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Abstract

Abstract

Poor machinability of hard-to-machine materials limits their applications in aircraft
industries. From the viewpoint of cost reductions, it needs a more efficient and
productive way to produce these materials. However, the grinding process is brittle
material with small size grain, putting it at a disadvantage for large-variety production.
In order to improve the grinding ability, one novel hybrid and two multi-filed assisted
grinding technologies are proposed and experimental text with hard-to-machine
materials in this study. The multi-field assisted machining are combined ultrasonic
vibration, electrochemical and plasma electrolytic oxidation into grinding, meanwhile,
named them as ultrasonic vibration assisted grinding, ultrasonic assisted
electrochemical grinding and ultrasonic assisted plasma oxidation grinding,
respectively.

First, the ultrasonic assisted grinding (UAG) apparatus was designed and
constructed. An experimental apparatus was established by installing a commercially
available ultrasonic spindle onto a commercially available NC grinder through a
3-components piezoelectric dynamometer. The dynamometer was located below the
spindle and used for the measurement of grinding forces. In experiments, the
workpiece specimen was fixed on a work-holder under which a Z-stage is located for
determining the depth of cut. The working surface condition of abrasive tool is one of
important issues in grinding process. This article discusses the effects of the ultrasonic
vibration on the working surface condition involving chips adhesion and abrasive
grains wear during UAG of Inconel 718 with an electroplated cBN grinding wheel as
the abrasive tool. In this study, scanning electron microscopic (SEM) observations
were performed on the wheel working surface before and after grinding at different
vibration amplitudes and the SEM images were filtered, extracted and binarized by

using Image-Pro Plus to evaluate the wheel working surface condition. The obtained
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results demonstrated that (1) the wear of grinding wheel are dominantly attributed to
chips adhesion, grains releasing and grains fracture, (2) both the percentage of chips
adhesion area and the size of chips adhered tend to decrease as the vibration
amplitude increases; in contrast, the effect of ultrasonic vibration on the number of
chips adhesion are not noticeable, (3) the percentage of the number of grains
released/fractured decreases as the vibration amplitude rises; e.g., the percentage in
UAG at vibration amplitude of 4, ,=9.4 ym was decreased by 40 % compared to that
in conventional grinding (CG), (4) higher distribution density of effective cutting
edges can be achieved under larger vibration amplitude, and the mean area of
effective cutting edges in UAG is smaller than that in CG, demonstrating that the
ultrasonication enhances the grinding wheel sharpness.

In order to improve the grindability of Ti—6Al-4V, a hybrid material removal
process was proposed in this study. This process was a combination of ultrasonic
assisted grinding (UAG) and electrochemical grinding (ECG); hereafter named as
ultrasonic assisted electrochemical grinding (UECG). In order to confirm the
feasibility of the proposed technique, an experimental setup was constructed and the
fundamental machining characteristics of UECG in the grinding of Ti—6Al-4V were
experimentally investigated. The results obtained from the investigation summarized
as follows: (1) The normal and tangential grinding forces in UECG were smaller than
those in conventional grinding (CG) by 60 % and 65 %, respectively; (2) The
work-surface roughness, Ra, both in ECG and UECG decreased with the increasing
electrolytic voltage, U;, and surface damage, such as plastic deformation and cracks,
(which often occur in CG) were not observed in UECG; (3) The wheel radius wear in
UECG was considerably smaller than that in ECG when U; < 10 V. The wheel wear
in CG was predominantly attributed to the grain drop out, whereas in ECG and UECG
the working lives of the wheels were predominantly affected by the chip adhesion and
the grain fracture; (4) A 78 nm thick titanium dioxide (TiO;) layer was generated on
the work-surface at U; = 20 V, and thus the Vickers micro-hardness of work-surface
in UECG was lower than that in CG/UAG by 15 %; (5) The weight percentages of
oxygen elements on chips and work surfaces increased as the U; increased in ECG
and the ultrasonic treatment further enhanced the percentages of oxygen.

Then, the ultrasonic assisted plasma oxidation grinding (UPOG) was investigated.

Before material removing, plasma oxidation are important issues in ultrasonic assisted

ii
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plasma oxidation grinding. In order to investigate grinding parameters to achieve high
product quality and productivity, the relation between ultrasonic vibration and plasma
oxidation is studied. Effects of grinding parameters (workpiece rotational speed,
wheel feed rate, wheel rotational speed, ultrasonic vibration amplitude, and the
oscillation frequency), on plasma oxidation are measured. The experiment results
show once the plasma voltage was applied, the hardness became decreased. However,
when the plasma voltage U; was beyond 100 V, the plasma discharge intensity became
higher locally, which resulted in the formation of melt-quenched, high-temperature
oxides on the work surface.

To deeply investigate the material removal mechanism in UPOG of Ti-6Al-4V, the
UPOG tests were performed on Ti-6Al-4V. The obtained results evidence that: The
grinding forces decreased as the plasma voltage U;and rotational speed n, increased.
The actual removal depth increased with the increase in input voltage. However, the
benefit of the ultrasonication to the grinding efficiency would get smaller when the
rotational speed has been set at a larger value. The roughness Ra both in POG and in
UPOG decreased with the increasing of U; and ng; the roughness Ra in UPOG was
smaller than that in POG regardless of the process parameters. The UPOG of Inconel
718 was also effective with high voltage.

The last part of this study is to extend the method on drilling with UPOG so as to
open a door to potential industrial applications. The results show that material
removal rate in UPOG is deeper than that CG, meaning that material removal is easily
achieved in UPOG; high accuracy can be achieved by UPOG.

All in all, this study confirms that UPOG is a highly effective processing method
for hard-to-machine material. The technology has the potential to being further extend

to other materials.
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Chapter 1

Chapter 1 Introductions

With the fast growth of the aircraft industries, the needs for low cost with higher
effectiveness force the machining process of difficult-to-machine material to another
level. An example of this requirement can be seen in the evaluation of grinding
process of aviation industry, where millions of dollars are used on replacing grinding
wheel and the price continues to increase greatly. From the manufacturing point of
view, the waste of grinding wheel can be reduced with improve grinding effectiveness.
However the traditional manufacturing processes can no longer satisfy the needs for
high accuracy and free of damage on grinding wheel. The development of high
grinding effectually grinding process has thus become more important than ever

before.

1.1 Difficult-to-machine material

Hard-to-machine materials are very often used in the mechanical engineering
industry, for example in production of machining tools, work hold or molds.
Especially, Ni and Ti alloy are usually applied to jet engine machining industry as

shown in Fig.1.1.

Low Pressure Compressor (Ti or Ni Alloy)

Fan (Ti Alloy) High Pressure Compressor (Ti or Ni Alloy)

Combustion Chamber (Ni Alloy)
Fig. 1.1 Cross section of a jet engine[1] .
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Ti-6Al1-4V and Inconel 718 are two famous hard-to-machine. Due to Ti-6Al-4V and
Inconel 718 have high strength, melting temperature and corrosion, a wide range of
industries shown a great interesting in the application of them [2]. Due to the
advantages of nickel-based alloys over Ti alloys, a number of material for acrospace
industries have made by nickel-based alloys. Nickel based alloys have very broad
operational temperatures. However, they are classified as extremely difficult to
machine material, owing to several inherent properties of materials, e.g., low thermal
conductivity, high specific strength and exceptional resistance to corrosion [3].
Currently, most of Ti-6A1-4V and Inconel 718 production is precision cast, subsequent
grinding is carried out in order to remove excess material [4]. Because good surface
finish and high from/dimension accuracy can be reached by use grinding. In
conventional machining process also need grinding process to semi-precision.
However, ether Ti-6Al-4V or Inconel 718 are very difficult to grinding because of its
inherent properties such as the ability to retain high strength at elevated temperatures
and low thermal conductivity [5]. These issues in turn result in faster grinding tool
wear [6].Due to high strength at elevated temperatures and low thermal conductivity,
the grinding process of Ti-6Al-4V and Inconel 718 need to face a serious heat
problem and high fiction between grain and work surface. This is the reason why
several studies focus on improve the grindability of Ti-6Al-4V and Inconel 718

[7-10].

1.2 Hybrid Assisted Machining

Hybrid assisted machining is a combination of two or more processes to remove
material. Recently researches are aimed to enhance grinding efficiency and improve
work-surface quality in a hybrid assisted technique [11]. In manufacturing
environment, many technological developments can be defined as hybrid machining.
Schuh G[12] writes this kind technology is the “1+1=3" effect, meaning the benefit is

more than double of the advantages of the single process.

1.2.1 Cutting process

The cutting process such as drilling, turning, milling has lots of hybrid assisted
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process. The ultrasonic vibration cutting is an important hybrid assisted process. In
turning, the vibration assisted turning will lead to chip breakage and resulting in
discontinuous chips [13]. Besides, the number of built-up edges on grains and burrs
on the workpiece side were decreased by the vibration assisted cutting. According to
the study of Pujana et al. [14], vibration assisted drilling of Ti6Al4V is also effectually.
They found feed force was decreased 20 % with high amplitudes compared to
conventional drilling. In the study of Baghlani et al. [15], the lower grinding forces,
better surface and better chip breakage also can be found in the vibration assisted
drilling of Inconel 728LC. However, most of ultrasonic vibration cutting is forced on
the single ultrasonic vibration assistance and ignored its potential of multi-filed
assistance. This is the reason why most of ultrasonic assisted cutting are carried out
with low cutting speed to enlarge the affection of ultrasonic.

The application of laser assisted machining (LAM) is also used in the turning of
difficult-to-machining materials. The laser beam make machining becomes easier by
soften material. In recent decade, research also used laser assisted milling [16] and
shearing of sheet material [17]. According to the investigation of Attia et al. [18], an
improvement of the surface integrity is showed in the LAM of Inconel 718 by the
observation of machined surface is carried out by SEM analyses and microstructure.
Brecher et al. [19] reports 40—60 % of force is reduced and tool life is improved
during LAM of Inconel alloys. By use LAM, Lei et al. made precise ceramic parts
[20]. The surface heating of laser assisted process prepared uniformly material for
machining. After the observation of LAM samples no sub-surface cracks can be found.
On the other hand, the pre-heating process of laser also leads to thermal stress layer
on the work surface. In order to remove this thermal stress layer, the work need to
semi precision.

Another important hybrid machining process is combine by use the supply of high
pressure lubrication coolants, which is also can be called ,,,Media-assisted Processes
Flow rate and pressure have a significant influence on chip formation (chip shape,
chip breakage), tool life and tool wear behavior and on the metallurgical structure of
workpiece and chip due to considerable temperature and lubrication changes
(reduction of contact length between chip and rake face [21]). Therefore, it is also

ecee

called ,,,high-pressure lubricoolant supply*‘ [22]. Lopez de Lacalle found that super

alloys can be machined with improved surface integrity and/or with higher cutting
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speeds during the turning and milling of Ti6Al4V and Inconel 718 by media-assisted
[23]. Ezugwu et al. also found the wear of cutting reduced up to 350 % was identified
by during finish machining of Inconel 718 [24] as well as other more classical steels
[25]. Sharman et al. found residual stresses decreased in the sub-surface layer during
ultra-high pressure turning of Inconel 718 [26]. However, due to media-assisted

processes waste a huge number of coolants, media-assisted processes still costly.

1.2.2 Grinding process

Electrochemical grinding, combines electrolytic activity with the physical removal
of material by means of charged grinding wheels. In ECG, the metallic bond material
over the abrasive coated tool generates the electrochemical reaction and
electrochemical reaction only appeared in the space between abrasive particles. The
abrasive cutting action removes the oxide material from work surface through
mechanical abrasion [27]. Fig. 1.2 shows the schematic view of material removal
mechanism for ECG process [28]. In order to achieve the better surface quality and
higher material removal rates, experimental observations have revealed that there
should be low gap and maximum contact area between abrasive tool and work surface.
This offers thin gas film with maximum cutting edges. In order to make the
appropriate contact between the abrasive particles and work surface, tool feed rate is
mentioned as a critical parameter. Thus it can produce burr free and stress free parts
without heat or other metallurgical damage caused by mechanical grinding,
eliminating the need for secondary machining operations [29]. By the use of these
advantages, the electrolytic grinding has been also employed for the grinding of
Ti-6Al1-4V [30]. However, in precision elecyrolytic grinding with a fine grinding
wheel, the clearance between the wheel metal bond and the workpiece is very small,
leading to the frequent occurrence of sparks within the clearance and consequently
damaging the work-surface. In addition, the formed debris during electrolytic grinding
should be promptly removed from the clearance so that the electrolytic action can be
continued. Nowadays, a high accuracy can be reached by electrochemical grinding,

but the efficiency still no good enough.
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Fig. 1.2 Schematic of electrochemical discharge grinding mechanism.

Ultrasonic assisted grinding (UAG), a hybrid machining process combining
grinding and ultrasonic vibration, can enhance grinding efficiency and improve
work-surface quality owing to its decreased grinding forces and reduced wheel wear
compared with CG [31-33]. Thus, UAG is considered to be a promising technique for
ceramics grinding. Different types of UAG techniques, e.g., one-dimensional UAG
(1D-UAG), two-dimensional UAG (2D-UAG), and elliptical-UAG (EUAG), have
been proposed. In 1D-UAG, the ULTRASONIC VIBRATION is usually applied to
the grinding wheel in either the vertical direction or parallel to the work surface. The
former is called VUAG (vertical UAG), and the latter is called AUAG (axial UAG)
[34]. VUAG is characterized by a much lower grinding force and higher material
removal rate (MRR) while maintaining slightly increased wheel wear and surface
roughness [35]; the AUAG benefits the grinding process, significantly, by decreasing
the thermal load and improving the surface quality [36]. To combine the merits of
both VUAG and AUAG, Liang and Wu proposed the EUAG technique [34, 37] and
their experimental investigations involving monocrystal sapphire with a resin bond
diamond wheel showed that the grinding forces and the work-surface roughness can
be decreased by 30 % and 20 %, respectively, compared to CG. To further improve
the work-surface quality, Yan and Zhao developed the 2D-UAG technique [38, 39]. In
this method, the ULTRASONIC VIBRATION is simultaneously applied to the
workpiece from two directions; one is in the same direction as that of the wheel
peripheral speed and the other is along the wheel axis. The experimental results

involving nano-ZrO, ceramics indicated that the quality of the work surface attained
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is even better than that obtained from AUAG [38]. However, in either EUAG or
2D-UAG, the ULTRASONIC VIBRATION must be simultaneously generated in two
directions, resulting in complicated machining equipment structures. This further
increases the equipment expense and multiplies the difficulty in equipment
maintenance. Consequently, in practical UAG, the predominant approach is types of
1D-UAG, i.e., AUAG or VUAG rather than 2D-UAG and EUAG.

Utilizing the advantages of the 1D-UAG methods, research attempts have been
devoted to the application of both AUAG and VUAG to hard and brittle materials.
The results showed that the work surface quality can be greatly improved with a slight
decrease in grinding force in the AUAG of the Al,Os; ceramic workpiece [40]
compared to CG; the grinding force can also be significantly reduced. Particularly,
Mult et al. found that utilizing VUAG resulted in a slight increase in wheel wear due
to the grinding wheel striking the machined workpiece [35]. To elucidate the material
removal mechanism in the 1D-UAG methods, some studies focused on the change
pattern and grinding force reduction in AUAG [41-43] by using a combination of
numerical simulation and experimentation. Lee and Chan found that the increased
vibration amplitude resulted in an increased MRR in AUAG due to the increased
energy imparted to the material [43]. Zhang et al. thought the average cutting velocity
in AUAG was higher than that in CG, which is a main factor contributing to the
reduction of force [40]. Additionally, Farhadi et al. believed that the elimination of the
sliding and plowing region along the cutting path during VUAG was the reason for
force reduction, as determined by the numerical simulation investigation [42].

On the other hand, 1D-UAG methods has been introduced into internal grinding.
Kumabe [44, 45] performed ultrasonic assisted internal grinding (UAIG) of metal
materials such as aluminum, copper and steel. The obtained results showed that the
grinding efficiency was improved and grinding forces were reduced for the sake of the
presence of ultrasonic vibration. Wu et al. [46] found that the normal and tangential
forces in UAIG of stainless steel were smaller by 65 % and 70 %, respectively, and
the surface roughness was smaller by 20 % than those in CIG. In M. Fujimoto et al.’S
work [47], the machining characteristics of the UAIG of tungsten were experimentally
compared with those of the CIG, showing that the normal and tangential grinding
forces and the surface roughness in UAIG were smaller by 11 %, 41 %, and 53 %,
respectively, than those in CIG. This study confirms that UAIG is a highly effective
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processing method. Obviously, ultrasound-assisted grinding technology, especially for
axial ultrasonic-assisted grinding, has the potential to simultaneously improve

material removal and surface quality, reducing abrasive and even abrasive wear.

1.2.3 Multi-filed machining

The hybrid machining process imposed by the short product development cycles
and the growing cost pressures. However, tool wear and chip adhesion has under
mined the full potential of the hybrid machining process and drastically reduced the
efficiency and accuracy. Therefore, this study adds two assistance processes in one
conventional machining process and defined it as multi-filed machining. The aim is to

discuss the possible trends for future multi-filed machining research.

1.3 Plasma electrolytic oxidation

In order to further improve the accuracy and efficiency of grinding, the work
material need do a soften treatment. Plasma electrolytic oxidation (PEO) is an
anodizing process with high-voltage. It produces a stable oxidation layer on the
surface of a number of light weight metals (aluminum, titanium, magnesium,
zirconium, etc.) or metallic alloys. It is widely used to soften work surfaces by
oxidizing the work materials [48]. This process involves anodizing above the
dielectric breakdown voltage and leads to the formation of plasma micro-discharges
[49].

In particular, Dang Van Thanh et al. found in their work on the preparation of
graphene sheets using electrochemical discharge (plasma electrolytic oxidation) [50]
that the ultrasonic vibration of cathode strengthen the plasma electrolysis
phenomenon. This is achieved by the breaking of van der Waals bonds, which
increases the synthesis efficiency of plasma oxidation. This implies that the PEO
phenomenon would be promoted by the ultrasonic vibration. However, no studies
have been reported so far on grinding processed with the assistance of both ultrasonic
vibration and PEO. Consequently, a hybrid process is proposed in this study to further
improve the grindability of the titanium alloy Ti-6Al1-4V.

In order to develop a high accuracy and efficiency grinding method, PEO process is
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added to the UAG process in this study, hereafter referred to as ultrasonic-assisted
plasma oxidation grinding (UPOG). After the processing principle of UPOG and the
experimental details have been introduced, the experimental results are described.
Then, the discussion of the results is presented, and the feasibility of using UPOG for
the improvement in grindability of Ti-6Al1-4V is confirmed.

1.4 Objective of the study

As described above, the ultrasonic, electrochemical and plasma is added into
grinding process and named this two new multi-field assisted grinding technology as
ultrasonic assisted electrochemical grinding (UECG) and ultrasonic assisted plasma
oxidation grinding (UPOG), respectively. In order to compare multi-filed grinding
with hybrid assisted grinding, ultrasonic assisted grinding (UAG) is also be studied.
This research attempts to improve grinding ability of different to machine materials.
Due to its wide applications, Ti-6Al-4V and Inconel 718 are used as the specimen in
this study. Specifically, this project aims to achieve the following objectives:

- To develop multi-field assisted grinding system incorporating an ultrasonic,

electrochemical and plasma components to perform the hybrid grinding process.

- To understand the effects of process parameters on the grinding forces and
material removal rate, including the interactions of above three kinds of
multi-field assisted grinding technology.

- To investigate the effect of process parameters on the wheel wear with multi-field

assisted grinding technology.

1.5 Thesis organization

This thesis is divided into 6 chapters. The outline of thesis organization is shown in
Fig. 1.3.

In chapter 1, hard-to-machine materials were briefly introduced. Prevailing
technologies, i.e., ultrasonic assisted grinding, electrochemical grinding and plasma

electrolytic oxidation is outlined.
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Chapter 1 Introduction

Chapter 2 Machining characteristics of UAG of
hard-to-machine materials

Chapter 3 Machining characteristics of UECG of
hard-to-machine materials

Chapter 4 Machining characteristics of UPOG of
hard-to-machine materials

Chapter 5 Machining apparition of UPOG on
drilling Ti alloy

Chapter 6 Conclusion and future recommendation

Fig. 1.3 Outline of thesis organization

In chapter 2, the investigations on the machining characteristics of UAG of Inconel
718 workpiece are performed on the constructed rig. CG tests involving the same
workpiece are also carried out on the same experimental rig for comparison. The
effects of the ultrasonic vibration on the grinding forces, the surface roughness, the
form accuracy, and grinding wheel wear are revealed. Meanwhile, the topographic
features of work-surfaces and the subsurface damages are observed as well to clarify
the material removal behavior.

In chapter 3, aiming at the development of a novel grinding technology for the high
efficient machining of difficult to machine materials such as titanium alloy Ti-6Al-4V,
an ultrasonic assisted electrolytic grinding (UECG) method was proposed. Firstly, an

experimental apparatus was constructed by installing an electrolytic mechanism on an

9
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existing 3D CNC machine tool attached with an ultrasonic spindle. Then, after the
performance test has been carried out for the constructed apparatus, UECG
experiments of Ti-6Al-4V specimen were conducted on the apparatus to investigate
the effects of the ultrasonic vibration of grinding wheel and the electrolytic
phenomenon on the grinding force and the work surface quality. The experimental
results indicate that the ultrasonic assisted electrolytic grinding is greatly beneficial to
the decrease in grinding force and the improvement in the work surface quality
compared to conventional grinding.

In chapter 4, a novel grinding technique is proposed with the goal of improving the
grindability of Ti—6Al-4V and Inconel 718. This technique is a combination of
ultrasonic-assisted grinding and plasma-electrolytic oxidation. To determine its
performance in the grinding of Ti-6Al-4V, experiments were conducted to investigate
the effect of ultrasonic vibration on grinding forces and work-surface roughness under
the presence of plasma oxidation. The results showed that the technique drastically
reduced the normal and tangential grinding forces by 60 % and 70 %, respectively,
and decreased the work-surface roughness by 46 % compared to conventional
grinding, which uses neither ultrasonic assisted grinding nor plasma-electrolytic
oxidation.

In chapter 5, a novel grinding technique is proposed for drilling these materials.
The proposed technique is a combination of ultrasonic assisted grinding and plasma
electrolytic oxidation; hence named as ultrasonic assisted plasma oxidation grinding
(UPOGQ). A thin oxidized layer is formed on the largest surface of the workpiece in the
grinding zone by plasma. The oxidized layer would be much softer than the original
material. To reveal its fundamental performance in the drilling of Ti-6Al-4V,
experiments were conducted to investigate the effect of ultrasonic vibration on
grinding forces and tool wear under the presence of plasma oxidation. The results
showed that the technique drastically stabilize the grinding force and avoid the tool
wear/damage.

In chapter 6, conclusions, and contributions of this research is presented. It also

provided recommendations for further work in this direction.
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Chapter 2

Chapter 2 Machining characteristics of the UAG of
difficult-to-machine materials

This chapter mainly focuses on the UAG apparatus. First, the principle of UAG is
described. Then, in order to realize the processing principle of UAG in practice, an
experimental rig is constructed. Before UAG tests, the ultrasonic vibration amplitude
of the grinding wheel should be measured. Thereby, the measurement method of
ultrasonic vibration amplitude and results are presented. At last, the detailed
experiment conditions are also listed out along with machining characteristics

evaluation method.

2.1 Machining Principal of UAG
Fig. 2.1 shows the processing principle of UAG schematically. A grinding wheel is

ultrasonically vibrating along its own axis (y-direction) at a frequency of f and
peak-to-peak amplitude of A4,,, and rotating clockwise around its own axis at a
rotational speed of n,. When a depth of cut is given between the ultrasonically
vibrating grinding wheel and the workpiece that is fed rightward in x-direction at a
feed rate of v, an ultrasonic assisted surface grinding operation is performed. Once
the spindle has been released from the ultrasonic vibration, a conventional surface

grinding is carried out.
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Ultrasonic spindle

Workpiece

Fig. 2.1 Schematic illustration of the principle for UAG

In order to actually realize the above-described processing principle, an
experimental apparatus was established by installing a commercially available
ultrasonic spindle (URT40 by Takesho Co., Ltd.) onto a commercially available NC
grinder (GRIND-X IGM15EX by Okamoto Machine Tool Works Co., Ltd.) through a
3-components piezoelectric dynamometer (9256A by Kistler Co., Ltd.) as shown in
Fig.2. The dynamometer was located below the ultrasonic spindle and used for the
measurement of grinding forces. In this work, an electroplated cBN grinding wheel of
#8mmxL8mm in dimensions with the mesh number of #140 was employed as the
abrasive tool which is attached on the left end of the ultrasonic spindle, and a
plate-shaped Inconel 718 specimen with dimensions of L48 mmxW 36 mmx73 mm
was used as the workpiece. In experiments, the Inconel 718 specimen was fixed on a
work-holder under which a Z-stage is located for determining the depth of cut A. As
the purpose of this work is to investigate the effect of the ultrasonic vibration of
grinding wheel on the wheel working surface condition, grinding parameters, i.e., the
depth of cut, the work feed rate and the wheel rotational speed, in experiments were
kept constant at A=80 um, v,,~15 mm/min and n,=4000 rpm, respectively, while the
vibration amplitude was varied in a range of 4,.,=0 to 9.4 pm as exhibited in Table 1.

In addition, dry grinding operations were performed without coolant supplying.
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2.2 Experimental apparatus, procedure and conditions

The ultrasonic spindle for UAG (URT40 by Takesho Co., Ltd.) was showed in Fig.
2.2. The frequency of the rotary spindle is 40 kHz and vibration in the axis direction.
The rotational speed of the spindle is change from 0 to 8000 rpm. Ultrasonic spindle
controller is used to control the rotational speed and vibration power as shown in Fig.
2.3. This spindle incorporated a rotary spindle with resonance frequency of 40 kHz.

The maximum rotational speed of the spindle is 8000 rpm.

Ultrasonic F j

spindle

Fig. 2.3 Ultrasonic spindle controller

2.2.1. Apparatus (Ultrasonic spindle, Workpiece and

Experiment setup)
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(a) Structure of grinding wheel

(b) Grinding wheel
Fig. 2.4 Grinding wheel for UAG

Fig. 2.4 shows the grinding wheel used for UAG tests. The diameter of the
grinding wheel is ¢ 8 mm, length is 5 mm. Grinding wheel is metal bond ¢cBN wheel
with mesh size #140 and concentration 100.

Due the research of UAG of Inconel 718 have been widely proved to be effective.
Therefore, the Ti-6Al-4V was selected to be study in this research. Fig. 2.5 show
workpieces used for UAG tests. Plate-shaped Inconel 718 and Ti-6Al-4V specimen
with dimensions of L48 mmxW36 mmxT3 mm were used as the workpieces and the

material properties are shown in table 1.1.

Fig. 2.5 Workpieces used for UAG tests
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In order to actually realize the above-described processing principle, an
experimental apparatus was established by installing a commercially available
ultrasonic spindle (URT40 by Takesho Co., Ltd.) onto a commercially available NC
grinder (GRIND-X IGM15EX by Okamoto Machine Tool Works Co., Ltd.) through a
3-components piezoelectric dynamometer (9256A by Kistler Co., Ltd.) as shown in
Fig.2.6. The dynamometer was located below the ultrasonic spindle and used for the

measurement of grinding forces.

Grinding wheel

Ultrasonic spindle

"= . Piezoelectric
.dynamometer

Fig. 2.6 Schematic illustration of the ultrasonic assisted truing and dressing

2.2.2 Procedure (Measurement of UV amplitude)

Before UAG tests, it is necessary to confirm the performance of the ultrasonic
spindle. Fig. 2.7 shows the UV amplitude measurement method. Laser Doppler
vibrometers (LV-1610 by Ono Sokki Co., Ltd.) was used for measuring the UV
amplitude of the grinding wheel. Grinding wheel was screw into the end surface of
the UV spindle. Laser light strikes on the center of the end surface of the grinding

wheel. Thus, the UV amplitude in the grinding wheel axial direction can be measured.

Fig. 2.7 uv amplitude measurement method.
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2.2.3 Experiment conditions

The abrasive grains on the working surface of the wheel employed were
observed by a 3D SEM (ERA-8900 by ELIONIX.Co., Ltd), showing that most of the
grains were cone-shaped and their vertical angles and average diameter were around
120° and 105 pum, respectively. In experiments, the Inconel 718 specimen was fixed
on a work-holder under which a Z-stage is located for determining the depth of cut 4.
Typically, cBN abrasives require a speed of over 50 m/min for grinding Inconel 718
[1]. In this work, the grinding wheel diameter was 8 mm, indicating that the wheel
rotational speed n, should be over 2000 rpm; therefore the value of n, was set at
5500rpm. Meanwhile, for precision grinding, usually the workpiece feed rate should
be a relatively low value, consequently the v,, was set at 15 mm/min in this work. In
this case, the depth of cut should be a relatively large value in order to ensure the
material removal rate; hence the value of 4 was set to 80 um. As the purpose of this
work is to investigate the effect of the ultrasonic vibration of grinding wheel on the
wheel working surface condition, grinding parameters, i.e., the depth of cut, the work
feed rate and the grinding speed, in experiments were kept constant at /=80 pm,
Vw=15 mm/min and V,=100.5-138.2 mm/min, respectively, while the vibration
amplitude A4,, was measured by the Laser Doppler vibrometers (LV-1610 by On
Sokki Co., Ltd.), and it was varied in a range of 4,,=0 to 9.4 um as exhibited in Table

2.1. In addition, dry grinding operations were performed without coolant supplying.

Table 2.1 Experimental conditions.

Workpiece Inconel 718, L48 mmxW36 mmxT3 mm

Grinding wheel Electroplated cBN#140, ¢8xL8 mm

Frequency /=40kHz
Amplitude 4Ap.p=9.4um, 7.7um, 5.8um, 4.1pm, 2.2pum, Opm

Ultrasonic Vibration

Workpiece feed rate V,,=0.2 mm/min

Grinding speed V=100.5 mm/min, 113.0 mm/min, 125.6
Process parameters

mm/min, 138.2 mm/min

Depth of cut A=10, 20, 30, 40, 50, 60, 70, 80 pm

Coolant Without (Dry grinding)
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2.3 Results and discussions

2.3.1 Grinding forces

With the assistance of ultrasonication, the shear angle ¢ is increased. For
confirming this issue, it is perfect to directly measure the shear angle; however, this is
an extremely difficult task in fact. Therefore, given the grinding force is the function
of the shear angle [2], the effect of the ultrasonic vibration on the grinding force is
considered as belows in order to indirectly measure the shear angle in the absence and
presence of ultrasonication.

As shown in Fig.2.8, the direction of the tangential grinding force f,; acting on
the grain cutting edge along the real grain cutting speed V is determined with the
engagement angle y and thus oscillates between -y,,,, and +y,,,, during one cycle of
vibration during grinding. Thus, the instantaneous tangential grinding force f/(t) at

time ¢ along the wheel-workpiece contact arc / can be expressed as:

fi(t)= [, cosy (D

Cutting trace

Fig. 2.8 Cutting trace in grinding zone and grinding forces on the grain in UAG.

Following the oscillation of y, the fi(¢) varies periodically, and its time-averaged value

over one cycle with the period of 7, f,, is obtained by:

1 1
ﬂ:?J:f,(t)dt:?ijg,cos;/dt 2)
The total time-averaged tangential grinding force F; can be calculated by Eq.(3)
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VoAV, p (3)

Ng T
F; - T _Lf;;; 2,2 2 2
Jan f24, , cos’ 2af) + (V. +V,)

Eq.(3) indicates that the grinding force in UAG (i.e., 4p-,>0) would be smaller than
that in CG (i.e., 4pp=0), and in particular the force F; would be decreased as the
ultrasonic vibration amplitude 4,., increases but linearly increases with the increase in
the wheel peripheral speed of V-.
To confirm this issue, grinding forces were measured under various values of
A, and V.. In practice, the F approximately equals the component of grinding force
in y-direction (see Fig.1) Fy and hence the F), was experimentally obtained. Also, the
component F in z-direction was measured for comparison. Figs.2.9 (a) and (b) show
the obtained effects of the 4,., and the V. on the two components of grinding force.
Evidently, either the Fy or the F. monotonously decreased as the A4, increased
(Fig.15(a)), and almost linearly decreased with the increasing V. (Fig.2.9 (b)). It
should be noticed, for example, that at ,=138.2m/min, once the ultrasonic vibration
at 4,,,=9.4 pm has been applied, the values of Fy and F. were dropped by 51.9% and
38.6 %, respectively, compared with that without ultrasonication (A4,,=0 pm). These
results agreed well with those predicted by Eq.(3). Also the grinding force ratio of
F./F, was obtained as exhibited in the same Fig.2.9, showing that the ratio increased
with the increasing ultrasonic vibration amplitude 4,., (Fig.2.9(a)), whereas little
effect of the wheel peripheral speed V. can be observed on the ratio (Fig.2.9(b)) either
in CG or in UAG. As revealed by Dong Kun Zhang [3], the larger grinding force ratio
indicates that the grinding process mainly involves the friction ploughing and the
deformation of chip is small. The obtained results shown in Fig.2.9(a) accordingly
demonstrated that the ultrasonic vibration indeed contributed to the occurrence of the
friction ploughing and the reduction in chip deformation. This would in turn result in
the reduction in grinding energy consumption; in other word, in the case of the same
specific grinding energy consumption, a greater material removal rate, i.e., a higher
grinding efficiency, would be achieved at a larger vibration amplitude.
Furthermore, the specific grinding energy in UAG was compared with that in CG.
As the specific grinding energy is defined as the energy per unit volume of material
removed [4], in CG without ultrasonication, the specific grinding energy u can be
expressed by following equation:

u="F,V, /1000bAV, “4)
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where F), [N] 1s the tangential grinding force, V. [m/min] is the wheel grinding speed,
b [mm)] is the grinding width, 4 [mm)] is the wheel depth of cut, and Vj [m/min] is the
workpiece feed rate. On the other hand, the specific grinding energy in UAG would
be:

u=(FV,+FV,)/1000bAV, (5)

where F, [N] is the grinding force in x-direction due to the wheel ultrasonic vibration
and ¥V, [m/min] is the wheel ultrasonic vibration speed; both of them are varied
periodically at the frequency of /' during grinding.

In the current work, the values of V., b, 4 and V,, have been already known as
exhibited in Table 1 and that of F) is also the already known one as shown in Fig.15.
Then the F was actually measured with the same dynamometer used for F, and F,
and the value of ¥, was calculated by substituting the f'and 4,., given in Table 2.1.
Table 2.2 exhibits the results typically obtained at V,=138.2 m/min for various values
of 4,.,. It can be seen that in a vibration cycle of wheel, the £V, varied from 0 to the
respective peek values for different A4,, while the F,V,. decreased as the 4,

increased.

Table 2.2 Vi, Fx, F..V, and F,V, typically obtained at V.=138.2 m/min for various

values of 4,,.,

App[mm] 0 2.2x103 4.1x103 | 5.8x103 | 7.7x103 | 9.4x103
Vi [m/min] |0 -16.6~16.6 | -31~31 | -44~44 |-58~58 |-71~71
F.[N] 0 -0.1~0.1 -0.1~0.1 | -0.1~0.1 | -0.1~0.1 |-0.1~0.1
F.Vs 0 0~1.7 0~3.1 0~4.4 0~5.8 0~7.1
V. 718.6 | 552.8 483.7 428 .4 387.0 345.5

Subsequently, substituting the data shown in Table 2.2 and the values of b, A and
V. shown in Table 2.1 into Eq.(5) yielded the relationship between the u and the 4,,.,
as shown in Fig.2.10. It can be seen from this figure that although the specific
grinding energy u varied between u; and uy at the given A4,, for the sake of the
ultrasonic vibration, the u intended to decrease as the 4,., increases, confirming that

the ultrasonication benefits the reduction in the specific grinding energy significantly.
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2.3.2 Form accuracy and surface roughness

To investigate the grinding efficiency of the UAG process, actual removal
depth/rate are studied with the parameters 4,.,, V., A. Fig.2.11 shows the effect of
actual removal depth/rate by process parameters. It shows a high level of vibration
amplitude and rotational speed can be verified that a evidently contributes to a high
actual removal depth A,=9.8 um, both in UAG and CG. In addition, actual removal
rate were defined as:

n ==L x 100% (1)
The values of # were obtained for different depth of cut as shown in Fig. 4c. When
depth of cut increases, the actual removal rate in UAG is significantly larger than
those in CG. Moreover, according to the graph gradient of 7, it can be verified that
deep depth of cut led to a lower actual removal depth =81 % in CG, but UAG can
remained keep # at 98 %. In other words, the effect of UV on the actual removal depth
can be enhanced with the increasing of 4,., and V., but V. can hardly contributes to 7

with deep cut of depth, as high level UV ( 4,.,= 9.4 um) does.
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Furthermore, the effect of process parameters on the surface roughness in CG and
UAG are shown in Fig. 2.12. It is found that both roughness in CG and in UAG
decrease with increasing of vibration amplitude and rotational speed, but increase
with increasing of cut of depth. Additionally, it is noticed that the roughness Ra in
UAG are smaller than those in CG, meaning the presence of the UV improves the
surface roughness significantly. The improvement of surface quality in UAG can be

considered to be the contribution of the grinding forces reduction.
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Fig.2.12 Surface roughness versus process parameters

Furthermore, Taghi Tawakoli [5] proved ultrasonic vibrations caused significant
improvements on surface roughness for dry grinding 42CrMo4, which was caused by
friction. This issue could increase material removal rate Q with better surface
roughness. To investigate the effect of vibration amplitude on work-surface form
accuracy, the roughness of workpiece surface and material removal rate Q were
measured and shown in Fig.2.11 and 2.12. It could be seen from this Fig. 2.11 that the
surface roughness of workpiece improved with the increase of ultrasonic vibration.
This suggested that, for Inconel 718, the ultrasonic vibration also contributed to

workpiece form accuracy.

2.3.3 Work surface integrity

2.3.4 Grinding wheel wear

At first, a comparison between the grinding wheel working surface conditions
with and without ultrasonic vibration was carried out by SEM observation. Fig.2.13
shows the SEM images of typical fragments on the wheel working surface before and
after grinding with and without ultrasonication. As can be seen that either in CG
without ultrasonication (4p.p=0 pm ) or in UAG with ultrasonication (4p.p=9.4 pm),

both chips adhesion and grains releasing/fracture occurred after grinding, indicating
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the wear of electroplated cBN grinding wheel in grinding of Inconel 718 are
dominantly attributed to chips adhesion, grains releasing and grains fracture; however,
comparing the right sides of Figs.2.13(a) and (b) revealed distinctly that the ultrasonic
vibration of grinding wheel reduced both the chips adhesion and grains

releasing/fracture significantly.
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(b) with ultrasonication, i.e., UAG, 4,.,=9.4 um, n,=138.2 mm/min

Fig.2.13 SEM images of the grinding wheel working surfaces before (left sides) /after
(right sides) grinding of Inconel 718 (a) without and (b) with ultrasonication

To begin with, the chips adhesion phenomenon was quantitatively estimated. For

this purpose, the extraction and binarisation processing of the chips adhered in a
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certain zone of working surface (1.13 mmx6 mm in the current work) were performed
on the SEM images of grinding wheel working surface using Image-Pro Plus software
followed by calculating their areas with the same software. In the extraction, as the
colors of the chips adhered differ from those of the cBN grains and the bond materials
(see right sides of Fig.4), the chips adhere were extracted according to their colors by
using threshold and segmentation tools of the Image-Pro Plus software which can
distinguish colors of SEM images. After the extracted chips have been binarized, their
numbers and areas were calculated using the Count/Size command of the same
software. As the typical results obtained, Fig.2.14 shows the binarized SEM images,
on which only the adhered chips appeared, for different ultrasonic vibration
amplitudes. It can be seen from the figures that the smaller the ultrasonic vibration
amplitude was, the heavier chips adhesion became. This result demonstrated that the
assistance of ultrasonic vibration improves the grinding wheel working surface
condition from the view point of chip adhesion, as the chips adhesion leads to not
only a loss of abrasive grain sharpness but also an increase in the contact area and
frictional interaction between abrasive grains and the workpiece.

By using the data of binarized SEM images, the effect of the ultrasonic vibration
amplitude on the chips adhesion was discussed quantitatively in terms of the
percentage of chips adhesion area in the total wheel working surface area estimated,
the number and mean area of chips adhered on the same wheel working surface area
examined as shown in Fig.2.15. Obviously, the percentage of chips adhesion area
decreased with the increase in the vibration amplitude (Fig.2.15(a)); a decrease by
72.4 % at Ap.p=9.4 pm compared with that in CG at Ap.p=0 pm. In contrast, no
noticeable tendency can be observed on the effect of the amplitude on the number of
chips adhered (Fig.2.15(b)), implying that the mean area, i.e., size of chips adhered
tend to decrease as the vibration amplitude increases (Fig.2.15(c)). This phenomenon
is considered to be due to that the larger vibration amplitude leads to the formation of
smaller chips [6]. Small-sized chips adhered in chip pocket do not pose a
friction-triggered intensive heating in grinding zone [7]. Larger vibration amplitude
makes the grinding process of Inconel 718 more effective owing to the huge motion

acceleration of chips which is induced by the ultrasonic vibration of grinding wheel.
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Fig.2.15 Effects of vibration amplitude on chips adhesion: (a) percentage of chips
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Next, the releasing and fracture of abrasive grains were also quantitatively
investigated in terms of the percentages of the number of abrasive grains
released/fractured in the total number of abrasive grains in the estimated wheel
working surface area both in CG and UAG of Inconel 718. Fig.2.16 shows the
obtained results. Evidently, in CG (4p.p=0 pm) the percentage reached 44 %,
indicating that almost the half of the abrasive grains were released/fractured during
grinding without ultrasonication, whilst once the ultrasonic vibration has been

imposed on the grinding wheel even at a relatively small amplitude of 4p.p=2.2 ym,
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the percentage was significantly decreased to less than 20 %, demonstrating that the
presence of ultrasonic vibration restraints the grain releasing/fracture phenomenon
considerably. It is also noticed that the percentages of the number of grains
released/fractured decreased as the vibration amplitude rose, implying that the larger

the amplitude was, the smaller the damage to grains became.
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Fig.2.16 Effect of ultrasonic vibration amplitude on the percentage of the grain

releasing/fracture number in CG and UAG of Inconel 718

As clarified above, the abrasive grains are released from the wheel working
surface due to the bond fracture, and the grains fracture also occurs because of the
grinding forces during grinding. These facts would in turn cause the decrease in the
distribution density of effective grain cutting edges seriously, subsequently leading to
the deterioration of the wheel performance. In order, therefore, to maximize the
effort of ultrasonic vibration on keeping the grinding wheel performance, the
distribution density of effective grain cutting edges on the wheel working surface
were investigated for various ultrasonic vibration amplitudes by the island analysis.

In the island analysis, 3D (three dimensional) topographies of wheel working
surface were firstly obtained by means of the 3D-observation function of the used
SEM. As an example, Figs.2.17(a) and (b) show the 3D-topographies of a grinding
wheel working surface in a typical area of 1.5 mmx1.13 mm before and after UAG at
A,,=9.4 ym, respectively. As can be seen from the figures that the grains with sharp

cutting edges were distributed uniformly on the working surface before UAG;
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however after grinding the grains releasing occurred and the grains fracture took place
which resulted in the reduction of cutting edge protrusion.

Figs.2.18(a) and (b) exhibit the islands obtained by the island analysis, for
example, using the data in Figs.2.17(a) and (b), respectively, at z=30 um. These
islands stands for the effective cutting edges in the case of the maximum grain depth
of cut g,=z=30 um .Comparing Figs.2.18(a) and (b) with each other revealed that after
UAG ceither the distribution density or the size of the islands, i.e., the effective cutting
edges, at z=30 um were changed. By similarly doing, the distribution densities of the
effective cutting edges at different values of z were quantitatively investigated under
various values of App. Fig.2.19 shows the obtained results, indicating that the
distribution density increased as the value of z rose. When the value of z was smaller
than 10pm, no considerable difference between the distribution densities with and
without ultrasonication was observed; however, once the z was beyond 20 um the
larger the vibration amplitude was, the higher the distribution density became. On
other words, as mentioned in the last sub-section, the presence of ultrasonic vibration
restraints the grains releasing/fracture, and in turn maintains the effective cutting edge
density at a high level. In addition, micro self-sharpening or self dressability effect

contributes to such an increase in the effective cutting edges density as well [8].

a) Before UAG b) After UAG at 4,,=9.4um
Grinding direction

x-direction Vibration direction

Fig.2.17 3D topographies of wheel working surface (a) before and (b) after UAG

36



Chapter 2

500 um Rotational direction Vibration %
e € drection
a) Before UAG b) After UAG at 4, ,=9.4um
¥ v
' A - -
5 )
l. - JL P = <6
” ¢
v -
&
h R L P
& a | 2 n

Fig.2.18 Islands, i.e., effective grain cutting edges, distributions at z=30 pm

Given that the mean area of the islands (i.e., the effective cutting edges) denote the

sharpness of the grinding wheel, it is of importance to investigate the effects of the

vibration amplitude on the mean area of effective cutting edges for various values of z.

Fig.2.20 shows the results obtained by averaging the areas of effective cutting edges.

Evidently similar with that in Fig.2.19, the mean cutting edge area increased as the z

rose. It is, however, worthy to note that overall the mean area of effective cutting

edges in UAG is smaller than those in CG, demonstrating that the presence of

ultrasonication enhanced the grinding wheel sharpness, namely, reduced the dulling

degree of abrasive grains and hence improved the wheel performance. At larger

amplitude, this fact appeared more outstandingly.
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The aforementioned comparison between the wheel surface conditions after
grinding with and without ultrasonication revealed that the ultrasonic vibration plays
an essential role in inhibiting the grinding wheel wear and promoting the chip
removal during grinding of Inconel 718. Jianguo Cao, et al. [9] pointed out that in
UAG sinusoidal grain cutting traces are formed on the workpiece in the contact zone
between the wheel and the workpiece with an arc length of /. and a width of b owing
to the synthesis of two motions, i.e., the wheel rotation around its own axis and the
wheel ultrasonic vibration along its own axis as shown in Fig.2.21(a). For
convenience, the 3D spatial cutting trace is re-drawn on a 2D yol plane, which is fixed
on the workpiece as in Fig.2.21(b). Thus the /- and y-coordinates of an ultrasonically
vibrating grain at time ¢ in the yo/ plane can be expressed by Egs.(6) and (7),
respectively, when assuming both the initial /- and y-coordinates of the grain are 0 at
time =0 and the work feed rate is small enough to be ignored compared with the
wheel peripheral speed.

x(t)z;rdgngt (6)

y()=0.54, ,sin(27 ft) (7

Differentiating Eqs. (6) and (7) with respect to time ¢ twice yielded the
acceleration of the grain in /-axis being zero regardless of the time ¢ but that in y-axis
at time ¢ being given with Eq. (8).

a,(t)= —27r2f2Ap_p sin(27 ft) (8)

Essentially, the occurrence of chips adhesion and grains releasing/fracture during
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grinding is due to the physical interaction between the grain and the workpiece.
Assuming a chip with a mass of m has been adhered on the front face, i.e., the rake
face, of the grain cutting edge (Fig.2.21(b)) and motions along with the grain, an
inertia force in y-direction would be caused by the acceleration of the chip according
to Newton‘S second law and acts on itself as expressed with Eq.(9).
F(1)=-2mn’f*A4,_ ,sin2z ft) 9)
It can be figured out from Fig.2.21(b) that when the grain motions to any of the
sinusoidal peaks, the inertia force reaches maximum, for example, with a value of
2x3.14*x40°%x9.4 m=296577 m in the case of /=40 kHz and A,,=9.4 pm , meaning the
inertia force would reach a huge value of 30263 times as great as chip weight, which
is only 9.8 m. This inertia force has non-significant effect on the material removal [2],
but will bring a sake of the chip leave out from the grain surface because the inertia
force acts in a direction opposite to the grain motion direction. According to Eq.(9),
higher amplitude leads to larger inertia force, and hence results in a better chip
removal, which can not only encourage the decrease in the chips adhesion but also

reduce the damage to grains and bonds [3].

ain cutting trace

a)

Workpiece
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b) F}(f)
Chip adhesion
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Fig.2.21 Grain cutting trace on workpiece: (a) 3D image of UAG; (b) grinding area of
UAG

In addition, one of the present authors concluded in his previous work [10] that for
the sake of the sinusoidal trace the cross section area of the un-deformed chip
becomes smaller once the ultrasonic vibration has been imposed on the vitrified-bond
cBN grinding wheel in the UAG of stainless steel (SUS440C). This subsequently not
only results in the minimization of chips and makes it easier to remove the chips from

the grinding zone but also decreases the grinding force.

2.3.5 Chip deformation

Figs.2.22 (a) and (b) show the 3D SEM images of chips formed in UAG (4p.,=9.4
um) and CG at V=138.2 m/min, respectively. The majority of chips in UAG seems
smaller than those in CG. Subsequently, 50 chips formed in each test were properly
collected and their 3D SEM images were obtained to achieve their sizes (lengths and
cross section areas). As a result, the chip length and its cross section area at different
vibration amplitudes for various wheel peripheral speeds were obtained as shown in
Figs.2.22 (¢) and (d), respectively, where the error bars indicate the size variations of
50 chips in the corresponding test with the same grinding conditions. It is evident in
Fig.2.22 (c) that both the mean length and the mean cross section area of 50 chips
were decreased monotonously with the increasing vibration amplitude. It is further
worthy to note that the cross-section area of chips became smaller by 64.3 %, and the

mean length decreased by 36.3 %, respectively, once the ultrasonic vibration with an
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amplitude of 4,,=9.4 pm has been imposed to the grinding wheel. Shifting the
attention to the effect of the wheel peripheral speed (Fig.2.22 (d)) revealed that the
cross-section area either in UAG or in CG decreased slightly with the increasing
peripheral speed; however, the effect of the speed on the chip length either in UAG or
in CG were not obvious. In a word, the chip size is distinctly affected by the
ultrasonication but little effect of wheel peripheral speed was observed. Given that in
grinding the normal force acting on the grain cutting edge rake face is increased with
the increasing contact area between the chip and the cutting edge [11] and the grain
cutting force is proportional to the chip cross section area [12], these experimental

observations on chip size imply that the grinding force would be reduced as the

ultrasonic vibration amplitude increases.
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Fig. 2.22 Effects of ultrasonic vibration amplitude and wheel peripheral speed on chip

size: (a) 3D SEM images of chips in UAG at 4,.,=9.4 pm, (b) 3D SEM images of

chips in CG, (c) Chip lengths and cross section area vs. vibration amplitude, (d) Chip

lengths and cross section area vs. wheel peripheral speed.

As revealed by Pei-Lum Tso [13], in conventional grinding of Inconel 718, the
formed chips can be in general classified to six types, i.e., flow, shear, rip, knife, slice
and melt. In the present work involving the same workpiece, although all the six types
of chips were also observed, the great majority of them were the shear, knife and flow
types either in UAG or in CG as typically shown in Fig.2.23. Shifting the attention to
the number percentages of each type under different grinding conditions, it can be
found from Fig.2.24 that the majority of chips in CG were shear type, whereas most

of them in UAG were flow type especially at larger vibration amplitude (4,., > 4.1
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um). This indicates that the UAG of Inconel 718 is potentially avoiding the formation

of shear chips and prefers the flow chips especially at larger amplitude.
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Fig. 2.23 Type of chips at A=80 um and V,=138.2 m/min: (a) shear chip in CG ; (b)

knife chip in CG; (c) Flow chip in CG; (d) shear chip in UAG; (e) knife chip in UAG;
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Fig. 2.24 Effect of vibration amplitude on chip type.
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Fig. 2.25 Effect of wheel peripheral speed on chip type.

As for the effect of the wheel peripheral speed V., it can be found from Fig.2.25
that in CG at the beginning as the V. increased from 100.5 m/min to 113 m/min, the
percentage of the flow chip rapidly rose from 4 % to 63 % and little change can be
found on the percentage of knife chip, whilst that of the shear chips dropped
considerably from 86% to 30%, and then as the V. continued to increase, significant
variations cannot be observed on the percentages of all the three types of chips.
However, in UAG, little changes can be found on the percentages of all the three
types of chips as the V. increased from 100.5 m/min to 138.2 m/min. These facts
revealed that in CG of Inconel 718, the wheel peripheral speed would affect the chip
formation significantly, whereas in UAG the chip formation is hardly affected by the
wheel peripheral speed. The reason for these differences will be discussed in next
section.

As afore-revealed, the great majority of chips formed in UAG were smaller than
those in CG. In order to find the reason why the ultrasonication resulted in the
formation of smaller chips, the cutting traces of a single grain with and without
ultrasonication in the grinding zone and the formation behavior of a chip by the grain
are considered as illustrated in Figs.2.26(a) and (b), respectively.

In CG without ultrasonication (Fig.2.26 (a)), the grain‘s cutting trace is a 2D
curved line in the yz-plane and the undeformed chip length is supposed to be equal to
the length of the cutting trace, whereas in UAG the cutting trace is a 3D curved line
that looks like a spatial sinusoidal curve and its length would be longer than that in

CQG, indicating that the undeformed chip length in UAG would be longer than that in
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CG. One of the present authors presented in his earlier work [14] on the UAG of
SUS440C steel that the materials removed by a single abrasive grain with
ultrasonication equals that without ultrasonication and thus the longer cutting trace
results in the smaller cross section area of chip. This would be one of the reasons why
the cross section area of chips in UAG is smaller than that in CG. Meanwhile, the
ultrasonic vibration benefits the reduction of the friction coefficient between the grain
and the chip and the ground work-surface for the sake of the so-called ultrasonic
lubrication [15]; the larger the vibration amplitude is, the smaller the friction
coefficient becomes, leading to the increase in shear angle and eventually decrease the
chip thickness. This might be one of the reasons why the chip cross section area
decreased with the increasing ultrasonic vibration amplitude.

Fig.2.26(b) illustrates the instantaneous chip formation behavior at a moment in
UAG. Although the ultrasonic vibration is purposely imposed on the grinding wheel
along the wheel axis (x-direction), usually it also occurs in the wheel radial direction
owing to the LR transferring effect [16]. In the current work, for confirming this issue,
the radial and axial ultrasonic vibration of the wheel were measured using a laser
Doppler vibrometer (LV-1610 by Onosokki) and the obtained results indicated that the
actual vibration amplitude in the radial direction (4,) was about 0.4 um whereas about
9.4 um in the axial direction. Therefore, even the amplitude in the radial direction was
much smaller than that in the axial direction, the impact effect of the ultrasonically
vibrating grain takes place in the radial direction and the chip breakage is promoted,
resulting in the formation of shorter chips compared with that in CG without the
impact effect. This might be one of the reasons why the chips length in UAG was
smaller than that in CG.

Cutting trace in CG
Cutting trace in UAG
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(b)
Fig.2.26 (a) Grain cutting traces (b) impact effect of grain on chip in UAG

The generally accepted mechanism of chip formation in grinding is that of
extrusion-like action [12] as shown in Fig.2.27 (a). Between points A and C, grain and
workpiece are just in contact without cutting action. At the very first stage of the
interaction between grain and workpiece, plastic deformation occurs, the temperature
rises and normal stress exceeds the yield stress. The work material is abruptly sheared
as it crosses the primary shear zone along the shear plane A-D that is determined by
the shear angles ¢. When the shear angle ¢ is small, the material in the front of grain
is predominantly deformed and piled up due to shearing action, which is more
relevant to high compressive stress, leading to the formation of a shear chip
(Fig.2.27(b)). The material piled up in the front of grain partially flows under the
cutting edge, resulting in the generation of many cutting marks on the chip surface,
which was frequently observed in the CG of Inconel 718 [17]. This kind of chips will
bring a large specific grinding force, increase the grinding temperature and cause
serious grain wear.

The formation mechanism of flow chip is similar with that of shear chip, but the
shear angle ¢ is larger compared with that in shear chip formation (Fig.2.27(c)). When
the shear angle is large, the flow chip formed with a narrow primary shear zone. In
this case, there is low residual stress, and practically all of the energy consumed ends
up in the chips instead of workpiece. In addition, the material is removed with a low
strain and the contact condition turns into sliding. This phenomenon can be observed
by scanning the chip grinding surface (Figs.2.23(c) and (f)), which is smoother than
shear chip (Figs.2.23(a) and (d)).
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C A Workpiece
(a) Extrusion-like behavior in chip formation in grinding
Low strain
High strain
\Grain
~ Workpiece

(b) Shear chip formation

== Low strain

Workpiece

(c) Flow chip formation

Fracture micro defects

Workpiece
(d) Fracture mechanism in knife chip formation
Fig. 2.27 Shear and fracture of chip in single grain

The knife chip is formed frequently with fracture micro defects in work material
(Fig.2.27 (d)). This kind of chips was actually found to occur when a relatively large
depth of cut was applied [18]. This phenomenon brings a serious compressive force
and ends up the occurrence of high compressive stress in the primary deformation
zone, eventually inducing compressive residual stresses in the machined surfaces [19].
Due to the high compressive residual stress, the subsequently passing grain leads to
fracture micro defects below the surface. This is the reason why the knife chip was
formed with crack, as shown in Figs.2.23 (b) and (e).

Armarego and Brown [21] concluded that the shear angle ¢ is independent of
both the grain width of cut and the chip thickness and can be determined by Eq. (10).

tan(p+ f3) = cotxr (10)

where f is the friction angle and determined by the friction coefficient u, between the
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rake face of cutting edge and the chip through the relationship of tanf=u, and a is the
rake angle of cutting edge. In CG, the angle a is usually the same with the half
vertical angle 6 of the grain; hence, it can be figured out from Eq.(10) that as long as
the grinding is performed with a given grinding wheel at a given wheel depth of cut,
the o will be a given constant, consequently the ¢ would increases as the S decreases.
Elena Teidelt [15] pointed out that the ultrasonic vibration benefits the reduction of
the friction coefficient u,; the larger the vibration amplitude is, the smaller the friction
coefficient becomes, implying that a larger vibration amplitude leads to a larger shear
angle ¢ according to Eq.(10). This is considered to be one of reasons why the
formation of flow chips was promoted by the ultrasonication of wheel, in particular, at
a larger amplitude.

For convenience, the 3D spatial cutting trace is re-drawn on a 2D /.ox plane,
which is fixed on the workpiece as in Fig. 2.28. A sinusoidal cutting trace is generated
on the work-surface due to the grain vibration velocity V. in the wheel axis
(x-direction) and the grinding speed V; along the contact arc where the V; and the V,
can be expressed as:

Vio=v.+V, (11)
V.(t) = nfA,_, cos(2nf1) (12)

It can be figured out from Egs. (11) and (12) that the direction of the real grain
cutting speed V varies in a sinusoidal pattern and quantitatively is indicated by the
engagement angle y determined by Eq. (13):

y=tan” (v, /7)) (13)

Cutting trace

Fig. 2.28 Cutting trace in grinding zone and grinding forces on the grain in UAG.
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Under the experimental conditions in the current work, the max value of V, was
similar with the value of ¥, resulting in the y will oscillated in the range of -27 (-yuax)
to 27 (+ymax)- It is also inferred from Egs. (6)-(8) that the engagement angle increases
as the vibration amplitude increases. Thus, the chip hardly forms in same plastic
deformation during a vibration cycle. Hence, the ultrasonic vibration eliminates the
accumulation of chip compressive stress and makes the flow chip form easily.
Meanwhile, flow chip formation leads to a low compressive residual stresses of chip,
which make the formed chip break easily under the impact from the vibrating grain in

plane z/.

2.4 Summary

The working surface condition of electroplated ¢cBN grinding wheel and chip
deformation in ultrasonic assisted grinding (UAG) of Inconel 718 was investigated for
different ultrasonic vibration amplitudes. The obtained results can be summarized as
followings:

(1) In UAG at the ultrasonic vibration amplitude of 4,,=9.4um the normal and
tangential grinding forces were smaller by 42.5 % and 40 %, respectively, compared
to those in CG, when the wheel peripheral speed was 138.2 m/min.

(2) The specific grinding energy u in UAG is smaller than that in CG and
intended to decrease as the A,, increases, demonstrating that the ultrasonication
benefits the reduction in the specific grinding energy.

(3) The wear of electroplated cBN grinding wheel in grinding of Inconel 718 are
dominantly attributed to chips adhesion, grains releasing and grains fracture. Both the
percentage of chips adhesion area and the size of chips adhered tend to decrease as the
vibration amplitude increases; in contrast, the effect of ultrasonic vibration on the
number of chips adhesion are not noticeable;

(4) The percentage of the number of grains released/fractured decreases as the
vibration amplitude rises; e.g., the percentage in UAG at 4,.,=9.4 um was decreased
by 40 % compared to that in CG;

(5) The chip size, i.e., cross-section area and length, are distinctly affected by the
ultrasonication but little effect of wheel peripheral speed is observed. The UAG is
potentially avoiding the formation of shear chips and prefers the flow chips especially

at larger amplitude;
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(6) In conventional grinding (CG) without ultrasonication the wheel peripheral
speed would affect the chip formation significantly, whereas in UAG the chip
formation is hardly affected by the speed.
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Chapter 3 Machining characteristics of the UECG of

the difficult-to-machine materials

3.1 Machining Principal of UECG
Figure 3.1 illustrates the processing principle of the proposed UECG method. A

metal bonded ¢cBN grinding wheel ultrasonically vibrating in its own axis, i.e., Y-axis,
at a frequency of f and a peak-to-peak amplitude of 4,., is rotated clockwise at a
peripheral speed of V,. When a cut depth, A, is given between the wheel and an
electrically conductive workpiece, and the wheel is simultaneously fed to the left at a
feed rate of V), an ultrasonic assisted surface grinding operation is performed. Let the
grinding wheel be the cathode and the workpiece be the anode. Thus, the grinding
wheel and the workpiece are negatively and positively charged, respectively, when a
pulsed electric voltage is applied between them. In the meantime, if an electrolyte
fluid is supplied to the grinding zone between the wheel and the workpiece, the
work-material is oxidized and a thin oxidized layer is formed on the work-surface in
the grinding zone (this layer is conducive to an electrochemical reaction). Then, the
weakened thin layer is easily removed by the ¢cBN abrasive grains which are moving
along with the peripheral surface of the rotating grinding wheel. The electrolyte is a
key part of the ECG process because the electrochemical reaction forms the oxygen
layer. KNOs solution is selected as the electrolyte. The values of 4, Vg, and V,, are
determined such that the maximum grain depth of cut, i.e., the maximum undeformed
chip thickness, #,, is less than the extrusion height of the grain on the wheel working
surface, h. This is to prevent the metal bond from contacting the work-material,
otherwise electric short may occur, which will deteriorate the stability of the
electrochemical reaction. In order to discuss ¢,, several assumptions and
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simplifications are made and are shown below:
® The cBN grains are rigid cones of the same size.
® The active cBN grains located on the wheel working surface have the same
extrusion height, and all of them take part in cutting during grinding.
® The volume of material removed by a single grain is approximately equal to the

intersection volume between the grain and the workpiece.

Grinding wheel (Cathode) ‘

Input pulsed voltage

7
I Oxidized layer
| X

Workpiece (Anode) & Y

Fig. 3.1 Illustration of the principle of UECG

3.2 Experiment apparatus and conditions

3.2.1 Apparatus(Electrochemical wunit, Workpiece and
Experiment setup)

Fig.3.2 shows the schematic drawing of experimental setup constructed. A
commercially available ultrasonic spindle (R2 by industria Co., Ltd., Japan) capable
of vibrating at /=40 kHz and 4,,<8 ym was installed on the vertical axis of an
existing desk-top sized 3-axes CNC machine tool (Multi Pro III by Takashima Sangyo
Co., Ltd., Japan). On the lower end of the spindle, a metal bonded ¢cBN grinding
wheel of d=1.8mm in diameter was screwed. A coolant nozzle was employed to
supply the electrolyte fluid into the grinding zone. As the workpiece, a Ti-6Al-4V
specimen (L14xW10xT6émm) was held on the work-table of the machine tool through
a 3D-dynamometer (9254 by Kistler Co., Ltd.) and a work-holder. An electrochemical
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power supplier composed of a high frequency switch and a DC power was employed
to induce the electrochemical reaction between the electrodes; the anode output of the
power supplier was connected to the work-holder directly, whereas the cathode output

was to the spindle though a spring/carbon brush mechanism.

Ultrasonic spindle

Spring/carbon brush Ultrasonic power supply
Grinding wheel
Power amplifier
Cathode(-)
Pulse power Generator
Anode(+) \C
DC power . Coolant nozzle
Workpiece
Electrochemical supply Work-holder

3D-Dynamometer

Fig.3.2. The schematic drawing of experimental setup

3.2.2 Experiment conditions

In grinding, the maximum undeformed thickness ¢, of the chip which is formed

by the cutting action of the cone-like abrasive grain can be expressed as [1]:

NP Y (1)
v, d,

Where a is the successive cutting point spacing. Accordingly, in order to determine
the processing parameters of 4, V, and V,, under the precondition of #,<A, first the
values of a and / were obtained by measuring the 3D size of grains and observing the
grains geometry using an electron scanning microscope (SEM) with 3D
measurement/observation functions (ERA-8900 by ELIONIX Co., Ltd.). Figs.3.3 (a)
and (b) show the 2D SEM image of a typical area on the wheel working surface and
the 3D SEM image of a representative grain, respectively. For obtaining the mean
value of a, the distances a; (i=1, 2,..., N) between two neighbored grains along the
grinding direction were measured (Fig.3.3 (a)); in this work one hundred
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measurements, i.e., N=100, were attained as shown in Fig.3.3 (c). It can be seen that
although the value of a; varied in the range of 0 — 35 um, more than 90 % of them
were in the range of 5 — 20 um and hence the mean value can be determined as
a=11.88 pm. As for the extrusion height of grains 4, the 3D SEM observation results
revealed that most of the grains exhibited cone-shaped (Fig.3.3 (b)), and one hundred
grains were randomly selected for measuring their extrusion heights. Fig.3.3 (d)
shows the obtained height distribution percentage of the 100 grains. It can be seen that
although the values of / varied in the range of 1 — 14 um, over 74 % of them were 1 —

6 um, resulting in the mean values of 4=2.7 um.

Table 3.1 Experimental conditions

C Frequency f 40 kHz
Ultrasonic vibration Amplitude 20 8.0 um
cBN1000N100M
Diameter d 1.8 mm
oL Grinding speed V. 84.78 m/min
Grinding wheel Depth o% p— j 3 um
Grinding width b 2.5 mm
Wheel feed rate V. 12.0 mm/s
Workpiece Ti-6Al-4V(L14x W10 x T6 mm)
Pattern Triangle
Pulse electrolytic Input voltage U; 0~20V
power supplying Pulse frequency fa 0~0.2 MHz
Duty ratio D 0~50 %
Electrolytic solution KNO; solution, 5 %dilution

Typically, cBN abrasives require a speed of over 50 m/min for grinding
Ti-6V-4Al [2], and the purpose of the experiment is to confirm the feasibility of the
proposed UECG method and elucidate its fundamental machining characteristics in
the grinding of Ti-6Al-4V. Therefore, the wheel speed was set at V;=84.78 m/min,
and the values of A and V,, were kept constant at 3 uym and 2 mm/min, respectively,
based on the specification of the experimental setup in the current work. Thus,
substituting the afore-determined values of a=18.88 um, the employed wheel diameter
of d=1.8 mm and the values of V,;=84.78 m/min, A=3 pm, V,,=2 mm/min into Eq. (1)
yields the 7,=0.139 um which is far smaller than the mean value of A=2.7 um,
sufficiently meeting the afore-mentioned precondition of #,<h. The other process

parameter including the grinding width, the ultrasonic vibration, and the pulse
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electrolytic power supplying were as exhibited in Table 3.1. Due to the
electrochemical reaction of Inconel 718 is too weak to reduce work hardness. The
UECG process of Inconel 718 have no different with UAG process.

In experiments, CG operations neither with electrolysis nor with ultrasonic were
also carried out for comparison. In each grinding test, the grinding forces were
measured and the ground work surface was characterized by measuring its roughness
and observing its topography using a 3D laser microscope (VK-9700 by Keyence Co.,
Ltd.). Besides, chemical elements analysis was also performed on the formed chips
using the EDX function of the existing SEM to examine the oxidization of work

materials by the electrochemical reaction.
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3.3 Results and discussions

3.2.1 Electrochemical reaction

In ECG, the anodizing of Ti is carried out with the following electrochemical
reaction:
Ti+40H™ - TiO, + 2H,0 + 4e™ 3)
In order to confirm whether the titanium dioxide (TiO,) layer is actually generated on
the work-surface by this reaction, a specimen was prepared by focused ion beam (FIB)
machining technique and the SEM observation was carried out on the specimen as
illustrated in Fig.3.4. Firstly, the workpiece was coated with a thin Au-layer of around
0.13 um in thickness for protecting the work-surface from residual stress. Then, a
micro-sized rectangle hollow of about L400xW100xD70 pum) was created by FIB
machining. Finally, the specimen was placed with a tilted angle of 45°n the
specimen stage inside a SEM for observing the side surface of the hollow and thus
identifying the oxygen layer. Figs.3.5 (a) and (b) show the SEM images of specimens
obtained in CG (U~0V without ultrasonic) and ECG (U~20V without ultrasonic),
respectively. From Fig.3.5 (a) it is hard to find any layer between the Au-coated layer
and the original material of Ti-6AL-4V, whereas a black oxygen layer with the mean
thickness of about 78 nm can be distinctly observed between the Au-coated layer and
the original material in Fig.3.5 (b). This demonstrates that the electrochemical

reaction given by Eq.(3) exactly occurred in ECG.

SEM

Focused ion beam Au-coated
Rectangle hollow & layer
Au-coated layer A
Au-coated layer Witlipicce
Workpiece Workpiece L 45;, ’
, p
Y v

(a) Surface Au-coating (b) FIB machining (c) Tilted with 45° for SEM observation
Fig.3.4 Schematic diagram of FIB-SEM specimen preparation.
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Ov?without ultrasonic

Au-coated layer

Ti-6V-4Al
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(@)
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Au-coated layer

Oxidized layer
Ti-6V-4Al

w012, Imm 5. 0K

(b)

Fig.3.5 The SEM image of workpiece cross-section

3.2.2 Voltage and current

Ti oxide thin films were deposited on unheated plasma by DC power. The higher

voltage may be attributed to the optimum surface roughness, porosity, large surface

area, grain size and high rate of oxidation. The resistance (current variations) of the

TiO films that were exposed to environmental plasma at 200400 € [3], the

measurement of the current and voltage was carried out by measuring the output

current resulting from the exposure of the work surface.

The results of the change in the voltage vs. the change in the current are

represented in Fig. 3.6. It can be seen from Fig. 3.6 that either in ECG or in UECG,

with the increase of the U; the current / were quickly increased. With ultrasonic

vibration (UV) the measured current is lower than without UV. Considered the oxide

film is insulation, the lower current means the oxide film is deeper.
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Fig. 3.6 Relationships between the current and the voltage
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3.2.3 Grinding forces

As the grinding force is a crucial factor to measure the grinding characteristics,
the effects of the voltage U, the frequency f; and the duty ratio D of the pulse
electrolytic power on the normal and tangential grinding forces, F, and F;, in UECG
(4p,=8 um) and ECG (4,,=0 pm) were obtained as shown in Figs. 3.7 (a), (b) and (c),
respectively. It can be seen from Fig.3.7 (a) that either in ECG or in UECG, with the
increase of the U; both the F, and the F; were quickly decreased at beginning, and
once the U; reached the value of around 10 V their decrease rates became very small.
Significantly, the F,, and the F; were 3.24 N and 2 N, respectively, in CG (U~0,
A,,=0), and reduced to 1.3 N and 0.7 N, respectively, in UECG (U=12 V, 4,,,=8 um),
amazing decrease rates of 60 % and 65 %, respectively; whereas this kind of decrease
rates owing to UAG (U=0V, 4,.,=8 um) only or ECG (U~12 V, 4,,=0 um) only
were 31 % for F, and 37 % for F;, indicating that a much greater grinding force
decrease rate can be achieved by the synergy effect of the UAG and ECG compared
with that by UAG only or ECG only.

Regarding the effect of the f; on the F,, F; in UECG (Fig.3.7 (b)), it is evident
that both the F), and F, decreased linearly as the f; increased. However, the duty ratio
D had the effect on the grinding forces with different tendency compared with the f;
(Fig.3.7 (c)); both the F), and F;, decreased before the D reached 20 %, and then turned
to increase, implying the D should be set at 20 % for minimizing the grinding forces

under the current experimental conditions.
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Fig.3.7 Relationships between the grinding forces and the process parameters

Either the ultrasonic vibration or the electrochemical reaction can decrease the
grinding force. Especially, the combination of the two phenomenon decrease the
grinding force significantly. For clarifying the respective reasons, first the effect of
the ultrasonic only on the grinding force is considered. The present authors stated in
their previous work that the tangential grinding force on a single grain, f,, under the

presence of the wheel axial ultrasonic vibration can be determined by Eq.(1)[4].

k AV bl
f‘é} — S w c > (1)
. 27A 27A
NngJ.l‘ 1+( pfpfcos ”"'fx} dx
' Ve Ve

Where £; is the specific grinding force of the workpiece material; N, is the number of
acting abrasive grains; /. is the contact arc length, x is the location of an abrasive grain
in X-direction. It is easy to figure out from Eq.(1) that as long as the ultrasonic is

applied, i.e., 4,., >0, the value of f; will become smaller than that in CG where 4,,.,=0,
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revealing that the grinding force decreases as a result of applying ultrasonic during
grinding.

Next the effect of the electrochemical reaction on the grinding force is
considered as below. In grinding process, the normal grinding force on a single grain,

fn, can be expressed as [5]:
1 a
f, =5Ngéa§ tan2EHv (2)

Where o is the rake angle of the grain cutting edge, a, is the cutting depth of grain, H,
is the hardness of work-material, and ¢ is the geometrical factor of grain. It is obvious
that the f, has a linear relationship with the workpiece hardness, indicating that the
harder the work material is, the higher the grinding force gets.

Given that the workpiece hardness affects the grinding force significantly (see
Eq.(2)), the dynamic Vickers micro-hardness (DHV) were obtained for work-surfaces
by CG (U=0 without ultrasonic), UAG (U~=0 with ultrasonic), ECG (U~20 V
without ultrasonic) and UAG (U/~20 V with ultrasonic), respectively, by using
Dynamic Ultra Micro Hardness Tester (DUH-211). In measurement, a load of 1 mg
was applied for duration of 5s and a Vickers indenter with an included angle of 115°
was employed. As a result, the DHV values in CG, UAG, ECG and UAG were 512
HV, 512 HV, 453 HV and 436 HV, respectively, demonstrating that in the case
without electrochemical reaction, i.e., in CG and UAG, the DHV was independent of
the ultrasonic, and once the electrochemical reaction occurred, the DHV decreased
from 512 HV to 453 HV without ultrasonic and further to 436 HV with ultrasonic.
These imply that under the presence of electrochemical reaction the work-surface
hardness becomes low and the ultrasonic encourages the decrease in the hardness,
however under the absence of electrochemical reaction the ultrasonic does not affect
the hardness.

On the other hand, according to H. Jamshidi and M.J. Nategh [2], 50-70 percent
of the energy is spent to overcome the frictional forces at the tool-chip and
workpiece-chip interfaces in grinding process; the TiO, layer formed on the
work-surface is a well-known lubricating material, implying that the resultant TiO,
leads to the significant decrease in the tangential grinding force f; in addition to the
reduction in the normal grinding force due to the lower hardness of TiO; layer.

In the UAG, the trajectory of a single grain is a spatial sinecure-like as shown in

Fig. 3.8 where the grain trajectory in ECG is also displayed for comparison. The
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wheel ultrasonic vibration brings a change of the Reynolds number of electrolyte fluid
in the range of 100 - 400, resulting in the occurrence of vortex effects in the places

where the crest of the sinecure-like trajectory of grain is located [6].

Undeformed chip Grain trajectory  Vortex

Grain

Fig. 3.8 Grain motion trajectory.

The contact arc length between the wheel and the workpiece, /,, is given by Eq.

) [7]:
l, = \/Ad “4)
where d; is the diameter of grinding wheel. Meanwhile the ultrasonic vibration

wavelength 4 is expressed as:

A=1(+Vp) )

Consequently, the number of the crests, i.e., the vortexes, generated by a single grain

S Ie

within the grinding zone, N, would be:

_ l_g _ f/Adg
N=27= z—Vng (6)

Substituting the process parameters (Table 1) into Eq. (6) yields that the vortex
number was 136 in the current work.

O. A. Druzhinin [8] pointed out that the vortex has the ability to unify the ion
concentration of electrolyte, and G. Bellanger et al. [9] concluded that the thickness of
oxidized layer e depends on the concentration of ion OH™ coy, the diffusion
coefficient D, and the permeability p,, of the electrolyte employed as expressed by Eq.
(7)

e = DyCon-/Pm (7
Therefore, thicker oxidized layer would be generated in UAG process compared with

that in ECG.
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In order to confirm the anodization of the work-material, the formed chips were
observed with SEM and the weight percentage of the oxygen element on the chip and
workpiece were measured. Figs. 3.9(a) and (b) show the SEM images of typical chips
formed in ECG and UAG, respectively. It can be observed that the mean size of chips
in UAG was larger than those in ECG. The mean areas of chips 4. were quantitatively
obtained as exhibited in Fig. 3.9(c), showing the 4. decreased slightly with the
increasing U;. This phenomenon might be caused by the fact that the TiO, layer is
more brittle and broken easily compared with the original material of Ti-6Al-4V.
Besides, the ultrasonic decreased the chip size considerably, a phenomenon certainly

occurring in UAG processes [10].

(a) U=20V without ultrasonic (b) Ui=20V with ultrasonic
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Fig. 3.9 Variations in mean area of chips 4. with different U;

Fig.3.10 shows the weight percentages of oxygen on chips and work surfaces
obtained at different values of U; with and without ultrasonic. It can be seen that the
percentages on both the chips and work surfaces increased with the increasing Uy
either in the presence or in the absence of ultrasonic. In addition, the ultrasonic
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distinctly increased the percentages of oxygen, implying that with ultrasonic, thicker

TiO, lay is formed on the work surface and contributes to the decrease of grinding

forces.

The percentage of oxygen Py (wt.%)
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| [Work surface ——
20+
10
V,=2mm/s
V,=84.78mm/min
A=3um
op 1 ! ! ! ! I

0 4 8 12 16 20
Input voltage U; (V)

Fig. 3.10 Weight percentages of oxygen elements on chip and work surfaces at

different U; with/without ultrasonication

3.2.4 Work-surface integrity

Next, the effect of process parameters on the work-surface roughness in ECG

and UECG are shown in Fig.3.11. It is found that the roughness either in ECG without

ultrasonic or in UECG with ultrasonic decreased with the increasing of the U,

Additionally, it is worth noting that the roughness Ra in UECG was smaller than that

in ECG regardless of the value of U}, meaning the presence of the ultrasonic improves

the work-surface quality reasonably. The improvement of surface quality by UECG

can be considered to be the contribution of the decreased grinding forces and friction

coefficient caused by the formation of electrochemical product (TiO,) which will be

further discussed later.

Surface roughness Ra (um )

Fig.3.11 Surface roughness rate versus input voltage.
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SEM images of the ground work surface are as shown in Figs. 3.12 (a) and (b). It
can be observed that the main damages on the work-surface in CG were plastic
deformation and crack (Fig. 3.12(a)), whereas in UECG (Fig. 3.12(b)) this kind of
damage was not observed. The cross-section profile of the plastic deformation and
crack in grinding direction can be illustrated as in Fig. 3.12 (c)); this kind of damage
is caused by the residual stresses which are attributed to the fact that the abrasive
grain is compressive at beginning, then gradually increasing to become tensile with
the progress of grinding action. This trend was observed in the work-surface after CG
where the residual stresses are very sensitive to machining parameters [6]. This
implies that the grinding force and temperature in UECG are much smaller than those

in CG; this issue will be further discussed later.

Grinding diréttion

Grinding direction
o T

(b) in UECG with U=20V

Plastic deformation

and Crack
7

(c) Mlustration of the cross section of plastic deformation and crack in grinding
direction

Fig. 3.12 SEM images of ground work-surface.

As well known, under the presence of ultrasonic vibration, the wheel axial
vibration causes an oscillatory rubbing motion of the grains over the work-surface,
removing the material through the overlapping of adjacent grain trajectories.
Moreover, due to the more micro-fracture behavior of grains, the number of active
grain cutting edges is increased. Consequently, for the sake of the multiplier effect of

the two phenomena, the work-surface roughness is decreased. In addition, the TiO,
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generated by the electrochemical reaction can act as a lubricant boundary layer, thus

preventing the surface from forming any unwanted damage.

3.2.5 Grinding wheel wear

In order to confirm the merit of the UECG from the viewpoint of the grinding wheel
working life, the radial wears of the wheel, Az, in CG and UECG were
experimentally compared. In experiments, the actual value of Az, was attained by
measuring the wheel diameters before and after grinding. Fig. 3.13 exhibits the
obtained results, showing that the wheel wear in UECG at U~=20 V was 4 times
smaller than CG (U=0 without ultrasonic). The higher the value of U; was, the
smaller the amount of wheel wear Az, became, and in the case of U<10 V the Az, in
UECG with ultrasonic were considerably smaller than that in ECG without ultrasonic.
In other words, the effect of the ultrasonic on the wheel wear was little once the U;

has been beyond 10 V.

—O— Without ultrasonic

ar —e— With ultrasonic
3L A4 =30 pm
D =20%

£,=0.2MHZ

0 4 8 12 16 20
Input voltage U; (V)

0 L | L | L |

Grinding wheel wear 4z, (Lm)

Fig. 3.13 the grinding wheel line wheel and input voltage.

Subsequently, in order to elucidate the wheel wear mechanism the conditions of
wheel working surface in CG, ECG and UECG were investigated by SEM
observation. For instance, Fig. 3.14 shows the obtained SEM images of typical grain
damages on the wheel working surface before and after CG. Comparing the SEM
images before and after grinding revealed that the grain damage was dominantly
attributed to three different types, i.e., drop out, fracture and chip adhesion.
Subsequently the effects of the U; and the ultrasonic on the number percentage of the

damage type, a ratio of the number of grains damaged with the given type in a given
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area on the wheel working surface to the total number (50 in the current work) of
grains in the same area, were obtained quantitatively to determine which type is the
dominant reason for the wheel wear. Obviously as shown in Fig. 3.15, in the case
without ultrasonic once the U; has been applied even at a low value of 4 V the number
percentage of the drop out dramatically decreased and gradually continued the
decrease with the increase of Uj; amazingly once the ultrasonic has been imposed this
type of grain damage disappeared, indicating that the grain drop out does not occur
and thus reduce the wheel wear considerably. As for the chip adhesion, its number
percentage tended to decrease as the U; increased either with or without ultrasonic; in
particular this percentages in UECG were significantly smaller than those in ECG by
8 %-21 % in the voltage range of U; =0-20 V. However, the number percentage of
grains fracture increased when the ultrasonic has been imposed regardless of the value

of U[.

Grain

damages Drop out Fracture Adhesion

Before
grinding

After
grinding

Fig. 3.14 Type of grain damage in CG (U~=0 V without ultrasonic)

80

Without With
ultrasonic ultrasonic

S ie 0V
< 60 Ve=84.78m/min Al 4V N

& V,=2mm/s oE 8v [

g L NHE 12V [T

9 HlmmE 16V [

g 40 - KNH 20V [

5| ;

£ i

Z 20~ u

0
Chip adhesion  Fracture = Drop out  Original

Fig. 3.15 Number percentages of grain damage in CG, ECG and UECG

68



Chapter 3

According to P.D.h.c.m.D.-1.G. Spur, et al. [11], under the presence of ultrasonic
the friction and thermal loading are reduced in grinding. In addition, the
electrochemical product TiO; is also capable of decreasing the friction force. These
enhance the grain fracture phenomenon and restrain the grain drop out, eventually
result in the increase in the number of active grain cutting edges.

As for the chip adhesion, assuming a chip with a mass of m is adhered to the
front face, i.e., the rake face, of the grain cutting edge and motions along with the
grain, an inertia force in the wheel axial direction will be caused by the acceleration of
the chip according to Newton‘s second law and acts on itself as expressed by Eq. (9)

Fy(t) = —mm?f2A,_,sin(2rft) (8)

At any of the sinusoidal peaks of the grain motion, the inertia force reaches
maximum, for example, with a value of 3.14°x40%4 m=6,3101 m in the case of =40
kHz and 4, ,=4 pm, meaning the inertia force would reach a huge value of 6439 times
as great as chip weight of 9.8 m. This inertia force has non-significant effect on the
material removal but help the chips escape from the grain surface because the inertia
force acts in a direction opposite to the grain motion direction. In addition, the friction
coefficient between grain and chip would be decreased for the sake of the generated
TiO; layer, leading to not only the difficulty of chip adhesion but also the increase in
shear angle which eventually decreases the undeformed chip thickness [12]. As a
result, the chip adhesion is lightened and the chip cross section area is decreased once

UAG process is performed.

3.4 Summary

In order to develop a novel technique for the high performance machining of
difficult-to-machine materials such as Ti-6Al-4V, this paper proposed a hybrid
material removal process, i.e., ultrasonic assisted electrochemical grinding (UAG).
For confirming the feasibility of the proposed technique, an experimental setup
capable of performing UAG process was constructed and fundamental machining
characteristics of UAG in the grinding of Ti-6Al-4V were investigated followed by
discussion. The obtained result can be summarized as following.

(1) Under the given ranges of the voltage U, the frequency f; and the duty ratio D of
the pulse electrolytic power in the current work, i.e., U=0~20 V, £,=0~0.2 MHz,

D=0~50 %, the lowest normal and grinding forces, F, and F,, in UAG were

attained at U; =20 V, D=20 % and f;=0.2 MHz which were smaller than those in
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CG (conventional grinding at U=0 V without ultrasonic) by around 60 % and
65 %, respectively.

(2) The work-surface roughness in UAG decreased with the increasing Uj; once the
ultrasonic is stopped and the conventional electrochemical grinding (ECG) is
performed, the roughness increased by a certain value regardless of the value of U..
The plastic deformation and cracks which are often generated on the work-surface
in CG were not observed in UAG.

(3) The wheel radius wear 4z, in UAG decreased as the value of U; increased when
U<4 V, thereafter was almost kept constant; in the case of U<10 V the 4z, in
UAG were considerably smaller than that in ECG. The wheel wear in CG was
attributed dominantly to the grain drop out, whereas in ECG and UAG the wheel
working lives were affected dominantly by the chip adhesion and the grains
fracture, respectively.

(4) A titanium dioxide (TiO,) layer of 78 nm in thickness was actually generated on
the work-surface by the electrochemical reaction at U/=20 V, and thus the Vickers
micro-hardness of work-surface decreased from 512 HV in CG and UAG to 436
HV in UAG, a reduction by 15 %. This would be one of the reasons why the
grinding forces in UAG were significantly smaller than those in CG, UAG and
ECG.

(5) The weight percentages of oxygen element on chips and work surfaces increased
as the U; increased either in ECG or in UAG and the ultrasonic enhanced the
percentages of oxygen, implying that with ultrasonic, thicker TiO; lay is formed

on the work surface and contributes to the decrease of grinding forces.
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Chapter 4 Machining characteristics of the UPOG of

difficult-to-machine materials

4.1 Introduction

Ti-6Al1-4V is considered to be among the most promising engineering materials
across a range of application sectors. Because of its unique combination of high
strength-to-weight ratio, melting temperature, and corrosion resistance, interest in the
application of Ti-6Al-4V to mechanical and tribological components is growing
rapidly in a wide range of industries [1]. However, it is classified as extremely
difficult-to-machine material, owing to several inherent properties: low thermal
conductivity, high specific strength, and exceptional resistance to corrosion [2].
Currently, most Ti-6Al-4V products are fabricated by precision casting first, followed
by machining operations to remove excess material [3]. To improve surface quality
and form/dimensional accuracy, machined parts need to be ground. During grinding,
each of the abrasive grains removes a small amount of material from the workpiece.
This removal mode contributes to improving the work-surface finish and
form/dimensional accuracy. However, titanium alloys are generally known for their
poor grindability, resulting in high costs and low efficiency with respect to the current
grinding methods [4].

One way to increase grinding efficiency is to utilize ultrasonic-assisted grinding
(UAG). This technique has attracted significant attention for decades because its
smaller grinding force, higher material removal rate, longer grinding wheel working
life, and lower grinding heat generation, which are achieved by a fundamental
alteration in process kinematics [5]. Mohsen Ghahramani Nik et al. [6] found that a
higher depth of cut and feed rate can be selected in the UAG of Ti-6Al-4V compared
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to conventional grinding (CG), and superior surfaces can still be obtained by applying
vibration on the workpiece in the feed direction. Pujana et al. [7] showed that lower
feed forces and higher processing precision were achieved when ultrasonic vibration
was superimposed on the drilling samples of Ti-6Al-4V. Further, rotary ultrasonic
machining of brittle materials and titanium was studied experimentally and
theoretically by Qin et al. [8].

Another way to increase grinding efficiency is to soften the work surface and
then remove the softened layer using the cutting action of grains. Plasma electrolytic
oxidation (PEO) is widely used to soften work surfaces by oxidizing the work
materials. The oxidized layer would be much softer than the original material [9].

In particular, Dang Van Thanh et al. found in their work on the preparation of
graphene sheets using electrochemical discharge [10] that the ultrasonic vibration of a
cathode can strengthen the plasma electrolysis phenomenon. This is achieved by the
breaking of van der Waals bonds, which increases the synthesis efficiency of graphene.
This implies that the PEO phenomenon would be promoted by the ultrasonic vibration.
However, no studies have been reported so far on grinding processed with the
assistance of both ultrasonic vibration and PEO. Consequently, a hybrid process is
proposed in this study to further improve the grindability of the titanium alloy
Ti-6Al1-4V. In the developed method, a PEO process is added to the UAG process,
hereafter referred to as ultrasonic-assisted plasma oxidation grinding (UPOG). After
the processing principle of UPOG and the experimental details have been introduced,
the experimental results are described. Then, the discussion of the results is presented,
and the feasibility of using UPOG for the improvement in grindability of Ti-6Al-4V is

confirmed.

4.2 Machining principle and kinematic characteristics

4.2.1 Operation principle

Fig.1 shows the schematic of the processing principle of UPOG. A metal-bonded
grinding wheel vibrating ultrasonically on its own axis at a frequency of f and a
peak-peak amplitude of 4,., is rotated clockwise at a peripheral speed of V,, and a
workpiece is fed to right at a feed rate of ¥, to perform an up-cut UAG operation In
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the grinding zone with a wheel-workpiece contact length of /,, the grain depth of cut
would gradually increase from zero to the maximum value, #,, and then begin to
decrease rapidly, eventually returning to zero. Let the grinding wheel be the cathode
and the workpiece be the anode. Thus, the grinding wheel and the workpiece have a
zero and positive charge, respectively. A thin oxidized layer is formed on the largest
surface of the workpiece in the grinding zone by PEO. Then, the weakened thin layer
is easily removed by the abrasive grains that move along with the peripheral surface

of the rotating grinding wheel.

Grinding wheel
(Cathode)

Electrolytic
solution J:—
©  Plasma
_ electric
! © power

Workpiece (Anode)

Fig 4.1. Schematic illustration of the processing principle of UPOG.

4.2.2 Kinematic characteristics

To facilitate the understanding, the grinding process of a single grain was chosen
to study. During the single grain grinding process, the grain and the workpiece were
treated as the two absolute rigid bodies. The arc length of contact between the grain
and the workpiece was the geometric contact arc length /,. According to the general

grinding theory [11], /; could be described by Eq. 9:

I, = \/4d; 9)

where d; was wheel. Meanwhile, the ultrasonic vibration wavelength 4 could be
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expressed as:
1
/1=]—c(Vg + V) (10)

Therefore, the assume number of ultrasonic vibration wave was N, it could be

described by Eq. 11:

. l_g _ fyAds
N=3 =0, (1)

Subsequently, substituting the data shown in Table 1 and the values of 4, ds, f, Vg
and V,, shown in Table 1 into Eq.(4) yielded the N=34. In order to study the effect of
the ultrasonic vibration on concentration, vortex shedding formed two times after each
cycle of oscillating [12]. Therefore, in our study the vortex number in single grinding
grain was 78. And the number of pulsed discharge times N, could be calculated by

Eq.12:
N, = %N =170 (12)

The discharge number was close to vortex number. This was the main difference
between UACG and ECG. The details were discussed as follows.

First, the ultrasonic vibration charged the conservation of reacting electrolyte.
The conservation equations for the fluid momentum and mass were described by Eq.

6 and 7. [13]
U
(1- C)prD_t =-Vp+ ({1 —c)prg — cF 13)
% — div(1— U =0 (14)
t

It was assumed the flow considered was regular and of a high Reynolds number, c
was the concentration, F was the force acting on the ion from the ambient fluid
specified below, g was the gravity acceleration, p, was the density of fluid and
assumed to be a uniform constant, V was the nabla operator, here used to represent
the pressure p, U was gradients of the velocity.

In this paper, the grain velocity in CG Vg =84.78 m/min had been already known
as exhibited in Table 1 and the grain velocity in UACG 84.78<V;=<103.2 m/min
was calculated by differentiating Eq. (1) with respect to time t. Meanwhile the
material properties of electrolyte did not charge by UECG. Therefore, the U in UECG
was larger than ECG and the charge of ¢ could be faster.
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4.3 Experimental setup and procedure

Figs. 4.2(a) and (b) show the schematic of the experimental setup and a photograph
of the main portion of the setup constructed, respectively. A commercially available
ultrasonic spindle (R2 by Industrial Co., Ltd., Japan) capable of vibrating axially at f
=40 kHz and 4,.,<4 pm was installed on a 3-axis CNC machine tool (Multi Pro 3 by
Takashima Sangyo Co., Ltd., Japan). On the lower end of the spindle, a metal-bonded
#1000 cBN grinding wheel of diameter d; = 1.8 mm was fixed. A nozzle was
employed to supply the electrolyte solution to the grinding zone. A Ti-6Al-4V
specimen (L14 x W10 x T6 mm) was used as the workpiece and was held on the
work-table of the machine tool using a 3D-dynamometer (9254 by Kistler Co., Ltd.)
and a work-holder. A plasma power supply, composed of a high frequency switch and
a DC power source, was employed to induce plasma oxidation between the electrodes.
The anode output of the power supply was connected to the work-holder directly,
whereas the cathode output was connected to the spindle though a spring/carbon brush
mechanism.

Surface grinding experiments were conducted under the conditions listed in
Table 4.1. Typically, cBN abrasives require a cutting speed of over 50 m/min when
grinding Ti-6V-4Al [11]. The purpose of the experiment is to confirm the feasibility of
the proposed UPOG method and elucidate its fundamental machining characteristics
in the grinding of Ti-6Al-4V. The values of V,, A, and V,, were all kept constant at
84.78 m/min, 3 um, and 2 mm/s, respectively, based on the specifications of the
experimental setup used in this study. The wave pattern of the pulse electric power
was set as triangular, and its frequency, f;, and duty ratio, D, were kept constant at 0.2
MHz and 20 %, respectively. Its voltage, U;, was set to a range of 0—-160 V to generate
plasma with different strengths. The UPOG of Inconel 718 was also selected as work

material.
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Fig 4.2. Schematic of experimental setup (a) and a photograph of the main portion of
experimental setup (b).

Table 4.1 Experimental conditions

Frequency f 40 kHz
Ultrasonic vibration
Amplitude 4, 4.0 pym
cBN1000N100M
Diameter d 1.8 mm
Grinding wheel and Peripheral speed V, 84.8 m/min
process parameters Depth of cut 4 3 um
Grinding width b 2.5 mm
Feed rate V. 2.0 mm/s
Workpiece Inconel718, Ti-6A1-4V(L14xW10xT6 mm)
Pattern Triangle
Plasma electric power | Plasma voltage U 0~160 V
supplying Pulse frequency f; 0.2 MHz
Duty ratio D 20 %
Electrolytic solution KNO,; solution, 5 %dilution

In these experiments, conventional grinding (CG) operations (U;=0V, 4,,= 0

um) were also carried out for comparison. In each grinding test, the grinding forces
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were measured with the 3D-dynamometer, and the ground work-surface was
characterized by measuring its roughness using a laser scanning microscope
(VK-9700 by KEYENCE Co., Ltd with a measurable area of 520 x 700 um?) and by
observing its topography using a scanning electron microscope (ERA-8900 by

ELIONIX Co., Ltd.).

4.4 Experimental results and discussions

4.4.1 Plasma oxidation test of Ti-6Al1-4V

Consequently, the formation of the oxidized layer on the largest surface of the
workpiece by PEO was experimentally confirmed, and the Vickers microhardness of
the oxidized layer was investigated. For this purpose, Ti-6Al-4V work samples were
first oxidized by PEO at different values of U; with or without ultrasonic vibration. In
PEO, the grinding wheel was replaced with a rod-shaped Cu cathode, 1.8 mm in
diameter, and a gap of 7 um was given between the cathode and the anode (work
sample). The cathode was rotated at 15,000 rpm and fed leftward at a feed rate of 2.0
mm/s for a stroke of 10 mm. Then, the work-surfaces oxidized under different values
of U; with or without ultrasonic vibration were optically observed, and the Vickers
hardness of the oxidized work samples was measured by using a dynamic ultra micro
hardness tester (DUH-211).

Figs. 4.3(a) and (b) show the optical images of the work-surfaces oxidized at
different values of U; without and with ultrasonic vibration, respectively. Evidently,
the value of Uy significantly affected the color of the work-surface, implying that the
thickness or hardness of the oxidized layer would be different at different values of U;
however, a small difference between the colors of the work-surface with and without
ultrasonic vibration can be observed. Subsequently, the dynamic Vickers
microhardness (DVH) of the oxidized work-surfaces was obtained and is shown in
Fig.4.4. It can be seen from the figure that regardless of the value of U}, the DHV of
the surfaces subjected to ultrasonic vibration was lower than those without ultrasonic
vibration, implying that ultrasonic vibration promoted the PEO. This finding
correlates with the findings of the study conducted by Dang Van Thanh, et al. wherein
they revealed that the ultrasonic vibration of the electrode can break the van der

Waals bonds and strengthen the plasma electrolysis phenomenon [10]. As for the
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effect of U; on the DHV, once the plasma voltage was applied, the hardness decreased.
Under the presence of ultrasonic vibration, the DHV decreased from 512 HV at U; =0
Vto 312 HV at U; =80 V, a decrease of 39 %. Comparing this phenomenon to that in
Fig.3 (b) demonstrated that the PEO benefitted from the reduction in grinding forces.
However, when U; was beyond 100 V, the plasma discharge intensity became higher
locally [14], which resulted in the formation of melt-quenched, high-temperature
oxides on the work-surface. The formed oxides are analogous to TiO, ceramic
sintering [9], eventually increasing the DHV in UPOG from 320 HV (U;= 80 V) to
400 HV (U;=160 V).

The effects of the ultrasonic vibration and PEO on the integrity of the
work-surface are also considered. It is well known that wheel axis vibration causes an
oscillatory rubbing motion of the grains over the work-surface, removing the material
through the overlapping of adjacent grain trajectories. Moreover, because of the more
microfracture behavior of grains, the number of active grain cutting edges is increased.
Consequently, for the sake of the multiplier effect of the two phenomena, the
work-surface roughness is decreased. On the other hand, as R.M. Arunachalam, et al.
explained in their work on the machining of age-hardened Inconel 718 [15], the
grain-induced stress in CG is compressive in the beginning; then, it gradually
increases to become tensile as grinding action progresses, resulting in the formation of
residual stresses that are very sensitive to machining parameters. This eventually leads
to plastic deformation and fractures in the work-surface in CG and UAG (Fig.4). In
contrast, the oxidized layer is softer and more ductile in POG and UPOG than the
original Ti-6Al-4V material [9], and thus, the grindability is significantly improved.
This eventually decreases the occurrence of work-surface damage and improves
work-surface integrity. However, when U; exceeded 100 V, the higher local plasma
discharge intensity resulted in the formation of oxides that can easily break down [16]

and eventually deteriorate work-surface integrity.

Bl g .
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Fig 4.3. Optical images of oxidized workpiece surface.
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Fig 4.4. Relationship between microhardness and plasma voltage.

4.4.2 Grinding forces of Ti-6A1-4V

The grinding forces were measured at different values of U; with and without
ultrasonic vibration. Fig.4.5 (a) shows the variations of the normal and tangential
grinding forces, £, and F;, during grinding typically obtained in CG (U;=0V, 4,,,=0
um) and UPOG (U;= 100 V, 4,,= 4 um). It can be seen from the figure that in both
the processes, the grinding forces fluctuated during grinding. This is mostly likely due
to the forced vibration of the setup, but their mean values, i.e., F.cc, Fico, Fruaroc
and F..ur, Were stable. In particular, it was observed that the mean values in UPOG,
i.e., Fouwoc and Feume, were considerably smaller than those in CG (F,ec and Fic)
by 60 % and 70 %, respectively.

Subsequently, the effects of the plasma voltage, U,, and the ultrasonic vibration on
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the mean grinding forces, F, and F., were obtained as shown in Fig.4.5 (b).
Obviously, all the force components exhibited a similar variation tendency as U;
increased. First, in CG (U;= 0 V without ultrasonic vibration), F,=3 Nand F,=2N.
Once ultrasonic vibration was applied to perform UAG (U;= 0 V with ultrasonic
vibration), the values of F, and F, were reduced by 33 % and 40 % to 2 N and 1.2
N, respectively. Then, as the plasma electric power was applied to perform plasma
oxidation grinding (POG) (20 V < U;< 160 V without ultrasonic vibration) and UPOG
(20 V < U;< 160 V with ultrasonic vibration), F, and F, decreased as U, increased
until 40 V was observed in all the force components. However, once U; was beyond
100 V, the mean forces increased rapidly, implying that U; should be set in the range
of 40-100 V to minimize the grinding forces under the current experimental

conditions.
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Fig 4.5. Relationship between the grinding forces and plasma voltage.

The effects of the plasma voltage and ultrasonic vibration on the work-surface
integrity were investigated as well. Figs. 4.6(a) through (f) show the SEM images of
typical work-surfaces ground by CG, UAG, POG (U;= 100 V and 160 V), and UPOG
(U= 100 V and 160 V), respectively. In CG (Fig. 4.6(a)), both plastic deformation
and fractures can be observed on the work-surface, and in UAG, fractures only
occurred on the ground work-surface (Fig.4.6(b)). On the other hand, once the plasma
voltage of U;= 100 V is supplied, either in POG (Fig.4.6(c)) or in UPOG (Fig.4.6(e)),
only a minor damage is observed on the work-surfaces. However, when the plasma
voltage was elevated to U;= 160 V, the work-surfaces became jagged after grinding,
with (Fig.4.6(f)) or without (Fig.4.6(d)) ultrasonic vibration. The reason for this

phenomenon will be discussed later.
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Fig 4.6. SEM images of work surfaces obtained in various processes.

4.4.3 Chips deformation of Ti-6Al-4V

The mean area of chip at different plasma voltage with/without ultrasonic were
obtained as shown in Figs.4.7, where the error bars indicate the size variations of 50
chips in the corresponding test with the same grinding conditions. It is evident in
Fig.4.4 that both the mean area of 50 chips was decreased monotonously with
ultraconic. Shifting the attention to the effect of the plasma voltage revealed that the
mean area of chip either in UAG or in CG decreased slightly with the increasing
plasma voltage; however, the plasma voltage is larger than 140 V the mean area of
chip increased with plasma voltage increase. In a word, the chip size is distinctly
affected by the ultrasonication and plasma voltage was observed. It is further worthy
to note that the cross-section area of chips became increased when Uj is larger than

140 V.

)

< 10000

| —=— Without UV v, =2mm/s
—eo— With UV ng=15000rpm
A=3pum 2

o0
]
oz
<

10um 10gm., 20 um g

40V noUv [lsov fouv [ 20VgsUY

4000 By "?3

60V uolV [l 00VXERLY

6000

2000

The mean area of chips (um

0 20 40 60 80 100 120 140 160
Plasma voltage (V)

Fig. 4.7 Effects of plasma voltage and ultrasonic on chip size
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4.4.4 Grinding efficiency of Ti-6Al-4V

To investigate the grinding efficiency of the UPOG process, actual removal ratio
n=4,/4, where 4, is the material removal depth, 4 is setting depth of grinding, are
studied. As shown in Fig. 4.8,  shows a slow increasing trend both in POG and
UPOG with voltage increase. Further, grinding ratio is the ratio of the volume of
ground material removed from the workpiece to the volume removed from the
grinding wheel. As shown in Fig 4.9, the grinding ratio G is increased with the
increasing of input voltage. It is further worthy to note that with ultrasonic vibration

the grinding ratio is higher than without ultrasonic vibration.
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Fig.4.8 Effect of input voltage on actual removal ratio with/without ultrasonication.
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4.4.5 UPOG of Inconel 718

In Charpter 4.4.1 to 4.4.4, it has been confirmed that the Ti-6Al-4V can be
machined well by the UPOG. However, in aeronautical materials not only Ti-6Al-4V
but also Inconel 718 need to be effectively machined. For this purpose, the UPOG of
Inconel 718 were carried out.

First, the optical images of the Inconel 718 work-surfaces oxidized at different
values of U; without and with ultrasonic vibration, respectively. First, no difference
between the colors of the work-surface with voltage change can be observed with U;
<100V. When U is higher than 100 V the surface layer is turn to yellow. Evidently,
this change implying that the thickness or hardness of the oxidized layer would be
different at high value of U, Subsequently, the hardness of the oxidized
work-surfaces was obtained and is shown in Fig.4.10. It can be seen from the figure
that regardless of the value of U}, the hardness of the surfaces subjected to ultrasonic
vibration was no different with those without ultrasonic vibration, implying that

ultrasonic vibration hardly change the oxidation process of Inconel 718.
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Subsequently, the effects of the plasma voltage, U;, and the ultrasonic vibration
on the grinding forces, F, and F; of Inconel 718 were obtained as shown in Fig.4.11.
Obviously, F, decreased with U; increased, when Ujis higher than 100 V. Then, as the
F, turn to stable with U, increase ever with or without ultrasonic vibration. And there

is a small change can be found in F;.
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Fig.4.10 Effect of input voltage on surface hardness with/without ultrasonication.
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Fig.4.11 Effect of input voltage on grinding forces with/without ultrasonication.

4.5 Summary

(1) Under the current experimental conditions, the lowest normal and
tangential grinding forces and work-surface roughness in UPOG were obtained at
the plasma voltage U; = 100 V and are lower than those obtained in conventional
grinding by 60 %, 70 %, and 46 %, respectively.

(2) The plasma oxidation tests confirmed the generation of an oxidized layer
through observation of the work-surface color The minimum Vickers
microhardness of the oxidized work-surface was obtained at U; = 80 V, and was
lower than that of the original material by 39 %.

(3) Ultrasonic vibration promoted plasma electrolysis oxidation of the
work-surface, resulting in reduced work-surface hardness and decreased

grinding forces.
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Chapter 5 Machining apparition of drilling Ti alloy by

UPOG

5.1 Drilling principal and experimental procedure
The schematic of UPOG technique in drilling of Ti-6Al-4V is shown in Fig. 5.1 (a),

where a metal bonded cBN grinding wheel ultrasonically vibrating in its own axis at a
frequency of f'and a peak-peak amplitude of 4,,, is rotated at a peripheral speed of V,
and fed at a feed rate of V,, Let the grinding wheel be the cathode and the workpiece
be the anode. Thus, the grinding wheel and the workpiece are positively and zero
charged, respectively, when an electric voltage V is applied between them. In the
meantime if an ionic liquid is supplied into the grinding zone between the wheel and
the workpiece, the work-material is oxidized and a thin oxidized layer is formed on
the most surface of workpiece in the grinding zone for the sake of PEO. Then the
weakened thin layer is easily removed by the abrasive grans which is moving along
with the peripheral surface of the rotating grinding wheel. The 1onic liquid is a key
part of the PEO process. In this work, electrochemical reaction is used to form the
oxygen layer on workpiece surface to make it is easy to be removed by the cBN

grains. Therefore, KNOj solution is selected as ionic liquid.
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Grinding

Wheel (+) + v,

Oxidation layer

Wdrkplece (-)

(a) Pinciple schematic

Carbon brush(Cathode)
Ultrasonic spindle

i (i ia, R2)

Piezoelectric dynamometer
(Kistler, 9601)

High frequency pulse | 3 axis control processing machine
DC power supply switching device (Takashima mdustry, Multi Pro III)

(b) Experimental setup

Fig. 5.1. Schematic and setup of Ultrasonic Assisted Plasma Oxidation Grinding
Technique in Drilling of Ti-6Al-4V.

To practice the processing principle described above, an experimental setup was
constructed as shown in Fig.1 (b). A commercially available ultrasonic spindle (R2 by

industrial Co., Ltd., Japan) capable of vibrating at a frequency of 40 kHz and an
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peak-peak amplitude of up to 4,,=4 pm was installed on the vertical axis of an
existing desktop sized 3D CNC machine tool (Multi Pro III by Takashima Sangyo Co.,
Ltd., Japan). On the lower end of the spindle, a metal bonded cBN grinding wheel
with a diameter of lmm was screwed. A grinding fluid nozzle was employed to
supply the electrolyte fluid into the grinding zone with a given flow. A Ti-6Al-4V
specimen with dimensions of L14x W10 x T6 mm was held on the work-table of the
3D CNC machine tool as the workpiece through a 3-components dynamometer (9254
by Kistler Co., Ltd.) and a work-holder. Actual UPOG operations of Ti-6Al-4V were

conducted under the processing parameters as shown in Table 5.1.

Table 5.1. Experimental conditions

Ultrasonic vibration Frequ.ency A 40 Iz
Amplitude 4, 4.0 um
cBN1000N100M
Diameter d 1 mm

o Roational speed 7, 20000 rpm

Grinding wheel and Depth of cut 15 mm

process parameters e )

Grinding width b 2.5 mm

Feed rate V. 0.001 mm/s

Grinding time 25 min
Workpiece Ti-6A1-4V(L10xW10xT1 mm)

Pattern Triangle

Plasma electric power | Plasma voltage U; 0~160 V

supplying Pulse frequency f; 0.2 MHz

Duty ratio D 20 %

Electrolytic solution KNO,; solution, 5 %dilution

5.2 Experimental results and discussions

5.2.1 Grinding efficiency

At first, UPOG tests were performed under different plasma variables to
elucidate the influences of the processing parameters on the grinding forces. For
comparison, plasma grinding (hereafter called POG for simplicity) tests were also
carried out under the same plasma variables. As a result, Figs. 5.2 (a) and (b) show the
influences of the parameters U; on the normal grinding forces F, and maximum

grinding force F_pqx iIn UPOG and POG (4,.,=0 um), respectively. Obviously, the F,
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in UPOG were charged stable with time increased (Fig. 5.2 (a)), whereas, in CG, POG
or UAG (10V) were more likely to be dramatic changed. Father, it can be found that
the F,, in UPOG at U; =20 V were decreased by 60 %, compared with those in either
CG or POG. Meanwhile, either in the POG, the F), ., decreased with increasing Uj,
until U; =10 V in POG or U; =30 V in UPOG:; thereafter, F), . began to increase as
U; continued to increase. At U; = 10 V, F, .. reached 2.1 N where F,_ . With
ultrasonic vibration was smaller by 30 % than that in CG. This indicates that the
plasma voltage considerably affects grinding force. The higher grinding force leads to

serious wheel wear and affect removal volume.
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Fig.5.2 Effect of the ultrasonic vibration and plasma oxidation on grinding force

94



Chapter 5

To explain the reasons why ultrasonic vibration and PEO can decrease the
grinding force, the effect of the ultrasonic vibration on the grinding force is
considered first. The normal grinding force on a single grain, F,, can be expressed as

follows [1]:

1 9, 2O
an =§Ng§lm tan EHV

(15)
where ¢ is the geometrical factor of the grain, a is the rake angle of the grain cutting
edge, and H, is the hardness of the work material. The assumption that factors related
to the grinding wheel, such as N,, ¢ o, and the process parameter related factor, ¢,
are only minimally affected by plasma electrolysis indicates that Fg, predominantly
depends on workpiece hardness during grinding. This indicates that the softer the
work material is, the smaller the grinding force becomes. In order to confirm whether
the titanium dioxide (TiO,) layer is actually formed on the work-surface by this
reaction, Ti-6Al-4V work samples were oxidized by electrochemical reaction with U;
=0 V and U; = 20 V. In electrochemical reaction, the grinding wheel was replaced
with a Nickel-made rod-shaped cathode of 1 mm in diameter and a gap of 7 pm was
given between the cathode and the anode (work sample). The cathode was rotated at a
rotational speed of 20,000 rpm and fed leftward at a feed rate of 2.0 mm/s for a stroke
of 10 mm. The dynamic Vickers micro-hardness (DHV) was obtained for
work-surfaces by original (U; =0 V, without ultrasonic), plasma electronic oxidation
(Ur =20 V without ultrasonic) and ultrasonic assisted plasma electronic oxidation
(Ur = 20 V with ultrasonic), respectively, by using Dynamic Ultra Micro Hardness
Tester (DUH-211). In measurement, a load of 1 mg was applied for a duration of 5 s
and a Vickers indenter with an included angle of 115° was employed. As a result, the
DHYV values in original, electrochemical, and ultrasonic assisted electrochemical were
512 HV, 453 HV and 436 HV, respectively. These values demonstrate that in the case
without electrochemical reaction, i.e., in original, the DHV was independent of the
ultrasonic vibration, and once the electrochemical reaction occurred, the DHV
decreased from 512 HV to 453 HV without ultrasonic vibration, and decreased further
to 436 HV with ultrasonic vibration. These results imply that under the presence of
electrochemical reaction the work-surface hardness becomes low and ultrasonic
vibration encourages the decrease in the hardness. However, in the absence of

electrochemical reaction, the ultrasonic does not affect the hardness.
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To explain the reasons why ultrasonic vibration and PEO can decrease the
grinding force, the effect of the ultrasonic vibration on the grinding force is
considered first. The normal grinding force on a single grain, F,, can be expressed as

follows:

1 9, 2O
an =§Ng§lm tan EHV

(16)
where ¢ is the geometrical factor of the grain, a is the rake angle of the grain cutting
edge, and H, is the hardness of the work material. The assumption that factors related
to the grinding wheel, such as N,, ¢ o, and the process parameter related factor, ¢,
are only minimally affected by plasma electrolysis indicates that Fg, predominantly
depends on workpiece hardness during grinding. This indicates that the softer the
work material is, the smaller the grinding force becomes. In order to confirm whether
the titanium dioxide (TiO,) layer is actually formed on the work-surface by this
reaction, Ti-6Al-4V work samples were oxidized by electrochemical reaction with U;
=0 V and U; = 20 V. In PEO the grinding wheel was replaced with a Cu-made
rod-shaped cathode of 1 mm in diameter and a gap of 7 um was given between the
cathode and the anode (work sample). The cathode was rotated at a rotational speed of
20,000 rpm and fed leftward at a feed rate of 2.0 mm/s for a stroke of 10 mm. The
dynamic Vickers micro-hardness (DHV) was obtained for work-surfaces by original
(U; = 0V, without ultrasonic), plasma electronic oxidation (U; = 20 V without
ultrasonic) and ultrasonic assisted plasma electronic oxidation (U; = 20 V with
ultrasonic), respectively, by using Dynamic Ultra Micro Hardness Tester (DUH-211).
In measurement, a load of 1 mg was applied for a duration of 5 s and a Vickers
indenter with an included angle of 115° was employed. As a result, the DHV values in
original, electrochemical, and ultrasonic assisted electrochemical were 512 HV, 453
HV and 436 HV, respectively. These values demonstrate that in the case without
electrochemical reaction, i.e., in original, the DHV was independent of the ultrasonic
vibration, and once the electrochemical reaction occurred, the DHV decreased from
512 HV to 453 HV without ultrasonic vibration, and decreased further to 436 HV
with ultrasonic vibration. These results imply that under the presence of
electrochemical reaction the work-surface hardness becomes low and ultrasonic
vibration encourages the decrease in the hardness. However, in the absence of

electrochemical reaction, the ultrasonic does not affect the hardness. Meanwhile,
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increase U; caused the grain damage increase in POG process cause the grinding force

increased.

5.2.2 Tool wear and form accuracy

Form accuracy of drilling Ti-6Al-4V were explained with Fig. 5.3. The form
error of the hole was observed in CG, UAG and POG process, however, no appeared
on in UPOG process. Further compare the cross-section image of them, the hole did
not cross though the workpice in CG and UAG. Meanwhile, the diameter of hole was
decreased with the depth increase in CG process. In UAG process, the end part was

plastic deformation which means grinding wheel was lose material removal able.

i, , B

Ultrasonic off, Plasma on Ultrasonic on, Plasma on

Fig. 5.3 Form accuracy of the drilling Ti alloy by UPOG

5.2.3 Surface roughness

The effect of process parameters on the surface roughness in POG and UPOG
are shown in Fig 5.4. It is evident that regardless of the value of Uj, Ra with ultrasonic
vibration was smaller than that without ultrasonic vibration. This is a phenomenon
similar to that seen in conventional UAG, demonstrating that under the presence of
plasma oxidation, ultrasonic vibration also reasonably improves the work-surface
quality. Interestingly, either in the presence or absence of ultrasonic vibration, the Ra
value decreased with increasing Uj, until U;= 10 V; thereafter, Ra began to increase as

U, continued to increase. At U;= 10 V, Ra reached 5.4 um where Ra with ultrasonic

97



Chapter 5

vibration was smaller by 19 % than that in CG. This indicates that the plasma voltage

considerably affects work-surface roughness.
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Fig.5.4 Surface roughness rate versus process parameters

5.2.4 Burr volume

Removal volume V; and Volume of burrs V, at different values of U; were
investigated as shown in Fig. 5.5. Indeed, the increase of the U; resulting in the
increase of the residual removal ratio, either in the presence or absence of ultrasonic
vibration (Figs. 5.5(a)). For example, at U; =10 V the values of V; in UPOG (10V) and
CG were 0.7 mm’ and 0.6 mm’, the difference reached 14 %. Subsequently, the
effects of the plasma voltage, U, and the ultrasonic vibration on the volume of burrs
were obtained as shown in Fig. 5.5 (b). Obviously, the volume burrs exhibited a
similar variation tendency as Uj increased. First, in CG (U; = 0 V without ultrasonic
vibration), V= 9.2x10° um’. Once ultrasonic vibration and plasma was applied to
perform UPOG (U; = 10 V with ultrasonic vibration), the values of burrs was reduced
by 73 % to V= 2.5x10° um’. Then, as the plasma electric power was applied to
perform plasma oxidation grinding (POG) (U; = 10 V without ultrasonic vibration)
and UPOG (10 V < U; <30 V with ultrasonic vibration), and decreased as U; = 10 V
was observed. However, once U; was beyond 10 V, the volume of burrs increased
rapidly in POG, implying that U; should be set in 10 V to minimize the volume of

burrs under the current experimental conditions.
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5.3 Summary
The drilling process of Ti-6Al-4V was processed by UPOG with different process

parameters. The results obtained in this work are summarized as follows:
(1) Under the current experimental conditions, the lowest normal grinding force,

volume of burrs and work-surface roughness in UPOG were obtained at the
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plasma voltage U; = 10 V and are lower than those obtained in conventional
grinding by 60 %, 73 %, and 19 %, respectively.
(2) The plasma oxidation tests confirmed the Vickers micro-hardness of the
work-surface decreased from 512 HV in original to 436 HV in ultrasonic assisted

plasma electronic oxidation by 15 %.
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Chapter 6 Conclusions and future recommendation

6.1 Conclusions

In this study, toward the development of an alternative machining method for the
grinding of hard-to-machine materials, the ultrasonic, electrochemical and plasma
oxidation technique is applied to the grinding of hard-to-machine materials. For this
purpose, an experimental rig was constructed by installing an ultrasonic spindle and
pulse power onto grinder and experimental investigations on the machining
characteristics of Ti and Inconel 718 workpiece were performed on the constructed rig.
The obtained results of this study can be summarized as following:

In chapter 1, prevailing technologies, i.e., UAG, ECG and PEO was outlined. The
classical and recent works were reviewed. The motivations for this study were
outlined.

In chapter 2, experimental investigations on the machining characteristics of the
UAG of Inconel 718 materials were performed on the constructed rig. The
conclusions are obtained as follows:

(1) In UAG at the ultrasonic vibration amplitude of 4,,=9.4 pm the normal and
tangential grinding forces were smaller by 42.5 % and 40 %, respectively, compared
to those in CG, when the wheel peripheral speed was 138.2 m/min.

(2) The specific grinding energy u in UAG is smaller than that in CG and intended
to decrease as the A4,., increases, demonstrating that the ultrasonication benefits the

reduction in the specific grinding energy.
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(3) The wear of electroplated cBN grinding wheel in grinding of Inconel 718 are
dominantly attributed to chips adhesion, grains releasing and grains fracture. Both the
percentage of chips adhesion area and the size of chips adhered tend to decrease as the
vibration amplitude increases; in contrast, the effect of ultrasonic vibration on the
number of chips adhesion are not noticeable;

(4) The percentage of the number of grains released/fractured decreases as the
vibration amplitude rises; e.g., the percentage in UAG at 4,,=9.4 um was decreased
by 40 % compared to that in CG;

(5) The chip size, i.e., cross-section area and length, are distinctly affected by the
ultrasonication but little effect of wheel peripheral speed is observed. The UAG is
potentially avoiding the formation of shear chips and prefers the flow chips especially
at larger amplitude;

(6) In conventional grinding (CG) without ultrasonication the wheel peripheral
speed would affect the chip formation significantly, whereas in UAG the chip
formation is hardly affected by the speed.

In chapter 3, in order to develop a novel technique for the high performance
machining of difficult-to-machine materials such as Ti-6Al-4V, this paper proposed a
hybrid material removal process, i.e., ultrasonic assisted electrochemical grinding
(UAG). For confirming the feasibility of the proposed technique, an experimental
setup capable of performing UAG process was constructed and fundamental
machining characteristics of UAG in the grinding of Ti-6Al-4V were investigated
followed by discussion. The obtained result can be summarized as following.

(1)  Under the given ranges of the voltage U, the frequency f; and the duty ratio
D of the pulse electrolytic power in the current work, i.e., U; =0~20 V, f,=0~0.2 MHz,
D=0~50 %, the lowest normal and grinding forces, F, and F;, in UAG were attained at
Ur =20 V, D=20 % and f; =0.2 MHz which were smaller than those in CG
(conventional grinding at U; =0V without ultrasonic) by around 60 % and 65 %,
respectively.

(2)  The work-surface roughness in UAG decreased with the increasing Uj; once
the ultrasonic is stopped and the conventional electrochemical grinding (ECG) is
performed, the roughness increased by a certain value regardless of the value of U,
The plastic deformation and cracks which are often generated on the work-surface in

CG were not observed in UAG.
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(3) The wheel radius wear R, in UAG decreased as the value of U; increased
when U; <4 V, thereafter was almost kept constant; in the case of U; <10 V the Rg
in UAG were considerably smaller than that in ECG. The wheel wear in CG was
attributed dominantly to the grain drop out, whereas in ECG and UAG the wheel
working lives were affected dominantly by the chip adhesion and the grains fracture,
respectively.

(4) A titanium dioxide (TiO,) layer of 78 nm in thickness was actually generated
on the work-surface by the electrochemical reaction at U; =20 V, and thus the Vickers
micro-hardness of work-surface decreased from 512 HV in CG and UAG to 436 HV
in UAG, a reduction by 15 %. This would be one of the reasons why the grinding
forces in UAG were significantly smaller than those in CG, UAG and ECG.

(5) The weight percentages of oxygen element on chips and work surfaces
increased as the U; increased either in ECG or in UAG and the ultrasonic enhanced
the percentages of oxygen, implying that with ultrasonic, thicker TiO, lay is formed
on the work surface and contributes to the decrease of grinding forces.

In chapter 4, experimental investigations on the machining characteristics of the
UPOG of Ti-6Al-4V materials were performed on the constructed rig. The
conclusions are obtained as follows:

(1) Under the current experimental conditions, the lowest normal and tangential
grinding forces and work-surface roughness in UPOG were obtained at the plasma
voltage U; = 100 V and are lower than those obtained in conventional grinding by
60 %, 70 %, and 46 %, respectively.

(2) The plasma oxidation tests confirmed the generation of an oxidized layer
through observation of the work-surface color. The minimum Vickers microhardness
of the oxidized work-surface was obtained at Ur= 80 V, and was lower than that of
the original material by 39 %.

(3) Ultrasonic vibration promoted plasma electrolysis oxidation of the work-surface,
resulting in reduced work-surface hardness and decreased grinding forces.

(4) The UPOG is also effectively to machining Inconel 718 with high voltage.

In chapter 5, the drilling process of Ti-6Al-4V was processed by UPOG with
different process parameters. The results obtained in this work are summarized as
follows:

(1) Under the current experimental conditions, the lowest normal grinding force,
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volume of burrs and work-surface roughness in UPOG were obtained at the plasma
voltage Ur= 10 V and are lower than those obtained in conventional grinding by
60 %, 73 %, and 19 %, respectively.

(2) The plasma oxidation tests confirmed the Vickers micro-hardness of the
work-surface decreased from 512 HV in original to 436 HV in ultrasonic assisted

plasma electronic oxidation by 15 %.

6.2 Future recommendation

The research in the ultrasonic assisted plasma oxidation grinding is still in
preliminary stage. There are many topics and unclear points that need to be
investigated to ensure the reliability to apply this technology on the actual machining.
In what follows, some recommendations and notes were list for future work:

(1) Although the material removal behavior in UPOG has been sufficiently studied in
this study, the material removal mechanism has not been explored fully. This work
should be done in the future work.

(2) In this study, it is found that actual removal rate in UPOG is deeper than that in the
conventional grinding. However, the reason why actual removal rate becomes deeper
in ultrasonic assisted grinding has not been explored fully.

(3) Much more works should be devoted to the feasibility of the technique in practice.
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