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ABSTRACT 
The ability to non-destructively monitor and evaluate the delamination damage during a drilling 
operation is of interest to the scientific and the industrial community. This paper discusses the 
development of an empirical model that relates the feed rate to the delamination-crack area in 
order to enable the user determine the appropriate feed rate for an allowable degree of delami-
nation. An acoustic emission system is used to monitor the process and supply the model with in-
situ parameters for instantaneous process evaluation. It is concluded that the energy response 
may be used to estimate the value for the drilling time before delamination occurs. The empirical 
model may also be used to predict the area of delamination at a given feed rate. 

INTRODUCTION 
A quantitative analysis was performed to study 
the behavior of the acoustic emission signal in 
response to a drilling operation. Figure 1 shows 
a typical energy response at various drilling 
times (Ravishankar and Murthy, 2000). A de-
tailed analysis of the signal characteristics re-
veals that the energy increases in magnitude 
once the delamination begins. The change in 
the energy is used to determine the time at on-
set of delamination (t0). This parameter is criti-
cal in the sense that the delamination crack 
initiates at that particular time. This means that 
a study can then be performed to determine the 
time at onset of delamination and also evaluate 
delamination area (Krishnamoorthy et al., 

2009). This parameter may then be monitored 
to reduce delamination during the drilling of 
composite laminates. Hence more research 
should be performed to study the drilling time. 
It is also revealed that the relation between the 
delamination area, the feed rate and the  cutting  
speed is given as Ad  = Kƒ α t b (Andoh, 2005), 
where K, α and β are constants and depend on 
the material used. These constants need to be 
studied together with the drilling time at onset 
of delamination instead of the remaining drill-
ing time (Andoh et al, 2010). An on-line tech-
nique may also account for the anisotropic na-
ture of the material. AE signals are used for this 
purpose. There is a need to establish a quantita-
tive relationship  between  the  acoustic  energy  
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Fig. 1: Energy Response versus Drilling Time 

response and the area of delamination (Andoh 
et al, 2007).  
 
The mechanics of drilling composite materials 
depends on the fiber and matrix properties, the 
fiber orientation, and the fiber volume fraction 
inconsistencies The common defects caused by 
drilling of composite laminates include inter-
ply delamination, fiber pullout, and matrix 
cracks. These defects invariably lead to a re-
duction in the structural integrity of a part. The 
defects are presently detected after drilling by 
the use of various and sophisticated devices. 
During the drilling of composite laminates, 
substantial out-of-plane stresses occur at the 
edge of the drilled hole. This phenomenon may 
lead to the formation of a delamination crack. 
Plate delamination may occur at both the entry 
and exit planes, but it is generally known to be 
more severe at the exit plane (Mizutani et al., 
2000). Figure 2 shows the delamination crack 
as the tool advances into the material.  
 
Significant damage mechanisms and correla-
tions between the average exit drill forces and 
the crack tip position are observed. Instantane-
ous forces that vary along the orientation of the 
cutting edges are identified in terms of their 
contribution to the crack propagation. Delami-
nation cracking mode I is the most prominent 

damage mechanism (Arul et al., 2007). Hence, 
the study of delamination cracking is limited to 
this mode. The objectives of this work are to: 
(1) develop an empirical model to predict the 
area of delamination during the drilling of car-
bon/epoxy composite laminates; (2) determine 
the time of onset of delamination in order to 
relate the delamination area to the acoustic 
emission energy response. A model will then be 
obtained to be used to select an initial feed rate 
and monitored to produce a damage-free drill-
ing process.  
 
EXPERIMENTAL METHOD 
The materials selected for the experiment were: 
(1) A 57 ply, 0.15 mm (0.006 in) thick carbon/
epoxy composite panel made of Amoco T300 
3K Uni-Carbon in warp with S-glass in the fill 
direction. This material is referred to as 
“Amoco T300” in the rest of the work. (2): A 
26 ply, 0.36 mm (0.014 in) thick carbon/epoxy 
composite panel made of Hercules AS4 high 
strength, high modulus graphite fiber and a 
Hercules 3501 amine-cured epoxy resin matrix. 
This material is referred to as “Hercules AS4” 
in the rest of the work. The reliability and pre-
cision of the Acoustic Emission (AE) signal 
was first studied. This resulted in the design of 
a drilling fixture to eliminate the Doppler effect 
of  the  AE signal.  In  this work, AE tests were  
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performed during each drilling operation. The 
schematic of the experimental set-up for the 
measurement of the AE signal and the drilling 
process is shown in Fig. 3.  
 
The threshold frequency for the acoustic signal 
was set at 35 MHz with one channel and a sam-
ple rate of 4 MHz, which is greater than ten 
times the natural frequency of the sensor used.  
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                                     Fig. 2: Formation of Delamination Cracks 
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Fig. 3:  Schematic Showing Experimental Set-Up 

The threshold frequency was kept above the 
Nyquist of 16 MHz to avoid the aliasing prob-
lem. This threshold frequency value was used 
to eliminate the noise obtained during the dry 
run (Ravishankar and Murthy, 2000). AE sig-
nal measurement parameters versus time plots 
were obtained for each drill test and the corre-
sponding data were collected for subsequent 
analysis. The stereo microscope method is used 
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growth is assumed to be linear and the line AiD 
(i=1, 2, …) represents the focus of the maxi-
mum crack-length at each ply-member as 
shown in Fig. 5. The length between position A 
and position B is termed the threshold height 
(Hlp). At C, the crack size is termed the longitu-
dinal crack length (ap). The crack-growth angle 
(θ) determines the geometric relationship be-
tween ap and the threshold height Hlp. It is de-
sirable to establish a relationship between the 
longitudinal delamination crack length (ap) and 
the threshold height (Hlp).  
From the geometry, H lp   = a p tan θ               (1) 

to measure the delamination crack lengths. Af-
ter each drilling process, a snap-shot by the 
stereo microscope is used to capture the inter-
ply delamination images. The images are proc-
essed using the Adobe Photo Shop software 
programme, and a sample result of the image 
obtained is presented in Fig. 4. The white por-
tion represents the inter-ply delamination. An 
elliptical envelope is circumscribed around the 
damaged region. The maximum longitudinal 
and the transverse inter-ply delaminations are 
then obtained from the images by use of the 
size of the ellipse. 

 

ap

bp

Fig. 4: Typical Image Obtained from the Stereo Microscope 

RESULTS AND DISCUSSION 
Development of the Empirical Model 
The mechanics of drilling causes inter-ply de-
lamination in composite laminates. A   relation-
ship is generated between the area of delamina-
tion and the drilling properties. This model is 
termed the empirical model. Figure 5 shows the 
terminology used in developing the relationship 
between the longitudinal crack length and the 
drilling time after delamination has     occurred. 
Position A indicates the start of delamination, B 
indicates the piercing point, and C indicates the 
point at which drilling is complete.  The  crack- 

Also, from drilling mechanics, H lp   = ft        (2) 
where f is the tool feed rate and t is the remain-
ing drilling time. Hence, combining equations 1 
and 2, a p = (ƒ / tan θ)t                                     (3) 
It is conceived in Fig. 5 that as the feed rate 
decreases, position A moves toward position B. 
It appears that the crack growth angle (θ) also 
changes. A relationship may be developed be-
tween the tangent of the crack growth angle and 
the feed rate. A series of tests are performed to 
establish this relationship. Holes are drilled at 
various feed rates. The stereo microscope is 
used to measure the longitudinal  crack  length 
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(ap). For each feed rate, the threshold height 
(Hlp) is obtained by use of the acoustic emission 
signals. A plot is then generated of the longitu-
dinal crack length (ap) versus the feed rate and 
also, the threshold height (Hlp) versus the feed 
rate for the two materials. These plots are pre-
sented in Fig. 6 and Fig. 7.  
 
From these plots and Equations 1 and 2, the  sl- 

ope of the crack growth angle is computed at 
different feed rates for the two materials. Figure 
8 presents the slope of the crack growth angle 
versus the feed rates. The models obtained from 
the two plots are given as:   
 
tan θ = 0.31 f 0.09 (for Amoco T 300)            (4a) 
 
tan θ = 0.32 f 0.07 (for  Hercules AS 4)         (4b) 

 

Fig. 7:  Longitudinal Crack Length/Threshold Height versus Feed Rate for Hercules AS4 

 

Fig. 6:  Longitudinal Crack Length/Threshold Height versus Feed Rate for Amoco T300  
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Combining Equations 3 and 4, quantitative re-
lationships between the longitudinal crack 
length and the remaining drilling time for the 
two materials are as follows: 
 
a p = 3.23f 0.91t   (for Amoco T 300)       (5a) 
  
a p = 3.13f 0.93t   (for Hercules AS 4)            (5b) 
 
These models predict the crack length in the 
longitudinal direction only Delamination may 
occur in both the longitudinal and the trans-
verse directions. Hence, a relationship must be 
developed in the transverse direction. This will 
enable us to develop a relationship between the 
area of delamination and the remaining drilling 
time after delamination has occurred. 
 
A model may also be developed for the trans-
verse crack length versus the feed rate and drill-
ing time using the same approach as in the pre-  

vious section. The model may be expressed as: 
 

 
  

 
 

where λ is the inclined transverse crack growth 
angle.  
 
Holes are drilled at a cutting speed of 1600 
mm/min, a tool diameter of 6 mm, and at vari-
ous feed rates. The stereo microscope is used to 
measure the transverse crack length (bp) and the 
AE signal is used to extract the threshold 
height. A plot is generated of the transverse 
crack length (bp) versus the feed rate and also 
of the threshold height (Hlp) versus feed rates. 
These are illustrated in Fig. 9 and Fig. 10. 

tfb p 




= λtan

p

lp

b
H=λtanand 

    (6) 

    (7) 

 

              Fig. 8: Tangents of the Inclined Crack Growth Angle (θ) and the Feed Rates 
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    Fig. 9:  Transverse Crack Length/Threshold Height versus Feed Rate for Amoco T300 

 

Fig. 10:  Transverse Crack Length/Threshold Height versus Feed Rate for Hercules AS4 
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From these plots, and Equations 6 and 7, the 
slopes of the crack growth angle are computed 
at different feed rates. Plots are established of 
the tangents of the angle versus the feed rates 
for the two materials. These plots are presented 
in Fig. 11. 
 
The models obtained from the two plots are 
given as: 
 
tan λ= 0.3351ƒ 0.24 ( for Amoco T 300)      (8a) 

tan λ= 0.1179ƒ 0.20 ( for Hercules AS 4)       (8b) 

Combining Equations 6 and 8, quantitative re-
lationships between the transverse crack length 
and the remaining drilling time for the two ma-
terials are as follows: 
 
bp = 2.98 f 0.76 t ( for Amoco T 300)       (9a) 

bp = 2.39 f 0.80 t ( for Hercules AS 4)       (9b) 

A  relationship  may  now  be developed for the  

delamination area and the drilling time that 
remains after delamination is initiated. Three 
delamination situations may occur during the 
drilling of composite laminates. Fig. 12 illus-
trates these situations. 
 
Figure 12 depicts three situations: For case 1, 
there is no net delamination since both the lon-
gitudinal and the transverse crack lengths are 
smaller than the tool radius; for case 2, there is 
delamination in the longitudinal direction with 
the crack length larger than the tool radius and; 
for case 3, there is delamination in both the 
longitudinal and transverse directions with both 
crack lengths larger than the tool radius. Be-
cause of these possible delamination situations, 
there is a need to determine the area of delami-
nation. The delamination is determined to be 
elliptical in shape. Hence, the area of delamina-
tion may be found from the parameters of an 
ellipse. The longitudinal crack length may be 
represented by half of the major axis (ap) and 
the transverse crack crack length may be repre-
sented by half of the minor axis (bp). Therefore,  

 

                    Fig. 11:  Tangents of the Crack Growth Angle (λ) and the Feed Rates 
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Holes        Delamination Area          Panels 

Case 1: No Delamination 
Case 2: Delamination in longitudinal direction 
Case 3: Delamination in both Longitudinal and 
             Transverse Directions 

                      Fig. 12:  Relationship between Tool Size and Crack Dimensions 

the area of delamination (Ad) is given by  
 
                                            (10) 
 

Combining Equations 5, 9 and 10, the model of 
the area of delamination and drilling time at 
different feed rates is given as: 
 
Ad  = 30.24 f 1.67 t 2 ( for Amoco T 300)       (11a) 
 
Ad  = 23.50 f 1.73 t 2 ( for Hercules AS 4)      (11b) 
 
This model is an empirical model since it de-
pends on the mechanics of the drilling process. 
The model may be used to predict the delami-
nation area at any feed rate if the remaining 
drilling time (t) is known. It can be seen that 
keeping the delamination area constant, a rela-
tion can be developed between the feed rate and 
the remaining drilling time. Setting the area of 
the delamination Ad to be equal to the area of 
the drill bit, several combinations of feed rate, f 
and remaining drilling time t can be obtained 
using equations (11a) and (11b). These sets of 
values may then be used to plot graphs to relate 
the feed rate to the remaining drilling time. Fig- 

ppd baA π=

ure 13 shows the plots relating the feed rate to 
the remaining drilling time. 
 
Figure 13 shows that the feed rate is inversely 
proportional to the remaining drilling time. It 
also known from equations 11a and 11b that as 
the remaining drilling time decreases, the exit 
delamination crack becomes small. Figure 2 
shows that the entry delamination crack is re-
moved as the tool advances into the material. 
Therefore, the exit delamination is more critical 
as compared to the entry delamination crack. 
This means that it is advisable to delay the on-
set of delamination to be able to produce less 
delamination crack at the exit. This can be 
achieved by using a higher feed rate for the first 
few plies and low feed rate for the remaining 
plies during the drilling process. It is also nec-
essary to study the behavior of the drilling time 
at onset of delamination and also monitor it 
during the drilling process. 
 
Determination of Drilling Time at Onset of 
Delamination 
The AE signal is used to   determine the drilling 
time when delamination begins (t0). The remai-   
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ning drilling time, t, is subsequently calculated. 
Figure 1 shows a typical energy response at 
various drilling times. Using the recorded val-
ues for the energy response, the change in en-
ergy responses is computed between each two 
successive time intervals. A plot is generated 
from these values and a typical plot is presented 
in Fig. 14. 
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Figure 14 shows that the change in energy (∆E) 
starts becoming significant when t is 4.5 s. 
Thus, to = 4.5 s. The total drilling time is given 
as: 

 
where H is the thickness of the material and ∆H 

f

HH
t T

∆+=

 

 

Fig. 13: Feed Rate versus Remaining Time 

Fig. 14: Change in Energy Response versus Drilling Time 

      (12) 
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is the height of the tip of the drilling tool. ∆H = 
0.3d for a conventional drill. Knowing t0 and tT, 
the remaining drilling time (t) can be deter-
mined as: 

  
 
Equation 11 can then be written as: 
 

 
 
 
 

 
where α and β are constants that depends on the 
drilling conditions and the type of material 
used. Equation 14 can be used to monitor the 
delamination area during drilling of composite 
laminates. Therefore, there is the need to estab-
lish a relation between delamination area and 
the acoustic energy response since the measure-
ment of the delamination area is off-line 
method. 

 
A Model between Energy Response and the 
Delamination Area 
The acoustic energy responses are recorded 
during the drilling process and the correspond-
ing longitudinal and transverse crack lengths 
are measured at each drilling stage. The area of 
delamination is found to be elliptical. Thus the 
area of delamination may then be computed 
from the two crack lengths using the formula: 
 

 
  

where ap and bp are the two crack lengths. The 
responses  and the delamination parameters at 
different feed rates for the two materials used 
were also obtained. Let En be the energy re-
sponse obtained at time t and E0 the energy 
obtained when there is no delamination. The 
change in energy response ∆En is given as: 
 
  

00
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t

f

dH
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A quantitative relationship was then established 
between the area of delamination and the 
acoustic energy response using the computed 
values obtained from the experimental meas-
ured or recorded data. Plots were then gener-
ated to relate the area of delamination to the 
energy response for the different feed rates. 
These plots are illustrated in Fig. 15. The mod-
els obtained from these plots show that there is 
a linear relationship between the change in en-
ergy response and the delamination area that 
may generally be expressed as: 

 
 
 

 
where a0 and a1 are constants and are functions 
of the feed rate and depend on the characteris-
tics of the material. The constants a0 and a1 
need to be studied with regard to the cutting 
parameters and the characteristics of the mate-
rial. At the onset of delamination, the change in 
energy response is denoted by E0, thus the gen-
eral equation can be expressed as:  

 
 
 

 
Combining equations 14 and 18, the energy 
response can be related with the feedrate and 
the drilling time at onset of delamination. This 
can then be expressed as:  
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  (13) 
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(19) 

To select an initial feed rate to produce the 
minimum delamination area, the total energy 
response should be set to be equal to the energy 
response at onset of delamination. The initial 
feed rate may then be computed from the for-
mula:  
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Fig. 15: Change in Acoustic Energy and Area of Delamination for Feed Rate of 1 mms-1 

The values of energy response (E0) and drilling 
time (t0) at onset of delamination can be ob-
tained from the experimental results. The val-
ues of α and β, are then extracted from the plots 
relating the delamination area to the feed rate 
and the remaining drilling time (equation 11) 
for the two materials. Similarly the values of a0 
and a1 are then extracted from the plots relating 
the delamination area to the change in energy 
response (equation 18) for the two materials. 
 
Selection and Monitoring of the Feed Rate 
First, the thickness of the material is divided 
into sections as shown in Fig. 2. Each part is 
drilled at a cutting speed of 1000 mm/min and a 
drill diameter of 6.4 mm. The feed rate needs to 
be computed and monitored at each depth in the 
material during the drilling process in order to 
maintain the energy response at onset of de-
lamination E0. The following steps may then be 
used to obtain the initial feed rate. From these 
experimental results, the drilling time and the 
energy response at onset of delamination were 
obtained which falls within experimental error. 
The results are presented in Table 1. Figure 16 
shows the steps used to compute for  the  initial  

feed rate and also monitor the drilling time at 
onset of delamination to control the recorded 
energy response below the threshold value. 
 
Using equation 20 and the results obtained 
from experiments as presented in Table 2, the 
initial feed rates computed for the two materials 
are 2.46mms-1 and 2.47mms-1. Therefore, a 
feed rate of 3mms-1 was selected for the drill-
ing. The initial cutting conditions used to study 
the monitoring of the drilling time at onset of 
delamination and monitor the energy response 
at onset of delamination are presented in Table 
2. The energy responses are recorded for both 
the monitored and the unmonitored experi-
ments. The results for the energy responses are 
plotted against the ply number and presented in 
Fig. 17. Only one of the unmonitored signal 
remains above the threshold value during the 
entire process while the monitored signal re-
mains under the threshold value. This means 
that the model developed to be used to compute 
for the initial feed rate is effective even if the 
process is not monitored. Hence a second mate-
rial which is the Hercules AS4 was also used  
to  verify  the  effectiveness  of  the  model. The  
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  T300 AS4   T300 AS4 

a0 1203.10 1531.30 α 30.34 23.50 

a1 13.68 20.35 β 1.67 1.73 
E0 19961.26 19230.19 H 8.80mm 8.80mm 

t0 1.74 1.65     d 6.40mm 6.40mm 

Table 1: The Model Constants 

 MEASURE THE THICKNESS OF LAMINATE

SELECT THE TOOL DIAMETER AND CUTTING SPEED

DETERMINE t0 AND E0

FIND THE MODEL CONSTANTS

COMPUTE FOR THE INTIAL FEED RATE, f

CONTINUE THE
DRILLING

RECORDED  E(t)

COMPARE E(t) AND E0

IF E(t) IS GREATER THAN E0

YES NO

MODIFY THE FEED
RATE

Fig. 16: Implementation of the Selection Monitor of the Drilling Process 

 

           Cutting Condition Values 

                   Feed rate 3mms-1 

                   Cutting speed 1000mms-1 

                   Drill diameter 6.4mm 

Table 2: Initial Cutting Conditions 
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results for the energy responses are plotted 
against the ply number and presented in Fig. 
18. It seems that the results obtained for the 
Hercules AS4 is similar to those of the Amoco 
T300.  

This means that the model can be used to com-
pute for the initial feed rate that will result in a 
minimum delamination area which may be re-
moved as the tool advances into the material. 
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Fig. 17:  Energy Response versus Ply Number @ speed of 1000 mm/min for Amoco T300 

Fig. 18:  Energy Response versus Ply Number @ speed of 1000 mm/min for Hercules AS4 
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CONCLUSION 
An acoustic emission signal has been used to 
predict and monitor the delamination damages 
by numerous investigators. Owing to its suc-
cess, the method is gradually becoming a stan-
dard inspection technique and inherent in-
process prediction and monitoring capability. 
This paper focuses on the development of an 
empirical model to relate the feed rate to the 
delamination-crack area in order to enable the 
user determine the appropriate feed rate for an 
allowable degree of delamination. It is con-
cluded that the energy response may be used to 
monitor the onset of delamination. The changes 
in the acoustic energy signals are used to deter-
mine the time at which delamination begins. 
This allows for the evaluation of the final crack 
area. The empirical model may also be used to 
predict the area of delamination at a given feed 
rate. 
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