orientation of this wedge 

was reversed or even multiple interconnected wedges were observed.  

5. For severe drilling damage, the presence of pre-existing hole wear and delamination 

had led to loss of through-thickness support on the bearing damage zone and gross 

deformation of the laminate. Hence there was reduced 0° longitudinal split 

development, leading to more extensive ±45° fracture extending radially from the hole.  

6. The increased delamination extension from the edge of the hole consequently promoted 

out-of-plane 0° fibre microbuckling in the bearing damage zone. These interactions 

between translaminar and interlaminar fracture processes were critical to the response 

of the laminate, differentiating it from the Baseline. This resulted in increasingly 

irregular damage morphology in the bearing damage zone, and less localised out-of-

plane compression failure beyond the rim of the washer.  

7. This investigation has identified the differentiating fracture processes between pristine 

and drilling damaged holes under bearing loads and proposed a sequence of failure 

events associated with these different conditions based on the fractographic 

observations. These observations provide vital information with which to underpin 

predictive model development and future design of bearing joints in composites.  
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11. Figures 

 

 

Figure 1 (a) Kink bands initiating at flame retardant particles (white dots), (b) Kink bands 

extending through 0° and ±45° plies but halted at a 90° ply, (c) Kink band leading to the 

formation of a delamination between a 0° and -45° ply [17] 

 

 

Figure 2 Schematic of the bearing failure mechanisms reported in [22]: (a) crushing 

damage; (b) damage within lateral constraint (inside-washer region); (c) damage without 

lateral constraint (outside-washer region).  
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Figure 3 Delamination mechanisms in the drilling of laminated composites 

 

Figure 4 Cutting mechanisms in orthogonal machining of CFRP 



 

 

 

   

A B C 

Figure 5 Polished cross-sections of one of the hole edges detailing the drilling damage: (a) A 

(Baseline); (b) B; and (c) C coupons. 

 

 



 

 

 

Figure 6 Bearing stress versus hole deformation for representative coupons Type A, B and C, 

with 𝜎0.02𝐷 and 𝜎<0.06𝐷 indicated with dashed and dotted lines, respectively. 

 

 

Figure 7 Bearing stress for different hole deformation conditions; Type A (feed rate of 

150 mm/min; speed 3000 RPM; damage area 3.68 mm²); Type B (feed rate of 50 mm/min; 

speed 3000 RPM; damage area 5.07 mm²); and Type C (feed rate of 1000 mm/min; speed 

400 RPM; damage area 117.83 mm²). 
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(c) C 

 

Drilling Entry Face  Drilling Exit Face 

 

Figure 8 Drilling entry and exit faces at hole in (a) Type A (Baseline) (b) Type B and (c) 

Type C after mechanical testing. Note the coupon ends are on the left hand side. 
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Figure 9 Comparison between pre and post-test damage in (a) Type A (Baseline);(b) Type B 

and (c) Type C. Note the coupon ends are on the left hand side.  

 

  



 

 

 

 

 

Figure 10 Dissection orientation for the bearing coupons investigated using fractographic 

techniques. 
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(a) Type A (feed rate 150 mm/min; speed 3000 RPM; damage area 3.68 mm²) 

  

  

 

  

(b) Type B (feed rate 50 mm/min; speed 3000 RPM; damage area 5.07 mm²) 

  

  

 

  

(c) Type C (feed rate 1000 mm/min; speed 400 RPM; damage area 117.83 mm²)   

 

Figure 11 Electron micrographs of sections through the centreline (i.e. mid-width) of typical 

coupons (hole on the right hand side). [x7] 
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(a) Type A (Baseline) 

 
 

  

(b) Type B 

 
 

(c) Type C 

 
 

Figure 12 Electron micrographs of sections through the mid-width of typical coupons 

showing detail just beneath the hole (hole on right hand side). [x50]   



 

 

 

(a) Type A (Baseline) 

 
 

  

(b) Type B 

 
 

(c) Type C 

 
 

Figure 13 Electron micrographs of sections through the mid-width of typical coupons 

showing detail beneath washer edge (hole on right hand side). [x50]   



 

 

 

(a) Type A (Baseline) 

 
 

  

(b) Type B 

 
 

(c) Type C 

 
 

Figure 14 Electron micrographs of sections through the mid-width of typical coupons 

showing fibre microbuckling in interior (hole on right hand side). [x200]  

 

  



 

 

     

 

 

Figure 15 Detail of a multiple 45° microbuckle band in Type A. [x1000] 



 

 

 

 

  

 

(a) Type A (150 mm/min; 3000 RPM; damage area 3.68 mm²) 
 

 

 

(b) Type B (50 mm/min; 3000 RPM; damage area 5.07 mm²) (c) Type C (1000 mm/min; 400 RPM; damage area 117.83 mm²) 

Figure 16 Electron micrographs of 0° ply interfaces showing typical damage[x7]   
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Figure 17 Electron micrograph of Type A at site i in Figure 16a showing in-plane shear 

fracture of 90° ply at the lateral face of the hole. Note this is the matching fracture surface to 

that in Figure 16a [x50, x200] 



 

 

 

 
 

 
Figure 18 Electron micrograph of Type A at site ii in Figure 16a showing bands of 0° 

microbuckles in the bearing damaged region beneath the base of the hole. [x50, x200] 

 

 



 

 

 

 
 

 
Figure 19 Electron micrograph of Type A at site iii in Figure 16a showing the compression 

damage beneath the bearing zone at the mid-width of the coupon. [x50, x200] 

 



 

 

 

 
Figure 20 Electron micrograph of Type A at site iv in Figure 16a showing in-plane shear 

failure in line with 0° longitudinal split tangential to the hole in the bearing damage zone. 

[x50, x200] 

 

 

 



 

 

 

 
Figure 21 Electron micrograph of Type B at site i in Figure 16b showing damage around the 

lateral extent of the hole. [x50] 

 

 
Figure 22 Electron micrograph of Type B a site ii in Figure 16b showing damage around the 

base of the hole. [x50] 



 

 

 

 

 
Figure 23 Electron micrograph of Type B at site iii in Figure 16b showing 45° ply failure 

coincident with 0° splitting. [x50, x200] 

 

 



 

 

 

 
Figure 24 Electron micrograph of Type B at site iv in Figure 16b showing wedges of fibre 

microbuckles near the hole face. [x50] 

 

 

 
Figure 25 Electron micrograph of Type B at site v in Figure 16b showing bearing damage 

zone just beyond the bearing face at the mid-width of the hole. [x50] 



 

 

 
Figure 26 Electron micrograph of Type B at site vi in Figure 16b showing 0° ply 

compression failure remote from the hole. [x50] 

 

 

 
Figure 27 Electron micrograph of Type C at site i in Figure 16c showing damage at the 

lateral extent of the hole. Note this is the matching fracture surface to that in Figure 16c 

[x50] 



 

 

 
Figure 28 Electron micrograph of Type C at site ii in Figure 16c showing bearing damage 

zone adjacent to the hole. Note this is the matching fracture surface to that in Figure 16c. 

[x50] 

 

 

  



 

 

 

 

 

 
Figure 29 Summary of damage processes associated with bearing loading with (a) negligible 

drilling damage (Baseline) and (b) significant drilling damage. 



 

 

 
Figure 30 Deduced sequence of failure for a relatively pristine hole under bearing loads 

showing damage development associated with each ply direction and overall summary. (a) 

0°longitudinal ply splitting tangential to the hole; (b) 90° splitting at the lateral extent of the 

hole, ±45° tensile failure and in-plane compression of the 0° ply; (c) subsurface delamination 

and ±45° in-plane shear failure; (d) out-of-plane 0° compression failure. 

 

  



 

 

 
Figure 31 Deduced sequence of failure for a drilling damaged hole under bearing loads 

showing damage development associated with each ply direction and overall summary. (a) 

limited 0°longitudinal ply splitting tangential to the hole; (b) delamination development from 

the hole edge, 90° splitting at the lateral extent of the hole and ±45° tensile failure; (c) 

extension of the ±45° failure and out-of-plane 0° compression failure; (d) subsurface 

delamination beyond the washer rim and further out-of-plane 0° compression failure. 


