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Abstract
Composite manufacturing with multiple energy �elds is an important source of processing technology
innovation. In this work, comparative experiments on the conventional grinding (CG) and ultrasonic
vibration-assisted grinding (UVAG) of hardened GCr15 steel were conducted with WA wheel. The grinding
wheel wear patterns and chips were characterized. In addition, grinding force, force ratio, and ground
surface quality were investigated to evaluate wheel performance. Results illustrate that the interaction
between abrasive grains and workpiece in UVAG process has the characteristics of high frequency and
discontinuity. The wear property of abrasive grains is changed and the grinding force is decreased
because the generation of micro-fracture in abrasive grains improves the grinding wheel self-sharpening.
Better surface quality is obtained, the surface roughness is reduced by up to 18.96%, and the number of
defects on the machined surface is reduced through the superior reciprocating ironing of UVAG.
Accordingly, WA wheel performance is improved by UVAG.

1. Introduction
In recent years, the demands of mechanical transmission systems have increased to meet the higher
performance requirements (e.g., thrust-to-weight ratio, reliability, and service life) in modern aerospace,
ship, and automobile industry sectors. The surface quality of gears, as the key components of the above
mentioned transmission systems, plays a crucial in�uence on the service performance of whole systems
[1–4]. At present, the grinding process is usually applied as the �nal procedure to raise the dimension
accuracy and surface integrity of gears [5–7]. However, the gear steels, such as GCr15 steels, exhibit high
hardness (reaching HRC 58-62), high tensile strength, and low thermal conductivity after the carburizing
and quenching process; these characteristics are typical to di�cult-to-cut materials [8–10]. In this case,
the severe tool wear and poor ground surface quality are inevitable due to the lack of su�cient coolant in
the grinding arc zone during the conventional grinding (CG) process [11–14]. Thus, improving the wear
resistance of alumina wheels and coolant conditions inside the grinding arc zone is crucial in achieving
desirable grinding performance and good machining quality.

Complex machining technology of ultrasonic vibration-assisted grinding (UVAG) has been the major
approach for process improvement, and this multi-energy �eld composite manufacturing is an important
source of machining technology innovation [15–17]. Consequently, this complex machining technology is
usually used to improve the machining e�ciency and surface integrity of di�cult-to-cut materials at
home and abroad. Bhaduri et al. [18, 19] conducted a comparison experiment to evaluate the ground
surface roughness of TiAl intermetallic and Inconel 718 superalloy under CG and UVAG processes. They
found that the grinding quality could be signi�cantly improved due to the trajectory interference between
abrasive grains by applying the ultrasonic vibrating method. Yu et al. [20] indicated that the polishing
quality of Inconel 718 could be improved signi�cantly under the changed motion state of the free
abrasive particles because of ultrasonic vibration. The research by Nik et al. [21] proved that the
application of UVAG method also contributed to reducing grinding forces and improving the surface
quality of Ti-6Al-4V alloy grinding. Wei et al. [22] studied the material removal features of engineering
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ceramics through a rotary UVAG process. The defect size was decreased remarkably using the ultrasonic
vibration method, and thus, the ground surface quality could be improved. Furthermore, the cutting edges
of abrasive grains tended to produce the macro-fracture and pull-out under the traditional grinding
process, which led to the worse ground surface quality [23–25]. However, the in�uences of ultrasonic
vibration on the material removal mechanism of grinding hardened steel and tool wear property were
seldom analyzed.

Numerous researchers have investigated the tool wear behavior in the traditional grinding of di�cult-to-
cut materials to improve the ground surface quality by controlling the tool wear. For example, Li et al. [26]
analyzed the grain wear evolution by acoustic emission (AE) testing. The results showed that abrasive
wear is divided into three stages, and the wear state is gradually increasing. Xi et al. [27] compared and
evaluated tool wear characteristics during grinding Ti2AlNb, Ti-6Al-4V, and Inconel 718. The most severe
tool wear could be observed in grinding of Ti2AlNb intermetallics due to the strong a�nity with SiC
abrasives. Madopothula et al. [28] studied the grinding of AISI 52100 with two kinds of corundum
grinding wheels. The results proved that SA abrasive grains were rubbed, which caused the main material
to change from shearing to plough and friction. The abrasive fracture occurred when the WA wheel was
grinding. Yang et al. [29] researched the form grinding of a 20CrMnTi steel tooth with a self-developed
microcrystalline corundum wheel. The excellent self-sharpening of microcrystalline corundum abrasive
increased the number of effective abrasive grains and reduced the extrusion and friction between the chip
and the workpiece. In addition to improving ordinary abrasive grinding wheel, applying a multi-energy
�eld processing method is also a way to reduce grinding wheel wear and improve grinding performance.
Currently, the grinding wheel wear properties in UVAG for the controllability of UVAG process are still being
explored.

Thus, this study conducts a comparative investigation on CG and UVAG to explore the effect of grinding
parameters on wear evaluation and grinding performance for developing the UVAG strategy of hardened
gear steel surface. Section 2 describes the experimental conditions and steps of ultrasonic vibration-
assisted grinding of hardened GCr15 steel with WA wheel. Sections 3 and 4 indicate the analysis and
conclusions, respectively.

2. Materials And Methods

2.1 Experimental procedures and materials
A precision surface grinding machine (BLOHM Pro�mat MT-408) coupled with coolant systems was used
to perform grinding experiments, as shown in Fig. 1. The self-developed ultrasonic vibration system (Fig.
1b) was �xed to the workbench by support legs. The ultrasonic generator outputs high-frequency
electrical signals, which are converted into mechanical vibration by the connected transducer and
magni�ed by the horn. In the end, the workpiece attached to a titanium alloy platform connected to the
horn could vibrate. The grinding wheel was white alumina (WA) wheels, as shown in Fig. 1c. The diameter
of the grinding wheel ds was 400 mm, and the axial width bs was 20 mm. In addition, the abrasive grain
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size of grinding wheels was about 160–200 µm. After each group of grinding experiment, a single point
diamond dresser was used to dress the grinding wheel. The dressing parameters were as follows:
grinding speed of vc = 20 m/s, workpiece speed rate of fc = 200 mm/min, and a total dressing depth of aH

= 0.2 mm. The detailed grinding process paraments are listed in Table 1. The material removal rate (MRR)
Q'w is expressed as Eq. (1):

Q ′w = ap ⋅ vw

1
The material removal volume (MRV) of the �rst pass in reciprocating grinding Vr1 = lw·bw·ap. Cumulative

removal of workpiece material volume in each group of experiments was Vr = 450 mm3.

The grinding force was collected by Kistler 9253B-type three-channel piezoelectric dynamometer, as
shown in Fig. 1d. Then, it passed through the charge ampli�er Kistler 5080A. Finally, it was measured on
the software. The surface microstructure of grinding wheel, chips, and workpiece were characterized by
Quanta 200 SEM, as shown in Fig. 1e. The machined surface roughness Ra was measured by MAHR M2
perthometer (cut length: 0.8 mm). Meanwhile, the ground surface pro�le was obtained by Sensofar S
Neox 3D confocal microscopy. In this study, the ground materials were hardened GCr15 steel with a
hardness of HRC60. The chemical composition content and mechanical properties of GCr15 are listed in
Tables 2 and 3. Here, the workpiece with the dimension of 30 mm in length, 10 mm in width, and 12 mm
in height were prepared. Then, the top surface of workpiece was �rstly machined to the surface
roughness of 0.8 µm before grinding experiments.
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Table 1
Grinding process parameters.

Contents Values

Machine tool Blohm Pro�mat MT-408 surface grinder

Grinding mode Reciprocating surface grinding

Abrasive wheel WA wheel (mesh size of 80)

Ultrasonic frequency f (kHz) 19.6

Ultrasonic amplitude A (µm) 6

Wheel speed vs (m/s) 25

Workpiece speed vw (m/min) Balance

Depth of cut ap (µm) 10, 15, 20, 25

Material removal rate Q'w (mm3/(mm·s)) 1.33, 1.5, 2, 2.67, 3.33, 4.17

Cooling condition 5% emulsi�ed water; 90 L/min, pressure at 1.5 MPa

Table 2
Chemical composition of GCr15.

Element C Si Mn P S Cr Ni Mo Fe

Component/% 1.03 0.227 0.353 0.007 0.003 1.46 0.015 0.0096 Bal.

Table 3
Mechanical properties of GCr15.

Yield strength
σ0.2 (MPa)

Tensile
strength σb
(MPa)

Elastic
modulus
(GPa)

Density ρ
(g/cm3)

Thermal
conductivity k
(W/m·K)

Rockwell
hardness
(HRC)

1394 1748 210 7.81 46.6 60

2.2 Tangential ultrasonic vibrating method
In this work, tangential ultrasonic vibration-assisted was used for surface reciprocating grinding. The
direction of high frequency vibration is parallel to the workpiece speed. The velocity of the grain in a cycle
of reciprocating grinding can be presented as Eq. (2):

vx
vy

=
( − 1)a ⋅ vw + vs ⋅ cosωst + 2πf ⋅ Acos(2πf ⋅ t + φ0)

vs ⋅ sinωst
,

a = 0, down grinding
a = 1, up grinding

2

[ ] [ ] {
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where vs, vw, f, A, and t are the wheel speed, workpiece speed, ultrasonic frequency, ultrasonic amplitude,
and time, respectively; ωs is the angular velocity of the abrasive wheel, vs = ωs·ds, ds is the wheel radius;
and φ0 denotes the initial phase of ultrasonic vibration. A single abrasive trajectory of CG and tangential
UVAG in the grinding arc is shown in Fig. 2a. This kind of grinding process has periodic reciprocating
motion, which is like intermittent grinding. As shown in Fig. 2b, abrasive grain demonstrates the
characteristic of separability during t1–t2, and the workpiece is contacted again at t3.

3. Results And Discussion

3.1 Grinding force and force ratio
Grinding force is a crucial parameter to characterize the grinding process, and it has an important effect
on tool wear and machined surface quality [30, 31]. In order to achieve reliable data, the average value of
three grinding force signals is selected as the grinding force value in the article. Graphs showing the
grinding forces against MRR and MRV for the two grinding methods are detailed in Fig. 3.

As shown in Figs. 3a and 3b, the tangential grinding force Ft and the normal grinding force Fn of the two
strategies exhibit a similar increasing trend with an increase in MRR. When the MRV of reciprocating
grinding Vr = 450 mm3 and the MRR increases from 1.33 mm3/(mm·s) to 4.17 mm3/(mm·s), the
tangential grinding force of CG increases from 57.5 N to 169.2 N and the normal grinding force increases
from 143.19 N to 381.73 N. Moreover, the tangential force of UVAG increases from 52.12 N to 144.42 N,
and the normal force increases from 118.06 N to 322.77 N. A smaller grinding force under UVAG can be
observed than that under CG. In UVAG, the maximum reductions in tangential force are 34.62%, 13.4%,
and 14.66% with Vr1, Vr = 225 mm3, and Vr = 450 mm3, respectively; the maximum reductions in normal

force are 34.25%, 17.08%, and 17.54% with Vr1, Vr = 225 mm3, and Vr = 450 mm3, respectively. Fig. 3c
shows that the grinding force ratio Fn/Ft varies in the range of 2.06–2.49 and 2.02–2.32 with the increase
in MRR in CG and UVAG, respectively. The WA wheel has an excellent grinding performance, and the small
and stable grinding force ratio is due to that the grinding wheel has a good self-sharpening effect in
UVAG. The tangential and normal grinding forces increase from 74 N and 162.52 N to 87.17 N and
179.71 N in CG, respectively. The tangential and normal grinding forces increase from 65.56 N and
134.43 N to 79.05 N and 162.6 N in UVAG, respectively. The normal grinding force has a steady and
constant stage at MRV of 135 mm3–315 mm3 in UVAG. A different result is observed in CG, the normal
grinding force keeps increasing.

 

In UVAG, material removal mechanism is changed because of the characteristic of separability. Due to the
high-frequency interaction between active abrasive grains and workpiece surface, the cutting process is
not continuous. This process of multiple-impact interaction makes the material begin to rollover more
easily, and microcracks are formed in the grinding area, which will lead to effective material removal.
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Therefore, the grinding force is decreased [32]. In a word, the application of ultrasonic vibration improves
the grinding performance of workpiece material. However, the increase in MRR results in larger grinding
loads [33], and the ultrasonic vibration effect on the grinding force reduction is reduced by the aggravated
grinding wheel wear.

3.2 Wear surface topography
The grains on the grinding wheel are subjected to heavy load during the grinding process, and the
effective life of the grains is an important affecting factor in the performance of the grinding wheel. Fig. 4
demonstrates the grinding wheel wear characteristics under the two grinding processes when grinding
wheel speed vs = 25 m/s and MRR = 2 mm3/(mm·s). As shown in Figs. 4a–c, a mechanical clogging pore
with a lot of chips is obvious in area  under CG, and continuous chip adhesion can be observed on the
surface of the abrasive grains in area . In addition, the wear patterns of grain pull-out and wear-�at can
be easily formed. Conversely, the open pore is relatively clean and conducive to heat dissipation under
UVAG, as shown in areas  and  in Figs. 4d–f. The chip adhesion is reduced, and the wear morphology of
the abrasive grains exhibits microfracture. In this case, multiple cutting edges are generated, and the self-
sharpening capability of grinding wheels can be effectively increased by UVAG processes.

 

In the grinding process, the typical wear of the grinding wheel is friction wear, abrasive fragmentation,
and bond failure. Fig. 5a illustrates the force and thermal loads of a single abrasive grain. The wear
patterns of grain under heavy load can be divided into brittle fracture and plastic wear. Grain wear
behaviors of the grinding wheel for CG and UVAG are observed, as shown in Figs. 5b and c. Continuous
friction wear is most commonly found in CG. Plastic wear occurs on the abrasive grain when the
tangential force of abrasive grain Fgt exceeds the yield strength of abrasive materials in the cutting
process. This wear is gradual, and the grain is eventually worn-�at. In addition, bond fracture and
abrasive grain pull-out are observed when the shear force exceeds the bonding strength (Fig. 5b).
Conversely, a random brittle fracture usually occurs in UVAG. Microcracks are generated due to the impact
of contact between the white alumina grains and the workpiece material, and the microfracture of grain is
formed by removing small fragments from the sliding surface (Fig. 5c). These mechanical wear
behaviors of the grinding wheel are related to the grinding times, effective contact length, and grinding
force. The impact times increase that the abrasive grain is subjected to intermittent loads during UVAG,
which effectively reduces the friction wear. Moreover, the grinding wheel self-sharpening is realized by
increasing the microfracture of grains.

 

3.3 Chip topography
Chip formation is an important issue in controlling the grinding wheel performance or the machined
surface in the grinding process. The metal chip shapes obtained by grinding are �owing, blocky, ripping,
shearing, and melting chips [34]. Fig. 6 shows the chip morphologies of CG and UVAG. Continuous chips
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are observed. The surface of the chips close to the rake face is smooth, while the surface away from the
rake face is rough. As shown in Figs. 6a–c, for CG processes, the width of the chips in the measurement
area  is 22 µm, and the length of the chips in the measurement area  is 546 µm. As shown in Figs. 6d–e,
the width and length of the chips in the measurement area  for UVAG processes are 12 and 287 µm,
respectively. Moreover, short C-type chips are generated in UVAG, as observed in area  shown in Fig. 6f.

 

The chip generation behaviors of CG and UVAG are schematically illustrated in Fig. 7. The continuous
chips generally appear in the condition of small cutting depth and high grinding speed in the grinding of
plastic metal materials. Compared with UVAG, the cutting path of abrasive grain is continuous and stable
in CG, and the chips are wider and longer. By contrast, the cutting trajectory has changed and a
separation stage between the abrasive grain and the workpiece has existed. The corresponding
continuous chips are broken into small chips with thinner and short structures in UVAG. In addition, the
reduction in the maximum undeformed chip thickness in UVAG mentioned in Section 3.1 also reduces the
chip size. In a sense, the chip breaking is realized by the separation characteristic of UVAG.

3.4 Surface quality
The surface quality signi�cantly affects the performance of the parts and the reliability of the machine.
The measurement direction of surface roughness Ra is perpendicular to the grinding infeed direction. The
effects of MRR on Ra value in UVAG process are revealed in Fig. 8a. Surface roughness of two different
grinding strategies have the same variation trend with the increased MRR. The Ra values are proportional

to MRR. With the MRR increasing from 1.33 mm3/(mm·s) to 4.17 mm3/(mm·s) and grinding speed of vs

=25 m/s, the Ra value of CG and UVAG increases from 0.4 and 0.34 µm to 0.46 and 0.4 µm, respectively.
Meanwhile, the Ra value is reduced by up to 18.96% in UVAG. Figs. 8b and 8c show the ground surface

pro�les obtained using the two types of grinding strategies in the case of Q'w = 2 mm3/(mm·s). The peak-
to-peak values for the height of grooves on the ground surface in CG and UVAG are from −1.440 and
−1.146 µm to 1.504 and 1.204 µm, respectively. The Ra value is related to the height of the residual area
of workpiece. By repeatedly ironing of the grinding wheel in UVAG, the tangential residual height of the
workpiece surface is reduced. As a result, UVAG produces the better grinding quality compared to the
other method [35].

SEM observation of the ground surface morphologies and surface damage during CG and UVAG is
shown in Fig. 9. UVAG exhibits better ground surface quality than CG when MRR is �xed at 2
mm3/(mm·s). The various defect patterns with a larger area on the machined surface are clearly
observed in CG. They appear as irregular areas, material fractures, voids, and redeposited material
(Figs. 9a and 9b). Compared with CG, the machined surface presents excellent surface textures except for
some grinding marks due to the cutting trajectory of the abrasive grain in UVAG (Figs. 9c and 9d).
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The workpiece surface topography is the comprehensive effects result of the rubbing, ploughing, and
cutting of abrasive grains on the workpiece. The material removal mechanism of a single abrasive was
analyzed since the ground surface morphology characteristics of the workpiece. The abrasive grain is
often considered to be a negative rake tool in the grinding process, and chips �ow out from the rake face
of abrasive grain. Fig. 10 shows the forming mechanism of the ground surface. For CG, the abrasive
grain continuously contacts the workpiece, and the heat on the rake face increases because the coolant
cannot enter the rake face. The workpiece material easily adheres to the surface of the grinding wheel,
and then, redeposition occurs. In addition, the large-size wear debris mixed in the coolant is equivalent to
free abrasive, which easily damages the ground surface as irregular area, fracture, void, and other
characteristics. For UVAG, the size of wear debris is smaller, and the coolant �ow �eld is changed by the
separation of grain and workpiece, which can take much heat and abrasive fragments away in time.
Therefore, the advantages of UVAG in intermittent grinding and reciprocating ironing can be used to
reduce material damage, UVAG is bene�cial to surface integrity.

4. Conclusions
In this work, ultrasonic vibration was applied to the grinding of hardened GCr15 steel to demonstrate the
advantages of composite processing. The grinding behavior, including the grinding force and force ratio,
wheel wear surface, and chip topography, as well as ground surface quality were discussed in detail. The
following conclusions are obtained:

1. The material removal mechanism is changed by the separation characteristics of UVAG. Compared
with CG, the grinding force is reduced and a stable grinding force ratio is obtained in UVAG. Moreover, the
normal grinding force has a steady stage at MRV of 135–315 mm3 during the reciprocating surface
grinding with ultrasonic vibration.

2. The cutting process is discontinuous by the high-frequency action between abrasive grains and
workpiece material in UVAG process. The phenomenon of chip clogging and adhesion is reduced, and the
wear patterns of abrasive grains exhibit microfracture, which can effectively increase the self-sharpening
capability of the grinding wheel.
3. The chip sizes in CG and UVAG differ. Small chips with thinner and short structures are observed in
UVAG. In addition, the short C-type chips observed in the experiment also proved that chip breaking is
effectively achieved by the separation characteristic of UVAG.
4. UVAG is bene�cial to surface integrity. The surface roughness Ra is reduced with the feature of
reciprocating ironing in UVAG. The coolant �ow �eld is changed with the intermittent nature of UVAG,
which can remove chips and grinding thermal in time, thereby reducing ground damage.
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Figure 1

Reciprocating surface grinding experimental setup (a), including ultrasonic vibration system (b), WA
wheel (c), grinding force measuring system (d), and surface measuring device (e).
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Figure 2

Schematic of (a) abrasive trajectory of CG and tangential UVAG, and (b) separation characteristics in
UVAG process.
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Figure 3

Effects of MRR on the (a) tangential force, (b) normal force, and (c) grinding force ratio for CG and UVAG,
and (d) grinding force versus MRV in CG and UVAG.
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Figure 4

SEM microstructures of wheel surface of grinding wheels under CG (a) and UVAG (d), (b) and (e)
magni�ed views of chip storage spaces and the characteristics of grain wear, (c) and (f) magni�ed views
of chips adhesion.
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Figure 5

Schematic of (a) force load and thermal load of a single abrasive grain, and wear behaviors for CG (b)
and UVAG (c).
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Figure 6

SEM microstructures of chip morphologies. In (a), two enlarged views of the red dashed frames indicate
the width (b) and length (c) of the chips under CG, and in (d), two enlarged views of the red dashed
frames indicate the size of the chips (e) and C-type chips (f) under UVAG.
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Figure 7

Schematic of chip generation behaviors of CG and UVAG.

Figure 8

Ground surface roughness versus MRR in CG and UVAG (a), and ground surface pro�le produced by CG
(b) and UVAG (c) with Q'w = 2 mm3/(mm·s).
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Figure 9

Ground surface morphologies during CG (a, b) and UVAG (c, d) with Q'w = 2 mm3/(mm·s).
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Figure 10

Schematic of grinding surface generation for CG and UVAG.


