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ABSTRACT 
In this work, we are interested in the response of holed laminates undergoing compression 
cyclic loading, taking into account the drilling quality. Two sets of drilling parameters were 
employed to produce two kinds of specimens. One was drilled with no detectable damage, 
this set is considered “defect-free”. In the second type, we have intentionally introduced 
defects during the drilling phase. These two sets of specimens were subjected to the same 
cyclic loading. The first set is considered to be a reference to evaluate the influence of drilling 
anomalies in the fatigue behavior of a holed specimen of the second set. Test conditions have 
been qualified using strain-gage measurements and photoelastic stress analysis. Friction-free 
anti-buckling device has been designed. The absolute secant modulus of specimens with 
important defects was sligthely smaller than that of defect-free ones after 4.105. X-ray 
radiographies have produced in-plane projection of damage for different stages in interrupted 
fatigue tests. Finally, sectioning and microscopic observations were performed for 
determining the extent of damage through the thickness. 
 
1. INTRODUCTION 
In many applications, structures or structural parts made of composite materials are 
manufactured simultaneously. That offers possibilities to integrate more functions in each 
sub-structure as usual. So, processing techniques become as specific and complicated as the 
designer aims to minimize number of parts in a structure and as a part has a complex shape. 
However, cutting processes like contouring, milling or drilling are, frequently, needed to 
achieve the fabrication of a part. These processes could have an impact on the structure 
integrity. 
Reliable prediction in composite structures, dedicated to long term service, can only be made 
when effects of material, elaboration, machining, joining and environmental factors on the 
strength and fatigue life are well understood. 
In this work, we are interested in the response of holed laminates undergoing compression 
cyclic loading, taking into account the drilling quality. So, two sets of drilling parameters 
were employed to produce two sets of specimens. One was drilled with no detectable damage, 
this set is considered “defect-free”. In the second set, we have intentionally introduced 
defects.  These two sets of specimens  subjected to the same compression cyclic load.  The 
first set is considered to be a reference to evaluate the influence of drilling anomalies in the 
fatigue behavior of a holed specimen of the second set.  
 
2. MATERIAL AND SPECIMEN 
The composite material used in this study is a T300/914C. It was manufactured using an 
autoclave moulding. All the structures were controlled by a C-scan analysis.  
The stacking sequence was [(90/45/0/-45/02/45/02/-45)2/90/45/0/-45/0]sm.  



Specimens of 50x250mm² were cut from 300x500mm² composite panels by means of PCD 
disc mounted in an universal milling machine. Mean overall thickness reached 6.4mm. 

“Fig. 1. PCD disc mounted in a milling machine.” 
 

The mechanical caracteristics of the composite were calculted from the data of one layer 
(Table 1) using the laminates theory.  
 

“Table 1. Mecahnical properties of one layer.” 
 

E11 (Gpa) E22 (Gpa) ν12 G12 
(Gpa) 

136,6 9,6 0,29 5,2 

 
Six tests were done with a classical testing machine in order to verify the calculation only for 
the Young modulus in the fiber direction and the Poisson coefficient. From that, the mean was 
estimated for each parameter. 
The Table 2 shows the results. 
 

“Table 2. Mechanical properties of the laminate.” 
 

Results Ex (Gpa) νxy Ex (Gpa) Gxy (Gpa) 

Tests  74,1 0,395   
Calculation  78,8 0,386 35,9 17,3 
Error (%) +6,4 -2,3   

 
 
3. DRILLING 
The central holes were made using a 6mm diameter monobloc helical carbide drill (K20) [1]. 
A specific apparatus was used to reproduce desired drilling conditions (Fig. 2).  



“Fig. 2. Drilling machine.” 
 

The main goal of this study is to produce two kinds of drilling. The first one for wich the 
purpose is to drill without producing defects in the composite material (denoted defect-free 
specimens). The second one in which defects were produced during the drilling process.  
The drilling parameters were for the defect free a feed of 0.05mm/tr with a drill point angle of 
90°, whereas a feed of 1mm/tr and a point angle of 120° were adopted to introduce defects. 
Samples were clamped between two metallic plates with a 20mm diameter hole (Figure 3). 

“Fig. 3. Support of the sample for the back face.” 
 
During drilling operation, axial load, radial load, cutting moment and 3-axis vibrations were 
monitored. The main difference between the two sets seems to be the axial load magnitude 
(figure 4). 

 
“Fig. 4. Axial load for the two sets of drilling.” 

 



The analysis of the previous curves of axial load , Fz, in relation to axial displacement (Figure 
4) shows three stages [2-3]. For example, in case of a 6mm drill with 90° point angle these 
three stages could be defined as follow:  
 
1) in z=0mm drill tip is considered to be just in contact to the inlet laminate surface. Axial 

load increases until reaching a maximum in z=3mm. At this position major cutting edges 
are completely engaged in the material, 
 

2) axial load remains nearly constant between z=3mm and z=6.4mm. At z=6.4mm drill tip 
reaches the exit laminate surface, 
 

3) from then on, axial load decreases to reach zero when major cutting edges emerge 
completely from the outlet laminate side. 

 
Moreover, it is possible to observe quasi-periodic oscillations on the curves (Figure 4). That 
could be related to the influence of relative angular position of major cutting edge to 0° fiber 
orientation (50% of fibers in the laminate).  Cutting edges have the same relative angular 
position twice per revolution.  So, oscillations have a frequency of 100Hz, twice the 
frequency of revolution of the drill (3000 rev/min=50Hz). 
The surface roughness was evaluated with a profilometer. An exemple is given in figure 5. 
We can observe that the hole is not a perfect circle. This phenomena is generally due to the 
angle between the cutting edges and the fiber direction [3]. 
 

 
“Fig. 5. Surface roughness of a 45° layer.” 

 
X-ray radiographies with an enhancing penetrant has been used to reveal the internal damage. 
In the case of a defect free specimen the radiographie don't exibit large damage (figure 6). For 
the other type (Figure 7) we can observe two scales of delamination. The biggest one (A) is 
due to the drill when it emerges completely from the outlet laminate side. The axial load 
debounds the last layers of the composite material. The small one (denoted B) is linked to the 
surface of the hole. The interfaces where is located the delamination are between the 45° and 
0° layers. 



 

 

“Fig. 6. X-ray radiography of a defect free 
specimen.” 

“Fig. 7. X-ray radiography of a specimen 
with defects.” 

 
 
4. FATIGUE TEST 

 
Quasi-static tests 
 

The first step was to evaluate the failure strength in compresion of the holed specimens using 
quasi-static tensile tests. The coupons were smaller than for the fatigue tests in order to avoid 
to use an antibucking device. We could expect a damage of this equipment during the failure 
of the sample. Strain gages were glued on the two faces of the tested specimens to estimate 
the part of the flexion during the compression tests. They were located in between the edge of 
the sample and the centrered hole. The gages are 1.52 long and 0.81mm wide (Figure 8). 
 

  
“Fig. 8. Quasi-static compression tests.” 

 
The crosshead speed was 0.6mm/min. 
The failure strength was 146±5kN. The part of the flexion was calculated using the results of 
the two gages, it is about 1.6%. 
 
Fatigue tests 
 
When elaborating sandwich structures, in some cases, mechanical assembly could be adopted. 
Holed laminates can be used as outer skins in this kind of structures. Representative loads 



could be tension, compression, bending and filled-hole. As delamination were observed we 
thought that compression is the more penality load. 
Servohydraulic machine fitted with mechanical gripping jaws was used. A specific 
antibucking equipment was designed to realize the compression tests on our long specimens. 
The gage length was 150mm to have enough material around the hole (Figure 9).  
 

 
“Fig. 9. Fatigue testing machine.” 

Four threaded rods with locally reduced section support tubes were screwed to come in 
contact with specimen surface. The axial rigidity prevents out of plane displacement.  
Reduced remont section allow fingers to follow inplane deformation motions.  A polyethelene 
tip was introduced betwen specimen surface and tubes in order to increase adherance without 
compromise axial rigidity.  
Finite elements solid model helped to designe fingers and to verify that bending deformation 
energy of these still neglect compared to strain energy in the specimen (Figure 10).  

 
“Fig. 10. Finite elements analysis of the fingers.” 

 
In order to evaluate how loads induced in the specimen could be considered as “pure 
compression”, qualification works have been performed. Different ways were studied :  
 
1) deformations were measured using strain gauges (Figure 11) and compared to these 

estimated by finite elements simulations and variational method calculation under a 
supposed pure compression load. Strain gauges measurements are sligthly higher (4%) 
than theoric deformations (Figure 12),  
 



“Fig. 11. Stain gauges around the hole.” “Fig. 12. Comparison between expeimental 
and analytical results.” 

  
2)  A photoelastic layer was glued (Figure 13) on a sample to evaluate the stress field. Frange 

patterns in monochromatic circular light showed a symetric cartography similar to that 
predicted (Figure 14) under uniaxial compression loads. 
 

“Fig. 13. Picture of the photoelastic layer 
durind the test.” “Fig. 14. Analytical calculation to be 

compared to the picture.” 
The results of the different analysis between the measurements and the calculations are in 
good agreement. 
 
Thus, the two sets of specimens were subjected to compression load controlled fatigue test. 
Preliminary tests were performed in order to set up the parameters of the loading. Maximum 
compression load of 75, 85 and 95kN were used. That corresponds to 50, 60 and 70% of the 
compressive notched strength. Until 106 cycles, and for all of these tests, secant modulus 
evolution and damage observations seem to be insensitive to these different values of 
maximum load during a cycle (Figure 15).  



 
“Fig. 15. Preliminary compression fatigue tests.” 

 
So, in order to compare compressive cyclic behaviour of the two drilling quality, the two sets 
of specimens were subjucted to compression load controlled fatigue test with a maximum 
stress magnitude  reached 60% of the notched specimen compressive strength. That 
corresponds to 85 kN which is a maximum value taking into account a safety factor for our 
gripping jaws for which the maximum load is 100 kN. 
 
Using the preliminary test it was decided to stop the fatigue tests at 400000 cycles. The 
different curves showing the secant modulus evolution in respect to number of cycles indicate 
two main stages : 
 
1) first stage, up to 150000 cycles in which the secant modulus decreases significantly, 

 
2) second stage, after 150000 in which the evolution of the modulus is almost linear. 

 
The compression fatigue tests were done at room temperature with a sinusoidal waveform, a 
cycling frequency of 3Hz and a load ratio of R=10.  
 
Both elongation and load were continuously recorded through an LVDT and an inductive load 
transducer respectively. The secant modulus is calculated and presented as a function of load 
cycles. This type of analysis has been done for at least 10 specimens of each set. In figure 16 a 
comparison is done between the two sets of specimens up to 400000 cycles. Secant modulus 
is normalized by its mean value as computed from the first 100 cycles. 

“Fig. 16. Normalized secant modulus of the two sets.” 



 
In case of defect-free specimens, two steps could be distinguish: in the first, of about 150000 
cycles, the loss in relative secant modulus reaches 4 to 5%. In the second, almost linear, the 
total loss reaches a value of about 6% at 400000 cycles.  In case of specimens with surface 
delamination and voids, stiffness degradation is more regular and globally less than this 
observed in the first set. 
To link the stiffness degradation to the microscopic level several investigations using X-ray 
radiographies and microscopic observations have been carried out. X-ray radiographies 
revealed longitudinal cracks, called splitting[4], tangent to the hole in both sides and parallel 
to load axis (Figure 17).  

“Fig. 17. X-Ray radiographies of a defect free specimen (left) before and after the fatigue test 
and a specimen with defects (right)” 

 
A few number of off-axis cracks appeared especially in case of defect holed specimen.  

Splitting length seems to increase monotony as test goes (Figure 18).  
“Fig. 18. Evolution of the splitting length as a function of cycles number.” 

 
When the slope of the stiffness degradation curve changes the splitting length is almost equal 
to the hole diameter. Current modeling work aims to find out an explanation.  
Microscopic examinations through the thickness show that in the net section of the specimen 
all 0°-plies were cracked. Cracks also crosses every 45°-ply bordered by two cracked 0°-plies, 
away from the net section the number of cracked plies decreases. Ply-by-ply observations 
show that 45°-ply cracks propagate through the load axis. This propagation probably develops 
with successive fiber failures (Figure 19). It can be seen that in the 45°-plies the fibers have 
two  failures (Figure 19), it is a well known phenomena in a compression loading [5]. 
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“Fig. 19. Microscopic observations.” 
 
 
5.CONCLUSIONS 
 
Two sets of drilled specimen were loaded in cyclic compression at 60% of compression 
notched strength. A first set was drilled without defect and a second one with defects. 
A specific device was designed to realize a compression loading on long sample. Different 
ways were used to check the validity of the apparatus. 
Although that, absolute secant modulus of specimens with important defects was sligthely 
smaller than that of defect-free ones, both sets of specimens had almost the same secant 
modulus after about  4.105 cycles. This is related to a globally less stiffness degradation in 
case of specimens containing important defects than these observed in case of defect-free 
ones.   
Longitudinal cracks called splittings were the main visible fatigue damage when testing the 
two sets. 
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