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ABSTRACT

This study investigates the effect of composite material stiffness on the accuracy of drilled holes and delamination
in the drilling process. Two types of composite materials were tested: glass fiber reinforced plastic (GFRP) and
carbon fiber reinforced plastic (CFRP). The drilling process was performed using dedicated drill bits. Samples
were clamped in a vice of the Avia-VMC 800 HS vertical machining center. Drilling parameters were maintained
constant but unsupported element length was changed. The unsupported element length was defined as an unsup-
ported distance between the drilled hole axis and the sample attachment location. The maximum feed force F, was
determined in the experiments. The accuracy of drilled holes was estimated by optical microscopy. Diameters of the
drilled holes were measured. Results made it possible to determine the recommended unsupported element length at
which the hole dimensions were within the dimensional tolerance. The study showed a clear decrease in the drilled
hole quality and a significant increase in the feed force, especially in the area of tool exit from the workpiece. In
addition, the number of delaminated fibers increased with unsupported element length was determined in the study.
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INTRODUCTION

Composite materials are artificial materials
that are produced from at least two constituent
materials [1]. One of the main components of
the composite material is resin and the other is
reinforcement [2]. In polymer composites, the
reinforcement is usually glass, carbon or aramid
fiber. Among the polymers used for the matrix,
thermosets are the most common. Other types
of polymers include thermoplastics and less fre-
quently used elastomers [3]. Properties of com-
posite materials can be improved with modified
and auxiliary additives. These additives are add-
ed to improve aesthetic and physical properties
of composite materials or to ensure their electric
charge conduction. Composite materials are usu-
ally made of prepregs or mats placed in molds
for heating in the autoclave. After being removed
from the autoclave, these materials are subject-
ed to machining processes [1, 4]. Composites
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are heterogeneous and anisotropic materials that
have hard fibers and are therefore included in
the group of difficult-to-machine materials [5].
Among many machining processes used in the
production of polymer composites, there are: la-
ser processing [6, 7], water jet cutting [8], elec-
troerosion treatment [9], turning [10, 11], milling
[12+15], and drilling [16+20].

The assembly process often requires com-
bining elements made of composites with other
construction materials. Such connections require
making additional cuts and deepening. Riveted
and bolted joints require undamaged and precise
holes. Accurate and defect-free holes affect the
strength and precision of the connections. Given
a growing demand for the use of composites as
construction materials, the methods for shaping
composites through machining, including drill-
ing processes, are constantly modified. There are
numerous studies on drilling processes such as
conventional drilling [16], grinding drilling [18],
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vibration assisted drilling [21], and high speed
drilling [22]. The most popular and widely used
method is conventional drilling with twist drills.
Research studies devoted to this type of machin-
ing mainly focus on investigating the influence of
variable drilling parameters, tool geometry and
material type on the cutting forces and workpiece
delamination. The selection of drilling parameters
for polymer composites depends on the structure
of material, fiber type and orientation as well as
the percentage of fibers and matrix [15].

Studies [17, 23, 24] report technological pa-
rameters of drilling, with the rotational speed of
the drill being in the range » = 800-8000 rev/min
and the feed per revolution f'= 0.05-0.30 mm/rev.
An increase in the feed rate causes an increase in
cutting forces during drilling, while an increase in
the cutting speed reduces these forces. However,
the feed rate has a greater influence on the cutting
force than the rotational speed [25]. When select-
ing the parameters, however, it should be taken into
account that with drilling at high speed and low
feeds, the temperature of the tool increases and,
consequently, its wear increases too. The selection
of processing parameters for the drilling process
is very important in terms of hole accuracy and
composite material damage prevention. Increased
tool wear may cause an increase in the number of
surface defects, in particular delamination [26, 27].

Fiber orientation affects the average values of
the surface roughness parameters Ra, Rq, Rz and
Rt. Research [25] has also showed that the high-
est surface roughness is located in the hole at the
entry of the drill into the material, compared to the
roughness measured in the hole depth center [25].
There also exist other treatment and measure meth-
ods ensuring improved surface roughness [28, 29]
thermal characteristic [30] and reduced delamina-
tion [31, 32]; however, they have not been used for
the treatment of polymer composites yet.

Composite materials are prone to defect for-
mation during different machining processes
[33+36], including drilling. Tool geometry is also
an important aspect here. It has been found that a
stable drilling process can be achieved by appro-
priate selection of tool geometry and cutting pa-
rameters [27]. In polymer composites, the fibers
are subjected to tensile stress, therefore the tools
must be very sharp. The fiber must be broken, so
that it is not pulled out of the material structure.
For drilling polymer composites, diamond coated
(PCD) tools are most widely used; compared to
cemented carbide tools, they are better in terms of

economy and quality. Despite their higher price,
PCD tools are an alternative to carbide tools due to
longer tool life and the possibility of using higher
cutting speeds [37]. Holes made with diamond
coated drill bits exhibit low surface roughness.

Apart from low volumetric efficiency, drilling
is characterized by composite material damage in
the form of delamination [16]. Aviation industry
parts with delamination occurring toward the end
of the hole drilling process are rejected [17]. Drill-
ing is often the final operation in the manufacture
of components, so a shortage of parts is very costly.
The occurrence of this undesired defect is caused
by the feed force as the tool leaves the material.
Research has shown that minimizing the action of
the axial force is possible thanks to the use of a
tip angle drill. This cause an increased share of the
feed force in relation to the axial force in the drill-
ing process [38]. Initially, there is a sharp increase
in the force and torque due to the insertion of the
drill into the material [39, 40]. The maximum force
and torque occur when shear breaks the bottom
layer of the workpiece [27]. Sharp geometry can
reduce not only the degree of delamination but also
other types of surface defects such as torn fibers.

To avoid delamination, grinding drilling op-
erations are performed with the use of a core drill
[18]. Compared to conventional drilling, the core
drill is hollow and there is no pressure force on the
fibers, which is considered to be the main cause of
delamination [19, 20, 41]. Another type of drilling
is vibration-assisted drilling [21]. In vibration-as-
sisted drilling, the process is pulsed and intermit-
tent. Compared to conventional drilling, this type
of drilling makes it possible to obtain approxi-
mately 25% less pressure, which results in reduced
delamination [42+44]. This method also ensures
higher drilling efficiency [21] and drill service life
[43, 44]. Due to low efficiency of the conventional
drilling process, high speed drilling was introduced
[45+48]. It is a widespread technology designed to
increase productivity. In addition to increasing ef-
ficiency, high cutting speeds also reduce the feed
force and minimize delamination [46, 48].

This study investigates the effect of unsup-
ported element length on the feed force. The rela-
tionship between unsupported element length and
the formation of delamination and the accuracy
of a hole made was also established. A literature
review has revealed that this problem requires
further research. The study on this problem is
also justified by the great prevalence of drilling
operations in the industry. GFRP and CFRP are
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the most widely used polymer composite materi-
als. The novelty of this study is that it investigates
the impact of hole distance from the support point
on the forces and hole accuracy for two different
composite materials. In the tests, the maximum
feed force was determined in the main zone and
in the zone of tool exit from the workpiece. The
influence of unsupported element length on the
size of delamination was also determined. Hole
accuracy was estimated by measuring the ellipti-
cal shape of the drilled hole. Based on obtained
results, a set of recommendations with respect to
drilling operations for different lengths of unsup-
ported element were produced for the industry.

MATERIALS AND METHODS

Polymer composites supersaturated with epoxy
resin (60% of the resin volume) reinforced with glass
(EGL/ EP 3200-120) and carbon (GR / EP 985-GF-
3070) fibers were used for the tests. Specimens had
the form of 300x100 mm panels and were 12 mm
in thickness. Each sample consisted of 50 sheets of
prepreg arranged in a 0-90 ° system. This system
provides strength in all directions in the horizontal
plane. The composite materials were prepared while
maintaining the appropriate temperature (18-30 °C),

humidity (60%) and air purity (the amount of sol-
id particles did not exceed 10,000 per 1 m?). After
that, the samples were placed in packages to create
a vacuum. In the next step, the samples were put in
the autoclave for 2 hours at a temperature of 177 °C
and at a pressure of 0.3 MPa. After the samples were
removed from the autoclave, they were left to cool
down for 24 hours and then they were subjected to
circumferential milling in order to remove residual
fibers and resin. A scheme of the sample preparation
process is shown in Figure 1.

Drilling operations on the polymer compos-
ites were conducted on the Avia-VMC 800 HS
vertical machining center. The drilling process
was performed using a Dormer drill described
by a diameter of d = 10 mm. The drilling process
was conducted with its technological parameters
maintained constant, i.e., feed speed v, = 287 m/
min and cutting speed v, = 90 m/min. The length
of the hole made was equal to the thickness of the
plate, i.e., 12 mm. Force in the drilling of CFRP
and GFRP was measured. Different unsupported
element lengths / were tested (/ = 16, 28, 40, 52,
64, 76, 88, 100, 112, 124 and 136 mm). Figure 2a
shows the scheme of specimen support with the
length / marked as the unsupported element length.
It is the distance between the support of the com-
posite material and the axis of the hole made.

Temperature: 170-180°C
Pressure: 0.3 MPa

24 h

Fig. 1. Scheme of the sample preparation process

Prepegs Orientation: 0-90° Autoclave:
Temperature: 18-30°C O
Humidity: 60%
Air purity: 10000<1m’ Time: 2h
a) Kistler dynamometer b) Kistler dynamometer
(type 9125A) with drill (type 9125A)
i |

unsupported
element
Iength I

[Kistler signal conditioner (type 5237)]

[DynoWare software (type 2825A)|

Dynoware data acquisition card

(type 5697A)

Fig. 2. Scheme of the drilling stand (a) and measuring track elements (b)
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A scheme of the stand for measuring force dur-
ing drilling is shown in Figure 2b. The tested mate-
rial was clamped in a vice placed on the machine
table. The Kistler dynamometer (type 9125A) was
mounted in the spindle to measure feed force. The
force acting along the axis of the drill was mea-
sured using the Kistler signal conditioner (type
5237) and the Dynoware data acquisition card
(type 5697A). Measurement data were recorded
with the DynoWare software (type 2825A). Based
on obtained results, the maximum feed force dur-
ing the drilling of holes was calculated. Addition-
ally, the maximum feed force in the area of tool
exit from the workpiece was determined.

After drilling, the influence of the unsupported
element length / on the delamination and accura-
cy of the hole made was measured. Delamination
was determined by measuring the length of torn fi-
bers at the exit of the drill bit. Measurements were
made with the Keyence VHX-5000 optical micro-
scope at x100 magnification. Graphs showing the
average fiber lengths (delamination) for both tested
materials were plotted. Figures 3a and 3b show the
examples of delamination measurement for the
two tested types of polymer composites.

The accuracy of the drilled holes was as-
sessed by measuring their elliptical shape.

Table 1 shows the tolerances for accuracy
classes in relation to nominal dimensions (ISO
2768 specifies the accuracy classes and limit
deviations for linear dimensions).

The standard specifies four accuracy classes
(good, average, coarse, very coarse), of which
good and average are mainly taken into account
in the construction documentation.

RESULTS AND DISCUSSION

An analysis of the drilling process for the
tested polymer composites started with measur-
ing the feed force acting in the drill axis direc-
tion. The measured of the feed force value al-
lowed the assessment of the influence of the
unsupported element length on its maximum
value. Examples of force curves obtained when
drilling a hole in the tested materials are shown
in Figures 4a (for GFRP) and 4b (for CFRP).
Waveforms of forces for the holes drilled at the
greatest distance (/ = 136 mm) from the element
support point are presented. The “X” axis shows
the successive measurement points (measure-
ment was made every 0.0004 s) and the “Y” axis
shows the feed force values.
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Fig. 3. Examples of delamination measurement in GFRP (a) and CFRP (b)

Table 1. Limit deviations of intolerant linear dimensions (ISO 2768)

Nominal tolerance Accuracy classes
range [mm] f (good) [mm] m (average) [mm] ¢ (coarse) [mm] v (very coarse) [mm]
0.5-3 +0.05 +0.10 +0.15 -
>3-6 +0.05 +0.10 +0.20 +0.50
>6-30 +0.10 +0.20 +0.50 +1.00
>30-120 +0.15 +0.30 +0.80 +1.50
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Fig. 4. Feed force waveforms generated in GFRP (a) and CFRP (b) when drill-
ing a hole for the unsupported element length / = 136 mm

Based on the recorded waveforms, several
drilling zones can be distinguished, differing
from one other by characteristic changes in feed
force. In Figures 4a and 4b the analyzed zones
are marked with red dotted lines. Force wave-
forms presented in the graphs show three zones:
the zone of tool entrance into the workpiece,
the main zone, and the zone of tool exit from
the workpiece. In the first zone, there occurs a
characteristic, almost linear, increase in the feed
force. The linear increase in the feed force in this
zone can be explained by an increased length of
the cutting edge in contact with the workpiece.
In the central zone, referred to as the main drill-
ing zone, the feed force value stabilizes as a
result of full engagement of the cutting edges
in the drilling process. The third analyzed ma-
chining zone is the area where the drill exits the
workpiece. This zone is characterized by an ini-
tial increase in the feed force (marked with a cir-
cle) and then a sharp decrease in this force. The
force increase in this zone can be explained by
more difficult cutting conditions resulting from
the drill coming out of the material. In Figure
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4a, which shows the feed force plot obtained
for GFRP, this force is on average 320 N, while
for the CFRP composite (Fig. 4b) the force in
this area is on average 810 N. The clearly higher
maximum feed force for CFRP can be attributed
to higher bond strength between carbon fibers.
The workpiece length has a significant effect
on the feed force in both the main drilling zone
and the tool exit zone from the workpiece. Fig-
ure 5 shows the relationship between workpiece
length and maximum feed force in the main cut-
ting zone and the exit zone. The blue and blue
lines mark the results obtained for the GFRP
composite, and the green and red lines for the
CFRP composite along with standard deviations.

A relationship between the maximum feed
force and the unsupported element length is
presented in Figure 5. The graph shows that the
feed force increases with increasing the length of
the element. In the case of the GFRP compos-
ite, for the shortest length / = 16 mm, the feed
force is 242 N and increases to 320 N (for the
length / = 136 mm). An analysis of the changes
in the feed force for the CFRP composite also
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Fig. 5. Graph illustrating the relationship between unsupported element length
and feed force in the main cutting zone and in the exit zone

L ' 3 "
Fig. 6. Photos of the holes drilled in GFRP for the following unsupported element lengths: 16 mm (a), 28 mm
(b), 40 mm (c), 52 mm (d), 64 mm (e), 76 mm (f), 88 mm (g), 100 mm (h), 112 mm(i), 124 mm (j) i 136 mm (k)
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shows a very similar relationship, but the feed
force increases slowly from 550 N for the short-
est unsupported element length to 820 N for the
longest unsupported element length. The feed
force increase with increasing the distance from
the support point can be explained by elastic-
ity of the workpiece. For the CFRP material the
increase in the maximum resistance force with
increased length of the element is more dynamic
than that observed for the GFRP material. This
phenomenon can be explained by greater re-
sistance of the material. The greater resistance
is due to the fact that the drill has to break the
bonds between the material-reinforcing fibers.

One can also observe an increase in the max-
imum feed force depending on the length of the
element in the exit zone of the tool from the work-
piece. This phenomenon occurs for two types of
composite materials, but for CFRP it is charac-
terized by a higher feed force. At / = 136 mm for
GFRP this value is 340 N, while for CFRP and the
same unsupported element length it is 850 N. For
the case of CFRP, there is a visible increase in the
maximum feed force in the last zone when the un-
supported element length exceeds / = 64 mm. Then
there is also a situation in which the feed force in
the third zone is greater than the force in the main
zone. For the GFRP composite, this relationship

T ey PN

Fig. 7. Photos of the holes drilled in CFRP for the following unsupported element lengths: 16 mm (a), 28 mm
(b), 40 mm (c), 52 mm (d), 64 mm (e), 76 mm (f), 88 mm (g), 100 mm (h), 112 mm(i), 124 mm (j) i 136 mm (k)
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also occurs for the unsupported element length / =
64 mm, but the differences between the values of F,
from both zones are not as significant as those for
the CFRP composite. Above the length / = 64 mm,
the cutting resistance is significantly higher, which
leads to the maximum feed force.

Figures 6 a-fand 7 a-f show the holes made in
glass fiber reinforced plastic (Fig. 6) and carbon
fibers reinforced plastic (Fig. 7), respectively.

Based on the results of length of the torn fibers
remaining in the tool exit zone from the material,
a graph shown in Figure 8 was plotted. The graph
shows the effect of the length of the element on
the average length of the fibers for the two tested
composite materials. The blue line marks the re-
sults obtained for GFRP, and the red line marks
the lengths of detached fibers in CFRP. Standard
deviations for both materials were calculated.

In the plot (Fig. 8), one can observe the for-
mation of damage in the composite material with
increasing the unsupported element length /. A
comparison of the two types of materials reveals
that GFRP is more susceptible to increase in the
length of torn fibers with increasing the unsup-
ported element length. With the unsupported ele-
ment length set to / = 16 mm, the average length
of torn fibers is 1885 um, and for the unsupported
element length / = 136 mm, this average length
value is already 5358 um. A clearly noticeable in-
crease in the length of torn fibers occurs for the
unsupported element length value exceeding / =
100 mm. In comparison, in the CFRP composite
the length of torn fibers is 2340 um for the unsup-
ported element length /=16 mm and 3238 um for
the unsupported element length / = 136 mm. In
this material, the torn fiber lengths increase with
unsupported element length to / = 16-40 mm and
for the largest lengths range /= 100-136 mm. The

greater delamination in the GFRP composite is
related to a lower stiffness of this material.

The elastic action of the workpiece also af-
fects the accuracy of drilled holes. All dimensions
of'the holes without manufacturing accuracy must
be included in the standard of limit deviations for
non-tolerated dimensions (ISO 2768).

Figures 9 a-d and 10 a-d show the holes made at
the following unsupported lengths: /=100, 112, 124
and 136 mm, for both composites under analysis.

An analysis of the hole diameters obtained for
GFRP and CFRP reveals that the holes made for
a length of / = 136 mm do not meet the average
accuracy class “m”. The dimensions are greater
than the dimension tolerance for a 100 mm diam-
eter by + 0.02mm. For the GFRP composite, the
holes made with the unsupported element lengths
of 112 mm and 124 mm do not meet the good
accuracy class “f”, and for the CFRP composite
the holes made with the unsupported element
length of 124 mm are on the border of the accu-
racy class “f”. For the GFRP composite, the holes
made with the unsupported element length of 100
mm meet the highest accuracy class. For the case
of the CFRP composite, the holes made with the
unsupported element length of 112 mm meet the
accuracy class “f” because the dimensions are
within the specified accuracy of £ 0.01 mm.

CONCLUSIONS

This paper presented the results of a study in-
vestigating the drilling process for GFRP and CFRP
composites. The effects of the unsupported com-
posite material element length on the feed force,
delamination and hole accuracy were analyzed. To
determine the maximum feed force value, three
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Fig. 8. Graph illustrating the influence of unsupported element length on the average length of torn fibers
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Fig. 9. Measurements of the holes drilled in GFRP for the unsupported ele-
ment lengths of: 100 mm (a), 112 mm (b), 124 (c) and 136 mm (d)
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10034 um 10062 pm

10100 pm i 10230 pm

Fig. 10. Measurements of the holes drilled in CFRP for the unsupported
element lengths of: 100 mm (a), 112 mm (b), 124 (c) and 136 mm (d)
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drilling zones were identified. Based on the results,

the following conclusions can be drawn:

1. Measurements of the feed force have shown
that for both composite materials, both in the
main zone and in the zone of tool exit from the
workpiece, the feed force increases with in-
creasing the length of the element. Based on
the recorded waveforms of the feed force, one
can observe a visible increase in the feed force
toward the final stage of the drilling operation,
i.e., when the tool leaves the workpiece.

2. It has been shown that the increase in unsup-
ported element length also affects the length
of torn fibers. Due to a lower stiffness of the
GFRP material and weaker bonds between the
glass fibers, the number of broken fibers was
considerably higher and rapidly increased for
the unsupported element length exceeding
100 mm. In the CFRP composite, there also
occurred an increase in delamination with in-
creasing the unsupported element length, but it
was not as dynamic as that observed for GFRP.

3. The elastic deflection of the material also affects
the accuracy of the drilled hole. It has been found
that for both materials with the greatest tested
unsupported element length (/ = 136 mm), the
holes did not meet even the average accuracy
class of non-tolerated linear dimensions. It is
thus recommended that holes be drilled with the
unsupported element length not exceeding 100
mm for GFRP and 112 mm for CFRP.

We concluded that insufficient support of
the workpiece has a negative effect on the feed
force, delamination and hole accuracy. The next
step of the research is comparison of the results
of this work with the stiffness of the element and
measure vibration produced when drilling holes
in polymer composites.
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