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Abstract: The processing of y-TiAl intermetallic compound
(Ti-45A1-2Mn-2Nb) is essential for manufacturing aircraft
engine components, known for their challenging machin-
ability. This study delved into the machining performance
of y-TiAl intermetallic compound through ultrasonically
assisted grinding experiments. Various grinding parameters,
such as wheel rotation speed (vy), feed rate (vy,), depth of
grinding (a,), and ultrasonic amplitude (4), were investigated
to understand their effects on grinding forces, temperatures,
and surface quality. Gray relational analysis (GRA) and ana-
lysis of variance were used to analyze experimental data and
ascertain the optimal machining parameters for ultrasonically
assisted grinding of y-TiAl intermetallic compound.
Additionally, post-processing surface integrity, encompassing
surface roughness, morphology, and residual stresses, was
evaluated. The optimal grinding parameter combination was
determined as F,, = 322N, F; = 1.08 N, and T = 174°C through
GRA. Under the selected machining conditions, the depth of
cut exerted the most significant influence on the grinding
force and temperature, while the effect of wheel speed was
the weakest. The surface roughness (Ra) of the workpiece
increased with increasing feed rate and depth of the cut but
decreased gradually with increasing wheel speed. Upon
applying ultrasonic vibration, there was a notable decrease
in surface roughness, ranging from 20.12 to 7.67%. However,
the increase in the wheel speed, depth of cut, and feed rate
inhibited the reduction of roughness due to ultrasonic
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vibration. Ultrasonic vibration effectively reduced the pro-
file height of the workpiece surface, with a maximum reduc-
tion of 1.94 um within the selected range. Nonetheless, as the
wheel speed, depth of cut, and feed rate increased, the effec-
tiveness of this reduction gradually diminished.
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GRA, surface integrity

1 Introduction

y-TiAl intermetallics are highly regarded as ideal materials
for high-temperature applications due to their exceptional
resistance to high temperatures [1-3]. These materials have
garnered significant attention as promising candidates for
manufacturing hot-end components in next-generation com-
mercial aircraft engines, owing to their superior mechanical
properties such as outstanding creep resistance, high-tem-
perature strength, antioxidant properties, and lower density
[4,5]. Consequently, y-TiAl intermetallics are extensively used
in producing crucial aircraft engine components like low-
pressure turbine blades, high-pressure compressors, and
charging turbines, with great anticipation for their perfor-
mance in real-world applications [6-8].

y-TiAl intermetallics demonstrate exceptional mechan-
ical and chemical properties, as evidenced in Table 1 [9-12].
Compared to other titanium aluminide alloys, they possess
higher specific strength, greater hardness, an elevated
elastic modulus, and enhanced resistance to high-tempera-
ture creep and oxidation. Despite their density being 50%
lower than that of nickel-based superalloys, y-TiAl inter-
metallics can operate within the 750-900°C range, similar
to nickel-based alloys. This operational range is facilitated
by the formation of a dense oxide film on their surface at
elevated temperatures, effectively preventing further oxi-
dation and combustion and conferring outstanding fire
resistance. Moreover, the significantly higher stiffness of
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Table 1: Comparison of mechanical properties of y-TiAl intermetallics with other high-temperature alloys

Performance y-TiAl Ti>AINb a,-TizAl TC4 Superalloy
Density (g-cm™) 3.7-3.9 5-5.8 4.1-4.7 4.54 8~8.68

Elastic modulus (GPa) 160-180 102-134 110-145 96-110 206~207
Yield strength (MPa) 400-800 1,030-1,292 700-1,150 380-1,150 800-1,260
Tensile strength (MPa) 450-900 1,245-1,413 750-1,200 480-1,200 1,250-1,450
Room temperature ductility (%) 1-4 3.5-10 2-10 5-20 3-10

High temperature plasticity (%) 10-60 (870°C) 6-14 (650°C) 10-20 (660°C) 15-50 (550°C) 10-20 (870°C)
Room-temperature fracture toughness (MPa-m™) 12-35 39 12-80 52 30-100
Antioxidant limit (°C) 800-950 1,100 650 600 870-1,093
Thermal conductivity (W-(m-K)™") 22-24 7.87 7 6.8-7.95 13.4
Expansion coefficient (107%K™") 10.8 8.22 10 9.1 11.8

y-TiAl intermetallics enables them to meet the stringent
requirements for precision components characterized by
high strength and low spacing. Additionally, they exhibit
commendable resistance to high-temperature creep, main-
taining optimal performance even at temperatures ranging
from 600 to 700°C. Consequently, these advantageous prop-
erties position y-TiAl intermetallics as promising light-
weight high-temperature alloy materials, aptly satisfying the
high-performance demands of critical components such as
high-pressure blades in aerospace engines, mid- and low-
pressure blades in gas turbines, and stator vanes in com-
pressors. As a result, the widespread recognition of y-TiAl
intermetallics underscores their significant potential for
development as lightweight, high-temperature alloy materials.

Grinding is a crucial precision machining technique,
particularly suitable for processing materials with high
strength, toughness, and difficulty in machining [13]. It
involves the use of abrasive particles to remove material
from a workpiece, typically achieved by rotating a grinding
wheel against the workpiece surface to achieve high sur-
face quality [14,15]. Researchers have conducted relevant
grinding studies on y-TiAl. Hood et al. [16] conducted preci-
sion machining on y-TiAl alloys using single-layer electro-
plated diamond grinding wheels. They effectively removed
hardening layers up to 625 HK induced by rough machining,
achieving a surface roughness (Ra) of less than 0.3 pm, sig-
nificantly below the values required for aerospace compo-
nents. Conventional grinding typically ensures machining
quality by limiting process parameters, which can lead to
uncertain machining efficiency. Xi et al [17] evaluated the
performance of creep feed grinding y-TiAl using electroplated
diamond grinding wheels. They demonstrated superior
grinding effectiveness and lower wheel wear rates, achieving
a maximum material removal rate of 12 mm>(mm-s)%, com-
pared to approximately half for cubic boron nitride (CBN)
wheels. Chen et al [18] analyzed the evolution of surface
integrity of y-TiAl (y titanium aluminide) intermetallics using
creep feed profile grinding (CFPG). Their analysis showed that

the contour features of blade tenons significantly influence
the processed surface integrity formed by thermal-mechanical
effects. This influence is particularly evident in the different
surface roughness, metallographic structures, microhardness,
and residual stresses observed at various inspection locations.
However, conventional grinding (CG) often encounters chal-
lenges such as high grinding force and temperature when
applied to y-TiAl intermetallics, leading to various defects
like adhesion, cracks, residual tensile stress, or thermal burns
[19-22].

Several researchers have investigated the benefits of ultra-
sound-assisted machining techniques in reducing machining
forces and improving machining quality. For instance, Jamshidi
and Nategh [23] explored the frictional behavior at the tool-chip
interface during ultrasound-assisted turning (UAT) and devel-
oped a mathematical model to elucidate UAT’s effects in reducing
normal force and friction. Yang et al [24] simulated machined
surfaces obtained through ultrasonic vibration-assisted grinding
(UVAG), observing unique texture features induced by ultrasonic
vibration. Zhao et al [25] proposed a novel UVAG process that
significantly reduced grinding force and heat generation. Cao
et al [26] analyzed material removal mechanisms in UVAG
and observed substantial reductions in grinding force and
temperature, along with improved surface quality. These
studies highlight the potential of ultrasonic-assisted techni-
ques in enhancing machining processes for various mate-
rials, including brittle ones.

Despite extensive research on high-speed grinding
of y-TiAl intermetallics using diamond grinding wheels,
focusing on tool wear and material removal mechanisms,
limited attention has been paid to comprehensive assess-
ments of surface integrity parameters like microcracks,
residual stress, sub-surface hardness, and chip morphology
after high-efficiency precision grinding. The optimization
of grinding parameters through statistical methods such as
orthogonal experimental design and gray relational ana-
lysis (GRA) has shown promise in enhancing grinding pro-
cesses [27-29]. However, there remains a gap in theoretical
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and systematic analyses of parameter optimization to
derive objective and comprehensive conclusions for informed
decision-making.

To bridge these gaps and enhance the grinding quality
of y-TiAl intermetallics, we conducted ultrasound-assisted
grinding experiments optimized through GRA. Our study
aimed to determine the optimal grinding parameters for
achieving improved surface integrity, including surface
roughness, morphology, and residual stress, in y-TiAl inter-
metallics machining.

2 Materials and methods

2.1 Experimental setup

Prior to commencing the ultrasonic-assisted grinding of
y-TiAl intermetallic compounds, it is essential to introduce
the instrumentation required for the experiments and pro-
vide an overview of the properties of y-TiAl intermetallics.
This section, therefore, offers an introduction to the experi-
mental setup for ultrasonic-assisted grinding of y-TiAl
intermetallic compounds, along with an overview of the prop-
erties of y-TiAl intermetallic compounds. Furthermore, a
description of the processing parameters employed in the
experiments is provided.

Grinding is a commonly used metal processing method.
It involves removing material from the workpiece surface
through the relative motion between an abrasive and the
workpiece, resulting in precise dimensions and a smooth
finish. However, certain materials, such as y-TiAl interme-
tallic compounds, present machining challenges. These chal-
lenges can lead to severe tool wear and decreased surface
quality. To overcome these obstacles, ultrasonically assisted
machining has emerged. This technique uses ultrasonic
vibration to enhance cutting conditions during grinding.
By doing so, it reduces cutting forces and frictional heat
while improving machining efficiency and surface quality.
Ultrasonic-assisted machining finds widespread application
in processing hard and brittle materials like ceramics, glass,
and composites, offering an effective means to enhance pro-
cessing efficiency and quality.

An ultrasound-assisted grinding testbed was constructed
to analyze the influence of different processing parameter
combinations and each processing factor, aiming to optimize
the parameter combination. The testbed is illustrated in
Figure 1. Comprising a vertical machining center, a wireless
transmission device, an ultrasonic tool holder, a longitudinal-
torsional ultrasonic amplitude bar, and a diamond grinding
wheel, the grinding test platform is enhanced by an external
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Figure 1: Ultrasound-assisted grinding testbed.

SZ12 intelligent ultrasonic wave generator. This generator
enables both longitudinal and torsional ultrasonic vibration
of the grinding wheel. Various force signal acquisition
devices, including the Kistler 9257B force gauge, the 5070
multi-channel charge amplifier, and the 5697 data acquisi-
tion card, are used alongside DynoWare software to capture
grinding force values throughout the process. Additionally,
for the real-time collection of grinding temperature test
data, the DH5933D fast-response thermocouple acquisition
instrument and DHDAS dynamic signal acquisition and ana-
lysis software are employed.

A diamond grinding wheel, with orderly arranged
abrasive grains averaging 115 ym in size, was employed
for the experiments. The wheel, measuring 10 mm in width
and 20 mm in diameter, was used in conjunction with a work-
piece made of y-TiAl intermetallics (Ti-45A1-2Mn-2Nb). The
workpiece was 30 mm long in the grinding direction and
15 mm wide radially along the grinding wheel. Its material
parameters are detailed in Table 2. Secure clamping to the
worktable was ensured using a fixture, while an ultrasound
frequency of 35 kHz was employed.

Orthogonal experimental design has been widely used
for experimental planning and parameter design due to its
effectiveness and simplicity [23]. In this study, an ortho-
gonal table (L;s (4%), as illustrated in Table 3, was estab-
lished to investigate the influence of grinding parameters
on the grinding force and grinding temperature (perfor-
mance features). The grinding parameters aj, v, and vy, as
well as the ultrasound amplitude 4, varied within the ranges
of 2-8 pm, 2,000-5,000 rpm, 100-250 mmmin”?, and 0-6 um,
respectively. Sixteen groups of grinding experiments were
conducted in total, with each group of experiments com-
prising three repetitions. The values obtained were aver-
aged to derive the results.
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Table 2: Material properties of y-TiAl intermetallics
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Density Elastic Yield Ductility at room Creep Antioxidation limit (°C)
(g-cm’“") modulus (GPa) strength (MPa) temperature (%) limit (°C)
3.7-3.9 160-176 450-630 1-4 1,000 900-1,000

3 Analysis of grinding force and
grinding temperature of y-TiAl
intermetallics using ultrasound-
assisted grinding

This section analyzes the results of ultrasonic-assisted
grinding of y-TiAl intermetallic compounds and intro-
duces the process steps of GRA. Based on this foundation,
the optimization of the ultrasonic-assisted grinding para-
meters for y-TiAl intermetallic compounds is conducted
using GRA.

Ultrasound-assisted grinding experiments were con-
ducted based on the control variables outlined in Table 3,
which include the wheel speed (v), feed rate (vy,), depth of
grinding (ap), and ultrasonic amplitude (A). The outcomes
of these experiments are presented in Table 4.

3.1 GRA

GRA is a multivariate correlation analysis method used to
handle situations where data are incomplete, or uncer-
tainty are high. This method assesses the degree of correla-
tion between variables by observing the developmental
trends of data sequences, thereby evaluating their impact
on specific factors [30]. Initially developed by Chinese
scholar Li Changyu, GRA was first applied in the field of
engineering and later expanded to various domains such
as economics, management, and medicine. The target audi-
ence for this method includes engineering technicians, man-
agers, economists, and medical researchers. They can use
this approach to better understand the correlation between
data and provide a scientific basis for decision-making. The

Table 4: Values of grinding forces and grinding temperature in ultra-
sound-assisted grinding experiments

Serial no. A B C D Fa (N) F: (N) T (°C)
1 1 1 1 1 6.07 2.79 200
2 1 2 2 2 8.41 415 205
3 1 3 3 3 6.68 3.53 209
4 1 4 4 4 3.22 1.08 174
5 2 1 2 3 13.79 7.36 225
6 2 2 1 4 8.39 272 195
7 2 3 4 1 15.41 7.93 239
8 2 4 3 2 15.98 6.79 230
9 3 1 3 4 7.02 4.72 216
10 3 2 4 3 16.99 8.66 237
n 3 3 1 2 13.82 8.41 240
12 3 4 2 1 11.55 4.73 243
13 4 1 4 2 15.59 6.09 241
14 4 2 3 1 17.88 9.16 268
15 4 3 2 4 10.5 4.75 221
16 4 4 1 3 9.14 3.37 218

advantage of GRA lies in its ability to effectively deal with

incomplete or highly uncertain data, offering a powerful

tool for research and applications across different fields [31].
A gray system is characterized by having both known

and unknown information, leading to uncertainty about

the relationships between factors within the system. The

first step in GRA involves determining the signal-to-noise

ratio (SNR) to be optimized, which can fall into three sce-

narios [32]:

1) The smaller the value, the better.

2) The larger the value, the better.

3) The more standardized the value, the better.

In the context of our experiments aiming to minimize
the grinding force and grinding temperature, we aimed to

Table 3: Levels of control variables of the ultrasound-assisted grinding experiments

Symbol Control variable Level 1 Level 2 Level 3 Level 4 Degree of freedom (DOF)
A ap (um) 2 4 6 8 3
B Vs (rpm) 2,000 3,000 4,000 5,000 3
C Vi (Mm-min™") 100 150 200 250 3
D A (pm) 0 2 4 6 3
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minimize SNR, aligning with scenario (1), where smaller
values are preferable. Therefore, the comparison sequence
selected in this article is [6.07, 1.08, 174]. This approach was
adopted to identify the optimal parameter combination
that would effectively reduce both the grinding force and
grinding temperature. The minimization of SNR can be
represented as follows [33]:

, ()]

1 n
= ‘101glg kzlyii

where n; is the jth SNR in the ith group of experiments; y;
is the result of the kth repeated experiment in the ith
group; and n is the number of repeated experiments under
the same processing conditions and taken as 3.

In GRA, normalizing the data is essential to remove the
influence of varying dimensions and magnitudes among
different variables. This ensures uniform scales and weights
for all variables, thereby improving the accuracy and relia-
bility of the analysis. The primary objective of normalization
is to render the variables comparable by mitigating the
effects of dimensions and magnitudes, facilitating a more
precise evaluation of their correlation [34].

The indicator data were dimensionalized to give a
more realistic reflection of the relationship between the
data. The expression for the dimensionalization is [33]

max;f; ~ Il
Xj= 2
max;f); ~ mins);
where x;; is the result of the jth repeated performance test
in the ith group of experiments.

Deng’s GRA model stands as one of the earliest models
for calculating the grey relational grade, rooted in gray
system theory [25]. This model adheres to the four axioms
of GRA and emphasizes the impact of the distance between
two points on the relational degree. The gray relational
coefficient (GRC) is estimated as follows [32]:

min; mind; + ¢ max; maxA;

= , 3
G Ay + ¢ max;max;; ®

Aij = |Xi0 - Xijl) (4)

where §; is the GRC; 4 is the difference between x and x;;
x? is the optimal sequence of the ith variable; and { is the
discrimination coefficient defined in the interval [0, 1]. The
smaller the value of {, the greater the difference between
the discrimination coefficients and the higher the differen-
tiating ability [35]. In this study, the same weight is assigned
to the responses, and so the value of { is 0.5. The gray
relational grade is determined from the GRC corresponding
to each quality feature, as follows [28,34]:
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1 m
Y, = EFZlBiG, )

ZBi =1 6)
i=1

where y; is the gray relational grade for the jth experiment;
B; is the weight of the ith response factor; m is the number
of performance features and is taken as 3. Therefore, y;
represents the gray relational grade between the reference
sequence and the comparability sequence.

Figure 2 illustrates the overall process of GRA. The
optimization steps for the grinding forces F; and F, and
the grinding temperature T are as follows:

1) Convert the experimental result into SNR using Eq. (1).
2) Normalize SNR using Eq. (2).

3) Calculate the GRC using Egs. (3) and (4).

4) Calculate the gray relational degree (GRD) using Eq. (5).
5) Obtain the optimized grinding parameters.

3.2 Optimization results using GRA

The data of grinding forces and grinding temperature were
processed using the method described in Section 3.1. The
calculated values of SNR and GRC are presented in Table 5.

Optimization
steps

Convert the
experimental values
into SNR

Normalize SNR

)

Calculate GRC

v

Calculate grey
relational grade

+

Obtain the optimal
processing parameters

Figure 2: Overall process of GRA.
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It can be observed from the data that among the 16 groups
of values, the maximum GRD was 1.633, obtained from experi-
ment No. 4. Hence, the best grinding effect was achieved with
the grinding parameter combination A;B,C,D,. That is, a, =
2 um, vg = 5,000 rpm, and v,, = 250 mm‘min~’, corresponding
to which F,, = 322N, F; = 1.08N, and T = 174°C.

Table 6 displays the average GRD values of all para-
meter levels. The GRD values for each factor were summed
across each column, and then the average was calculated.
It is noticeable that a, had the highest grey relational
grade, whereas v,, had the lowest gray relational grade.
Regarding the grinding effect, the grinding depth (a;) had
the most significant impact, while the grinding wheel
speed (vy,) had the least impact.

4 Surface integrity analysis of the
y-TiAl intermetallics after
ultrasound-assisted grinding

Through GRA, the optimal processing parameters and the
relative influence of each parameter on the processing
effect of ultrasonic-assisted grinding of y-TiAl intermetallic
compounds were determined. However, the individual impact
of each processing parameter on the processing effect remains
unknown. Therefore, it is necessary to conduct an analysis of
the effects of different processing parameters on the proces-
sing quality of y-TiAl intermetallic compounds.

DE GRUYTER
Table 6: Average responses of GRD
Level1 Level2 Level3 Level4 Max-min Rank
a, 1186 0.898 0.852 0.849 0.336 1
Vs 0.931 0.905 0.885 1.064 0.179 3
Vo 0914 0.901 0.886 1.013 0.128 4
A 0.864 0.864 0.908 1.078 0.214 2

4.1 Surface roughness analysis

The Olympus 3D measurement laser microscope, model
OLS5100, was selected to extract and compute three-dimen-
sional surface roughness data from y-TiAl intermetallic
compound specimens. To ensure precise results and mini-
mize interference from surface impurities, the specimens
underwent thorough cleaning with an ultrasonic cleaner
before measurement. Recognizing the inherent random-
ness in individual sampling, a method was developed to
improve the accuracy of obtaining three-dimensional rough-
ness values. As depicted in Figure 3, three random areas
within each specimen were sampled, where surface rough-
ness values were then extracted. Finally, the arithmetic
mean of these values was calculated to yield a more reliable
final result.

The term Dy was introduced to describe the improving
effect of ultrasonic vibration for grinding force under the
same processing parameters and to discuss the extent to
which the imposed ultrasonic vibration reduces surface
roughness. Dy is given by

Table 5: SNR and gray relational grade for the grinding forces and grinding temperature

Serial no. SNR value Dimensionalized SNR GRC value GRD
Fa (N) Fe (N) T(°C) Fa (N) F: (N) T(°C) Fa (N) F: (N) T(°C)

1 -15.664 -8.912 -46.021 0.308 0.359 0.000 0.575 0.457 2.244 1.092
2 -18.496 -12.361 -46.235 0.636 0.550 0.155 0.472 0.368 2.167 1.002
3 -16.496 -10.955 -46.403 0.818 0.830 0.348 0.540 0.399 2.110 1.017

4 -10.157 -0.668 -44.811 0.465 0.506 0.195 1.000 1.094 2.804 1.633
5 -22.791 -17.338 -47.044 0.725 0.830 0.344 0.371 0.287 1.919 0.859
6 -18.475 -8.691 -45.801 0.834 0.956 0.582 0.472 0.464 2.328 1.088
7 -23.756 -17.985 -47.568 0.612 0.627 0.321 0.354 0.279 1.786 0.806
8 -24.072 -16.637 -47.235 0.924 0.886 0.368 0.349 0.296 1.869 0.838
9 -16.927 -13.479 -46.689 1.000 1.000 0.894 0.524 0.346 2.020 0.963
10 -24.604 -18.750 -47.495 0.000 0111 0.070 0.340 0.270 1.804 0.805
1 -22.810 -18.496 -47.604 0.206 0.428 0.211 0.370 0.273 1.778 0.807
12 -21.252 -13.497 -47.712 0.308 0.590 0.396 0.402 0.345 1.753 0.833
13 -23.857 -15.692 -47.640 0.078 0.406 0.426 0.352 0.309 1.770 0.810
14 -25.047 -19.238 -48.563 0.465 0.627 0.459 0.333 0.264 1.580 0.726
15 -20.424 -13.534 -46.888 0.682 0.793 0.634 0.420 0.345 1.962 0.909
16 -19.219 -10.553 -46.769 0.078 0.377 0.371 0.451 0.410 1.996 0.952
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Figure 3: Sampling position.
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4.1.1 Influence of grinding depth on surface roughness

Figure 4 illustrates the variation trend of surface roughness
Ra as the grinding depth a,, varies, with and without ultrasonic
vibration under vy = 4,000 rpm and v, = 150 mm-min . The
figure demonstrates that as the grinding depth a,, increased,
the surface roughness Ra of the y-TiAl intermetallics also
increased. This phenomenon arises because a greater grinding
depth leads to an increase in the maximum undeformed chip
thickness of a single abrasive grain. Consequently, the normal
grinding force increases, resulting in a significant increase in
heat generation during grinding. This heightened plastic uplift
deformation on the surface of the y-TiAl intermetallics exacerbates

—=— CG—e—UAG—+—D,
T

T T T

13%

2.54
F12%

F11%
2.04

Dy(%)

- 10%

Surface roughness Ra(pum)

9%

T T T T

4 6
Grinding depth
a,(um)

Figure 4: Influence of the grinding depth on surface roughness Ra.
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surface roughness. Additionally, the intensified grinding force
causes a more pronounced vibration of the grinding wheel,
negatively impacting the workpiece quality.

Furthermore, the comparison of surface roughness
with and without ultrasonic vibration under identical
processing conditions in Figure 4 reveals that ultrasonic
vibration reduces the surface roughness of the processed
workpiece. This reduction occurs because ultrasonic vibra-
tion extends the movement trajectory, leading to an increased
maximum undeformed chip thickness of a single abrasive
grain and improving the workpiece grinding quality. Addi-
tionally, ultrasonic vibration induces an overlap of movement
trajectories of several abrasive grains, leading to repeated
grinding at the same positions on the workpiece surface
and further decreasing surface roughness.

In Figure 4, the orange line signifies the reduction in
surface roughness due to ultrasonic vibration at varying
grinding depths. Notably, as the grinding depth increases,
surface roughness gradually decreases. However, when
the grinding depth reaches 8 um, the surface roughness
decreases by only 8.89%. This analysis indicates that the
grinding depth also plays a role in attenuating the reduc-
tion in surface roughness.

4.1.2 Influence of grinding wheel speed on surface
roughness

Figure 5 illustrates the impact of grinding wheel speed on
surface roughness Ra. It is evident from Figure 4 that with
other parameters held constant, the surface roughness of
the workpiece gradually decreased as the grinding wheel
speed increased. This phenomenon occurs because as the

—=— CG—+—UAG—+— Dy

T T T T

o L 14%

F12%
2.0 1

F10%

Dy (%)

8%

Surface roughness Ra(pm)

6%

2000 3000 4000 5000
Grinding wheel speed

vy(r/min)

Figure 5: Influence of grinding wheel speed on surface roughness Ra.
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grinding wheel speed increases, the chip thickness of a
single abrasive grain decreases while the instantaneous
number of effective abrasive grains engaged in grinding
per unit time increases. Consequently, the texture den-
sity on the workpiece surface increases, and the spacing
between cutting trajectories narrows. Moreover, the
plastic deformation and uplift height on the groove’s two
sides decreases, reducing the surface roughness of the work-
piece. However, when the grinding wheel speed reached
4,000 rpm, the rate of decrease in surface roughness became
significantly smaller. This result can be attributed to low-
and high-frequency forced self-excited vibrations in the
grinding process system due to excessively high grinding
wheel speed, which compromises system stability. These
vibrations lead to an increase in the wave crest’s height
and trough depth on the workpiece surface. Nonetheless,
the specific impact degree may vary depending on the
type of machine tool used.

Additionally, it is observed from Figure 5 that after
ultrasonic vibration was applied, the surface roughness
decreased under the same process parameters. This obser-
vation aligns with the explanation for reduced surface
roughness under ultrasonic vibration discussed in the pre-
vious section. Furthermore, as the grinding wheel speed
increased, the rate of decrease in surface roughness became
progressively smaller under ultrasonic vibration. This sug-
gests that a higher grinding wheel speed under ultrasonic
vibration weakens the beneficial effect of ultrasonic vibra-
tion on surface roughness improvement. As mentioned in
Section 4, a higher grinding wheel speed also diminishes the
positive effect of ultrasonic vibration on the grinding force.
Thus, it can be inferred that a higher grinding wheel speed
has a negative impact on the efficacy of ultrasonic vibration
in enhancing grinding performance.

4.1.3 Influence of feed speed on surface roughness

Figure 6 illustrates the influence of feed speed on surface
roughness Ra. It is evident from Figure 6 that with other
parameters held constant, surface roughness increased sig-
nificantly as the feed speed increased, whether during ultra-
sound-assisted grinding or conventional grinding. This increase
occurs because a higher feed speed leads to a greater material
removal amount of the workpiece per unit time. Consequently,
with the number of abrasive grains engaged in grinding
remaining constant, the grinding force experienced by a single
abrasive grain increases. This results in an increased uplift
height on the two sides of the groove, deteriorating the
grinding quality. Based on the influence of feed speed on the
grinding force, a lower feed speed is preferable during

DE GRUYTER
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Figure 6: Influence of feed speed on surface roughness Ra.

ultrasound-assisted grinding to reduce processing difficulty
and improve the surface grinding quality of the workpiece.

Furthermore, as indicated by the variation law of Dy in
Figure 6, Dy (degree of reduction) decreased gradually as
the feed speed increased. This analysis suggests that a
higher feed speed hampers the beneficial effect of ultra-
sonic vibration on the grinding quality of the workpiece.
The reason for this is that a higher feed speed diminishes
the overlap interference between adjacent abrasive grains
in the grinding arc zone, significantly impairing the per-
formance of repeated grinding by adjacent abrasive grains.

4.2 Surface morphology of the workpiece

Surface morphology and profile height of the machined
surface serve as direct indicators of the interaction between
abrasive grains and the y-TiAl intermetallics, reflecting
the material removal mode of the workpiece and consid-
ered crucial indicators of workpiece surface quality. The
surface morphology and profile of the workpiece were
analyzed using the Olympus OLS5100 3D Laser Scanning
Microscope.

Figure 7 displays the surface morphology and profile
height curves of the y-TiAl intermetallic workpieces obtained
through ultrasound-assisted grinding and conventional
grinding, with the ultrasound amplitude set at A = 4 ym.
The average Ah, defined as the difference in the profile
height between ultrasound-assisted grinding and conven-
tional grinding, signifies the effectiveness of ultrasonic
vibration in reducing the surface profile height. A larger
Ah indicates better performance of ultrasound-assisted
grinding in improving the surface quality.
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Figure 7: (Continued)
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Figure 7(a) shows the surface morphology and the height
of the surface profile with and without ultrasonic vibration at
ap =4 um, v = 4,000 rpm, and v,, =150 mm-min % As depicted
in Figure 7, the average height of the surface profile of the
workpiece subjected to ultrasonic vibration decreased by 1.94
um compared to conventional grinding. These results indicate
that ultrasound-assisted grinding led to a reduction in the
surface profile height compared to ordinary grinding,
resulting in a more uniform profile height along the vibra-
tion direction. This improvement occurred because the
scratches created by abrasive grains during ultrasound-
assisted grinding interfered with and complemented each
other. Consequently, the surface textures became densely
interwoven, enhancing profile precision.

Figure 7(b) shows the surface morphology and the height
of the surface profile with and without ultrasonic vibration at
a, = 6 um, v = 4,000 rpm, and v,, = 150 mmmin~". Compared
with conventional grinding, the average height of the surface
profile of the workpiece subjected to ultrasonic vibration
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decreased by 138 um. This result indicates that as the
grinding depth increased, the surface profiles of the work-
pieces obtained by ultrasound-assisted grinding and con-
ventional grinding became more consistent. Therefore,
increasing the grinding depth would weaken the surface
grinding quality of the workpiece subjected to ultrasonic
vibration.

As shown in Figure 7(c) and (d), at a, = 4um, vs =
5,000 rpm, v, = 150 mm-min~ and a, = 4 um, vs = 4,000 rpm,
and v,, = 200 mm‘min’, the average height of surface profile
Ah decreased by 0.93 and 0.66 um, respectively, with ultra-
sonic vibration. Compared with Figure 7(a), it is evident that
increasing either the grinding wheel speed or feed speed
would diminish the beneficial effect of ultrasonic vibration
on the surface quality of the machined workpiece.

An examination of the surface morphology of the
y-TiAl intermetallics workpieces obtained by ultrasound-
assisted grinding and conventional grinding revealed that
increasing the grinding depth, feed speed, and grinding
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Figure 8: Residual stresses under different process parameters. (a) vs = 4000 r/min, v,, = 150 mm/min; (b) a, = 4 ym, v,, = 150 mm/min; (c) a, = 4 pym,

Vs = 4000 r/min; (d) a, = 4 pm, v5 = 4000 r/min, v,, = 150 mm/min.
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wheel speed would all reduce the improving effect of ultra-
sonic vibration on the surface grinding quality of the work-
piece. Simultaneous analysis of the influence of process
parameters on the grinding force and surface roughness
indicated that altering the process parameters did indeed
impact the grinding performance to a certain extent.

4.3 Residual stress on the workpiece surface

Residual stresses on the processed surface of the work-
piece were examined in this study using a PROTO-pro-
duced X-ray diffractometer. The grinding process results
in significantly higher “compressive” residual stresses per-
pendicular to the grinding feed direction compared to
those along the feed direction. Consequently, residual com-
pressive stresses are lower along the grinding direction.
Recognizing that greater residual compressive stresses
enhance the workpiece’s fatigue resistance and service
life, the detection of residual stresses was carried out along
the workpiece feed direction, following the principle of the
“barrel effect,” wherein the strength of a barrel is deter-
mined by its shortest stave.

The results presented in Figure 8 reveal that, within
the examined range of process parameters, the residual
stress on the workpiece surface consistently maintained
a compressive state throughout the experiments. Further-
more, Figure 8(a)-(c) demonstrates that ultrasonic vibra-
tion induces an augmentation in residual compressive
stress on the workpiece surface post-processing. This aug-
mentation is attributed to the application of ultrasonic
vibration, which fosters additional compressive interac-
tions between abrasive grains and the workpiece surface,
thereby reinforcing the residual compressive stress on the
workpiece surface. A detailed analysis of Figure 8(a) revealed
that as the grinding depth increased, the residual compres-
sive stress on the workpiece surface followed a pattern of first
increasing and then decreasing. This trend is attributed to
the increasing grinding force with higher grinding depths,
leading to a gradual increase in the residual compressive
stress in the grinding zone. Concurrently, as the material
removal rate per unit time increased, the grinding tempera-
ture also increased. However, due to the lower linear speed of
the grinding wheel used in the experiments, the heat genera-
tion and accumulation during grinding were limited. Conse-
quently, under shallower grinding depths, the grinding force
had a more pronounced impact on residual stress compared
to heat generation. Ultrasonic vibration interrupted the cut-
ting action at high frequencies, reducing the net material
removal volume and limiting temperature increase. However,
when the grinding depth exceeded 6 um, the residual compressive
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stress decreased due to increased contact arc length and con-
tact time, leading to a sharp temperature increase and sub-
sequent thermoplastic deformation.

According to Figure 8(b), as the grinding wheel speed
increased, the residual compressive stress on the work-
piece surface gradually decreased. This reduction is attrib-
uted to decreased grinding force and temperature, leading
to lower residual compressive stress caused by mechanical
stress. However, increased grinding wheel speed also ele-
vated grinding temperature, contributing to higher resi-
dual compressive stress from thermal stress. Therefore,
the overall reduction in residual stress can be attributed
to the mechanical-thermal coupling effect.

Figure 8(c) indicates that increasing the feed speed led to
higher residual compressive stress on the workpiece surface.
This increase is due to the larger chip thickness, resulting in
higher material removal and increased contact area and fric-
tion. However, the shortened duration of heat exposure and
reduced heat flux mitigated thermoplastic deformation,
leading to a decrease in residual compressive stress.

As shown in Figure 8(d), increasing the ultrasound
amplitude resulted in higher residual compressive stress
on the workpiece surface. This is because the machined sur-
face was more prone to rebound during grinding, leading to
intense squeeze friction and higher residual compressive
stress. However, ultrasound-assisted grinding reduced
grinding force and temperature, with higher amplitudes
leading to greater separation between abrasive grains
and workpieces, reducing residual tensile stress from
thermal effects. Yet, increased amplitude also intensified
abrasive grain contact with the workpiece, elevating resi-
dual compressive stress significantly.

Overall, these findings highlight the intricate interplay
of process parameters and their effects on residual stress in
y-TiAl intermetallic workpieces during grinding operations.

5 Discussion

The machining of y-TiAl intermetallics, known for their
challenging machinability, is crucial in producing aircraft
engine components. This study investigated their machin-
ability through ultrasonic-assisted grinding experiments,
meticulously examining various parameters: grinding wheel
speed (vy), feed speed (vy,), grinding depth (ap), and ultra-
sound amplitude (4), to understand their influence on
grinding force and temperature. GRA and analysis of var-
iance aided in a comprehensive analysis of the experimental
data. Post-processing evaluation focused on surface integ-
rity, including surface roughness, morphology, and residual
stress.
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The findings emphasize the pivotal role of grinding
depth (ap) in significantly impacting both grinding force and
temperature, highlighting its importance in the machining
process. Conversely, the effect of grinding wheel speed
(vw) was relatively minor. Introducing ultrasonic vibration
emerged as a promising technique to enhance grinding
quality, resulting in a remarkable reduction in surface
roughness of up to 20.12%. Remarkably, residual stress
observed on the workpiece surface remained predominantly
compressive throughout the experiments, fluctuating between
a maximum of 486 MPa and a minimum of 394 MPa.

In essence, this study provides crucial insights into the
machinability of y-TiAl intermetallics, revealing the effi-
cacy of ultrasonic-assisted grinding and the nuanced inter-
play between grinding parameters and surface integrity.
These findings have significant implications for the aero-
space industry, offering valuable guidance for optimizing machining
processes and improving the performance of y-TiAl intermetallics
components in aircraft engine manufacturing.

6 Conclusions

Ultrasound-assisted grinding experiments were conducted

using a diamond grinding wheel with carefully arranged

abrasive grains. GRA and analysis of variance were employed
to analyze the impact of grinding parameters on the grinding
properties of titanium-aluminum intermetallic workpieces.

The integrity and quality of the machined surface were meti-

culously assessed. Based on the experimental results, we

arrived at the following conclusions:

1) Based on GRA, the optimal grinding parameter combi-
nation was determined as a, = 2 pm, v = 5,000 rpm, and
Vy = 250 mm-min~?, which corresponded to F, = 3.22N,
F.=1.08 N, and T =174°C. Notably, grinding depth exerted
the most significant influence on both grinding force and
temperature, while the grinding wheel speed (v,) had
the least impact among all parameters studied.

2) The surface roughness (Ra) of the workpiece increased with
higher feed speeds and grinding depths but decreased as
the grinding wheel speed increased. Ultrasonic vibration
notably reduced Ra, with reductions ranging from 7.67 to
20.12%. However, increased grinding wheel speed, grinding
depth, and feed speed countered the beneficial effects of
ultrasonic vibration on Ra.

3) Ultrasonic vibration effectively reduced the surface pro-
file height of the workpiece, with reductions ranging
from 0.66 to 1.94 pym within the selected ultrasound
amplitude values. However, a higher grinding depth
and feed speeds led to smaller reductions in the profile
height (1.38, 0.93, and 0.66 um, respectively).

Parameter optimization for ultrasonic-assisted grinding of y-TiAl intermetallics

- 13

4) Throughout the experiments, the residual stress on the
workpiece surface remained compressive. Its magnitude
increased with higher grinding wheel speeds and ultra-
sound amplitudes but decreased with increased grinding
wheel speed. Residual stress initially increased with
increased grinding depth, peaking at 482MPa before
decreasing to 458 MPa.
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