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Abstract Carbon fiber reinforced polymers (CFRP) T700
have got increasing demand in the aerospace industry due to
their high specific strength, specific stiffness, and other unique
properties. Due to their inhomogeneous, anisotropic, and ther-
mal properties, it is challenging to achieve desired accuracy
and to avoid from delamination, chip-off, cracking, and burn-
ing especially in the drilling process. The cutting force is the
critical parameter which is required to minimize in order to
drill a hole with better accuracy and minimize defects. In this
research, the brittle fracture approach was adopted and a cut-
ting force model was developed for CFRP-T700 based on the
rotary ultrasonic drilling (RUD) process. The experimental
RUD was carried out on CFRP-T700 material and found that
the feed rate and spindle speed are two main parameters that
affect the cutting force in RUD. The cutting force data obtain-
ed from the model and experimental setup were then analyzed
and found that there is small variation even below 10 % (max
value of variation is 8.5 % and the average value is 0.49 %)
between simulated and measured values. So, the developed
cutting force model was validated and found robust. Also, it
was found that with four times increase of feed rate, there is
also an increase of material removal rate (MRR) four times
with the decrease in the cutting force. Moreover, this model
will be much helpful to keep cutting force within limits
through the optimal set of parameters as feed rate and spindle

speed without extensive experimentation of such costly
materials.

Keywords Carbon fiber reinforced polymers . T700 . Rotary
ultrasonic drilling . Cutting force . Brittle fracture . Cutting
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1 Introduction

Carbon fiber reinforced polymer (CFRP) materials have got
paramount importance and have a wide range of application in
aerospace and high-performance supporting equipment. The-
se materials have properties such as high specific strength,
high specific stiffness, low weight, high corrosion resistance,
and low thermal expansion which have made these attractive
for aerospace and other weight-sensitive applications. Even
though CFRP (also other composites) are often made a near-
net shape, some machining processes are unavoidable. In cur-
rent aircraft manufacturing, drilling is one the critical machin-
ing process to make accurate holes for assembly and rivet
pieces together. Unlike metals, composites are inhomoge-
neous and their interaction with the cutting tool during ma-
chining is a complex phenomenon that is required to be inves-
tigated. Moreover, CFRP-T700 is inhomogeneous and an an-
isotropic composite material. Drillingmay adversely affect the
quality of the composite part because of the rise of defects
during this process such as delamination, cracking, fiber
pull-out, and burning. These defects, high processing cost,
and low processing efficiency are three main problems which
hindered the applications of such materials.

Rotary ultrasonic machining (RUM), as one of the special
processing methods, has achieved good results compared to
conventional machining [1–5]. A theoretical material removal
model in drilling advanced ceramics was established based on
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brittle fracture mode [6]. This model discussed the relation-
ship between cutting parameters and material removal rate
(MRR) but not predicted the drilling force model [7]. Pei
et al. [8] used rotary ultrasonic face machining first time and
found the influence of the cutting depth, feed rate, and cutting
tool on the machined surface quality and MRR. Zhang et al.
[9] established the material removal model based on the in-
dentation theory for advanced ceramic and obtained the theo-
retical expression of MRR. This research verified the influ-
ence of static pressure, amplitude, spindle speed, and the grit
size on MRR through experiments. Hu et al. [10] investigated
the experimental influence of the drilling parameters onMRR.
Li et al [11] studied rotary ultrasonic drilling on ceramic ma-
trix composites and found that RUM has lower cutting force,
better MRR and holes-quality compared to the conventional
drilling. This research also showed that feed rate has signifi-
cant effects on cutting force. Feng et al. [12] established the
theoretical model for the rotary ultrasonic face milling with
the assumption that the diamond grit was spherical while the
shape of the grit found was regular octahedron. Wang et al.
[13] conducted a study of rotary ultrasonic drilling on potas-
sium dihydrogen phosphate (KDP) crystal and analyzed the
effects of five different cutting parameters on the surface qual-
ity. The experiments were carried out; however, the model of
the surface roughness was not established. Zhang et al. [14]
established a theoretical model to predict the cutting force of
rotary ultrasonic drilling engineering for ceramics. Liu et al.
[15] developed a rotary ultrasonic drilling force model based
on the brittle fracture theory. The shape of the diamond grit
was assumed octahedron. Bertsche et al. [16] established an
analytical model for rotary ultrasonic milling. Yuan et al. [17]
investigated a cutting force model based on ductile-mode for
C/SiC composites. The cutting depth and the feed rate were
considered to be the parameters affecting the cutting force.

In previous study and literature review [1–17], it is found
that there was main focus on machining ceramics and its re-
lated composite materials. The research work on rotary ultra-
sonic drilling of CFRP materials is rare especially on CFRP-
T700. There is a dire need to develop a cutting force model
and to find the relationship between cutting force and its sig-
nificant parameters and cutting force. The effects cutting force
have adverse effects on properties of CFRP so there is a need
to find optimal relations between cutting force and significant
parameters to it.

In this paper, the mechanistic model is developed to predict
the cutting force in rotary ultrasonic drilling (RUD) of CFRP
materials based on indentation fracture mechanics. The pa-
rameter “K” was obtained using single factor test. This model
is then validated with experimental rotary ultrasonic drilling
on CFRP. The relationship between cutting force and its sig-
nificant cutting parameters such as spindle speed and feed rate
will be analyzed and discussed. This paper was organized as
follows. In section 2, development of cutting force model is

described. In section 3, experimental RUD was carried out
and data acquired was described. The results and discussion
are mentioned in section 3.3. Finally, conclusions are present-
ed in section 4.

2 Development of cutting force model

The development of cutting force model for CFRP by apply-
ing RUD and brittle fracture has the following steps in
sequence.

2.1 Establishment of the model

The material removal mechanism of RUD is based on the
indentation fracture theory. When the diamond abrasive grit
is penetrated into the face/surface of the part material, there is
a plastic deformation. With the increasing penetration depth,
median crack will grow and subsequently generates the lateral
crack. The extended lateral cracks induced in the material and
peeling off of the material from the workpiece/part material
was shown in Fig. 1 [16, 17, 19].

The maximum penetration depth was used as an interme-
diate parameter to establish the relationships between the in-
put parameters like spindle speed, feed rate, and cutting depth
with the output parameter as cutting force. There are three
assumptions for simplification:

1. The material removal mode is rigid brittle fracture mode.
2. All of the diamond abrasive particles have the same size.
3. The diamond abrasive particles are rigid octahedron.

2.2 Relationship between maximum penetration depth
and cutting force

In this paper, w is the penetration depth, β is the half angle of
the diamond abrasive grains, Cl is the length of lateral cracks,
Ch is the length of median cracks, and d is the penetration
width as shown in Fig 1.

From the geometric relationship in Fig. 1, the following
formula can be obtained:

w ¼ d

2tanβ
ð1Þ

According to definition of Vickers-hardness, the following
formula can be obtained:

Hv ¼ 0:102� Fn

S
¼ 0:102� 2FnSinβ

d2
ð2Þ

where Fn is the normal force on the surface of the workpiece,
and Hv is the Vickers-hardness of the workpiece material.
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Simultaneously solving Eq. 1 and Eq. 2, the following
formula can be obtained:

w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:051⋅

cos2β
sinβ

⋅
Fn

Hv

s
ð3Þ

The volume of a single diamond can be expressed as:

V ¼
ffiffiffi
2

p

3
Sa3 ð4Þ

where Sa is the side length of the diamond abrasive grains.
The diamond abrasive concentration is the mass of abrasive

per unit volume within the working layer. Concentration is
generally defined like per cubic centimeter volume of abrasive
grains containing 4.4 karats (1 karat diamond is equal to 0.2 g)
is defined as 100. With each increase or decrease of 1.1 karats
of abrasive, there is 25 % increase or decrease of concentra-
tion. According to this definition, the total number of diamond
abrasives involved in cutting (Nα) can be expressed as:

Nα ¼ 0:88� 10−3ffiffiffi
2

p .
3

� �
Sa3⋅ρ

⋅
Cα
100

0
@

1
A

2=3

⋅A0 ¼ C1⋅
Cα

2
3

Sa2
⋅A0 ð5Þ

where Cα is concentration, ρ is the density of the diamond
(3.52×10−3 g/mm3), A0 is the area of the cutting tool involved
in cutting, and C1 is a constant number as C1=3×10

−2.
The relationship of contact area and geometry of the dril-

ling tool is shown in Fig. 2. The A0 can be calculated as
follows:

A0 ¼ π R2
2−R1

2
� � ð6Þ

where R2 is the external diameter of the drilling tool, R1 is the
inner diameter.

The relation between z and f can be obtained:

Z ¼ Asin 2π f tð Þ ð7Þ
where Z is the trajectory of the diamond abrasive grains, A is

the amplitude, f is the frequency, and t is the time.
According to Eq. 7, the effective contact time Δt can be

express as follows:

Δt ¼ 1

π f
π
2
− arcsin 1−

w

A

� �h i
ð8Þ

Applying the energy conservation theorem, then

I ¼
Z
cycle

Fm⋅dt≈Fm⋅Δt ð9Þ

I ¼ F r

f
ð10Þ

where I is impulse, Fm is the maximum impact force,Δt is the
effective contact time during which an abrasive penetrates into
the workpiece, cycle is the vibration cycle of the diamond
abrasive grains, and Fn is the cutting force caused by single
diamond abrasive.

Fn ¼ Δt⋅ f ⋅Fm ð11Þ

The cutting force F can be expressed as follows:

F ¼ Nα⋅Fn ð12Þ

where F is the cutting force caused by all the active diamond
abrasives.

Substituting Eq. 8 and Eq. 12 with Eq. 11:

F ¼ Nα

π
π
2
− arcsin 1−

w

A

� �h i
⋅Fn ð13Þ

Fig. 1 Crack generation and plastic deformation zone in brittlematerial [18]

Fig. 2 Contact area (A0) of the drilling tool
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By solving both Eq. 13 and Eq. 3, the relationship between
maximum penetration depth and cutting force can be obtained
as follows:

w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:051⋅

cos2β
sinβ

⋅
1

Hv
⋅

π⋅F

Nα⋅
π
2
−arcsin 1−

w

A

� �h i
vuut ð14Þ

2.3 Relationship between maximum penetration depth
and cutting parameters

According to the indentation theory and the research by Mar-
shall and Lawn [19–21], the length of lateral crack Cl and the
depth of median crack Ch can be expressed as follows:

Cl ¼ C2⋅
1

tanβ

� �5=12

⋅
E3=4

HvKIC 1−υ2ð Þ1=2
 !1=2

⋅Fn
5=8 ð15Þ

Ch ¼ C2⋅
1

tanβ

� �1=3

⋅
E1=2

Hv
⋅Fn

1=2 ð16Þ

where KIC is the fracture toughness of the workpiece material,
E is the modulus of elasticity, C2 is a constant number, C2=
0.226, and ν is the Poisson’s ratio.

The penetration depth increases from 0 to w first and then
decreases to 0 within Δt, and the side length at Ch is 2Cl.
Accordingly, the theoretical material removal volume V0 dur-
ing one penetration period is nearly equal to the volume of the
pentahedron [4] and can be expressed as follows.

Ls ¼ 2πSR
60

⋅Δt ð17Þ

V 0 ¼ 2VABCD ¼ 1

3
Cl⋅Ch⋅Ls ð18Þ

where Ls is the length when the abrasive particle moves within
one period Δt, R is the distance from the abrasive particle of
the center of the conic tool in mm, and S is the spindle speed in
rpm.

The material removal volume (V) within one penetration
period is nearly equal to the volume of theoretical material
removal volume (V0). It is assumed that V and V0 are in linear
proportion and found as under:

V ¼ kV 0 ¼ 1

3
k⋅Cl⋅Ch⋅

2πSR
60

⋅Δt ð19Þ

where k is a constant and can be obtained from cutting force
experiments.

MRRa is the material removal rate of single diamond abra-
sive. Since V is the material removal volume caused by single
diamond abrasive in one vibration. Also, MRRa can be
expressed as follows:

MRRa ¼ f ⋅V ¼ k

90
⋅Cl⋅Ch⋅S⋅R⋅

π
2
−arcsin 1−

w

A

� �h i
ð20Þ

The material removal rate, MRRT is the total material re-
moved by all the effective abrasive particles during one period
and can be expressed as follows:

MRR ¼ Nα⋅MRRa ¼ Nα⋅ f ⋅V

¼ k

90
⋅Nα⋅Cl⋅Ch⋅S⋅R⋅

π
2
−arcsin 1−

w

A

� �h i
ð21Þ

For simplification, average radius R1þR2
2 was used instead of

R:

MRR ¼ Nα⋅MRRa

¼ Nα⋅ f ⋅V≈
k

90
⋅Nα⋅Cl⋅Ch⋅S⋅

R1 þ R2

2
⋅
π
2
−arcsin 1−

w

A

� �h i
ð22Þ

MRRT can also be expressed as the volume swept by the
conic tool during one period:

MRR ¼ f r⋅A0 ð23Þ

By solving both Eq. 22 and Eq. 23, the relationship be-
tween maximum penetration depth and cutting parameters
was obtained as follows:

Fig. 3 Experimental RUD setup
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K⋅C3⋅S⋅tan−3=4β⋅
E7=4

Hv3⋅KIC⋅ 1−υ2ð Þ1=2
" #1=2

⋅F9=8⋅ R1 þ R2ð Þ⋅ Cα
2=3

Sa2
⋅
π
2
−arcsin 1−

w

A

� �h i
¼ f r

ð24Þ

C3 is a constant number, C3 ¼ C1⋅C2
2

90�2

� �
¼ 8:51� 10−6

2.4 Cutting force model

By solving both Eq. 14 and Eq. 24, the relationship between
cutting force and cutting parameters was established.

For further simplification, the contact timeΔt can be found
as:

Δt ¼ w

πAf
ð25Þ

Hence, the relationship between cutting force F and cutting
parameters was expressed as:

F ¼ K 0⋅
f r

24⋅tan26β⋅Hv
44⋅KIC

12 1−ν2ð Þ6⋅Sa32⋅A16⋅A0
8

C4
24⋅S24⋅cos8β⋅E21⋅ R1 þ R2ð Þ24⋅Cα

32
3

" # 1
35

ð26Þ
where:

C4 ¼ C3⋅
0:051⋅π
C1

� �1
3

¼ 1:49� 10−5 ð27Þ

This is the developed cutting force model with cutting pa-
rameters as spindle speed and feed rate as variables. This

model was then validated through RUD experiments on
CFRP-T700 materials in the coming sections.

3 Experimental verification

This section provides the specific details on experiment setup,
procedure and design of parameters, which were applied for
RUD of CFRP-T700.

3.1 Experimental setup and conditions

The experimental setup was schematically illustrated in
Fig. 3a, and the actual setup was shown in Fig. 3b. The ex-
periments were performed on a 3-axis vertical machining cen-
ter (VMC 0850B, Shenyang, China) having ultrasonic vibra-
tion device (Tianjin University, China). The ultrasonic vibra-
tion device/system has ultrasonic spindle along with ultrason-
ic generator. The cutting force was measured by dynamometer
(9257B, Kistler, Switzerland). The main specifications of the
machine tool related to RUD are depicted in Table 1. The
carbon fiber reinforced polymer T700 was used as the work-
piece material. The mechanical properties of this material are
shown in Table 2. The conical shape diamond abrasive drilling
tool was applied for the drilling process. The properties of this
tool are reported in Table 3.

There are three types of parameters in the cutting force
model like workpiece properties, cutting tool properties, and

Table 3 Properties of
the diamond tool Abrasive Diamond

Bond type Brazing-bond

Grain size 80/100

Concentration Cα=100

Outer diameter R2=12

Inner diameter R1=9.8

Table 4 Experimental design data

Factor Level 1 Level 2 Level 3

Spindle speed (r/min) 1500 3000 6000

Feed rate (mm/min) 30 60 120

Table 2 The mechanical
properties of T700
composite

Density (ρ) 1.8 g/cm3

Poisson’s ratio (ν) 0.30

Elastic modulus (E) 53 GPa

Fracture toughness
(KIC)

11.5 Mpa·m1/2

Vickers-hardness (Hv) 0.6

Table 1 Properties of
the machine tool Spindle speed (with

ultrasonic device)
0–6000 rpm

Ultrasonic amplitude 15 μm

Ultrasonic frequency 22,500 Hz
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cutting parameters. The first two of these parameters cannot
be changed when materials and cutting tool are selected. The
spindle speed, feed rate, frequency, and vibration amplitude
are four variable input parameters. The frequency is the reso-
nant frequency which does not change in the process. Accord-
ing to the previous theoretical analysis, the material can be
removed easily in brittle fracture modewith greater amplitude.
When frequency is the resonance frequency, the amplitude
attains its maximum value. In this experimentation, the reso-
nance frequency was set as 22,500 Hz and the maximum
amplitude as 15 μm. So, the spindle speed and feed rate have
found two input variables/parameters.

The experimental design data was shown in Table 4. The
cutting parameters such as spindle speed and feed rate are
designed by single factor experiment array with two factors
at three levels. The maximum spindle speed for an ultrasonic
device was taken as 6000 rpm. Through the theoretical calcu-
lation and random experiments, it was found that when the

spindle speed is lower than 1500 rpm, the cutting force is too
large and the rotary ultrasonic drilling process is not feasible
under this situation. Therefore, the spindle speed that has been
chosen are 1500, 3000, and 6000 three levels. When the spin-
dle speed is 1500 rpm and feed rate is higher than 120 mm/
min, the cutting force was found higher which has an adverse
effect on machined surface quality and generally not accept-
able. When the feed rate is lower than 30 mm/min, the mate-
rial removal rate (MRR) is too low and it is not suitable for the
actual processing. So, the three levels of feed rate that have
been chosen are 30, 60, and 120.

3.2 Obtaining the parameter K’

The rotary ultrasonic drilling process was divided into three
stages, i.e., Enter, Stable, and Exit as shown in Fig. 4. The
drilling force value was the mean value of the stable stage
obtained through measurement.

Fig. 4 Cutting force
measurements (feed rate 60 mm/
min, spindle speed 3000 rpm)

Table 5 Results of cutting force test

Spindle speed
r/min

Feedrate
mm/min
N

Normal force
(F, measure)
N

Normal force
(Fs’, simulation without K’)
N

Normal force
(Fs, simulation with K’)

Error Fs−Fð Þ
F � 100%

1500 30 35.22 5.24 34.53 −1.96 %

1500 60 54.69 8.44 55.62 1.70 %

1500 120 87.56 13.57 89.43 2.12 %

3000 30 24.76 3.26 21.48 −1.32 %

3000 60 33.33 5.24 34.53 3.60 %

3000 120 55.16 8.44 55.62 0.83 %

6000 30 14.31 2.03 13.38 −6.50 %

6000 60 23.48 3.26 21.48 −8.52 %

6000 120 32.71 5.24 34.53 5.56 %
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The cutting force data obtained through experimental RUD
on CFRP-T700 was reported in column 3 of Table 5 corre-
sponding to their set of parameters (spindle speed and feed
rate). This table has shown the results of the cutting force test.
It has found that the simulation values are closest to measure-
ment values, when ∑(F−K '×FS)

2 got the minimum value. K’
was obtained as 6.52. The comparison of simulated and mea-
sured values of cutting force was shown in Fig. 5.

3.3 Experimental results and discussion

The cutting force obtained through experimental RUD and
simulation was recorded in Table 5. Then, difference/error in
both of these was calculated and found that this difference/
error is lower than 10 % (maximum error is 8.52 %) as shown
in Fig. 5. The average value of this error was found as 0.49 %.
These results indicate that the cutting force model developed
in this research can accurately reflect the actual cutting force
which is the major parameter required to be minimized for
better quality and machinability. So, the prediction of cutting

force will bemuch helpful for setting of machining parameters
with expensive and time-consuming experimentation and to
save costly CFRP-T700 materials.

The effects of spindle speed and feed rate on cutting force
have analyzed curves and found that the cutting force has
decreased with the increase of spindle speed as shown by
the graph of Fig. 6. On the other hand, the cutting force has
increased with the increase of feed rate as obvious from the
graph of Fig. 7.

The graph between spindle speed and feed rate was drawn
as shown in Fig. 8. From this graph, a comparison was made
and found that cutting F1 has numerical value of 35.22 N with
spindle speed of 1500 rpm and feed rate of 30 mm/min. Also,
the cutting force F2 has a numerical value of 32.71 with a
spindle speed of 6000 rpm and feed rate of 120mm/min. From
this analysis, it was found that feed rate has increased 4 times
(i.e., 120 mm/min) as compared to its initial value (i.e.,
30 mm/min) while the cutting force has decreased. Since
MRR is directly related to feed rate, so it was found that
MRR also increased by 4 times, but the cutting force has
decreased at the stage where the cutting force is 32.71 N,
spindle speed is 6000 rpm, and feed rate is 120 mm/min. This
finding suggests that high spindle speed and feed rate should
be adopted to carry on the processing. But it is important to
note that this trend only exist in a certain range. The tendency
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of the cutting force still required research when the spindle
speed continues to rise. It needs to improve the highest rota-
tional speed of the ultrasonic device in further research.

The correlation analysis was carried out by SPSS software
(statistical software by IBM), and the data obtained was ar-
ranged in Table 6. The data was further analyzed and found
that the spindle speed and the feed rate are the two main
factors/parameters which have the greater influence on cutting
force (Pearson correlation are 0.664 and 0.660). The Pearson
correlation of spindle speed and feed rate was found as 0.00
which predicts that the spindle speed and feed rate are not
dependent on each other. So, there is no interaction effect
between these two parameters.

4 Conclusions

In this research, a cutting force model for RUD of CFRP-T700
composite materials was developed based on the brittle frac-
ture material removal mechanism. The experimental RUD
was carried out, and the results were analyzed and discussed.
Major conclusions are inferred as follows:

1. The developed cutting force model predicts the cutting
force accurately because the error/difference is less than
10 %. The average error found is 0.49 % and on the lower
side up to 3000 rpm is 3.60 %. This value of error then in-
creased at higher spindle speeds of 6000 rpm but less than
10 % again. Practically, much higher spindle speeds are
avoided in the drilling process. So, this model is robust and
predicts accurately the cutting force in RUD of CFRP-T700
composite material provided spindle speed and feed rate as
input variable parameters while the other conditions are same
as kept in this research.
2. The drilling/cutting force was found decreased with the
increase of spindle speed. On the other hand, the cutting force
was found increased with the increase of feed rate as depicted
by the graphs of Fig. 6 and Fig. 7.

3. The cutting force was found as 35.22 N with the spindle
speed of 1500 rpm and feed rate of 30 mm/min. Also, the
cutting force was recorded as 32.71 N at the spindle speed
of 6000 rpm and feed rate of 120 mm/min. Here, the feed rate
has a value of 120 mm/min (4 times increase from the initial
value of 30 mm/min) which ultimately has increased MRR by
4 times at this stage. This has indicated that higher feed rate
and higher spindle speed can be used in RUD of CFRP-T700
composites in order to obtain higher process efficiency (4
times higher) and lower drilling/cutting forces.

The developed model can be used for the prediction of
drilling force in RUD of CFRP-T700 composites, and mini-
mum cutting force value can be achieved by selecting the
optimal set of values of input parameters as spindle speed
and feed rate. This model provides optimization of RUD for
CFRP-T700 composites under the conditions applied in this
research and can be avoided from expensive, time-consuming,
and tedious experimentation especially in case of costly ma-
terials. This model contains other parameters also and other
related parameters of RUD can be considered for future re-
search work such as semi-angle, grit size, and concentration.
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