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Abstract

The growing number of fibre deposition methods for composite structure enables highly tailored, high-performance architectures from one design

intent to another. This raises the question, ªHow much should damage tolerances differ for one composite part design to another?º This initiates a

framework for further exploration of the boundaries of acceptability, using a quantitative approach to assess the influence of process parameters on

in-service performance. The framework is illustrated through a case study of a feature machined into a composite structure, namely a hole for part

assembly. Mechanical and thermal hole defects were deliberately induced during dry drilling of quasi-isotropic pre-impregnated laminates. In-

process forces and temperatures in combination with post-machining microscopy, X-ray computed tomography and scanning electron microscopy

revealed micro-damage leading to isolated, global defects of delamination and thermal damage types. Comparisons with healthy, undamaged

holes in static mechanical tests enabled quantitative assessment of the impact of different damage types on in-service performance, in this case

compressive strength, of a composite part. High-speed drilling (52% faster) reduced strength (3.5%) due to hole geometry errors. Low-speed

drilling (11.5x slower) increased strength (2%). Delamination (40% faster) reduced strength (2.5%). Future research should focus on defect

implications, virtual defects and testing thereof, and in-situ monitoring.
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1. Introduction

The aerospace market is currently experiencing (a) Grow-

ing order books in 2024 - 2043 forecast of The Boeing Com-

pany and Airbus [1, 2], requiring higher rates of production

of more sustainable replacement single-aisle, widebody and

freight aircraft designs; (b) Novel aircraft designs, such as elec-

tric vertical take-off and landing (eVTOL) aircraft, being re-

leased from 2024 onwards [3]; (c) Increasing sustainability re-

quirements [4] spanning both aircraft design and production. To

address these challenges, aerospace manufacturers are turning

to superior strength-to-weight and stiffness-to-weight ratios of

lightweight high-performing materials, particularly fibre rein-

forced polymer (FRP) composites to achieve sustainable solu-

tions for aerospace designs [5]. Composites offer tailored ma-

terial properties and localised optimisation, making them ideal

for applications requiring high strength-to-weight and stiffness-

to-weight ratios. However, manufacturing quality assessment,

derived from damage tolerances applied to composite parts [6],

remain critical concerns, especially when considering the po-

tential impact on in-service performance. This research builds

upon previous CIRP working group findings [7] and presents

a framework for evaluating the influence of different manufac-

turing defects on the performance of composite parts. Specif-

ically, focus is placed on the case of hole drilling in a carbon

fibre reinforced polymer (CFRP) structure. High-speed machin-

ing, a common practice in the aerospace industry, can exacer-

bate damage modes such as surface finish, delamination, fibre

pull-out, and resin thermal degradation [8, 9, 10]. These defects

can significantly affect part quality and in-service mechanical

performance [11, 12]. Approaching this challenge, a method is

suggested for manufacturers to explore the damage domain of

a part, establish potentially critical defect types, isolate them

and quantify defect criticality through mechanical testing. This

case study investigates the impact of various drilling process

parameters on damage formation and subsequent part perfor-

mance. The relative criticality of delamination and resin ther-

mal degradation are considered in this investigation, with delib-

erate setups and cutting parameters used to isolate each specific2212-8271© 2024 The Authors. Published by Elsevier B.V.
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Table 1. Test matrix for parametric drilling trials to cutting parameters to isolate

the causes of mechanical and thermal damage.

Desired hole condition Cutting parameters

Intended healthy holes
Feed (f, mm/rev) 0.03 0.04 0.05

Spindle speed (n, rpm) 3000 4000 5000

Holes with intended delamination
Feed (f, mm/rev) 0.05 0.1 0.2

Spindle speed (n, rpm) 3000 4000 5000

Holes with excessive process heat

Case 1: short drill-workpiece contact

Feed (f, mm/rev) 0.02 0.035 0.05

Spindle speed (n, rpm) 10000 12000 15000

Case 2: extended drill-workpiece contact

Feed (f, mm/rev) 0.013 0.014 0.015

Spindle speed (n, rpm) 8300 8900 9600

defect. Process mapping tools, applied as part of this methodol-

ogy, have been shown to aid in understanding the effects of cut-

ting parameters on machined composite quality [13]. This case

study focuses on dry drilling of aerospace-grade CFRP lami-

nates and investigates the effects of high feed rates, high spindle

speeds, and tool wear. Thermal energy exposure of the work-

piece, relative to its polymer glass-transition temperature (Tg),

is assessed by measuring workpiece maximum temperature us-

ing infrared thermography. Chip morphology is analysed using

scanning electron microscopy (SEM) to understand the mecha-

nistic differences in material removal above and below the Tg.

Finally, these are used to evaluate the impact of critical dam-

age modes on residual strength through open-hole compression

(OHC) tests.

2. Methodology

Drilling trials were conducted to analyse material removal

in cured CFRPs using cutting conditions leading to either of the

concerned defects/damage modes, i.e. delamination and resin

thermal degradation. To facilitate this, abusive drilling parame-

ters (high feed rates, high cutting speed and worn drills) were

deliberately used. Delamination was ensured by forcing high

axial feeds, while resin thermal degradation was forced using

two strategies described in Table 1).

In the first strategy, low axial feeds (f) were combined with

moderate spindle speeds (n). This resulted in extended drill-

workpiece contact causing excessive rubbing and prolonged

heat at their interface. In the second strategy, high spindle

speeds were combined with moderate feeds, leading to shorter

drill exposure times and more opportunity to rub. In both strate-

gies feed and speed combinations ensured the same exposure

time for the comparison purpose. The most appropriate cutting

parameters allowing healthy holes, as well as those giving rise

to aforementioned critical damage modes/defects were short-

listed from above exercise to generate OHC test samples. These

are listed in 2.

3. Drilling of CFRP

3.1. Workpiece material specification

Quasi-isotropic carbon/epoxy plates were manufactured

from unidirectional (UD) 5320-1/T650 prepreg (ply thickness

Table 2. Cutting parameters used to drill OHC coupons with healthy, delami-

nated and thermally damaged holes.

Intended hole type (Batch of 8) Feed (f, mm/rev) Spindle speed (n, rpm) Drill condition Backing plate

Batch A - Healthy 0.05 5000 New Yes

Batch B - Healthy 0.05 5000 Worn Yes

Batch C - Delam. 0.2 3000 New No

Batch D - Delam. 0.2 3000 Worn No

Batch E - Heat exposure: Case 1 0.05 15000 New Yes

Batch F - Heat exposure: Case 1 0.05 15000 Worn Yes

Batch G - Heat exposure: Case 2 0.013 9600 New Yes

Batch H - Heat exposure: Case 2 0.013 9600 Worn Yes

Fig. 1. Experimental setup for CFRP drilling trials (a) force measurement (b)

temperature measurement.

0.14 mm). Woven fabric variant (ply thickness 0.19 mm) of

the same material was used to form the top- and bottom-

most plies of the laminate. The proposed layup was vacuum-

bagged, debulked in an oven using atmospheric pressure

(101 kPa), and cured using manufacturer data sheet cure cy-

cle B - low temperature 121 °C initial cure followed by

a free-standing post-cure to 177 °C [14]. This resulted in

a cured laminate with fibre volume fraction (V f ) of 58%

and nominal thickness of 6.06±0.02mm; cured ply sequence

was [(W[0/90])(((0°/45°/90°/-45°)5)s)(W[90/0])]. CFRP pan-

els (600 x 600 x 6 mm) were then cut in two smaller (150

x 90 mm) and (210 x150 mm) sizes to suit the relevant fix-

tures while drilling (refer to Figure 2a and 2b). Glass-transition

temperature (Tg) of cured laminate was determined using dy-

namic mechanical analysis (DMA) test confirming to ASTM

standard D7028-07(2015) as per Figure 2, which enabled the

usable process-heat range for the workpiece to be identified.

3.2. Drilling experiments

Dry drilling trials were conducted using CMS Ares 5-axis

CNC machining centre (max. spindle power - 14 kW, max. spin-

dle speed - 24,000 rpm and max. feed rate - 30 m/min) with a

Fanuc 30i NC controller to generate a industrially relevant, re-

peatable, accurate parametric experiment. As per Figure 1, the

fixture used for thermal damage experiments was fabricated to

enable workpiece exit temperature measurement. External air

supply was used to cool down and clear-off accumulated CFRP

chip during machining. Both new and worn geometries of the

2
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Fig. 2. DMA analysis and glass transition temperature of 5320-1/T650 compos-

ite

Seco C1-Feedmax drills, having a helix angle of 30°, Point an-

gle ± Primary 130°, Secondary 60°; Dc tolerance ± m7; Cham-

fer angle ± 100°; Shank ± h6 were used. Worn cutting edges

were purposefully chipped using a controlled grinding process

to mimic condition at the end of drill life. A measurable por-

tion of CVD coating loss occur. All new and worn drill geome-

tries were measured for cutting edge rounding (CER)[15] us-

ing Alicona InfiniteFocus G5 optical microscope. This analysis

indicated that new drills achieved a ∆R value in the range of

24 to 29 µm, whilst worn drills were in the range of 70 to 80

µm. Edge radius values were in the range 21 - 26 µm and 20 -

30 µm respectively. This result indicated that whilst the grind-

ing process chipped away the diamond coating, it left the car-

bide substrate geometry relatively sharp. The equivalent flank

wear value measured via optical microscope was approximately

60 µm.

Each drill was used to make no more than 20 holes to min-

imise the effect of tool wear. Delamination at drill-entry and

-exit was measured using an Olympus GZX 12 optical micro-

scope. Cutting forces were recorded using an 8-channel Kistler

dynamometer, type 9129A, on a similar fixture. Cutting tem-

perature on the drill-exit side of the workpiece was measured

using an Optris PI400 thermal imaging camera (calibrated tem-

perature range ± 0 to 250 ◦C, frame rate ± 80 Hz, optical reso-

lution ± 382 x 288 pixels). Drill±exit side of CFRP workpiece

was painted with high-emissivity black paint of 0.95 emissiv-

ity. The temperature fixture, shown in Figure 1b, was enclosed

using black polythene to restrict radiation entering from exter-

nal sources. The backing plate was integrated in both fixtures

to minimise delamination and removed during delamination-

specific defect generation. Hole quality was assessed using

Nikon Evolution CMM with Renishaw SP25-1/stylus: 3x30

scanning probe. SEM scans of drills, borehole surface and

CFRP chip were obtained using Carl Zeiss variable pressure

EVO LS25 microscope to comprehend post-machining changes

in their microstructures along with a Nikon XTH-225 x-ray

microCT machine using a vlotage and current of 175 kV and

143 µA, respectively and a 0.25 mm Copper filter to gener-

ate 3142 projections followed by post processing in CT Pro 3D

v3.1 by Nikon.

Fig. 3. Schematic of drilling fixture for preparation of OHC specimens.

4. Structural testing

4.1. Sample preparation

A bespoke fixture, shown in Figure 3, was manufactured for

compression testing. It consists of three main parts ± a rectan-

gular plate with a slot to accommodate CFRP OHC specimen,

a backing plate and a drill guiding plate. A backing plate was

used to avoid delamination at the drill-exit side of CFRP speci-

men when thermal damage was intended. It was removed when

delamination was intended. Bolt locators on the fixture plate

were used to clamp the fixture to the machine bed, vacuum pres-

sure provided additional fixing support. A drill guiding plate

allowed consistency and accuracy in locating the centre of the

CFRP coupon.

4.2. Open-hole compression (OHC) testing

40 open-hole CFRP samples (average dimensions of 304.8 x

31.8 x 2.6 mm in accordance with ASTM D6484/6484M [16])

categorised in 8 batches of 5 samples each were tested under

uniaxial compression load until failure. An industrial OHC fix-

ture was used to facilitate these tests as shown in Figure 4a.

The fixture had anti-buckling guides to prevent out-of-plane

bending (buckling) of tested specimens. A uniaxial compres-

sion test of a balanced, symmetric laminate was performed with

a centrally located hole. Ultimate strength was calculated based

on the net cross-sectional area, disregarding the presence of

the hole. While the hole causes a stress concentration and re-

duced net section, it is a common aerospace practice to de-

velop notched design allowable strengths based on gross section

stress to account for various stress concentrations, e.g. fastener

holes, free edges, flaws, damage, and so forth, not explicitly ac-

counted for in stress calculation [16]. The test specimen, shown

in Figure 4c was face-supported in a multi-piece bolted support

fixture. Two acceptable test procedures are provided in [16].

An Instron testing machine with maximum loading capacity of

100 KN was used. A typical test result is shown in Figure 4b.

Figure 4c clearly shows that the specimen failed exactly at the

hole’s location and the dominating failure resulted from axial

splits in 0° and 45° plies. The end-loaded data typically display

initial nonlinear behaviour at low force levels due to seating

of the specimen/fixture assembly underneath the load platens,

but then exhibit linear behaviour to failure as observed in the

force-displacement plot shown in Figure 4b). The tests were re-
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Fig. 4. (a) Open-hole compression test setup [6]; (b) a typical open-hole com-

pression test response; (c) a typically cracked CFRP specimen under uni-axial

compressive loading.

Fig. 5. Hole quality using delamination factor metric showing hole exit gen-

erated using (a) healthy parameters (Batch A), (b) delamination parameters

(Batch D), with (c) microCT scan image indicating internal delamination.

peated for all sample batches considered in this study and the

compressive strength calculated based on the maximum com-

pressive load carried by a sample and its gross cross-section

area in the absence of a circular notch.

5. Results and discussion

5.1. Assessment of hole geometry and delamination

The geometries achieved for all holes were repeatable and

within the range of 6.35 mm ±25 µm for diameter, apart from

the high-speed holes generated using thermal case 1 parame-

ters, which were oversized by approximately 0.2 to 0.4 mm.

Holes were often narrowly undersized due to impact force and

worn drills, but oversized with high spindle speed. Drill condi-

tion and axial feed marginally impacted hole size though more

sever impact was noted to circularity, with errors of upwards of

200 µm observed in batches D, E, F and G.

Drilling induced delamination in composites is directly re-

lated to thrust force exerted by the drill [8, 17]. Highly localised

compressive forces resulted from drill-entry, and tensile forces

from drill-exit could result in large interlaminar shear stresses

leading to loss of adhesive bonding between neighbouring plies.

A maximum thrust force of 760 N was reported using a worn

drill (f = 0.2 mm/rev, n = 3000 rpm, ∆r 80 - 90 µm). Delam-

ination was assessed using the industrially relevant delamina-

tion factor (Fd), the ratio of maximum delamination diame-

ter (Dmax) to drill nominal diameter (Dh). Figure 5 shows the

effect of increasing the axial feed on drill-exit delamination.

As a general trend, thrust forces increased linearly with axial

feeds for low and moderate spindle speeds (from 3000 to 8300

rpm), yet reduced for high spindle speeds, for 8300 rpm < n <

10000 rpm, before reaching a plateau in the case of higher spin-

dle speeds >10000 rpm. For the high feed and low-to-moderate

spindle speed scenario, the drill’s static inertia potentially over-

comes its rotary inertia resulting in a punching action. On the

contrary, with high spindle speeds, the drill’s rotary inertia, in

combination with matrix-softening from the elevated temper-

atures, appears to ensure delamination-free penetration of the

workpiece. This suggests benefits for the use of high-feed, high-

speed drilling of composites, though previous researchers have

found deleterious effects of high cutting temperatures on the

integrity of epoxy resin [10].

5.2. Cutting temperature of CFRP workpiece

Workpiece temperature (Tw) was measured at hole exit just

after drill shoulder break-out with the average of five measure-

ments reported. The effect of increase in spindle speed using

recommended axial feed (0.03 mm/rev), and increase of axial

feed at constant spindle speed (5000 rpm) on the workpiece

temperature for new and worn drills is plotted in Figures 6a-b.

It was noted that temperature rise in workpiece was highly non-

linear for both drill geometries as spindle speed increased from

3000 rpm to 15000 rpm (refer to Figure 6a). For pristine drills,

the rate of temperature rise was much lower compared to that

of worn drill, and the highest temperature remained within the

glass transition range. As a result, resin smearing on the CFRP

borehole surface was quite evident though matrix burnout was

not observed. In the case of the worn drill, owing to constantly

altering cutting edge geometry, workpiece temperature rise was

non-uniform though kept increasing with steep slope in most

instances. The highest temperature was noted to exceed Tg,

and resulted in matrix burnout forming pits on the borehole

surface. Adverse to the effect of increase of spindle speeds,

workpiece temperature decreased almost linearly for both pris-

tine and worn drill geometries when axial feed increased from

0.02 mm/rev to 0.2 mm/rev at constant spindle speed of 5000

rpm (refer to Figure 6b). At low axial feed (f = 0.02 mm/rev),

workpiece temperature was as high as 176 and 198 ◦C using

new and worn-drills, respectively. This could be due to the pro-

longed drill-workpiece contact resulting in extensive rubbing.

As feed was increased further, drill-workpiece exposure time

reduced continuously, and cutting temperature almost linearly.

The workpiece temperature was observed to be below Tg for

most instances. The measurement of drill-side temperature was

not a focus of this study, though scholarly information regard-

ing this could be found in the literature[2,5,12]. From[5], it is

interesting to note that drill’s temperature increased constantly

with increase in axial feed, analytical models predicted the tool

temperature to be as high as 290 ◦C for spindle speed of 8500

rpm and axial feed of 0.2 mm/rev supporting the case of matrix

softening. Post-machining SEM scans of drills showed particu-

lar wear patterns characteristic of high spindle speed and high

axial feed scenarios (refer to Figures 7a-b). In case of former,

it was observed that drill wear primarily concentrated at cut-

ting edges (Figure 7a showing wear of cutting edge-1 on edge-

4
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Fig. 6. Effect of (a) spindle speed (constant axial feed: 0.03 mm/rev); and (b)

axial feed (constant spindle speed: 5000 rpm) on workpiece cutting temperature

by drill wear.

Fig. 7. Typical tool wear patterns in CFRP drilling: effect of high spindle speed

and low feed (f = 0.03 mm/rev, n = 15000 rpm) (b) effect of high feed and low

spindle speed (f = 0.1 mm/rev, n = 3000 rpm)

prepared C1 drill after 40 holes). A significant portion of coat-

ing flaked-off the surface exposing WC substrate. In latter case

(Figure 7b showing wear of flank area of edge prepared C1 drill

after 40 holes), drill wear mostly concentrated at the flank area,

though its severity was lesser.

5.3. Chip morphology and mechanism of material removal

Effect of cutting temperatures on CFRP chip morphology

was assessed using SEM scans of borehole surfaces. Using very

low feed (f : 0.012-0.015 mm/rev), recommended spindle speed

(n = 5000 rpm) and a pristine drill yielded a distinct case where

metal-like surface finish on CFRP borehole surface was ob-

served with Ra as low as 0.7 µm, in the best case. This was

Fig. 8. CFRP Chip morphology : (a) just below Tg (n = 8300 rpm) and (b)

above Tg (, n = 10000 rpm), f = 0.03 mm/rev and using new drill.

speculated to be due to excessive rubbing at the drill-workpiece

interface resulting in the overlap of Tw and Tg regions (similar

to the region coloured in light purple, Figures 6a-b). Viscous

epoxy matrix appeared to coat the borehole surface uniformly;

the apparent roughness of which was measured using a stylus

profilometer reflecting in the measured Ra value. Minimal pit-

ting towards drill-exit side was also noticed, though attributed

to the resin-rich area/dry spots from the natal phase.

Use of higher spindle speeds (n > 8000 rpm) showed discrete

material removal mechanisms: two cases, when Tw was just

above and just below Tg, were considered. For Tw just below

Tg, carbon-fibres fractured virtually discretely as per Figure 8a,

owing to fully-intact resin and strong fibre-matrix bonding. For

the case of Tw > Tg, shown in Figure 8b, fibres were cut in bun-

dles owing to thermally softened epoxy matrix. This could po-

tentially lead to multiple crack initiation points in drilled struc-

tures, affect surface roughness and compromise the structural

integrity. To further understand this, the worst-case scenario

was considered; CFRP laminate drilled using a worn drill with

recommended feed (f = 0.05 mm/rev) and high spindle speed

(n = 15000 rpm). From microscopy analysis, resin smearing as

well as pitting from matrix burnout was evident, as depicted

in Figure 9 at both drill entry and exit sides of drilled surface.

Higher resolution SEM images of these macro-damage mecha-

nisms revealed their link with discrete micro-level defects such

as uncut fibres, fibre-matrix de-bonds and fibre pull-out. The ef-

fect of tool edge rounding was potentially seen via the presence

of shear marks on the cut surface indicating fibre ploughing in

the absence of a sharp cutting edge.

5.4. Open-hole compression strength

A boxplot summary of OHC strengths is shown in Figure

10 for all CFRP samples, as described in Table 2. The scatter

of strengths is greater for the holes drilled using worn drills.

Batches A (new) and B (worn) used healthy parameters. Con-

sidering the mean strength results, OHC strength of 316 MPa

was reported for batch A which reduced by 0.64% for batch

B. For batches C and D with intended delamination using new

and worn drills, magnitudes of OHC strengths were 2-2.7%

lower than the average baseline and no significant drop ob-

served for sample drilled using a worn drill when compared to

new drill. The standard deviation across all batches was com-

parable, though future work should look to minimise variation.

Batch F represented the worst case scenario of all mean OHC

strengths, with average strength 3.5% lower than the baseline.

5
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Fig. 9. Electron microscopy scan of CFRP borehole surface showing progressive zooms of thermal damaged: Case 1 defects generated (f = 0.05 mm/rev, n = 15000

rpm, worn drill).

Fig. 10. OHC strength of drilled CFRP samples. Note: For comprehension of

cutting parameters used to drill specimen batches A to H shown in above graph,

please refer to 2.

On the other hand, the sample batches G and H exhibited higher

strengths than the baseline ± a maximum mean increase of 1-2%

was reported, potentially due to low carbide edge radius.

6. Conclusions and future works

Delamination and thermal degradation of carbon fibre re-

inforced epoxy laminate were studied using dry, air blasted

drilling conditions. SEM analysis revealed that micro-damage

modes could lead to formation of cracks affecting the hole qual-

ity. Good quality holes were produced by selecting cutting pa-

rameters such that workpiece temperature remains just below

its Tg and thrust forces below the threshold. In this case, optimal

cutting conditions were identified as f = 0.05 mm/rev and n =

5000 rpm. Compressive strength of CFRP OHC samples drilled

using high spindle speeds and industry-wide feed rates (sam-

ples E & F) was 3.5% lower than baseline OHC strength and

52% faster. Conversely, CFRP OHC samples drilled using very

low axial feeds and cutting speeds (samples G & H) had 2%

higher compressive strength than baseline but took 11.5 times

longer. Samples with delamination were generated 40% faster,

but showed a decrease of 2.5% in their OHC strengths com-

pared to the baseline. Under compressive failure conditions,

delamination demonstrated a similar level of criticality as it re-

sulted in a 2.5% decrease in static compressive strength. Fu-

ture works should consider the implications of such defects on

fatigue life of composite parts to fully determine their signifi-

cance; virtual defect generation and testing; and in-situ defect

monitoring techniques for early defect identification.
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