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Abstract
Reported drilling methods for CFRP/Ti stacks include twist drilling, end milling, core grinding,
and their derived methods. The literature does not have any report on drilling of CFRP/Ti stacks
using rotary ultrasonic machining (RUM). This paper, for the first time, reports a study on
drilling of CFRP/Ti stacks using RUM. It also compares results on drilling of CFRP/Ti stacks
using RUM with reported results on drilling of CFRP/Ti stacks using other methods. When
drilling CFRP/Ti stacks using RUM, cutting force, torque, and CFRP surface roughness were
lower, hole size variation was smaller, CFRP groove depth was smaller, tool life was longer, and
there was no obvious Ti exit burr and CFRP entrance delamination. Ti surface roughness when
drilling of CFRP/Ti stacks using RUM was about the same as those when using other methods.

RUM CFRP-Ti Stacks Feasibility (Text)

2

1. Introduction
Due to the increase of fuel price and market competition, commercial aircraft needs to be
lighter and manufactured more efficiently. A recent trend in the aircraft industry is to increase the
use of composite materials [Ramulu et al., 2001; Kanirura, 2005]. In a newer generation of
aircraft, such as Boeing 787, 50% of the total weight was composites [Garrick, 2007; Boeing
web; Kanirura, 2005].
In aircraft structure, CFRP composites were often used by stacking up with titanium (Ti) to
form stacks [Kim et al., 2005]. Bolting and riveting are currently the preferred methods for
fastening CFRP and Ti together in the aircraft assembly [Bennett, 1985, Ramulu et al., 2001;
Kim and Ramulu, 2004; Ramulu et al., 2001; Massarweh et al, 1992; Shyha 2010; Lambert, 1979;
Colligan, 1994; Denkena et al., 2008; Brinksmerier et al., 2007]. As a result, a large number of
holes need to be drilled in CFRP/Ti stacks [Shyha 2010; Boeing web, Zitoune et al., 2010].
Reported drilling methods for CFRP/Ti stacks include twist drilling, end milling, core grinding,
and their derived methods [Colligan, 1994; Denkena et al., 2008; Yagishita, 2008; Brinksmeier
and Janssen, 2002; Garrick, 2007; Shyha et al., 2010; Kim et al., 2001; Ramulu et al., 2001; Kim
and Ramulu, 2004, 2005, 2007; Kim et al.; 2005; Yagishita, 2008]. Using these methods, CFRP
and Ti were usually drilled with different tools (of different geometries and materials) and
different speeds and feedrates [Colligan, 1994]. For example, a three-step method was used in
the Boeing Company: (1) Drilling CFRP with a diamond coated twist drill; (2) Drilling Ti with a
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carbide drill; (3) Reaming the hole with a carbide reamer [Colligan, 1994]. Diamond coated twist
drills performed well in CFRP drilling, but they would not last long in Ti drilling, since a lot of
heat generated in Ti drilling would degrade the diamond coating on the twist drills. Carbide twist
drills performed well in Ti drilling but were worn out very fast in CFRP drilling [Margolis,
2006].
Shortcomings of these methods include high cutting force [Ramulu et al., 2001; Kim and
Ramulu, 2005; Yagishita 2008; Shyha et al., 2010], large Ti burr [Kim et al., 2001; Ramulu et al.,
2001; Kim and Ramulu, 2004; Kim and Ramulu, 2004; Kim and Ramulu, 2005; Kim et al., 2005
2007; Garrick 2007], groove in composite (the CFRP material near the interface between CFRP
and Ti was overcut and a groove was formed) [Brinksmeier and Janssen, 2002; Yagishita 2008],
composite delamination [Kim et al., 2001; Kim and Lee, 2005; Kim and Ramulu, 2005; Garrick
2007; Yagishita 2008; Shyha et al., 2010], large variation in hole size [Weiss, 1989; Kim et al.,
2001; Garrick 2007], poor surface roughness [Kim et al., 2001; Ramulu et al., 2001; Kim and
Ramulu, 2004; Shyha et al., 2010], long cycle time [Colligan 1994], high tool wear rate [Lambert,
1987; Ramulu et al., 2001; Brinksmeier and Janssen, 2002; Kim and Ramulu, 2004; Garrick
2007; Shyha et al., 2010], high cutting temperature [Weiss, 1989; Kim et al., 2001; Ramulu et al.,
2001; Kim and Ramulu, 2004], clogging of drill flutes of twist drills [Weiss, 1989; Shyha et al.,
2010], and residual stress in Ti [Zitoune et al. 2010]. Therefore, it is desirable to investigate
alternative method in drilling of CFRP/Ti stacks that can reduce or eliminate these shortcomings.
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Rotary ultrasonic machining (RUM) is a nontraditional drilling method. Figure 1 illustrates
the RUM process. The cutting tool is a core drill with metal-bonded diamond abrasives. During
drilling, the rotating tool vibrates axially at an ultrasonic frequency and moves along its axial
direction towards the workpiece. Pumped coolant through the core of the drill washes away the
swarf and prevents the tool from jamming and overheating. RUM has been successfully used in
drilling of Ti [Churi et al. 2005, 2006, 2007ab; Cong et al., 2011_Ti] and CFRP [Li et al. 2007;
Cong et al, 2011, 2012ab] with low cutting force and surface roughness, long tool life, and
negligible Ti burr and CFRP delamination. However, there are no reported studies on
comprehensive comparison of drilling of CFRP/Ti stacks using RUM and other reported
methods.
This paper reports a study on RUM of CFRP/Ti stacks. It also compares with reported
results on drilling of CFRP/Ti stacks using other methods. There are four sections in this paper.
Following this introduction section, Section 2 describes properties and size of CFRP/Ti stacks,
experimental set-up and conditions, and measurement procedures. Section 3 presents and
discusses experimental results. Finally, Section 4 draws conclusions.

2. Experiments
2.1. Properties and size of CFRP/Ti stacks
Each of the CFRP/Ti stacks used in this study were formed by joining a CFRP plate (108
mm × 58 mm × 14 mm) and a Ti plate (108 mm × 58 mm × 7 mm) together using adhesive
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(Ultra Bond super glue, Permatex Inc., Solon, OH, USA). The CFRP was composed of carbon
fibers and epoxy resin. Plain woven fabric of carbon fibers had an orientation of 0/90 degrees, as
illustrated in Figure 2. The carbon fiber yarn in the woven fabric had a thickness of 0.2 mm and a
width of 2.5 mm. The CFRP contained 21 layers of fabric (42 layers of carbon fibers). The Ti
was titanium alloy (Ti-6Al-4V). Material properties of CFRP and Ti are listed in Table 1 and
Table 2, respectively.

2.2. Experimental set-up
Experiments were performed on a rotary ultrasonic machine (Series 10, Sonic-Mill,
Albuquerque, NM, USA). The experimental set-up is schematically illustrated in Figure 3. It
mainly consisted of an ultrasonic spindle system, a data acquisition system, and a coolant system.
The ultrasonic spindle system was comprised of an ultrasonic spindle, a power supply, and a
control panel. The power supply converted conventional (60 Hz) electrical supply to
high-frequency (20 kHz) electrical energy. This high-frequency electrical energy was converted
into mechanical vibration by a piezoelectric converter. The vibration, after being amplified, was
transmitted to the cutting tool, causing it to vibrate axially at the frequency of 20 kHz. The
amplitude of ultrasonic vibration could be adjusted by changing the setting of output control of
the power supply. The motor atop the ultrasonic spindle supplied the rotational motion of the tool
and different speeds could be obtained by adjusting the motor speed controller. The data
acquisition system, including dynamometer, charge amplifier, A/D convertor, and computer with
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software, was used for measurement of cutting force and torque. More details about this system
will be described in Section 2.4 (measurement procedures). The coolant system was comprised
of pump, coolant tank, pressure regulator, flow rate and pressure gauges, and valves. It provided
coolant to the spindle and the interface of machining.

The cutting tools, as illustrated in Figure 4, were metal-bonded diamond core drills (NBR
Diamond Tool Corp., LaGrangeville, NY, USA). The outer and inner diameters (OD and ID) of
the cutting tools were 9.54 mm and 7.82 mm, respectively, and tuning length was 45 mm. The
diamond abrasives had mesh size of 80/100 and concentration of 100. The metal bond was of B
type.

2.3. Experimental conditions
Considering the limitations of the experimental set-up (for example, vibration frequency was
fixed at 20 kHz on the machine), only two input variables were changed in the experiments:
• Ultrasonic power: Percentage of power from ultrasonic power supply to control the
ultrasonic vibration amplitude (from 0 to 60% with an interval of 20%);
•

Tool rotation speed: Rotational speed of the cutting tool (from 3000 to 7000 rpm with an
interval of 1000 rpm).

In order to achieve good hole quality and maintain reasonable tool life, the optimal feedrate
in RUM was below 0.05 mm/s for Ti [Cong et al., 2011a], but 0.5 mm/s for CFRP [Cong et al.,
2011bc; 2012ab]. In this study, CFRP/Ti stacks were drilled with feedrate of 0.05 mm/s. The
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experimental conditions were listed in Table 3. Under each test condition, four drilling tests were
conducted.

2.4. Measurement procedures
A dynamometer (Model 9272, Kistler Inc., Winterthur, Switzerland) was used to measure the
cutting force in the axial direction and torque. The electrical signals from the dynamometer were
amplified by a charge amplifier (Model 5070A, Kistler Inc., Winterthur, Switzerland) and then
transformed into digital signals by an A/D converter. After being processed by a signal
conditioner, the digital signals were collected by a data acquisition card (PC-CARD-DAS16/16,
Measurement Computing Corporation, Norton, MA, USA) on a computer with the help of
Dynoware software (Type 2815A, Kistler Inc., Winterthur, Switzerland). The sampling rate was
20 Hz. The measured cutting force fluctuated with time within a certain range, as illustrated in
Figure 5. The maximum cutting force of the force-time curve was used to represent the cutting
force for drilling of each hole. Similarly, the maximum torque of the torque-time curve was used
to represent the torque for drilling of each hole.
Surface profilometer (Surftest-402, Mitutoyo Corporation, Kanagawa, Japan) was used to
measure surface roughness of the hole surface and groove depth. Surface roughness was
measured on the machined hole surface along the axial direction of the hole. The surface
roughness reported in this paper was Ra (average surface roughness). Test range and cut-off
length of surface roughness measurement were set at 4 mm and 0.8 mm, respectively. Groove
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depth (CFRP material near the interface between CFRP and Ti were overcut and a groove was
formed.) was measured on machined CFRP hole surface near the interface of CFRP and Ti. As
illustrated in Figure 6, for both surface roughness and groove depth, four measurements were
performed with 90° between two adjacent measurements. Each measurement was repeated twice.
For each hole, there were eight values and the average of these eight values was used.
Ti exit burr height, as illustrated in Figure 7, was measured using an optical microscope
(Model BX51 Olympus Inc. Tokyo, Japan). The maximum value of Ti exit burr height around the
hole was used in this study. The eyepiece of the microscope had a magnification of 10 and the
objective lens had a magnification of 10. Thus, the total magnification was 100.
Delamination factor [Tsao and Hocheng, 2004] was used to describe the degree of
delamination of CFRP material at the entrance side. It was determined by Dd/D. Figure 8
illustrates both Dd and D. D is the hole diameter. Dd is the diameter of the smallest circle that
encloses all the delamination area around the hole. Dd and D were measured by a vernier caliper
(model IP-65, Mitutoyo Corp., Kanagawa, Japan). Each measurement was performed once.
Hole size (diameter) variation measures the spread of hole diameter under the same test
conditions for each method [Weiss. 1989]. In this paper, it is represented by the maximum hole
diameter minus the minimum hole diameter among the holes drilled under each test condition.
Hole diameters were measured using a vernier caliper (model IP-65, Mitutoyo Corp., Kanagawa,
Japan). Similar to surface roughness and groove depth, four measurements were performed with
90° between two adjacent measurements. Each measurement was repeated twice. For each hole,
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there were eight values of hole diameter and the average of these eight values was used.
Tool life was defined as the number of holes a tool could drill without resharpening. It was
calculated by the following formula:

Tool life 

Total weight of abrisive portion of the tool
Average weight loss of the tool for one test

(1)

The weight of abrasive portion is the difference between weight of new tool and weight of tool
without abrasive portion. The weight loss was the difference in the tool weight before and after
the test. To remove any residuals left on the tool, the tool was cleaned using methanol and
acetone and then dried using a hand dryer before measurement. The weight of the tool was
measured by a high accuracy scale (Model APX-200, Denver Instrument, Denver, CO, USA).

3. Results and discussion
3.1. Cutting force

Cutting force in RUM of CFRP/Ti stacks under all test conditions in this study ranged from
140 to 477 N, with the median of 296 N, as shown in Figure 9. Reported cutting force data
(including minimum, maximum, and median values) in drilling of CFRP/Ti stacks using other
methods are also presented in Figure 9. Reported investigations using other methods are
summarized in Table 4. It can be seen that the minimum, maximum, and median cutting forces
using RUM were lower than those using other methods.
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3.2. Torque

The minimum, maximum, and median values of torque in RUM of stacks were 0.3, 1.37,
and 0.95 N·m, respectively. As shown in Figure 10, these torque values were lower than those in
drilling CFRP/Ti stacks or Ti/CFRP/Al stacks using other methods [Lambert, 1979; Shyha et al.,
2010]. Drilling of Ti foils/graphite/Ti foils workpiece resulted in similar torque values to those
obtained this study [Kim et al., 2005]. Please note that the thickness of Ti foils in Kim et al.’s
study was about 0.1 mm. In comparison, the thickness of the Ti workpiece in this study was 8
mm.

3.3. Surface roughness
Figure 11 compares surface roughness in drilling of CFRP/Ti stacks using RUM and other
methods.
Surface roughness on CFRP hole surfaces drilled using RUM ranged from 0.3 to 1.29 μm
with the median of 0.635 μm. As shown in Figure 11(a), surface roughness values using RUM
were lower than those using other methods.
Surface roughness on Ti hole surfaces drilled using RUM ranged from 0.39 to 3.4 μm with
the median of 1.02 μm. As shown in Figure 11(b), these values were similar to those using other
methods [Kim et al., 2001ab; Ramulu et al., 2001abc]. In this study, the test range of 4 mm, the
recommended setting of the surface profilometer, was used in surface roughness measurement.
However, the test range in surface roughness measurement in reported studies using other
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methods would be smaller, because the Ti workpiece thickness in these investigations was 3.1
mm (smaller than the 4 mm test range used in this study). Different surface roughness values
might be obtained for the same surface if different test ranges were used [Bhushan, 2002].

3.4. CFRP groove depth
Figure 12 compares CFRP groove depth in drilling of CFRP/Ti stacks using RUM and other
methods. The range of CFRP groove depth using RUM was from 5 to 30.78 μm with the median
of 35 μm. The median value of groove depth using carbide twist drills was 101.6 μm [Weiss,
1989].

3.5. Ti exit burr
Figure 13 shows a top-view picture of the Ti exit side of a hole drilled using RUM. There
was no observable burr. Figure 14 compares burr height in drilling of CFRP/Ti stacks using
RUM and other methods. There was always burr using other methods.

3.6. CFRP entrance delamination
Figure 15 shows a top-view picture of the CFRP entrance side of a hole drilled using RUM.
No entrance delamination could be observed.
Comparisons of CFRP entrance delamination in drilling of CFRP/Ti stacks (or CFRP plates)
using RUM and other methods are shown in Figure 16. Since there was no entrance delamination
in drilling of CFRP/Ti stacks using RUM, the delamination factor was one. However, CFRP
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entrance delamination was always observed using other methods. Note that some data in the
figure were obtained from drilling of CFRP plates (not CFRP/Ti stacks).

3.7. Hole size variation
Comparisons of CFRP hole size variation in drilling of CFRP/Ti stacks using RUM and
other methods are shown in Figure 17(a). CFRP hole size variation in RUM of CFRP/Ti stacks
under all test conditions in this study ranged from 10 to 20 μm, with the median of 10 μm which
was smaller than those in other methods.
Comparisons of Ti hole size variation in drilling of CFRP/Ti using RUM and other methods
are shown in Figure 17(b). CFRP hole size variation in RUM of CFRP/Ti stacks under all test
conditions in this study ranged from 10 to 20 μm, with the median of 15 μm. It also can be seen
that the minimum, maximum, and median cutting forces using RUM were smaller than those
using other methods.

3.8. Tool life
Figure 18 compares tool life in drilling of CFRP/Ti stacks using RUM and other methods.
About 250 holes could be drilled using RUM, while the numbers of holes a tool could drill
without resharpening using other studies were much smaller, ranging from 4 to 20 [Lambert,
1987; Weiss, 1989; Ramulu et al., 2001a; Ramulu et al., 2001b].
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3.9. Cutting rate (hole material removal rate)

Hole material removal rate was used to represent cutting rate. Figure 19 compares cutting
rate (hole material removal rate) in drilling of CFRP/Ti stacks using RUM and other methods.
Cutting rate (3.56 mm3/s) using RUM was lower than some of those using twist drilling methods
[Lambert 1979/1987, Weiss, 1989, Ramulu et al., 2001bc, Kim et al., 2005]. Please note that
these twist drilling methods generated worse surface roughness, additional post drilling processes
were need. It would decrease hole cutting rate. Drilling of CFRP/Ti stacks using RUM did not
need any post drilling method and it’s cutting rate (3.56 mm3/s) was higher than those using the
methods combining twist drilling / end milling and surface reaming (2.47 mm3/s for carbide twist
drills and 1.72 mm3/s for TiAlN coated solid carbide end mills). To increase the cutting rate,
Cong et al. [2013] reported using variable feedrate in RUM of CFRP/Ti stacks (feedrate of 0.5
mm/s was used to drill CFRP and feedrate of 0.05 mm/s was used to drill Ti). In their experiment,
cutting rate was increased 7.47 mm3/s and other output variables did not show significant
increase. This cutting rate was similar to other methods.

4. Conclusions
This paper reports a study on drilling of CFRP/Ti stacks using rotary ultrasonic machining
(RUM). It compares cutting force, torque, surface roughness, CFRP groove depth, Ti exit burr
height, CFRP entrance delamination, hole size variation, and tool life using RUM with those in
the literature using other methods. The following conclusions can be drawn from this study:
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1.

Compared with other methods for drilling of CFRP/Ti stacks, RUM resulted in lower
cutting force and CFRP surface roughness, smaller groove depth and hole size variation,
and longer tool life.

2.

There was no obvious Ti exit burr and CFRP entrance delamination when using RUM to
drill CFRP/Ti stacks.

3.

Ti surface roughness in drilling of CFRP/Ti stacks using RUM was about the same as
those using other methods.
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Table 1 Material properties of CFRP and its components.
Unit
Property
Value
3
kg/m
1550
Density of CFRP
HRB
Hardness (Rockwell)
70-75
3
kg/m
1200
Density of epoxy matrix
GPa
Elastic modulus of epoxy matrix
4.5
MPa
Tensile strength of epoxy matrix
130
Poisson’s ratio of epoxy matrix
0.2
3
kg/m
Density of carbon fiber
1800
GPa
Elastic modulus of carbon fiber
230
GPa
Tensile strength of carbon fiber
5
Poisson’s ratio of carbon fiber
0.3
°C
Melting point of carbon fiber
3552

Table 2 Material properties of titanium alloy (Ti-6Al-4V).
Property
Unit
Value
3
Density
kg/m
4510
Hardness (Rockwell)
HRC
36
Elastic modulus
GPa
113.8
Tensile strength
MPa
950
Melting point
°C
1660

Table 3 Experimental conditions.
Feedrat
Tool rotation
Ultrasonic
e
(mm/s)
(RPM)
%
0
20
4000
40
60
2000
0.05
3000
4000
40
5000
6000
7000
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Table 4 Summary of reported investigations.
Hole
Thickness (mm) and
Reference
diameter Tool type
material of workpiece
(mm)
[This study]
9.6
diamond core drills
14 CFRP / 7 Ti
[Lambert 1979]
6.35
carbide twist drills
7.62 CFRP / 12.7 Ti
[Weiss, 1989]
6.35
carbide twist drills
6.35 CFRP / 6.35 Ti
[Colligan, 1994]
7
coated twist drills
CFRP / Ti, unknown details
[Kim et al., 2001a]
6.35
HSS twist drills
7.62 CFRP / 3.1 Ti
[Kim et al., 2001b]
6.35
carbide twist drills
[Ramulu et al., 2001a]
6.35
HSS twist drills
[Ramulu et al., 2001b]
6.35
HSS twist drills
7.62 CFRP / 3.1 Ti
[Ramulu et al., 2001c]
6.35
carbide twist drills
[Davim and Reis, 2003a] 5
carbide twist drills
3 CFRP
[Davim and Reis, 2003b] 5
carbide twist drills
[Khashaba, 2004a]
8
HSS twist drills
3.52 GFRP
[Khashaba, 2004b]
8
HSS twist drills
7.15 GFRP
[Kim et al., 2005]
unknown carbide twist drills
Ti foils / Graphite / Ti foils
[Kim and Ramulu,
unknown carbide twist drills
Ti foils / Graphite / Ti foils
2005/7]
[Garrick, 2007a]
6.35
coated twist drills
7.72 CFRP / 6.15 Ti
[Garrick, 2007b]
6.35
carbide twist drills
[Denkena et al., 2008]
8
coated carbide end mills 6 CFRP / 11 Ti
[Yagishita, 2008a]
6
carbide twist drills
4 CFRP / 3 Ti
[Yagishita, 2008b]
5
coated carbide end mills
[Quan and Sun, 2010]
4
carbide twist drills
3.5 CFRP
[Shyha et al., 2010a]
6.35
carbide twist drills
[Shyha et al., 2010b]
6.35
coated twist drills
30 Ti / 30 CFRP / 30 Al
[Shyha et al., 2010c]
6.35
carbide twist drills
[Zitoune, et al., 2010]
6&8
carbide twist drills
4.2 CFRP / 3 Al
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Figure 1 Illustration of rotary ultrasonic machining (RUM).
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Figure 2 Illustration of woven fabric and CFRP structure.
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Figure 3 RUM experimental set-up.
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Cutting force (N)

Figure 4 Illustration of RUM tool.

Figure 5 A typical cutting force and time curve.
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Figure 6 Surface roughness and groove depth measurements.
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Figure 7 Illustrations of Ti exit burr and burr height.

D

Delamination

d

Figure 8 Measurement of delamination factor.
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Cutting force (N)
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2500
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2000
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1500
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1000
500
0
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Figure 9 Comparison of cutting force.
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2.5

Torque (N·m)

2
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0
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Figure 10 Comparison of torque.
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Surface roughness (CFRP) (μm)

14
12
10
8
6
4
2
0

Reference

(a) On machined CFRP surface

Surface roughness (Ti) (μm)

6
5
4
3
2
1
0

Reference

(b) On machined Ti surface
Figure 11 Comparison of surface roughness.
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Groove depth (μm)
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Figure 12 Comparison of CFRP groove depth.
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Figure 13 Top view of Ti exit side of a hole drilled using RUM.

Ti burr height (mm)

5
4
3
2
1
0

Reference

Figure 14 Comparison of Ti exit edge burr height.
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Figure 15 Top view of CFRP entrance side of a hole drilled using RUM.

Delmanination factor

3
2.6
2.2
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1
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Figure 16 Comparison of CFRP entrance delamination.
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Hole size variation (CFRP) (μm)
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(a) For CFRP

Hole size variation (Ti) (μm)
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(b) For Ti
Figure 17 Comparison of hole size variation.
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Number of drilled holes
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Figure 18 Comparison of tool life.
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Hole material removal rate (mm3/s)
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12
Variable feedrate

8

4
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0
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Figure 19 Comparison of cutting rate (hole material removal rate).
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