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Abstract

Rock drilling is widely used to explore and mine energy resources. It has also been used to extract samples to study the
earth’s geological composition and topography and to explore different planets. Percussive drilling is, as of right now, the
most commonly used rock drilling method. Due to the high hardness and abrasiveness of rock, tool wear in rock drilling
is severe, thus limiting its penetration rate and resulting in high cost. Therefore, it is crucial to develop more cost-
effective rock drilling processes. Rotary ultrasonic machining has been used to drill many materials including metal alloys,
ceramics, and composites, and its cost advantages have been demonstrated in many previous studies. This article pre-
sents the first experimental investigation of rotary ultrasonic machining of rocks. Three types of rocks (basalt, marble,
and travertine) were used. Six input variables (tool rotation speed, feedrate, ultrasonic power, abrasive size, abrasive
concentration, and drill bit diameter) were examined and two output variables (cutting force and surface roughness)
were measured. Results indicate that rotary ultrasonic machining can drill holes of high quality on rocks of different hard-
ness with a much lower cutting force and at a penetration rate of approximately three times faster than percussive
drilling.
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Introduction crucial to develop more cost-effective rock drilling
processes.

Percussive drilling is the most commonly used drill-
ing method. It has a higher penetration rate than the
conventional rotary or diamond drilling." Tang et al.®
and Lu et al.” studied a new method of rock drilling by
combining the traditional mechanical drilling with an

Rock drilling is widely used in geoengineering, rock
engineering, petroleum engineering, mining, and tunnel
engineering.' It is also used to collect samples to ana-
lyze polar ice sheets and search for life on Mars.>?
During the initial development of rock drilling, the
penetration rate was primarily dependent on the power
of the drilling machines.* Today, however, the limiting
factor of penetration rate is the severe tool wear from D ) . o
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assistance of abrasive water jet. This method increased
the drilling depth and decreased the axial force, torque,
and tool wear.®? Clydesdale et al.'® developed a core
drill bit for the core drilling of rocks, which reduced the
fluid invasion and resulted in a higher penetration rate
compared to that when using a conventional polycrys-
talline diamond compact core bit.

Core drilling produces an annular shape cut, which
helps in excavating cylindrical cores. Cylindrical cores,
as the expected subsurface scientific samples, are used to
explore geologic formations, climate histories, biota,
and solar activity in terrestrial and extraterrestrial envir-
onments.'! Future extraterrestrial exploration (i.e. on
Mars) requires core drilling to collect materials from the
subsurface for scientific analysis.>*'?> However, extrater-
restrial drilling has many constraints such as the extreme
environmental conditions and the necessity of complex
autonomous systems to acquire cores.'>'* There is a
growing interest in Mars exploration mission to acquire
and return subsurface samples as solid cores to the earth
for further analyze.'® Recent studies showed that a com-
bination of conventional drilling techniques with ultra-
sonic vibration can address the key shortcomings of the
drilling in planetary exploration missions.'>'

Machining processes that employ ultrasonic vibra-
tion as an assistance can be divided into two main cate-
gories: ultrasonic machining (USM) and rotary
ultrasonic machining (RUM). USM removes material
by the abrasive particles in the form of slurry that
accelerated and vibrated by the tool. The material
removal mechanisms of USM are the impact action of
abrasive particles and the hammering action of abra-
sive particles that removes material by micro-chipping
and mechanical abrasion. RUM is a hybrid of USM
and abrasive grinding. The main difference between
RUM and USM is that RUM uses a metal-bonded dia-
mond abrasive core drill with tool rotation. In addi-
tion, Bar-Cohen et al.'> developed a new ultrasonic
drilling and coring device based on USM to drill a wide
range of rocks without tool rotation. This device can
be performed with low preload (< 10 N) and low power
(average of 5W consumption)."?

A schematic of RUM is shown in Figure 1. The cut-
ting tool is a metal-bonded diamond abrasive core drill.
Coolant flows through the core drill to the cutting
interface to flush away the removed material and to
maintain a low tool temperature. Previous studies have
shown that RUM can attain a higher material removal
rate than both USM and diamond grinding.'”'®* RUM
can also drill deep holes with high accuracy, improved
surface finish, and low cutting force and torque.'”
RUM could offer a great advantage in core drilling for
future extraterrestrial exploration as opposed to ultra-
sonic drilling and coring device and USM because of
its hybrid material removal mechanism. However, most
of the reported studies on RUM have been related to
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Figure I. Schematic of rotary ultrasonic machining.

engineering materials (e.g. stainless steel, titanium
alloy, composite materials, ceramic materials, and
glass). Since natural rocks represent a large group of
brittle materials, and RUM has been successfully
applied to the machining of many brittle engineering
materials, studying the feasibility and the material
removal mechanism in RUM of natural rocks will
broaden the application of RUM and in the meanwhile
shed light on the study of material removal mechanism
based on the brittle fracture criteria.

This investigation reports RUM of natural rocks,
which are inhomogeneous materials. This research, for
the first time, reports feasibility and experimental stud-
ies on this new application. In this study, three types of
rocks (basalt, marble, and travertine) were used, six
input variables (tool rotation speed, feedrate, ultrasonic
power, abrasive size, abrasive concentration, and drill bit
diameter) were examined, and two output variables (cut-
ting force and surface roughness) were measured. The
remainder of this article is presented as follows: section
“Experimental conditions and procedures” lists experi-
mental conditions and procedures including the materials,
experimental setup, design of experiments, and measure-
ment procedures; section “Experimental results” describes
experimental results, including the effects of six input vari-
ables on cutting force and surface roughness; finally, sec-
tion “Conclusion” presents conclusions.

Experimental conditions and procedures

Workpiece materials and properties

There are three main categories of rocks: sedimentary,
metamorphic, and igneous. In this study, three types of
rocks were chosen to represent the categories. They
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Table I. Properties of rocks.”®
Property Unit Basalt Marble Travertine
Density kg/ m3 2900-3100 2400-2700 2700
Mohs hardness - 6 34 34
Abrasion resistance - High Medium Low
Porosity - Low Low High
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Figure 2. Experimental setup.

were basalt (high strength) from the igneous category,
marble (medium strength) from the metamorphic cate-
gory, and travertine (low strength) from the sedimen-
tary category. Workpiece dimensions were 15mm X
300mm X 25mm. Properties of the three types of rocks
are shown in Table 1.

Experimental setup and conditions

The experiments were conducted on a rotary ultrasonic
machine (Series 10, Sonic-Mill, Albuquerque, NM,
USA). Figure 2 shows a schematic of the experimental
setup, which consists of an ultrasonic spindle system, a
coolant system, and a data acquisition system. The
ultrasonic spindle system was comprised of an ultraso-
nic spindle, a power supply, an electric motor, and a
control panel. The power supply converted the
low-frequency (60 Hz) electrical power into a high-
frequency (20,000 Hz) AC output that was then con-
verted into mechanical vibrations by the piezoelectric
transducer in the ultrasonic spindle. The coolant system
was comprised of a pump, coolant tank, pressure regu-
lator, flow rate and pressure gauges, and valves and
provided coolant to the spindle and the interface of
machining. The data acquisition system was comprised

respectively. Drill bit diameters were selected to keep
the difference between the effective cutting areas of two
consecutive drill bit diameters about the same.

Experimental conditions are listed in Table 3.
Abrasive size indicates the average diameter of the
abrasives bonded to cutting tool. Abrasive concentra-
tion is based on the weight of diamond per cm® (the
base value of 100 concentration is 4.4 carat/cm®). Three
replicates were used for each experimental condition,
and the output variables were cutting force and surface
roughness.

Experimental conditions are listed in Table 3. Three
replicas were used for each experimental condition, and
the output variables were cutting force and surface
roughness.

Measurement procedures

A dynamometer (Kistler 9272, Kistler Instrument
Corp., Winterthur, Switzerland) was used to measure
the cutting force along the tool axis (feedrate) direction,
and the workpiece was mounted on top of the fixture
of the dynamometer. Bolts were used to attach the
dynamometer to the machine table, as shown in
Figure 2. A charge amplifier (Kistler 5070, Kistler
Instrument Corp., Winterthur, Switzerland) was used
to amplify the signal from the dynamometer, and
analog-to-digital converter (PCIM-DAS 1602/16,
Measurement Computing Corporation, Norton, MA,
USA) was used to convert the signal to a digital signal.
The cutting force data were recorded using the
DynoWare software (Version 2.4.1.6 type 2825A-02,
Kistler Instrument Corp., Winterthur, Switzerland).
Surface roughness of the machined rods was mea-
sured using a surface profilometer (Mitutoyo SJ-400,
Mitutoyo Corporation, Kanagawa, Japan). The
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Table 2. Input variables and their levels.

Input variable Unit Level | Level 2 Level 3
Tool rotation speed r/min 1500 2500 3500
Feedrate mm/s 0.1 0.3 0.5
Ultrasonic power % 20 40 60
Abrasive size mm 0.08 0.12 0.16
Abrasive concentration - 50 100 150
Drill bit outer, inner diameters (D,, Dj) mm 9,7 (12, 10) (15, 13)
Drill bit effective cutting area (A) mm? 25.13 34.56 43.98

Table 3. Experiment conditions.

Test order Tool rotation Feedrate Ultrasonic Abrasive Abrasive Drill bit diameter
speed (r/min) (mml/s) power (%) size (mm) concentration Do, D; (mm)

| 1500 0.3 40 0.12 100 12, 10

2 2500 0.3 40 0.12 100 12, 10

3 3500 0.3 40 0.12 100 12, 10

4 2500 0.1 40 0.12 100 12, 10

5 2500 0.5 40 0.12 100 12, 10

6 2500 0.3 20 0.12 100 12, 10

7 2500 0.3 60 0.12 100 12, 10

8 2500 0.3 40 0.08 100 12, 10

9 2500 0.3 40 0.16 100 12, 10

10 2500 0.3 40 0.12 50 12, 10

Il 2500 0.3 40 0.12 150 12, 10

12 2500 0.3 40 0.12 100 9,7

13 2500 0.3 40 0.12 100 15,13

Table 4. Experimental results.

Run order  Travertine cutting force (N)  Marble cutting force (N)  Marble, R, (wm)  Basalt cutting force (N)  Basalt, R, (um)

| 56.11 53.45 2.06 93.02 0.78
2 65.04 39.81 2.10 79.52 0.98
3 50.72 36.53 1.92 61.42 0.78
4 51.50 33.25 1.82 55.31 0.92
5 75.53 47.40 1.81 106.66 0.65
6 53.96 47.40 1.80 60.26 0.95
7 65.42 38.58 211 75.18 0.99
8 69.54 6491 1.67 88.60 1.04
9 63.49 59.12 1.18 96.09 1.03
10 58.34 41.93 1.53 93.75 0.91
I 73.27 54.69 I.15 93.68 0.79
12 39.87 32.89 .19 71.65 0.80
13 97.83 64.99 1.66 130.66 0.89

sampling range was set as 4 mm, and the surface rough- and standard deviation of these eight R, values are
ness was characterized by the average surface rough- reported in this article (section “Experimental results”).
ness value (R,). Rock drilling by RUM produced a Table 4 lists the average values of the measurements.
hole and a rod after each drilling process, and the sur-

face roughness was measured on the cylindrical surface Experimental results

of the extracted rod at the entrance and exit locations
along the axial direction of the rod. Four measurements
were taken at each quadrant, as shown in Figure 3, and Cutting force is the predominant output variable in
eight R, values were obtained for each test. The mean RUM. Cutting force has a significant impact on other

Effects on cutting force
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Figure 3. Schematic of surface roughness measurement
procedure.
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Figure 6. Rock surfaces of machined rods extracted by RUM.

output variables such as tool wear and cutting tempera-
ture.”?! Figure 4 shows a typical curve of measured
cutting force. The maximum cutting force for each test
was used in this article. Table 4 presents experimental
results on cutting force and surface roughness.

The effects of tool rotation speed, feedrate, ultra-
sonic power, abrasive size, abrasive concentration,
and drill bit diameter on cutting force are shown in
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Figure 7. Effects of feedrate on cutting force.

Figures 5-11. The mean values of cutting force are pre-
sented with the corresponding standard deviations as
the error bars.

As shown in Figure 5, cutting force decreased for
marble and basalt as tool rotation speed increased. The
cutting force in RUM mainly depends on the interac-
tion force between diamond abrasives on the tool end
surface and the workpiece material.”®> This interaction
force increases as penetration depth of diamond abra-
sives increases.”> When tool rotation speed increases,
this penetration depth tends to decrease when the
feedrate is fixed, hence reducing the interaction force.**
This leads to a reduction in the cutting force.”
Whereas cutting force increased for travertine as tool
rotation speed increased. This outcome for travertine
was consistent with previous reports on RUM of other
materials including carbon fiber-reinforced plastic
composites, sapphire, and dental ceramics.>* >* For tra-
vertine, the increased cutting force associated with the
increase in tool rotation speed from 1500 to 2500 r/min
was similar to that of RUM of ceramic matrix compo-
sites.'® As shown in Figure 6, travertine was the most
porous material; it contained extensive impurities as
proven by the dark spots that indicate a different type
of rock.

When feedrate increases the penetration depth of
diamond abrasives increases, and as a result, interac-
tion force increases. This results in an increase in cut-
ting force. Figure 7 illustrates that cutting force
increased as per a close-to-linear trend within the
feedrate ranging from 0.1 to 0.5mm/s. This trend was
consistent with previous RUM studies of drilling car-
bon fiber-reinforced plastics, ceramic matrix compo-
sites, and ceramics.'®!%%2

Ultrasonic vibration amplitude increases as ultraso-
nic power increases, resulting in an increase in the pene-
tration depth of diamond abrasives into the workpiece
material, hence increasing the interaction force. This
also results in an increase in cutting force. But as shown
in Figure 8, the increasing ultrasonic power caused cut-
ting force to decrease only for marble. For travertine,
cutting force increased with an increase in ultrasonic
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power and basalt showed a peak cutting force at 40%
ultrasonic power. Cong et al.*> reported that when
ultrasonic power was set at 20%—40%, the peak cutting
force was obtained at 30% ultrasonic power for RUM
of stainless steel, which is similar to the behavior of
basalt.

When abrasive size increases, penetration depth of
diamond abrasives decrease if the ultrasonic power is a
constant, hence reducing the interaction force. This
results in a reduction in cutting force. Figure 9 shows
that the cutting force of travertine decreased as abrasive
size increased. Basalt and marble obtained the mini-
mum cutting force at an abrasive size of 0.12 mm. Cong
et al.%° reported that cutting force decreased as abrasive
size increased, which was consistent with the reported
trend for travertine in this study.

As shown in Figure 10, cutting force had a positive
correlation with abrasive concentration only for traver-
tine. Basalt and marble showed the minimum cutting
force at an abrasive concentration of 100.

Cutting force increased as drill bit diameter increased
for all three rock types as shown in Figure 11. The
increment of cutting force from drill bit diameters (9, 7)
mm to drill bit diameters (12, 10) mm was much lower
than the increment of cutting force from drill bit dia-
meters (12, 10) mm to drill bit diameters (15, 13) mm,
despite the difference between the effective cutting areas
of the two drill bits being constant.

The highest cutting force was recorded when drilling
basalt, which was the hardest rock in the study. RUM
can drill holes of 15mm or smaller in diameter in hard
rocks with a cutting force of less than 150N and a
feedrate of 0.5mm/s. One study on the optimization of
rotary-percussion drill for lunar exploration reported
that a minimum of 399 N cutting force was obtained
when drilling a 33-mm diameter hole in marble.?” They
obtained a penetration rate of 0.17mm/s at a percus-
sion frequency of 20 Hz.?” RUM of a 15-mm diameter
hole on marble could reach a feedrate of 0.5 mm/s with
a cutting force of 64.99 N. Therefore, RUM could offer
improved performance over rotary-percussion drilling
when drilling rocks such as marble.

Effects on surface roughness

Figures 12-17 show the effects of tool rotation speed,
feedrate, ultrasonic power, abrasive size, abrasive con-
centration, and drill bit diameters on surface roughness.
Consistent surface roughness values were impractical to
obtain for travertine due to its high porosity (Figure 6).
Thus, surface roughness measurements of travertine
were not presented in this study as the measured local
surface roughness might misrepresent the surface
roughness of the machined surface of the travertine
workpiece.
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As shown in Figure 12, the highest surface roughness
was reported at a tool rotation speed of 2500 r/min for
basalt and marble. The surface roughness ranges of
basalt and marble were 0.18 and 0.20 pm, respectively.

Lo & % 1
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0.0
50 100 150

Abrasive concentration

Figure 16. Effects of abrasive concentration on surface
roughness.

As shown in Figure 14, ultrasonic power had an
insignificant effect on the surface roughness of basalt.
The three measurements of surface roughness at each
level of ultrasonic power were all within the range of
0.95 and 0.99 pm. Marble showed a direct, positive cor-
relation between surface roughness and ultrasonic
power, but the range was only 0.31 um. Jiao et al."’
reported that ultrasonic power did not significantly
affect surface roughness in RUM of ceramics, as con-
firmed by the obtained results for basalt in this study.

As shown in Figure 15, the surface roughness of
basalt had overlapping error bars, indicating that abra-
sive size had a statistically insignificant effect on the
surface roughness of basalt. However, abrasive size did
have a significant effect on the surface roughness of
marble, with the highest surface roughness being
observed when using the 0.12-mm abrasive size fol-
lowed by the 0.08- and 0.16-mm abrasive sizes. For
basalt and marble, surface roughness values were simi-
lar (only differing by 0.15 wm) when using the 0.16-mm
abrasive size. According to Jiao et al.,'® abrasive size
had a significant effect on surface roughness for RUM
of ceramics, as agreed upon by the obtained results for
marble in this study.

As shown in Figure 16, abrasive concentration had
more influence on the surface roughness of marble than
basalt. A smoother surface finish was obtained when
using the highest abrasive concentration of 150 for
both rocks. Higher abrasive concentration means that
a larger number of abrasive particles were involved in
cutting, which produces smaller chips and finer
scratches on the surface, resulting in a better surface
finish.

As shown in Figure 17, drill bit diameters signifi-
cantly affected surface roughness, especially for marble.
The smallest drill bit resulted in the best surface finish
for both rock types. However, drill bit diameters had a
minor effect on the surface roughness for basalt. For
both rock types, the highest surface roughness was
reported for the drill bit with the outer and inner dia-
meters of 12 and 10 mm, respectively.
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Conclusion

This article presents an experimental study on RUM of
three types of rocks: basalt, travertine, and marble. The
following conclusions are drawn:

1. This investigation demonstrated that RUM is
capable of drilling hard rocks with a feedrate com-
parable to that of existing drilling procedures.

2. The effects of feedrate and drill bit diameter on
cutting force were significant. A higher feedrate
and larger drill bit diameter led to a higher cut-
ting force.

3. For basalt and marble, an abrasive concentra-
tion of 100 gave the lowest cutting force and
cutting force decreased as tool rotation speed
increased.

4. Tool rotation speed, feedrate, and ultrasonic
power had an insignificant effect on surface
roughness.
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