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Abstract. The use of FRP in technical applications - aerospace, automotive and 

industrial components - demands their high-quality processing. Namely process 

drilling, cutting, and machining. Tools properties (material, geometry), process 

parameters (speed, RPM, feed), and hole/cutting edge quality are typically eval-

uated. The topic of this paper is a practical evaluation of the machinability of a 

composite material - fiber-reinforced plastic (FRP). Composite test plates were 

fabricated with hybrid reinforcement and three types of epoxy matrices. The drill-

ing process had two variables: tool diameter and tool feed rate. Considering the 

quality of the drilled hole, one of the material combinations was selected to pro-

duce the reinforcement part of the battery box. The design and production are 

part of the Technical University of Liberec Modular Platform for Autonomous 

Chassis of Specialized Electric Vehicles for Cargo and Equipment Transportation 

project. 
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1 Introduction 

The production of battery boxes for electric vehicles is determined by two basic re-

quirements: weight reduction and sufficient strength and rigidity. These properties 

clearly define the use of fiber-reinforced plastics (FRP) as the most suitable material 

for box production. In the modular platform project of the TUL project for the autono-

mous chassis of specialized electric vehicles for transporting cargo and equipment, a 

battery box with composite reinforcement was designed and manufactured. The selec-

tion of a suitable combination was part of the process. Evaluation parameters included 

the mechanical performance of the composite, its chemical resistance, and machinabil-

ity using standard procedures such as drilling, cutting, and machining. 

Fiber-reinforced composites are used as a structural material in aerospace, automo-

tive, mechanical, and electrical engineering and a wide range of technical applications. 

For these applications, the need to drill or machine FRP arises. The operations are con-

sidered critical due to the possibility of damage to the composite structure by delami-

nation. The disadvantages are associated with three main factors: tool parameters, pro-

cess parameters, and maintaining the quality and performance of the composite. [1–3]   
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High-speed steel (HSS) or tungsten carbide (WC) drilling bits are usually used to 

drill polymer composites [1]. Studies [3–10] present the relationships between tool 

geometry and cutting parameters when drilling in different types of FRP. Authors [10] 

described the influence of the drill tip on the delamination using a mathematical model 

[11-13].  
Achieving strict dimensional and geometric tolerances is a complex process due to 

the nature of polymer composites. The authors [14–17] investigated the correlation 

between process parameters and delamination/performance in composite performance, 

including undesirable temperature rise. The classification of drilling damage in polymer 

composite materials [18] is summarized into four categories: geometric defects, tem-

perature-induced damage, drilling-induced damage, and delamination on the entrance 

and exit sides of the drilled composite. [10, 19, 20] 

Delamination is a severe problem associated with drilling fiber-reinforced composite 

materials. It reduces the material's structural integrity, resulting in poor assembly toler-

ance and causes long-term deterioration of properties. Reference [6] describes two 

basic delamination mechanisms associated with drilling composites; peel-up at the en-

trance and a drill push-out effect at the exit of the composite. Peel-up occurs when the 

drill bit enters the laminate (Fig. 1a). The cutting force applied in the circumferential 

direction is the cause of delamination. The push-out effect is a function of the tool ge-

ometry and the friction between the tool and the workpiece. It occurs as the drill bit 

exits the composite, when the layer thickness thins, and delamination occurs when the 

load exceeds the interlaminar bond strength (Fig. 1b). 

 

 

Fig. 1. Drilling delamination; a) peel-up delamination on the entrance side of FRP, b) push-up 

delamination at the exit side of FRP [6] 

Delamination factor Fd describes the deterioration degree using geometrical parameters 

of a drilled hole at the entrance/exit side according to equation (1) [2, 9, 14, 15]: 

 𝐹𝑑  =  
𝐷𝑚𝑎𝑥

𝐷
 (1) 

Where: Fd – factor of delamination [-]; D – drill diameter [mm]; Dmax - diameter of the delamination area 

[mm]. 
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The analysis of the cited sources confirmed that the significant influence on the delam-

ination factor is due to the feed rate, rotational speed, and differences in the shapes of 

the cutting edges of the drill bits used. [3–10, 14 - 20] 

2 Materials and Methods 

2.1 Specimen preparation 

For the fabrication of the composite reinforcement of the battery box, woven and mul-

tiaxial carbon and glass fiber knitted fabrics were available as reinforcement. The me-

chanical properties, chemical resistance, and machinability were considered when se-

lecting the material combination. The composite plates consist of a layer of carbon fab-

ric (200 g m-2), three layers of quadriaxial glass fiber NCF (800 g m-2), and a layer of 

carbon fabric (200 g m-2). The description and characteristics of the epoxy matrices are 

given in Table 1. Reinforcement and matrix were used to fabricate composite plates 

with a size of 200 x 150 mm and a thickness of 3.3 mm.  

The hardness of the matrix was measured with a DURAMIN 40 (Struers) Brinell 

hardness at a 10 N load. Flexural strength measurements were made on ten specimens 

for each matrix type according to standard ISO 178. 

Table 1. Parameters of Epoxy Resin Systems 

Resin Hardener 
Hardness 

[HB1/10] 

Flexural strength 

[MPa] 

CHS 531 Telalit 16.24 ±1.63 36.23 ± 6.65 

LG 285 HG 285 17.19 ± 1.38 91.67 ± 19.25 

LG 120 HG 350 21.10 ±0.51 8.17 ± 2.13 

2.2 The drilling process  

The experiment was carried out on a stand drilling machine with a table to clamp the 

specimens with standard HSS double threaded drill bits with diameters of 3.0, 5.5, and 

9.5 mm. A general rule of thumb for drilling metallic and non-metallic materials is that 

the speed decreases with increasing drill diameter and decreases with increasing mate-

rial hardness. The purpose of the experiment was to evaluate the effect of spindle speeds 

at a constant feed rate of 0.1 mm/rev on the quality of the drilled hole edge, damage at 

the entrance (peel-up) and exit (push-out) of the drill bit from FRP and possible delam-

ination of the FRP for composite specimens from three epoxy systems. 
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3 Results  

The drilled holes took photos from the entrance and exit sides. The image processing 

software converted the images to grayscale. Figures are arranged according to the ma-

trix type; the top image shows the entrance of the drill bit into the composite, and the 

bottom figure shows the exit of the drill bit from the composite. The evaluation param-

eters include hole shape, pulled-out fibers, peeled-off matrix flakes, and delamination 

layers. Figures present the degree and size of delamination depending on spindle speed 

and constant feed rate. [5, 9] Composite composition is the same for all three speci-

mens. [14]   

Figs. 2 and 3 compare the holes damage at two different spindle speeds by the drill-

ing bit diameter of 3 mm; Fig. 2 at 265 rpm, Fig. 3 at 850 rpm. The low speed caused 

the delamination of the composite layers in the LG 120 specimen (Fig. 2), fiber pull 

out, and matrix peeling in the LG 285 and CHS 531 specimens (Fig. 2). The damages 

difference is due to the different hardness of the matrices probably.  

Drilling the holes at a higher spindle speed (850 rpm) is done in LG 285, and CHS 

531 without delamination and fibers pulled out (Fig. 3). In the LG 120 specimen, fibers 

are pulled out on the exit side of the hole (Fig. 3) 

 

  

Fig. 2.    Comparison of drilled holes; drill bit 

diameter 3 mm; 265 rpm; a), b), c) entrance 

side d), e), f) exit side. 

Fig. 3.    Comparison of drilled holes; drill bit 

diameter 3 mm, 850 rpm; a), b), c) entrance 

side; d), e), f) exit side. 

Figures 4-6 show the effect of spindle speed on the quality of the drilled hole with a 

drill diameter of 5.5 mm at 265 rpm (Fig. 4), 475 rpm (Fig. 5), and 850 rpm (Fig. 6). 

The 265 rpm is suitable for the more hardness matrix type, LG 120 specimen. For other 

specimens, LG 285 and CHS 531, the matrix scales are peeled off from the edges of the 

holes (Fig. 4). The soft matrix of specimen CHS 531 requires a higher drilling speed.  

At 475 rpm, all specimens experienced a different degree of composite delamination 

on the exit side. The 475 rpm is inappropriate in combination with the drill diameter of 

5.5 mm for composite drilling (Fig. 5).  
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Fig. 4.      Comparison of the holes; drill bit 

diameter 5.5 mm, 265 rpm; a), b), c) entrance 

side; d), e), f) exit side. 

Fig. 5. Comparison of the holes; drill bit diam-

eter 5.5 mm, 475 rpm; a), b), c) entrance side; 

d), e), f) exit side.

 

At 850 rpm, matrix flaking occurred in specimens LG 120 and CHS 531. Fig. 6 shows 

the delamination of the bottom layer of the CHS 531 specimen. Specimen LG 285 pre-

sents a similar excellent result for spindle speed 265 and 850 rpm based on visual as-

sessment. 

Figs. 7-9 show the effect of the drill bit with a diameter of 9.5 mm at the spindle 

speed of 150 rpm (Fig. 7), 265 rpm (Fig. 8) and 450 rpm (Fig. 9).   

The holes drilled at 150 rpm are free from delamination and fiber to pull out on both 

sides for all composite specimens; see Fig. 7.  

 

  
Fig. 6.        Comparison of drilled holes; drill 

bit diameter 5.5 mm, 850 rpm; a), b), c) en-

trance side; d), e), f) exit side. 

Fig. 7.        Comparison of drilled holes; drill 

bit diameter 9.5 mm, 150 rpm; a), b), c) en-

trance side; d), e), f) exit side.

The holes in the LG 120 and CHS 531 specimens show the shape deviations at 265 

rpm, Fig. 8. The drilling caused delamination on the exit side of LG 285 specimen, Fig. 

8. The process was carried out directly; without pre-drilling with a minor diameter drill 

bit in all cases.  
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The thin flakes of the matrix peeled off at the edges of holes at 450 rpm for LG 285 

and CHS 531 specimens, Fig. 9. The hole shape of the CHS 531 specimen is signifi-

cantly uncircular. The LG 285 specimen presents a less deviation of the shape. The 

entrance and exit of the LG 120 specimen are without pull-out fibers, peeled-off matrix 

flakes, and delamination; the hole shape is round. The drilling was carried out directly; 

without pre-drilling. 

 

   

Fig. 8.        Comparison of drilled holes; drill 

bit diameter 9.5 mm, 265 rpm; a), b), c) en-

trance side; d), e), f) exit side. 

Fig. 9.        Comparison of drilled holes; drill 

bit diameter 9.5 mm, 450 rpm; a), b), c) en-

trance side; d), e), f) exit side.

4 Conclusions 

The experimental evaluation of the drilling process yielded the following practical re-

sults:   

- The quality of a specific diameter drilled hole depends on the drill bit's spindle speed. 

For small diameters, a higher spindle speed is suitable; a lower spindle speed is suitable 

for larger diameters.   

- Regardless of the reinforcing fiber, the damage to the composite also depends on the 

properties of the matrix.  

- The LG 285 specimen for the hole diameter range up to 5.5 mm was evaluated as the 

most suitable in terms of strength and machinability parameters based on the experi-

ment. Drilling larger diameter holes requires a tool directly designed for machining the 

composite and preliminary operations - pre-drilling the hole.   

- The LG 120 specimen was evaluated as suitable for a hole diameter of 9.5 mm. This 

composite material, because of the average characteristics, was chosen as the most suit-

able for the construction of the battery box.  

- The experimental result can be refined by determining the delamination factor Fd on 

the entrance and exit sides of the drilled hole. For this purpose, extending the experi-

ment with different speed and feed rate values would be advisable. The next level of 
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qualitative evaluation of the drilling process is to evaluate hole wall damage by Scan-

ning Electron Microscopy, identifying delamination, pull-out, uncut and missing fibers, 

and determining composite porosity.   
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