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Abstract: Drilling carbon fiber reinforced polymer (CFRP) composites is liable to generate serious defects including

burrs, delamination, fiber pullouts and matrix cracking because of their inherent anisotropy in mechanical properties.

Therefore, studies on drilling quality during composites processing is necessary. The thrust force of different material

drill bits in composites drilling process was measured by the dynamometer and the surface quality of the hole wall was

observed by scanning electron microscope (SEM ), moreover, the tool wear and its effects on the hole wall quality

were also taken into account.
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0 Introduction

Carbon fiber reinforced polymer (CFRP) com-
posites have been extensively used in aircraft and
aerospace due to their advantages in mechanical
properties and structural functionalities. The de-
mands for CFRP composites are considerably rising
because of their superior properties, such as high
specific strength and stiffness, superior fracture
toughness, excellent corrosion resistance and satis-
factory durability. To obtain desired geometrical
shapes and tolerances for a final component, second-
ary machining operations, such as trimming, mill-

"% Drilling is a major

ing and drilling, are necessary
process in the hole making of fibrous composites re-
quired for riveting and fastening structural assem-
blies in the aerospace and aircraft industries *”.
However, the machinability of CFRP compos-
ites i1s extremely poor during drilling process owing
to their inherent anisotropy/inhomogeneity, limited
plastic deformation and abrasive characteristics"".
Drilling CEFRP composites is possible to produce se-
rious damages surrounding the hole circumferences

and inside the hole wall surfaces including burrs,

*Corresponding author, E-mail address: Czq66326@nwpu.edu.cn.

Article ID: 1005-1120(2020)S-0041-08

tearing, delamination, matrix thermal damage,

7-8]

etc-". Theses flaws adversely affect the drilling

quality and the fatigue life of the final composite

[9-10]

joints and structures'” . Furthermore, the highly

abrasive carbon fiber reinforcement can cause rapid

[11-13]

tool wear . The rapid tool wear will induce the

increase of thrust force which enlarges possibilities

[14-15]

of delaminations , and also deteriorates hole sur-

face qualities by generating uncut fibers, fiber pull-
outs, etc""".

In recent years, characteristics of drilling force
variations in terms of various tools and drilling pa-
rameters including spindle speed and feed rate have
been widely investigated and published in Refs. [ 3-
4, 20-26]. It is shown that the feed rate dominates
the increase of thrust force, and different drill geom-
etries may cause a variation in the thrust force evolu-
tion and hence influence the value of the maximum
force in the composite drilling process. It is also con-
cluded that the drilling parameters influence the tool
wear behaviors and lifetime of drill bits during the
composites drilling.

However, the influences of tool materials on
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tool wear and drilling quality is rarely reported. In
this paper, effects of various materials that are ex-
tensively utilized in drill bits of tools on tool wear
and hole quality are studied. Thrust force during
drilling process is surveyed and hole wall surface is
observed under scanning electron microscope
(SEM). Wear conditions and damage modes of
holes drilled by different tools are investigated.
Moreover, merits and demerits of different tools are

also analyzed.
1 Experiment

1.1 Specimen and drill bit

Since the high strength and extensibility, T800
CFRP composites are widely applied to the aircraft.
In this study, the composite used was a carbon/ep-
oxy with lamination sequence [45/0/—45/90].,,
which was provided by Commercial Aircraft Corpo-
ration of China and applied to C919. The nominal
ply thickness was 0.188 mm, yielding a nominal
laminate thickness of 4.512 mm. Moreover, the di-
mension of the workpiece is 300 mm X200 mm,
and three pieces of such laminated workpiece panels
are used in the experiment. Different materials in-
cluding HSS (high speed steel) , YG8, Y330
(without coating) and Y330 (with 0.002 mm dia-
mond coating) of twist drills are utilized in the
whole drilling process, and their chemical composi-
tion is shown in Tables 1, 2. Every type of drills 1s
a standard twist drill and all of them have the same

diameter of 3.5 mm.

Table 1 Chemical composition percentage of HSS tool

C St Mn Cr W Mo V S p
0.80 0.40 040 4.10 18.0 0.30 1.20 0.03 0.03

Table 2 Chemical composition percentage of YGS8 tool

wC Co
92 8

1.2 Experimental setup and drilling parame-

ter

Indeed, thrust force is one of the most signifi-
cant factors which have influence on drilling quality

in drilling process. Thus, Kistler piezoelectric crys-

tal dynamometer, Kistler charge amplifier and oscil-
loscope are accepted for measuring thrust force, and
the drilling experiment is carried out on VMC-850
CNC machine tool with the maximum spindle speed
of 10 000 r/min, as shown in Fig.1. Furthermore,
the spindle speed is set four levels from 1 370 r/min
to 10 000 r/min, and the feed rate is also set at four
levels from 0.005 mm/r to 0.05 mm/r.

Fig.1 Experimental setup

2 Drilling Quality

To test the drilling quality, two main parame-
ters including thrust force and surface integrity of

holes are investigated in this work.
2.1 Thrust force

In the drilling process, the thrust force collect
ed by the dynamometer is amplified by the charge
amplifier and collected by the oscilloscope. Force
measuring software DEWE soft 6.5 is utilized to ob-
tain the force curve during the drilling process and
the mean force in the stable cutting state 1s calculat-
ed. In order to eliminate the error caused by tool
wear, the mean thrust force of first hole drilled by a
new tool is taken as the objects under every different
drill parameter, as demonstrated in Fig.2.

It is can be seen that the thrust force of all type
bits increases with the feed rate rising. Particularly,
this phenomenon is the most obvious for the HSS
tool. Moreover, under different feed rate levels, the
thrust force of HSS bit is always much higher than
that of any other bits. This is due to that the Rock-
well hardness of ordinary high speed steel is 63
HRC, which i1s almost as much as that of T800
CFRP composite (53—65HRC). Conversely, the
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Fig.2 Thrust force under different feed rates and spindle speeds

thrust force of other tools which are fabricated of
hard alloy steel is much lower than that of HSS tool
and less affected by the feed rate.

2.2 Surface integrity of holes

Typically, the hole wall quality is an important
factor which directly affects the fatigue behaviors of
the composite joints and structures. However, due
to the difficult processing of T800 CFRP compos-
ite, various damage modes, such as matrix crack-
ing, delamination layer bending, and fiber debond-
ing, often occur during drilling. In order to investi-
gate the internal damage of the hole wall surfaces,
specimens processed by different tools are examined
by scanning electron microscope (SEM), as demon-
strated in Fig.3. All workpieces are fabricated under
the same drilling parameters 6 900 r/min spindle

speed and 0.01 mm/r feed rate.

3 Tool Wear

In the drilling process, the flank face, chisel
edge, rake face, and edge of the tool are the main
wear regions, as shown in Fig.4. In this paper, drill-

ing parameters are set at 6 900 r/min spindle rate

and the 0.01 mm/r feed rate, and the drilling quality
is utilized as a criterion to evaluate tool wear. When
burrs, delamination, splitting, and other obvious
damages occur at the inlet or outlet of the five holes
of continuous drilling, it is concluded that the tool
has been severely worn and its life is exhausted, as
illustrated in Fig.5. According to this criterion,
HSS, YGS8, Y330, and Y330 (with diamond coat-
ing) can process 3, 49, 42 and 80 holes, respective-
ly. HSS tool wears badly after drilling three holes
and the hole qualities processed by it reduce serious-
ly. However, the other three tools wear obviously
only after drilling dozens of holes, especially Y330
tool with diamond coating. To have a better view of
wear condition, different tools after drilling 60 holes
(HSS tool is after drilling 3 holes) are observed by
microscope, as illustrated in Fig.6. Moreover,
thrust force of four tools after drilling different num-
ber holes is demonstrated in Fig.7.

Thrust force of the four tools rises sharply with
the increase of numbers of drilling holes, especially
HSS tools. However, thrust force of Y330 (with di-
amond coating) increases the most slowly and it

even becomes lower than that of Y330 tool after
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Fig.3 Hole wall surface damages of workpieces drilled by different tools under SEM at 6 900 r/min spindle speed and

0.01 mm/r feed speed

drilling 20 holes and begins to be almost the same as
that of YGS8 after drilling 50 holes. Through Fig.6,
it can be visually seen the wear conditions of differ-

ent tools. After drilling only three holes, HSS tool

wears seriously, and the flank face and chisel edge
of it have become very smooth. YG8 and Y330
tools can also see significant wear after drilling 60

holes, while Y330 (with diamond coating) tool
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Fig.6 Wear of different tools under microscope

wear is not obvious, which can explain the phenom-

enon of Fig.7 well.

4 Results and Discussion

According to Fig.3, greater damages at hole
wall surfaces obtained by the HSS tool are observed

than these of other three tools, which contributes to
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Fig.7 Thrust force of four tools after drilling different num-

bers of holes

the roughness increase of surfaces and lifetime re-
duce of final composite joints and structures. Micro-
scopically, matrix cracking and layer bending during
drilling process exhibits in the hole wall surfaces ma-
chined by all four kinds of tools under SEM. How-
ever, layer bending occurs at the whole hole wall
surfaces processed by the HSS tool while it only ap-
pears at the entrance of the holes drilled by other
three tools. Moreover, many fiber damages, such
as fiber fracture, fiber kinking, and fiber debond-
ing, can be seen at the hole wall surfaces drilled by
the HSS bit and serious delaminations are observed
at the drilling inlet and outlet, especially at the out
let. On the contrary, there are few fiber damages
and delaminations at the hole wall drilled by other
three tools and their main areas are undamaged re-
gions.

Through Fig.2, it is simple to understand the
above phenomenon because thrust force obtained by
the HSS tool is much higher than that obtained by
other three tools at any drilling parameters. Further-
more, among three hard alloy steel tools, thrust
force of YG8 tool is the lowest and that of Y330

(with diamond coating) tool is the largest. This is a
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intriguing phenomenon as the Rockwell hardness of
YG8 (HRA74.5) is lower than that of Y330 (HRA
90.5). Therefore, Rockwell hardness of drill bits is
not the only factor that affects hole quality during
composites drilling machining. It may be a result
combing various factors, such as strength and stiff-
ness.

Likewise, tool wear can see the similar phe-
nomenon that lifetime of YGS8 drill bit is a little la-
ger than that of the Y330 tool. According to Fig.6,
after drilling 60 holes, although the flank and rake
face wears of both of them are at similar levels, the
chisel edge of Y330 wears more serious than that of
YGS8. Fig.7 can prove this quantitatively as the
thrust force of YG8 tool is about 10 N lower than
that of Y330 tool after processing 60 holes. Howev-
er, diamond can improve the durability as well as
lifetime of drill bits obviously. By adding diamond

coating, the lifetime of Y330 tools increases twice.

5 Conclusions

Effects of various tool materials on drilling
quality and tool wear during drilling process are in-
vestigated. Dynamometer are utilized to measure
thrust force and SEM are used to observe the hole
wall surfaces, moreover, tool wear conditions are
also surveyed by microscope. According to the re-
sults obtained in this paper, the following conclu-
sions can be seen.

(1) Thrust force of high speed steel tool is
much higher than that of hard alloy steel tools,
which contributes to the more serious damages at
the hole wall surfaces. Among the hard alloy steel
tools, YGS8 drill bit has the lower thrust force than
that of Y330 drill bit during composites drilling.

(2) The main damage modes of hole wall sur-
faces drilled by hard alloy steel tools are layer bend-
ing and matrix cracking, while ordinary speed steel
tools will lead to more serious damages, such as de-
lamination, fiber debonding, fiber kinking, and fi-
ber fracture.

(3) Durability of the HSS tool is extremely
poor in composites drilling. Moreover, Y330 (with

diamond coating) tool has the longest lifetime,

which is twice as much as that of Y330 tools. This
is due to that the coating can protect the drill bits
thereby improving their durability. Interestingly,
YGS8 tools exhibit higher durability than Y330
tools, which may be a complex process that de-

mands more studies.
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