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Abstract: In this study, an ultrasonic-assisted electrochemical grinding (UAECG) system was de-
signed to improve the low efficiency and tool wear in conventional grinding of hard and tough
materials. In this system, multiple-field energy consisting of ultrasonic, electrochemical and mechan-
ical grinding was used. The processing mechanism was investigated to determine the interaction
mechanism between ultrasonic, grinding and electrochemical processing. The established theoretical
model showed that the processing efficiency was affected by the ultrasonic amplitude, ultrasonic
frequency, electrolyte conductivity and other parameters. In verifying the feasibility of UAECG
machining and the effect of machining elements on machining, a series of corresponding machining
experiments was conducted. Experiments showed that the machining efficiency can be improved
by machining through the UAECG system. The material removal rate of W18Cr4V machining was
2.7 times higher than that of conventional grinding and 1.7 times higher than UAG. The processing
efficiency of YT15 was increased by 3.2 times when the processing voltage increased from 2 to 6 V.
The surface shape and roughness were also affected by these parameters. The surface roughness
of the SiCp/ Al workpiece reached the best level at 4 V as the machining voltage increased from 2
to 6 V. However, the surface roughness increased significantly when the voltage increased to 6 V.
Thus, parameters such as machining voltage must be optimised for efficient and precise machining
in practice.

Keywords: rotary ultrasonic machining; compound electrochemical; compound grinding; collaborative
machining system

1. Introduction

In recent years, various hard and tough materials have been widely used for the
manufacturing of high-tech equipment in the national defence and aerospace industry,
such as high-speed steel (W18Cr4V), cemented carbide (YT15) and silicon carbide particle-
reinforced aluminium (SiCp/Al). These materials are characterised by high hardness and
toughness [1]. Thus, when traditional mechanical machining methods such as grinding are
used, superhard tool materials such as diamonds are required in conventional processing
such as grinding. Nevertheless, the tools are severely worn at high cutting forces and
temperatures. The workpiece is also prone to bursting, thereby causing surface quality
defects [2,3].

Special machining techniques have received special attention, and they are widely used
in practice because of their advantages, such as low machining forces and independence
from material hardness [4]. However, a single special machining method has its own
shortcomings. Ultrasonic machining has low cutting stress and low heat, but the tool
electrodes are easily worn and difficult to maintain [5]. Electrochemical machining is more
efficient, but it suffers from low machining accuracy [6]. In addressing the defects of single
special machining, composite machining has become a hot research topic. In processing
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the above-mentioned materials, many scholars have selected ultrasonic-assisted grinding
(UAG) and ultrasonic electrochemical processing for their research.

UAG can effectively reduce tool wear at a low grinding force and heat caused by the
intermittent cutting effect and hammering effect of ultrasonic vibration. Hard, tough mate-
rials fall under high-frequency striking. Given the above-mentioned advantages, scholars
have conducted extensive research on UAG. Gao [7] revealed ultrasonic-assisted cutting
characteristics based on kinematic modelling and relative motion trajectory simulation.
The experiments showed that the surface of the workpiece machined by this machining
method exhibited significant widening of the grooves, which were uniformly distributed
at approximately 6-8 um. Therefore, compared with conventional grinding machining
(GM), UAG shows evident and unique machining characteristics. Zhang [8] investigated
the material removal mechanism in the end face direction and constructed a prediction
model for grinding forces during ultrasonic-assisted machining. The experimental results
showed that the predicted and measured values of grinding forces were quite close to
each other, and the grinding forces were significantly reduced after the introduction of
ultrasonic vibration. Shen [9] found that the matching of vibration and milling parameters
has an important effect on the final surface topography, and the size of the overlap area of
multiple cuts can accurately reflect the surface topography. Li [10] used UAG for the surface
machining of silicon carbide-based composites. The kinematics were analysed between
individual diamond abrasives and workpiece materials. The mathematical relationship
between cutting parameters and vibration parameters was established; meanwhile, the
conditions for intermittent machining were obtained. The indentation fracture theory and
kinematic analysis were used to establish the cutting force model. The comparison of
experimental and simulated data showed that the errors of model and experimental values
were less than 15% in most tests. Wang [11] applied elliptical ultrasonic vibration grinding
to surface machining to investigate the effect of machining performance and machined
surface quality. The impacts of different parameters on machining force, surface roughness
and machined surface topography were compared. The test showed that the processing
method has significant advantages with regard to surface topography and minimum sur-
face roughness. Zhang [12] conducted a modelling and mechanism study on the grinding
force and material removal rate (MRR). Meanwhile, the impacts of processing parameters
of ultrasonic vibration on grinding force and surface microstructure were analysed. The
test showed that ultrasonic vibration-assisted grinding has an excellent performance in the
machining of hard, tough materials.

Ultrasonic electrochemical processing utilises electrochemical action and ultrasonic
cavitation. The passivation film produced by electrochemical processing is continuously
removed by ultrasonic cavitation, whereas ultrasonic vibratory pumping promotes the
flow of electrolyte renewal and accelerates the electrochemical efficiency. Advantages such
as ultrasonic and electrochemical action as well as the non-contact processing method can
promote the processing of hard, tough materials. Given the above-mentioned technological
advantages, scholars have conducted intensive studies. Bhattacharyya [13] designed the
processing system, and the MRR and processing accuracy were controlled successfully.
Experiments showed that an electrolyte concentration range of 15-20 g/L reduced the
stray current effect, and tool vibration improved the ability of the interpole clearance to
remove sludge, thereby changing the MRR and accuracy. Ghoshal [14] experimentally
analysed the processing effect of machining parameters. The experiments showed that
high-quality micro workpieces with different shapes could be produced by varying the
electrochemical voltage or by using the appropriate amplitude of vibration. Skoczypiec [15]
used the fluid dynamics method to analyse the clearance of electrolyte flow through
the electrolyte during ultrasonic vibration-assisted electrochemical machining, obtain the
optimal conditions for electrolyte flow and achieve the effect of ultrasonic vibration on
the machining through experiments. Wang [16] conducted experiments on stainless-steel
microvia using this processing method. Experiments showed that the processing speed,
surface quality and maximum depth of the processed microvia are significantly increased,
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whereas the taper and diameter are reduced. Wang [17] applied low-frequency sinusoidal
oscillatory motion to the workpiece and derived the MRR and the inter-electrode clearance
pressure mathematical model. The vibration amplitude and frequency have important
effects on processing efficiency and feed rate; thus, a higher MRR can be obtained by
applying a larger vibration amplitude and the appropriate frequency.

The efficiency and accuracy of the two above-mentioned composite machining pro-
cesses have been proven by considerable research. However, few articles have mentioned
methods and experiments on the combined processing of ultrasound, mechanical and
electrochemical energy. The interactive effects of the coupling of more than three energy
fields are also rarely discussed. In optimising the machining method, the two composite
machining methods are combined, which is called the ultrasonic-assisted electrochemical
grinding (UAECG) system. Three energy field machining methods, namely, ultrasonic,
electrochemical and rotary grinding, are used in this system.

In this paper, the structural design and online systems were constructed. The material
removal mechanism was theoretically studied on the basis of the system. The experiments
were performed using different kinds of materials (W18Cr4V, YT15 and SiCp/Al) and
different kinds of parameters (electrolytic voltage). The practical effects of machining on
the machining effect and surface morphology were studied. This study has increased the
understanding of the relationship between the actions of ultrasonic processing, electrolysis
and grinding. The efficiency and accuracy of the combination of the three above-mentioned
processing methods were also realized, which indicates its application potential.

The article consists of five parts. This part primarily introduces the background of
the thesis research and the significance of the research. The processing principle and the
theoretical model of UAECG processing are constructed in Section 2. Equipment, including
the rotary ultrasonic grinding processing device, online measurement and control system
are shown in Section 3. The materials and methods and steps of the experiments are
introduced accordingly. The results of the experiments and a discussion of the results are
provided in Section 4. Conclusions are drawn in Section 5.

2. Analytical Modelling

The basic principle of this machining system is shown in Figure 1a. During machining,
the tool head is rotated and fed at a constant speed along the Z-axis whilst ultrasonically
vibrating along the Z-axis under the action of the ultrasonic device. Simultaneously, the tool
electrode is connected to the negative side of the electrochemical power supply, whereas
the workpiece is connected to the positive side. The ultrasonic vibration displacement
curve of the tool in one cycle is shown in Figure 1b. In this case, electrochemical, ultrasonic
and grinding interact with one another.

N

\ 4

Figure 1. (a) Fundamental principles and (b) tool head displacement curve.
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Before the moment ¢, the system is primarily processed by ultrasonic-assisted elec-
trochemical processing because the workpiece is not in contact with the tool. Based on
the anodic dissolution principle, with the tool electrode slowly feeding towards the work-
piece, the surface metal of the workpiece is dissolved by the tool electrode [18]. Based
on the law of electrochemical machining, anode dissolution tends to form a passivation
film on the workpiece surface, which will have a passivation effect during electrochemical
processing. [19] Considering that ultrasonic and rotary movements are produced in this
system, the abrasives in the electrolyte constantly affect the surface of the workpiece at
high frequencies, destroying the anodic passivation film covered on the surface of the
workpiece [20]. In addition, the ultrasonic and rotary motion accelerates the electrolyte
between the workpiece and the tool electrode, which promotes the evacuation of process
debris and heat, thereby enhancing material removal efficiency [21].

After the moment t7, the tool electrode continues to move downward. Once the tool
grinding head contacts the workpiece, ultrasonic grinding begins. Although electrochem-
ical grinding is also present in this process, the electrochemical speed is slower than the
grinding feed. Thus, grinding is the primary process. Considering that grinding becomes
intermittent by ultrasonic vibration, the grinding force is reduced; meanwhile, the grinding
removal capacity is increased [22].

After the moment tp, the tool electrode starts to move slowly upward until it leaves
the workpiece, and the total time experienced by grinding is At. Thereafter, the processing
shifts again from ultrasonic grinding processing to ultrasonic electrochemical processing.

In this system, a synchronous co-electrochemical device was designed to optimise the
energy-matching relationship. The basic principle is shown in Figure 2. The tool electrode
moves sinusoidally under ultrasonic action, and the clearance between the end face and
the workpiece decreases and increases periodically. Considering that the tool electrode is
coated with microscopic abrasive particles, a minimum clearance Aniy, is observed. When
the clearance is between A, and the set Ag, the modulation circuit controls the closure of
the chopper switch to perform electrochemical processing for material removal. When the
clearance exceeds the set A, the modulating circuit controls the chopper switch to open, and
the electrochemical processing is stopped, at which time the processing debris is excluded
and the working fluid is renewed to prepare for the next stage of electrochemical processing.
This device enables the machining process to maintain a small clearance, which improves
electrochemical energy utilisation whilst increasing the machining efficiency. The short
circuit and direct contact with the electrode and workpiece are avoided because of the
existence of the minimum clearance Ay, caused by tiny abrasive particles.

A A Cathode vibration
/ displacement
N N N
| | | | | IT Amin| As
S I I IR N
| | | |
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v oA | Swynchronous electrolytic

waveform

e

Figure 2. Synchronous processing control principle.
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2.1. Modelling of UAG

Plastic removal can significantly reduce surface damage and improve surface quality.
Based on the principle of indentation fracture mechanics, determining the critical depth
of cut of the abrasive grains for plastic transformation based on the microhardness and
fracture toughness of the material is the key to achieving plastic processing [23]. When
the maximum depth of penetration of the abrasive grain is less than the critical depth of
penetration, plastic removal is the primary removal method [24]. In simplifying the model,
the following assumptions are drawn:

(1) The ultrasonic amplitude, vibration frequency and tool radius are fixed, and the losses
in machining are not considered.

(2) All abrasives are uniformly arranged and distributed in the same plane, and they
are considered rigid spheres of equal size, which simultaneously participate in the
machining.

(3) Plastic removal is used as the material removal model.

Based on the moving trajectory of the tool electrode, the motion equation of the
abrasive particles can be obtained. The material removal amount of each abrasive particle
in the ultrasonic high-frequency vibration cycle can be calculated, and then the total number
of abrasive particles in the whole cycle can be derived.

The UAG can be subdivided into the hammering effect of ultrasonic vibration, the
abrasive effect of rotary motion and the compound tearing effect of both processes [25].
When the tool rotates at a high speed with the ultrasonic spindle, ultrasonic high-frequency
vibration will be carried out along the tool axis simultaneously. The tool will continuously
feed in the direction of the workpiece at a fixed speed. The solidified microscopic abrasive
particles will continuously affect and polish the workpiece surface to complete the stripping
of the material. Intermittent cutting is formed by the combined effect of axial rotational force
and ultrasonic high-frequency vibration [26]. This method improves machining efficiency
whilst reducing cutting forces and cutting heat, thereby reducing machining losses [27].
The Z-axis trajectory of the tool electrode vibration direction z(t) can be expressed using
the following formula:

z(t) = Asin(27tft + g) 1)

where A is the tool electrode amplitude, f is the ultrasonic frequency and ¢ is the processing
time.

Based on the electrode motion pattern shown in Figure 1, the contact time between
the tool electrode and the workpiece in a single cycle is denoted by At [12]:

At=2(t) —t) = nlf g —arcsin(1 — %) )
where /1 is the depth of the abrasive grain into the material.

The radius of the circle of the scanned cross-section on the workpiece surface increases
as the microgrits cut deeper. The volume of the material removed by a single microgrind in
a single cycle can be approximated as an ellipsoidal defect [8]. Thus, in a single cycle, the
material removal depth h; machined by the number of microfine sharpening for N can be
calculated using the following formula [28]:

' Snfvarh— 2|2 A 3
where 7 is the radius of the grinding grain, R is the distance from the grinding grain to the

centre of the tool face, n is the tool electrode speed and S is the machining cross-sectional
area.
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2.2. Modelling of Ultrasonic-Assisted Electrochemical Processing

According to Faraday’s law, when ultrasonic compound electrochemical processing
occurs, the total amount of material removed during electrochemical processing, V;, can be
calculated by using the following equation:

V., = Dna)a% 4)
A

where D is the duty cycle of the electrochemical current, 7 is the current efficiency, w is
the total volume electrochemical equivalent of the material being electrolysed, ¢ is the
electrolyte conductivity, Uy is the voltage in the interstitial electrolyte and A is the electrolyte

processing clearance.
As shown in Figure 2, the ultrasonic compound pulse electrochemical clearance varies
periodically because of the introduction of the synchronous ultrasonic device [29]. The
electrochemical depth & of a single cycle can be expressed by using the following equation:

t
hy = /4vﬂ(t)dt ®)
t3
The actual electrochemical time in a single cycle can be expressed by using the follow-
ing equation:

At = (ty—t3) = 1 {;T — arcsin(1 — (6)

f

Considering that the minimum spacing Anin, determined by the abrasive diameter

being larger than the ultrasonic amplitude A, the machining clearance of At can be expressed

by the average clearance between A, and As. Thus, equation (9) can be approximated by
using the following equation:

t — .
t

As - Amin)
A

5 ~ f(As — Amin) | 2 A

2.3. Modelling of Composite Processing

In actual machining, the material removal is the superimposed effect of UAG and
ultrasonic-assisted electrochemical action. Based on the two above-mentioned models, the
material removal model for rotating ultrasonic compound electrochemical processing can
be derived, and the material removal depth k3 can be expressed by using the following
equation:

h3 = hy + hy (8)

Taking Equations (3) and (7) into (8), the following equation is obtained:

As - Amin

T
Z _ arcsin(1 —
arcsin( )

Nf(AS — Amin) 2

Combining the above-mentioned derived equations, the ultrasonic amplitude A, the
spindle speed # and the radius r of the microfine abrasive grain will affect the UAG action.
The grinding action will be enhanced when the spindle speed increases or the particle size
becomes larger. The electrochemical effect can be improved by changing the electrochemical
voltage U, or the conductivity . The oscillation force and enhanced grinding effect will
increase with ultrasonic amplitude. The model ignores the ultrasonic pumping effect on
the electrolyte and the removal effect of ultrasonic cavitation on the passivation film; thus,
the effect of ultrasonic amplitude A and frequency f on the processing is not fully reflected
in the model, which needs to be further determined in experiments.

Based on the above-mentioned model, UAECG will increase the processing efficiency,
and the MRR is related to the machining parameters such as electrochemical voltage. In
verifying the above-mentioned theory, a series of experiments is conducted.

— —arcsin(1 — —) | V2rh — h2 +

5 a )
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3. Experimental Setup and Methods
3.1. Equipment

On the basis of the above-mentioned principle, a processing test system is designed.
As shown in Figure 3, the designed UAECG system consists of two parts. The first part
is a processing system, which provides ultrasonic grinding power to achieve composite
and UAG. The second part is online measurement and the control system, which achieves
online measurement and real-time control of the processing parameters through laser
displacement sensors and other components.

Data acquisition card

o

rocessing System|

Current
sensor 2~

=
=
| Current

sensor 1

ITemperature
sensor

EEL

o]

Chopper power

L]

am

Ultrasonic

power

oo

T
1 -1+ L

Pulse power

(b)

Laser
displacement
senor
Processing
system

Ultrasonic

-~ EOWe\I’_

Staging
Pulse power

Figure 3. (a) Schematic diagram; (b) actual machining system.

3.2. Processing System

As shown in Figure 4, the processing system consists of a rotating ultrasonic spindle
and an automatic feed system.

As shown in Figure 4a, the rotating ultrasonic spindle includes a rotating electrode,
sandwich-type piezoelectric transducer, stepped ultrasonic variation rod and tool electrode.
The tool electrode is covered with a diamond-solidified abrasive, and the substrate is a
heat-treated high-strength tungsten-steel material, which can widely process hard, tough
materials. The tool cathode and amplitude converter rod are connected by threads, which
are coated with petroleum jelly to prevent energy loss during vibration [30].
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Figure 4. (a) Schematic diagram of the rotating ultrasonic spindle and (b) magnetic suspension table.

After connecting the ultrasonic power supply and spindle-rotating AC power supply,
the ultrasonic spindle drives the ultrasonic amplitude rod and tool electrode in rotational
grinding motion, whereas the transducer drives the amplitude rod and tool electrode for
axial ultrasonic vibration. The ultrasonic spindle is avoided for rotation by adding a slip
ring device. A fixed carbon brush is connected to the ultrasonic generator, which transmits
the signal to the slip ring. Carbon brushes and the slip ring have a clearance to ensure that
the slip ring rotates with the rotating electrode. The current passes through the ultrasonic
generator to the carbon brush, then to the slip ring and the transducer, which ensures the
synchronisation of motor rotation and ultrasonic axial motion.

As shown in Figure 4b, the automatic feed system is completed by the magnetic
suspension table. Before processing, the workpiece is bonded to the workbench, and
the workpiece moves in the X-axis and Y-axis directions by adjusting the X and Y knobs;
thus, the cathode tool head reaches the upper part of the intended machining position on
the workpiece. By adjusting the distance between the two magnetic poles on the spiral
micrometre, the table maintains a certain height. During processing, the tool head and
workpiece maintain a certain static pressure; the table in the magnetic pole’s repulsive force
increases with the increase in the depth of processing to ensure the continuous processing
of the workpiece.

3.3. Online Measurement and Control System

As shown in Figure 2, the designed online measurement and control system are
composed of a PC, microcontroller, digital potentiometer and different kinds of sensors.
The LK-HO020 laser-sensing head is used for the measurement of ultrasonic amplitudes. The
LK-G5000 controller transmits the measurement data from LK-HO020 to the PC via a serial
port for data reading and setting. The displacement signal transmits to the computer via
the USB interface. The IL-030 laser displacement sensor is used to detect the machining
depth value. Two current sensors are designed to detect the inter-pole current and pulse
power of machining. Current sensor 2 is connected to a rated resistor. The voltage sensor is
used to measure the output voltage of the ultrasonic power supply. The temperature of the
working fluid is detected by the temperature sensor. The above-mentioned sensors deliver
the collected signals in analogue voltage to the data acquisition card, which is converted
into digital signals by data acquisition and delivered to the PC. The microcontroller STM32
regulates the ultrasonic power supply voltage by controlling a digital potentiometer. Using
the system, the processing parameters, such as ultrasonic amplitude, electrochemical
voltage, electrochemical current and processing depth, are measured in real time. Thus,
automatic control is performed to ensure that the process is in an envisioned stable state.

In achieving the above-mentioned synchronisation, a synchronous co-electrochemical
device is designed (Figure 5). The displacement signal of the tool head vibration is con-
nected to the chopper circuit, which is measured by using a laser micro displacement sensor.
It is compared with the reference voltage signal set by the voltage comparator. On the
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basis of the comparison result, the switching state of the photocoupler is decided, which
generates the chopper pulse signal to control the MOS chopper tube switching. Whether
the electrochemical power supply is turned on or turned off is determined by MOS. In this
circuit, the current-continuity diode plays a role in protecting the MOS tube from being
broken or burned by the induced voltage. The reference voltage of the voltage comparator
can be changed by adjusting the value of resistor R3.

Displacement
. Jee
sensor signal
R2 Processing
zone
R A
R3 \~)
RS N
R4 =
T Processing

power

Figure 5. Synchronous processing control circuit.

3.4. Experimental Methods

In verifying the universality of the machining system for hard, tough materials, three
hard, tough materials, namely, W18Cr4V, YT15 and SiCp/Al, were selected for three
validation tests.

The performance of UAECG and UAG machining and UG machining for different
machining efficiency and surface roughness for the same workpiece material (W18Cr4V)
and machining process parameters was compared. Therefore, apart from the workpiece
material, the machining method is another test factor.

Subsequently, considering that the electrolytic power supply has an important effect
on the machining efficiency in the abovementioned model study, the electrolytic power
supply was also used as a test variable parameter. In addition, previous UAECM studies
have found a significant improvement in processing efficiency at a voltage variation range
of 2-6 V [14]. In the UAECG designed in this paper, the relevant voltage parameter level
settings are also considered, and the experimental situations are analysed at 2, 4 and 6 V.

Therefore, three factor levels of the processing effect, including the processing method,
material and voltage, were studied and analysed, and the factor levels are listed in Table 1.

Table 1. Level of factors.

Level Factors
Workpiece Material ~ Processing Methods Voltage
-1 W18Cr4V GM 2V
0 YT15 UAG 4V
1 SiCp/ Al UAECG 6V

The electrolyte solution contained 5 wt.% NaNOs. The spindle speed was set as
1000 r/min. The ultrasonic amplitude was set at 6 um. The processing tests are presented
in Table 2.

GM, UAG and UAECG were used for W18Cr4V machining tests to compare the
influence of different processing methods on processing results. In acquiring the effect of
machining voltage on the MRR, machining tests were conducted on YT15 using the UAECG
system at different electrochemical voltages to investigate the effect of electrochemical
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voltage on machining efficiency and accuracy. In addition, SiCp/Al is machined by using
the UAECG system to study the impact of different voltages on surface morphology.

Table 2. Processing parameters.

z
o}

Workpiece Material =~ Processing Methods Voltage

|
_

|
_
o

O O NI OOl WIN =
O )
(e

All tests lasted for 2 min. In minimising experimental errors, all tests were repeated
three times, and the average value was taken as the test result. The size and microscopic
shape of machined parts were acquired by using a stereo microscope, and the surface
roughness was measured by using an interference microscope.

4. Results
4.1. Effect of Processing Methods

As shown in Figure 6a, the diameter and depth of the round hole machined by UAG
are 1.7 times larger than those made by grinding. In addition, the depth of UAECG is
2.7 times higher than that of conventional grinding. Therefore, the MRR of the UAECG is
higher than that of UAG and GM.

(@) 1o (b)

E 0.6-
g T
=
/
go.
.
02 /
0.0
GM UAG UAECG

(d)

Figure 6. (a) Comparison of machining depth; (b) GM; (c) UAG; (d) UAECG.
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As shown in Figure 6b,c, the hole achieved by the UAECG system is the deepest,
and the hole surface is the smoothest. By contrast, the hole machined by conventional
processing is rough, and the machining efficiency is low. The surface of the hole machined
by UAG is better than that machined by GM but not as good as that machined by UAECG.
However, the surface around the machining, which need not be machined, is mostly
affected in the UAECG. Considerable pitting dissolution can be observed on its surface.

4.2. Effect of Voltage on Processing Rate

As shown in Figure 7a, at the same processing time, the machining depth and machin-
ing efficiency increase with the increase in voltage. The depth of the round hole at 6 V is
3.1 times deeper than that at 2 V and 1.8 times deeper than that at 4 V.

(b)

e T T
(=2 S )
L 1 1 1

e
[}
)

e
o

2V 4V 6V

Figure 7. (a) Machining depth comparison; (b) 2 V machining shape; (c) 4 V machining shape; (d) 6 V
machining shape.

As shown in Figure 7b—d, the depth of the hole at 6 V is the deepest one, and the hole
at 2 V is the lowest one. In addition, the scratches caused by the abrasive grains on the
end face of the tool electrode are evident at 2 V. Although the depth of the round hole is

the largest, the roughness of the machined surface is not as good as the surface machined
at4 V.

4.3. Effect of Processing Voltage on Surface Morphology

As shown in Figure 8a, when the voltage increases from 2 to 4 V, the roughness of the
workpiece surface decreases. However, when the voltage continues to increase to 6 V, the
roughness begins to increase.
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Figure 8. (a) Surface roughness comparison histogram; (b) microscopic surface shape at 2 V; (¢) mi-
croscopic surface shape at 4 V; (d) microscopic surface shape at 6 V.

The same results can be observed in Figure 8b—d. The scratches caused by the abrasive
grains on the end face of the tool electrode are evident at 2 V. When the electrochemical
voltage increases to 4 V, the scratches are markedly reduced. However, when the voltage
increases to 6 V, the stray corrosion becomes severe, and the machined surface quality
decreases significantly.

5. Discussion
5.1. Effect of Processing Methods

The result indicates that the material removal efficiency improves with ultrasonic
vibration-assisted grinding. Therefore, the quality is significantly better than the first two
processing methods. However, considering the electrochemical marching factor, the surface
around, which needs not to be machined, becomes rough.

Based on the above-mentioned experimental analysis, the following process laws can
be obtained. UAECG couples mechanical energy, ultrasonic energy and electrical energy;
thus, the processing efficiency and surface quality of W18Cr4V after processing can be
improved by using this processing method. However, the surface around the hole will be
affected more in this kind of machining.

5.2. Effect of Voltage on Processing Rate and Surface Morphology

The result indicates that the electrochemical effect is weak at 2 V, and the ultrasonic
and grinding effects are dominant. Therefore, the surface morphology is good but the
processing efficiency is the lowest. Subsequently, when the voltage grows to 4 V, the
electrochemical effect and machining speed grow. Compared with the literature, the effect
of voltage on processing is also comparable to that on UAECM. Therefore, voltage has a
similar effect on the efficiency of UAECG processing.
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However, at 6 V, the electrochemical effect tends to dominate the machining, thereby
decreasing machining accuracy and surface quality. In this stage, the local point field
strength and the formation of discharge channels will generate a micro-spark discharge
when encountering difficult-to-machine bumps and small clearance. This phenomenon
also affects the accuracy of the machined surface.

Based on the above-mentioned experimental analysis, the following process rules can
be obtained: Changing the electrochemical voltage during machining can improve the
machining efficiency. However, if the electrochemical voltage is excessively high, then
partial discharge will occur when the clearance between the electrode and the workpiece
of the ultrasonic tool is small to a certain extent. This phenomenon will affect the quality
of the machined surface. Therefore, although the machining efficiency is improved by
increasing the machining voltage, and the roughness has high requirements, a low voltage
is necessary as the machining parameter to ensure the roughness meets the design require-
ments. Therefore, optimising the electrochemical voltage in the actual machining process is
necessary.

6. Conclusions

An ultrasonic-assisted electrochemical grinding system was designed to improve the
machining efficiency of hard, tough materials and to address the deficiency caused by
conventional grinding, such as high machining temperatures and high tool losses. In this
study, the mechanism of ultrasonic, electrochemical and grinding compound machining
was investigated. Three materials were used as processing test objects, and a comparison of
different forms and different parameters was performed to verify the extensive effectiveness
during hard, tough material processing. The experimental and analytical results are
presented as follows:

(1) The machining efficiency of W18Cr4V can be improved by the UAECG system. The
MRR is 2.7 times higher than that of conventional grinding and 1.7 times higher than
UAG.

(2) The ultrasonic amplitude, ultrasonic frequency, electrolyte conductivity and electro-
chemical voltage have a great influence on the processing. The processing efficiency
increases with the increase in processing voltage, and the processing efficiency of
YT15 is increased by 3.2 times when the processing voltage increased from 2 to 6 V.

(38) The surface roughness of the SiCp/Al workpiece reached the best level at 4 V as
the machining voltage increased from 2 to 6 V. The surface roughness increased
significantly when the voltage increased to 6 V. Therefore, a comprehensive selection
of parameters is necessary to increase processing efficiency under a satisfied surface
roughness.

(4) The combined use of ultrasonic energy, mechanical energy and electrolytic energy
for UAECG processing is feasible, but a good set of processing parameters must be
matched. In this paper, experimental studies were conducted on the variation of
process parameters such as voltage, and further experiments on other parameters
must be carried out in the future. Related research can provide a theoretical and
practical basis for micro-hole machining of cemented carbide used in the aerospace
and defence industry.
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