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Abstract 

This study investigates the surface integrity of γ-TiAl alloy during turning under different 
cooling strategies and reveals the regulation mechanisms of cooling conditions on surface 
morphology, plastic deformation, microstructure, and residual stress. Turning experi-
ments were conducted under conventional cooling and high-pressure cooling conditions 
at different cutting speeds, combined with wavelet-based three-dimensional surface mor-
phology analysis, scanning electron microscopy (SEM), electron backscatter diffraction 
(EBSD), and residual stress measurements. The results show that high-pressure cooling 
reduces the fluctuation of both high- and low-frequency surface morphology components, 
particularly suppressing low-frequency profile variations, thereby improving machining 
stability and surface consistency. Plastic deformation layers are formed under both cool-
ing conditions and increase with cutting speed; however, high-pressure cooling reduces 
de-formation depth and alleviates lamellar bending and deflection. EBSD analysis reveals 
that machining-induced microstructural characteristics is mainly characterized by grain 
rotation, crystallographic orientation adjustment, and deformation-induced texture for-
mation, without obvious dynamic recrystallization features. Compared with conventional 
cooling, high-pressure cooling maintains higher crystal integrity and suppresses excessive 
microstructural reconstruction. Residual stress results demonstrate that compressive re-
sidual stresses are generated under both cooling strategies, while high-pressure cooling 
produces higher compressive residual stress and a more stable stress distribution. These 
findings indicate that cooling strategies regulate surface integrity by modifying tool–
workpiece interfacial interactions and mechanical load transfer behavior. High-pressure 
cooling improves interfacial lubrication, reduces friction-induced disturbance, and pro-
motes more coordinated plastic deformation, resulting in reduced surface morphology 
fluctuation, suppressed microstructural damage, and enhanced compressive residual 
stress. This work provides theoretical guidance for precision machining of γ-TiAl alloy 
and other high-value difficult-to-machine materials. 
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1. Introduction 
γ-TiAl alloys are characterized by their low density, high specific strength, excellent 

oxidation resistance, and stable mechanical properties at elevated temperatures, making 
them promising candidates for critical hot-section components in aero-engines, such as 
low-pressure turbine blades and turbocharger turbines [1–3]. However, owing to their 
high strength, low ductility, and low fracture toughness, γ-TiAl alloys are inherently brit-
tle at room temperature, leading to several machining difficulties, including excessive cut-
ting temperatures, severe tool wear, and poor machined-surface integrity [4,5]. Surface 
integrity directly affects the fatigue life, resistance to crack propagation, and service per-
formance of machined components. Therefore, developing high-performance machining 
strategies for γ-TiAl alloys and improving the quality of machined surfaces are of great 
significance for achieving high-quality manufacturing and enhancing the service perfor-
mance of γ-TiAl components [6–8]. 

Surface integrity generally encompasses surface morphology, subsurface plastic de-
formation, microstructural evolution, and residual stress, and is therefore considered an 
important indicator for evaluating machining quality. With respect to surface morphol-
ogy, previous studies have demonstrated that cutting parameters have a direct influence 
on the geometric characteristics of machined surfaces. Wang et al. [9] systematically in-
vestigated the evolution of the machined surface of γ-TiAl alloys through milling experi-
ments and reported that cutting parameters significantly affected the surface condition. 
Zhou et al. [10] further demonstrated that cutting speed was the most influential cutting 
parameter affecting the surface condition during milling. Shi et al. [11] reported from 
grinding experiments that reducing the grinding speed and increasing the feed rate could 
improve the surface condition and reduce the formation of undesirable surface defects. 
Cutting parameters also have a direct influence on subsurface plastic deformation. Zhang 
et al. [12] observed fibrous plastic deformation along the cutting direction through cutting 
experiments. Yao et al. [13] investigated the turning of γ-TiAl alloys and found that the 
depth of the plastic deformation layer increased directly with increasing cutting speed 
and depth of cut. Cutting parameters also play an important role in microstructural evo-
lution. Chen et al. [14] demonstrated through experiments on polycrystalline iron that 
ultrahigh-speed machining significantly affected microstructural evolution. Klocke et al. 
[15] further compared the effects of conventional flood cooling and high-pressure cooling 
on the surface integrity of machined γ-TiAl alloys. Their results indicated that high-pres-
sure cooling significantly reduced microstructural alterations compared with conven-
tional flood cooling. Regarding residual stress, previous studies have generally recog-
nized cutting parameters and thermo-mechanical coupling as key factors governing the 
distribution characteristics of residual stresses in machined surfaces. Ulutan et al. [16] sys-
tematically reviewed the formation mechanisms of residual stresses during titanium alloy 
machining and pointed out that cutting speed and feed rate jointly determine the nature 
of surface residual stresses (tensile or compressive) by altering the degree of plastic defor-
mation and the temperature field. Wang et al. [17] experimentally investigated residual 
stresses generated during the ultrasonic vibration side milling of Ti-6Al-4V alloy under 
dry high-speed conditions and found that, compared with conventional milling, ultra-
sonic vibration side milling increases the residual compressive stress by up to 79%, 
whereas higher cutting parameters (increased cutting speed and feed rate) lead to lower 
residual compressive stresses. Yi et al. [18] experimentally investigated residual stresses 
induced by milling of aerospace aluminum alloys and revealed the effects of milling pa-
rameters on residual stress evolution. These studies indicate that the surface integrity of 
machined γ-TiAl alloys exhibits pronounced multiscale characteristics and that its for-
mation is governed by the coupled effects of thermal and mechanical loads. 
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In response to the difficult-to-machine characteristics of γ-TiAl alloys, various cool-
ing and lubrication strategies have been investigated by researchers worldwide. Dahlman 
et al. [19] investigated the application of ultra-high-pressure cooling to the turning of near-
net-shape components made of decarburized steel. Compared with dry cutting, ultra-
high-pressure cooling reduced the surface roughness by approximately 80%, suppressed 
surface defects, and improved the overall surface quality. Benedicto et al. [20] compared 
the effects of several green cooling and lubrication strategies during the turning of γ-TiAl 
alloys and found that improving heat transfer conditions in the cutting zone was beneficial 
for reducing the degree of surface damage. Wu et al. [21] reported from cutting experi-
ments on GH4169 that high-pressure cooling reduced subsurface plastic deformation and 
grain refinement, while the residual tensile stress on the machined surface decreased sig-
nificantly with increasing cooling pressure. Shi et al. [22] combined numerical simulations 
and experimental investigations to demonstrate that advanced cooling and lubrication 
technologies could improve the temperature-field distribution in the cutting zone and mit-
igate thermal damage. Fan et al. [23] compared supercritical CO2 minimum quantity lu-
brication with dry cutting and found that minimum quantity lubrication effectively im-
proved surface morphology and suppressed subsurface damage. Meanwhile, advanced 
manufacturing technologies, including energy-field-assisted machining, cryogenic ma-
chining, and laser-assisted machining, have also been demonstrated to improve the ma-
chinability of γ-TiAl alloys and enhance surface integrity. 

Although these studies have established the potential of advanced cooling and lubri-
cation strategies for improving machining performance, several aspects remain insuffi-
ciently clarified. First, previous studies have generally focused on specific surface or sub-
surface responses, and the relationships among surface topography, machining-induced 
plastic deformation, microstructural evolution, and residual stress under different cooling 
strategies have not been systematically established for γ-TiAl turning. Second, although 
the effects of high-pressure cooling on the overall surface condition and microstructural 
response of γ-TiAl have been investigated [15], the influence of cooling strategy on surface 
morphology at different spatial scales remains insufficiently understood. Third, the rela-
tionship between cooling strategy, subsurface plastic deformation, crystallographic re-
sponse, and residual stress evolution under different cutting speeds has not been compre-
hensively compared for γ-TiAl alloys. Therefore, further systematic experimental investi-
gation is required to establish how different cooling strategies affect the multiscale surface 
and subsurface responses of γ-TiAl during turning. 

In this study, turning experiments were conducted to systematically compare the ef-
fects of conventional cooling and high-pressure cooling on the machined γ-TiAl alloy at 
different cutting speeds. The surface topography, subsurface plastic deformation, micro-
structural characteristics, and residual stress were characterized and compared, with par-
ticular attention to the multiscale characteristics of surface morphology and their re-
sponses to different cooling strategies. Based on the experimental results and relevant lit-
erature, the possible mechanisms responsible for the observed differences are discussed. 
The findings provide further insight into the effects of cooling strategies on the surface 
and subsurface responses of γ-TiAl during turning and provide a basis for improving its 
machining quality. 

2. Experimental Design 
2.1. Experimental Procedure 

The workpiece material used in this study was a second-generation γ-TiAl alloy with 
a nominal composition of Ti-48Al-2Cr-2Nb, as listed in Table 1. The workpiece was a cy-
lindrical bar with dimensions of Φ 42 mm × 196 mm. γ-TiAl alloys exhibit good mechani-
cal properties at elevated temperatures. The mechanical property data of the investigated 
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alloy were provided by the Northwest Institute for Nonferrous Metal Research, and the 
relevant parameters are listed in Table 2. 

Table 1. Composition of γ-TiAl Alloy (Mass Fraction, %). 

Al Cr Nb C H N O Ti 
32.6 2.55 4.69 <0.004 0.007 0.004 0.054 The rest 

Table 2. Mechanical properties of γ-TiAl Alloy. 

Main Performance Indicators γ-TiAl Alloy 
Density (g/cm3) 3.8 

Ductility (%) 2 
Thermal conductivity (W/(m·K)) 8.6 

Young’s modulus (GPa) 170 
Yield strength (MPa) 525 

Tensile strength (MPa) 625 
Creep limit (MPa) 1000 

The turning experiments were designed to investigate the effects of cutting speed and 
cooling strategy, including conventional cooling and high-pressure cooling, on the surface 
integrity of machined γ-TiAl alloy. According to previous studies on high-pressure cool-
ing by Klocke et al. [15], Benedicto et al. [20], and Wu et al. [21], a cutting-fluid pressure 
of ≥7 MPa is generally considered to represent high-pressure cooling. Therefore, a cooling 
pressure of 7 MPa was employed in the present study to ensure that the cutting fluid could 
effectively penetrate the tool–chip contact zone. The parameters of the cooling and lubri-
cation system are listed in Table 3. A TRIM E206 soluble cutting-fluid concentrate manu-
factured by Master Chemical Corporation (Perrysburg, OH, USA) was diluted with water 
to a concentration of 5–7%. The detailed cutting parameters are listed in Table 4. It should 
be noted that, in this study, conventional cooling and high-pressure cooling differ not only 
in coolant supply pressure but also in other supply parameters such as coolant flow rate, 
nozzle number, and nozzle diameter. Therefore, this study compares the comprehensive 
effects of the two complete cooling systems on the machined surface integrity of γ-TiAl 
alloy, rather than examining the independent role of cooling pressure as a single factor. 
The effects of high-pressure cooling mentioned hereafter refer to the combined effects aris-
ing from the overall coolant supply conditions of the high-pressure cooling system as 
shown in Table 3. The individual contributions of the different supply parameters remain 
to be distinguished through further single-factor controlled experiments. 

Table 3. Cooling and lubrication system parameters. 

Parameter Conventional Cooling High-Pressure Cooling 
Cutting fluid type TRIM E206 TRIM E206 

Concentration 5%~7% 5%~7% 
Coolant temperature 20 °C 20 °C 

Cooling pressure 0.25 MPa 7 MPa 
Flow rate 13 L/min 68 L/min 

Number of nozzles 2 3 
Nozzle diameter 2.5 mm 1.3 mm 

Spray angle Approx. 45 ° Approx. 45 ° 
Nozzle distance from cutting zone 1.1 cm 1.1 cm 
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Table 4. Experimental parameters. 

Cooling Strategies Cutting Speed  
vc (m/min) Feed f (mm/r) Depth of Cut ap 

(mm) 
Conventional cooling 30, 50, 70 0.08 0.25 
High-pressure cooling 30, 50, 70 0.08 0.25 

The turning experiments were conducted on a GLS-2000 LY CNC lathe manufac-
tured by Goodway Machine Co., Ltd. (Wujiang, China), as shown in Figure 1a. The high-
pressure cooling system integrated into the machine tool is shown in Figure 1b. A high-
pressure coolant external turning toolholder (PCLNR 2525X-12X-JHP-MC, ISCAR) 
equipped with a CNMG120408-NMS coated carbide insert (Walter AG, Tübingen, Ger-
many) was used, as shown in Figure 1c,d. The insert has an 80° rhombic negative geome-
try, an inscribed circle diameter of 12.7 mm, a thickness of 4.76 mm, a nose radius of 0.8 
mm, and a nominal clearance angle of 0°. The NMS geometry features a sharp cutting-
edge design, with a rake-face geometry of approximately 18° in the main cutting-edge 
region. The toolholder was mounted in a right-hand configuration with an approach angle 
of 95°, an axial rake angle of −6°, and a radial rake angle of −6°, and had a shank cross-
section of 25 mm × 25 mm. The same tool orientation and geometric setup were main-
tained for all machining tests to minimize the influence of tool mounting variations. 

Specifically, the axial cutting length for each cutting condition was approximately 20 
mm, and each experimental condition was completed using a single cutting pass. Since 
the present study involved an external turning operation, the radial engagement corre-
sponds to the radial depth of cut, which was maintained at ap = 0.25 mm for all tests. The 
feed rate was fixed at 0.08 mm/rev. Before the formal experiments, the workpiece surface 
was pre-turned to remove the original surface layer and previous machining marks, 
thereby providing a consistent initial surface condition for all tests. 

To minimize the influence of accumulated tool wear on the comparison between cool-
ing strategies, a fresh cutting edge was used for each cutting condition. The cutting edge 
and flank face were inspected after each test using an optical microscope. The maximum 
flank wear width (VBmax) was used as the tool-wear indicator. If obvious edge chipping 
or a VBmax value exceeding approximately 0.10 mm was observed, the cutting edge was 
replaced and the corresponding test was repeated. Therefore, no cutting edge with accu-
mulated wear from a previous cutting condition was reused in the subsequent condition. 

In this study, a nose radius of 0.8 mm and a depth of cut of 0.25 mm were used. This 
combination of parameters was selected based on the tool manufacturer’s recommended 
range and is intended to simulate finishing conditions for γ-TiAl alloy. It should be noted 
that under a small depth of cut, the nose radius region plays an important role in material 
removal and the formation of the machined surface. Consequently, the surface morphol-
ogy features obtained in this work are closely associated with the tool geometry em-
ployed, and the related findings are primarily applicable to the ranges of tool geometry 
and cutting parameters examined in this study. 

To ensure experimental reproducibility, each machining condition was inde-
pendently repeated three times under the same nominal cutting parameters and cooling 
conditions. Multiple measurement locations were selected from each machined specimen 
where appropriate to account for local spatial variations. 
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Figure 1. Turning experimental platform. 

2.2. Characterization Methods 

After each turning test, the machined specimens were characterized in terms of sur-
face topography, subsurface deformation and microstructural characteristics, and resid-
ual stress. For cross-sectional characterization, the specimens were sectioned perpendicu-
lar to the machined surface using wire electrical discharge machining (WEDM, Seibu 
M50B, Seibu Electric & Machinery Co., Ltd., Koga, Fukuoka, Japan). The WEDM was op-
erated with a peak current of 2.2 A and a wire feed speed of 0.08 m/s, using deionized 
water as the working fluid. To minimize the potential influence of WEDM-induced ther-
mal effects, a surface layer of at least 6 µm was subsequently removed by sequential grind-
ing and polishing before SEM and EBSD observations. For surface topography and resid-
ual stress measurements, the analyzed regions were located at least 3 mm away from the 
WEDM-cut edges. 

The surface topography was measured using a white-light interferometer (ZYGO 
ZEGAGE PRO HR, ZYGO, Minato City, Tokyo). For each cutting condition, all three in-
dependently machined specimens were characterized, with a measurement area of 0.8 × 
0.8 mm selected on each specimen. The resulting three-dimensional surface-height data 
were used for subsequent multiscale analysis based on wavelet decomposition. The meas-
ured surface topography contains the combined contributions of surface roughness, wav-
iness, and form-related variations. Therefore, the wavelet scales were used to distinguish 
surface features with different spatial-frequency characteristics rather than being directly 
equated with the conventional roughness and waviness separation based on a standard-
ized cutoff wavelength. 

The cross-sectional microstructure was examined using a field-emission scanning 
electron microscope (Zeiss Gemini 300, Zeiss, Oberkochen, Germany) equipped with an 
Oxford Symmetry EBSD detector. EBSD measurements were performed at an accelerating 
voltage of 20 kV, a working distance of 14.5 mm, a specimen tilt angle of 70°, and a step 
size of 0.12 µm. The scanned area was 75.84 × 56.88 µm. EBSD data were processed using 
AZtecCrystal software  (version 2.1). Grain boundaries were identified using a minimum 
misorientation angle of 5°, with a minimum grain size of 0.6 µm. Wild Spike correction 
and the Zero Solutions function were applied during data processing to improve the reli-
ability of the indexed orientations. The EBSD analysis was conducted only at a cutting 
speed of 50 m/min; therefore, the resulting grain orientation, grain boundary, and misori-
entation characteristics are representative only of the investigated regions at this cutting 
speed and are not directly generalized to the 30 and 70 m/min conditions. 

Surface residual stresses were measured using a Bruker D8 Advance residual stress 
analyzer (Bruker Corporation, Billerica, MA, USA), with the measurement parameters 
listed in Table 5. Residual stress analysis was conducted using the X-ray diffraction (XRD) 
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method. By integrating the surface morphology characterized using white-light interfer-
ometry, wavelet frequency-band characteristics, subsurface plastic deformation, EBSD-
based microstructural characteristics, and residual stress measurements, the effects of dif-
ferent cooling strategies on the surface integrity of γ-TiAl alloy were systematically eval-
uated. For each cutting condition, one representative specimen was selected from the 
three independently machined specimens for residual stress measurement. 

Table 5. Basic parameters for X-ray stress measurement. 

Target Bragg Angle 
Wave-
length 

Diffraction 
Plane 

Technique 
Time 

X-Ray Tube 
Voltage 

Electric 
Current 

Cu-Kα 139.2° 0.154 nm 220 2 s 40 KV 4.0 mA 

Because the high-pressure cutting fluid was directly delivered to the tool–chip con-
tact region in the form of a continuous high-velocity jet, it obstructed direct access to the 
cutting zone. In addition, the high-speed flow of chips, splashing of the cutting fluid, and 
limited space around the tool–workpiece contact region made it difficult for an infrared 
thermometer to accurately measure the actual temperature at the tool–chip interface. Con-
tact-based temperature measurement methods, such as thermocouples, were also difficult 
to implement in the cutting zone without interfering with the machining process. There-
fore, cutting temperature measurements were not performed in the present study. Instead, 
the effects of different cooling strategies on the surface integrity of γ-TiAl alloy were com-
prehensively evaluated based on the experimental results of surface morphology, subsur-
face microstructure, grain deformation characterized by EBSD, and residual stress. 

3. Results and Discussion 
3.1. Analysis of Surface Morphology Under Different Cooling Strategies 

3.1.1. Wavelet Decomposition and Multiscale Surface Morphology Characteristics 

The three-dimensional surface morphology signal generated during machining ex-
hibits pronounced non-stationarity, multiscale superposition, and local abrupt variations. 
Conventional Fast Fourier Transform (FFT) analysis can provide the overall frequency 
distribution of a signal, but struggles to simultaneously characterize the spatial localiza-
tion of different frequency components. In contrast, wavelet transform provides mul-
tiscale analysis and localized time–frequency characterization, making it more suitable for 
extracting the non-stationary morphological characteristics of machined surfaces [24]. 

The number of wavelet decomposition levels has a significant influence on the ex-
traction of three-dimensional surface roughness. The maximum decomposition level of 
the wavelet transform is 𝑗 = ሾlogଶ𝑛ሿ, while the number of sampling points obtained by 
the white-light interferometer in this study is 𝑛 × 𝑛 = 1000 × 1000. Based on the surface 
morphology data acquired by white-light interferometry, the reconstruction results at dif-
ferent decomposition levels were compared. When the decomposition level reached the 
10th level, the reconstructed result tended to become stable and exhibited limited addi-
tional spatial variation in the surface morphology, indicating that the information content 
had approached saturation. Therefore, to ensure sufficient and effective representation of 
multiscale morphological information, nine decomposition levels were ultimately se-
lected. Furthermore, the reconstruction errors of the Daubechies (db2–db10), Symlets 
(sym2–sym10), and Coiflets (coif1–coif5) wavelet families were compared, as presented in 
Table 6. The Sym9 wavelet exhibited the smallest root mean square error (RMSE); there-
fore, Sym9 was selected as the wavelet basis function for the decomposition and recon-
struction of the three-dimensional machined surface morphology. 
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Based on the spatial-frequency characteristics of the wavelet decomposition, wavelet 
scales 1–3 were combined to reconstruct the high-frequency surface component, whereas 
scales 4–8 were combined to reconstruct the low-frequency surface component. The re-
constructed components were defined as 𝑍ுሺ𝑥,𝑦ሻ =෍𝐷௞ሺ𝑥,𝑦ሻଷ

௞ୀଵ  (1)

and 𝑍௅ሺ𝑥,𝑦ሻ =෍𝐷௞ሺ𝑥,𝑦ሻ଼
௞ୀସ  (2)

respectively, where Dk(x,y) denotes the detail component at wavelet scale k. 
The Sa value of each reconstructed surface was calculated as 𝑆𝑎 = 1𝑀𝑁 ෍ ෍|𝑧ሺ𝑚,𝑛ሻ − 𝑧̅|ே

௡ୀଵ
ெ

௠ୀଵ  (3)

where zmn is the reconstructed surface height at the sampling point (m,n), 𝑧̅ is the mean 
height of the corresponding reconstructed surface, and M and N are the numbers of sam-
pling points in the two lateral directions. 

The measured surface area was 0.8 × 0.8 mm2 with 1000 × 1000 sampling points, cor-
responding to a lateral sampling interval of approximately 0.8 µm. For the dyadic wavelet 
decomposition, the characteristic wavelength range of wavelet scale k can be approxi-
mately expressed as 2௞𝛥𝑥 ≤ 𝜆 ≤ 2௞ାଵ𝛥𝑥 (4)

Therefore, scales 1–3 approximately correspond to spatial wavelengths of 1.6–12.8 
µm, whereas scale 4 begins at approximately 12.8 µm. The boundary between scales 3 and 
4 can thus be regarded as an approximate equivalent cutoff wavelength. The high-fre-
quency reconstructed component mainly characterizes short-wavelength surface irregu-
larities, while scales 4–8 represent progressively longer-wavelength surface features. It 
should be noted that this wavelet-based separation is not strictly equivalent to Gaussian 
filtering because of the different frequency-response characteristics of the two methods. 

To evaluate the reconstruction capability of different wavelet basis functions for the 
original surface topography, the root mean square error (RMSE) was employed to quan-
tify the reconstruction accuracy. The RMSE was defined as the root mean square differ-
ence between the original surface topography measured by white-light interferometry 
and the corresponding surface reconstructed after wavelet decomposition and complete 
inverse wavelet reconstruction: 

𝑅𝑀𝑆𝐸 = ඩ 1𝑀𝑁෍෍ሾ𝑧ሺ𝑖, 𝑗ሻ − 𝑧̂ሺ𝑖, 𝑗ሻሿଶே
௝ୀଵ

ெ
௜ୀଵ  (5)

where z(i,j) is the original surface-height value at the sampling point (i,j), z (i,j) is the 
corresponding reconstructed surface-height value, and (M) and (N) are the numbers of 
sampling points in the two spatial directions, respectively. In this study, (M = N = 1000). 
All wavelet coefficients were retained during the reconstruction used for RMSE calcula-
tion; therefore, the RMSE represents the numerical reconstruction fidelity of each wavelet 
basis rather than the difference between the high- and low-frequency surface components. 
A lower RMSE indicates a higher degree of agreement between the reconstructed and 
original surfaces. The reconstruction errors of the Daubechies (db2–db10), Symlets (sym2–
sym10), and Coiflets (coif1–coif5) wavelet bases were compared, as listed in Table 6. 
Among the tested wavelet bases, sym9 exhibited the smallest RMSE and was therefore 
selected as the wavelet basis for subsequent decomposition and reconstruction of the 
three-dimensional surface topography. 



Machines 2026, 14, 1139 9 of 26 
 

https://doi.org/10.3390/machines14101139 

Table 6. Reconstruction errors of turning surfaces using different wavelet bases. 

Wavelet Basis 
Reconstruc-
tion Error Wavelet Basis 

Reconstruc-
tion Error Wavelet Basis 

Reconstruc-
tion Error 

db2 9.16 × 10−13 db10 5.26 × 10−12 sym9 7.19 × 10−15 
db3 1.06 × 10−11 sym2 9.16 × 10−13 sym10 1.77 × 10−14 
db4 1.97 × 10−12 sym3 1.06 × 10−11 coif1 1.34 × 10−12 
db5 2.96 × 10−12 sym4 6.95 × 10−13 coif2 1.71 × 10−11 
db6 1.38 × 10−12 sym5 2.37 × 10−13 coif3 7.25 × 10−13 
db7 2.28 × 10−12 sym6 1.11 × 10−12 coif4 2.62 × 10−11 
db8 4.94 × 10−12 sym7 8.59 × 10−13 coif5 4.53 × 10−9 
db9 4.24 × 10−11 sym8 2.65 × 10−13   

The “Original 3D topography” in Figure 2 represents the directly measured surface 
topography obtained by white-light interferometry and contains the combined contribu-
tions of roughness, waviness, and form-related variations. The morphological signals at 
Scales 1–3 are dominated by small-amplitude and densely distributed microscopic fluctu-
ations. Their variations are mainly concentrated around zero and exhibit typical high-fre-
quency random characteristics. These components may be associated with local disturb-
ances during cutting, such as machine-tool vibration, microscopic tool runout, and local 
material detachment [25]. In contrast, Scales 4–8 exhibit distinct periodic peaks and valleys 
and correspond to low-frequency profile components. These components are closely as-
sociated with the tool motion trajectory and the stability of the cutting process and consti-
tute the major contribution to the waviness of the machined surface [25]. The recon-
structed signal at Scale 9 becomes relatively smooth, with the overall morphology ap-
proaching a reference plane; therefore, it can be regarded as the reference morphological 
layer of the machined surface. 

  
(a)  (b)  

  
(c)  (d)  
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(e)  (f)  

  
(g)  (h)  

 
(i) (j)  

Figure 2. 3D surface morphologies at different scales using sym9 wavelet basis. (a) Original 3D to-
pography. (b) First-level wavelet decomposition 3D topography. (c) Second-level wavelet decom-
position 3D topography. (d) Third-level wavelet decomposition 3D topography. (e) Fourth-level 
wavelet decomposition 3D topography. (f) Fifth-level wavelet decomposition 3D topography. (g) 
Sixth-level wavelet decomposition 3D topography. (h) Seventh-level wavelet decomposition 3D to-
pography. (i) Eighth-level wavelet decomposition 3D topography. (j) Ninth-level wavelet decom-
position 3D topography. 

Figure 3 further presents the reconstructed high- and low-frequency components. 
The reconstructed high-frequency surface is characterized by fine and densely distributed 
peaks and valleys and differs considerably from the original surface morphology. It 
mainly reflects microscopic texture characteristics and makes a relatively small contribu-
tion to the overall surface waviness [26]. The irregular protrusions in this component are 
mainly associated with hard particles on the surface, adhered built-up material, and tran-
sient vibration. In contrast, the low-frequency reconstruction retains the periodic profile 
of the original surface more effectively and therefore represents the dominant component 
governing the geometric characteristics of the machined surface. The irregular waviness 
observed in this component may be related to variations in tool condition, including tool 
wear, as well as other low-frequency disturbances during machining. In addition, the 
peak-and-valley characteristics almost disappear in the morphology reconstructed at 
Scale 9, making it incapable of effectively characterizing variations in the machined sur-
face morphology. This component is mainly associated with machining errors of the ma-
chine tool and environmental disturbances. 
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(a)  (b)  

 
(c)  

Figure 3. Signal reconstruction at different frequency bands using wavelet transform. (a) Recon-
struction of high-frequency signal of machined surface. (b) Reconstruction of low-frequency signal 
of machined surface. (c) Reconstruction of reference plane signal of machined surface. 

3.1.2. Effect of Cooling Strategy on Surface Morphology 

Figures 4 and 5 present the variation in the areal surface roughness (Sa) of the high- 
and low-frequency components of the machined surfaces under conventional cooling and 
high-pressure cooling, respectively. For the high-frequency component, the Sa value in-
creased slightly with increasing cutting speed under both cooling strategies. Under con-
ventional cooling, the high-frequency Sa increased from 0.096 µm to 0.102 µm, whereas 
under high-pressure cooling, it increased from 0.088 µm to 0.095 µm. The values under 
high-pressure cooling remained consistently lower than those under conventional cool-
ing. This indicates that high-pressure cooling can, to some extent, reduce microscopic ran-
dom fluctuations on the machined surface and produce a more uniform distribution of 
fine-scale surface features, although the improvement is relatively limited. This finding is 
generally consistent with previous research [27]. 

 

Figure 4. Sa values of reconstructed surfaces from high- and low-frequency signals under conven-
tional cooling. 
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Figure 5. Sa values of reconstructed surfaces from high- and low-frequency signals under high-
pressure cooling. 

In contrast, the effects of different cooling strategies on the low-frequency profile 
characteristics were more pronounced. Under conventional cooling, the low-frequency Sa 
increased from 0.212 µm to 0.272 µm, with a particularly pronounced increase at a cutting 
speed of 70 m/min. Under high-pressure cooling, the low-frequency Sa remained within 
a relatively narrow range of 0.212–0.226 µm, exhibiting only minor fluctuations. As the 
cutting speed increased, the difference between the two cooling strategies became increas-
ingly pronounced, indicating that high-pressure cooling can effectively suppress the de-
velopment of large-scale profile fluctuations on the machined surface. 

Further examination of the reconstructed morphologies shown in Figures 6 and 7 
reveals that the high-frequency components were mainly distributed within the range of 
−2 µm to 2 µm. The overall fluctuation ranges under the two cooling strategies were gen-
erally comparable, but the distribution of surface peaks and valleys was more uniform 
under high-pressure cooling. With increasing cutting speed, local protrusions gradually 
increased under conventional cooling, whereas relatively limited changes were observed 
under high-pressure cooling. The low-frequency reconstructed profiles exhibited more 
pronounced differences. At cutting speeds of 30 and 50 m/min, the differences between 
the two cooling strategies were relatively small. When the cutting speed increased to 70 
m/min, the fluctuations of surface peaks and valleys became substantially more pro-
nounced under conventional cooling, whereas the profile remained relatively smooth and 
continuous under high-pressure cooling. This indicates that high-pressure cooling may 
improve the stability of the machining process and thereby suppress the formation of 
large-scale profile fluctuations [28]. 

   

   
(a) vc = 30 m/min (b) vc = 50 m/min (c) vc = 70 m/min 
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Figure 6. Reconstructed high- and low-frequency surface morphologies under conventional cooling 
at different cutting speeds. 

   

   
(a) vc = 30 m/min (b) vc = 50 m/min (c) vc = 70 m/min 

Figure 7. Reconstructed high- and low-frequency surface morphologies under high-pressure cool-
ing at different cutting speeds. 

Overall, the above results demonstrate that different cooling strategies regulate the 
surface morphology at multiple scales, with high-pressure cooling exhibiting a particu-
larly pronounced improvement in the low-frequency profile characteristics. This effect can 
mainly be attributed to the enhanced penetration of the high-pressure jet into the tool–
chip contact zone, which improves the interfacial lubrication condition [28,29]. Previous 
studies have experimentally demonstrated that high-pressure cooling can reduce the cut-
ting temperature by enhancing heat dissipation from the cutting zone [30,31]. Therefore, 
the improved lubrication condition and reduced thermal accumulation under high-pres-
sure cooling can contribute to more stable tool–workpiece interactions and reduce the in-
fluence of process disturbances on the formation of the machined surface profile, ulti-
mately resulting in a more uniform and stable machined surface. It should be noted that 
the cutting temperature was not directly measured under the specific conditions of the 
present study; therefore, the temperature reduction is discussed based on the established 
mechanism and previous experimental evidence rather than as a directly measured result 
in this work. 

3.2. Surface Plastic Deformation and Microstructural Characteristics Under Different Cooling 
Strategies 

3.2.1. Surface Plastic Deformation 

During machining, the combined effects of shear deformation and interfacial friction 
generated by continuous tool–workpiece contact govern the plastic flow behavior of the 
machined surface layer. Therefore, the subsurface plastic deformation layer can directly 
reflect the extent of material deformation under cutting loads [32]. Figures 8 and 9 show 
SEM images of the subsurface plastic deformation of γ-TiAl alloy machined at different 
cutting speeds under conventional cooling and high-pressure cooling, respectively. A dis-
tinct plastic deformation layer was formed under both cooling strategies, mainly mani-
fested as bending, deflection, and local sliding of the lamellar structure of the γ-TiAl alloy. 
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(a) vc = 30 m/min (b) vc = 50 m/min (c) vc = 70 m/min 

Figure 8. Subsurface deformation of γ-TiAl alloy under conventional cooling at different cutting 
speeds. 

   
(a) vc = 30 m/min (b) vc = 50 m/min (c) vc = 70 m/min 

Figure 9. Subsurface deformation of γ-TiAl alloy under high-pressure cooling at different cutting 
speeds. 

As shown in Figure 8, under conventional cooling, the thicknesses of the plastic de-
formation layer were 6.17, 8.30, and 10.15 µm at cutting speeds of 30, 50, and 70 m/min, 
respectively. Under high-pressure cooling, the corresponding thicknesses were 5.25, 7.05, 
and 8.36 µm, representing reductions of approximately 14.91%, 15.06%, and 17.64%, re-
spectively, compared with conventional cooling. These results demonstrate that high-
pressure cooling can effectively suppress machining-induced plastic deformation and 
maintain a more stable subsurface microstructure. This finding is generally consistent 
with previous studies [33]. 

The primary reason for the difference between the two cooling strategies is the dis-
tinct interfacial friction conditions and mechanical load-transfer characteristics. Under 
conventional cooling, the cutting fluid cannot effectively penetrate the tool–chip contact 
zone, resulting in relatively strong friction between the tool and the chip/workpiece and 
causing the machined surface layer to continuously experience substantial compressive 
and shear loads [34]. Under sustained mechanical loading, the γ/α2 lamellar structure 
gradually undergoes bending, deflection, and sliding, with the deformation extending to-
ward the interior of the material and consequently forming a relatively thick plastic de-
formation layer. Meanwhile, heat accumulation generated by interfacial friction may fur-
ther facilitate local plastic flow and promote orientation deflection of the lamellar struc-
ture [35]. In contrast, high-pressure cooling enhances the penetration of the cutting fluid 
into the tool–chip contact zone through a high-velocity jet, thereby improving the interfa-
cial lubrication condition. It also facilitates timely chip breakage and evacuation, resulting 
in a more stable tool–workpiece contact process [29,34]. The reduction in interfacial fric-
tion decreases the sustained compressive and shear loading imposed on the machined 
surface layer, thereby effectively suppressing material plastic flow. Consequently, the 
bending of the lamellar structure is substantially reduced, and plastic deformation is 
mainly confined to the region close to the machined surface, ultimately resulting in a sig-
nificantly thinner plastic deformation layer. 
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The thickness of the plastic deformation layer was determined from the cross-sec-
tional SEM images based on the depth over which the characteristic subsurface defor-
mation features induced by machining were observed. The boundary of the deformation 
layer was identified where the microstructural morphology gradually recovered to that 
of the undeformed substrate. As the cutting speed increased from 30 to 70 m/min, the 
thickness of the plastic deformation layer increased under both cooling strategies. This 
can mainly be attributed to the increased material removal rate and the continuously in-
creasing contact frequency and shear strain rate between the tool and workpiece at higher 
cutting speeds. The resulting enhancement of interfacial friction causes the machined sur-
face layer to experience greater plastic deformation, thereby promoting the extension of 
the plastic deformation layer toward the subsurface region [36]. Although the rate of in-
crease in the deformation-layer thickness decreased at higher cutting speeds within the 
investigated range, the present study only concludes that increasing the cutting speed 
promotes the development of the plastic deformation layer within the investigated range. 

Overall, the cooling strategy not only affects the thickness of the plastic deformation 
layer but also alters the deformation mode of the material during machining. Compared 
with conventional cooling, high-pressure cooling produced a thinner deformation layer 
under all investigated cutting speeds. This difference may be associated with the altered 
tool–workpiece interaction and thermal conditions provided by the high-pressure cooling 
system. The specific contributions of interfacial friction, mechanical loading, and thermal 
effects require further investigation through direct measurements of cutting force, cutting 
temperature, and tool wear. 

3.2.2. Microstructural Characteristics of the Machined Surface Layer 

It should be noted that the EBSD analysis in this section was performed under the 
typical condition of a cutting speed of Vc = 50 m/min. Consequently, the following discus-
sions on grain orientation, grain boundary characteristics, and dynamic recrystallization 
are only applicable to the regions tested at this cutting speed and cannot be directly gen-
eralised to the conditions of 30 and 70 m/min. 

To further elucidate the microstructural characteristics of the machined surface layer 
of γ-TiAl alloy under different cooling strategies, EBSD analyses were performed on both 
the substrate and machined surface regions. Figures 10–12 present the inverse pole figure 
(IPF) maps, pole figures, grain size distributions, and misorientation angle distributions 
of the substrate and machined surface regions under different cooling strategies. 

Figure 10 presents the IPF maps and pole figures of the γ-TiAl alloy substrate and 
subsurface regions machined under the two cooling strategies at a cutting speed of 50 
m/min. As shown in Figure 10a, the substrate exhibits a typical as-cast microstructure, 
consisting primarily of lamellar γ/α2 colonies and a small fraction of equiaxed γ phase. 
The grain boundaries are distinct, and the crystallographic orientations are relatively ran-
domly distributed. The IPF map shows a relatively uniform distribution of grain colors 
without pronounced concentration, indicating that the overall texture intensity of the as-
cast microstructure is relatively weak. The pole figure further shows that the γ-phase ori-
entations are relatively dispersed without a pronounced preferred orientation, whereas 
the α2 phase exhibits a certain degree of orientation concentration along the <0001> direc-
tion, indicating a degree of orientation selection during solidification. 
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(a) γ-TiAl alloy substrate 

  
(b) Conventional cooling (c) High-pressure cooling 

Figure 10. IPF and pole figures of γ-TiAl alloy under two cooling strategies and in the bulk. 

After machining, the surface layers under both cooling strategies exhibited different 
degrees of crystallographic orientation adjustment, indicating that the cutting load in-
duced grain rotation and texture evolution. Under conventional cooling, the peak orien-
tation intensity of the γ phase decreased from 46.33 in the as-cast substrate to 41.32, indi-
cating that the original grain orientations were disturbed during machining. Some grains 
underwent orientation deflection and redistribution, resulting in a reduced degree of pre-
ferred γ-phase orientation and a decrease in texture intensity. In contrast, the peak orien-
tation intensity of the α2 phase increased to some extent, indicating that the α2 grains un-
derwent a certain degree of orientation adjustment during cutting deformation and that 
their orientation distribution became more concentrated. 

Because the γ phase has relatively greater deformation compatibility, whereas the α2 
phase exhibits limited plasticity at room temperature, the γ phase can more readily ac-
commodate the applied load through slip deformation under cutting-induced shear, 
whereas strain concentration is more likely to occur in the α2 phase and at γ/α2 interfaces. 
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Therefore, under conventional cooling, the stronger interfacial friction and less stable me-
chanical loading promote local accumulation of plastic strain, resulting in more dispersed 
grain rotation and weakening of the original γ-phase texture. 

Under high-pressure cooling, the peak orientation intensity of the γ phase increased 
significantly, exceeding not only that under conventional cooling but also the level of the 
as-cast substrate. This indicates that the cutting stress promoted the development of a 
more pronounced preferred orientation. This phenomenon suggests that high-pressure 
cooling alters the deformation mode of the surface layer. Under the high-pressure jet, the 
lubrication condition at the tool–workpiece interface is improved, while frictional re-
sistance and fluctuations in cutting loads are reduced, resulting in more continuous and 
coordinated material deformation [29,36]. Meanwhile, the number of valid data points for 
the γ phase increased significantly, suggesting that high-pressure cooling favors the 
preservation of γ-phase crystallographic integrity and reduces machining-induced lattice 
distortion and microstructural damage. 

In contrast, the peak orientation intensity of the α2 phase increased further under 
high-pressure cooling, indicating more pronounced orientation adjustment and texture 
evolution, whereas its number of valid data points continued to decrease. This suggests 
that under high-pressure cooling, local deformation tends to concentrate mechanically in 
the α2 phase and at phase-boundary regions. Because of the limited deformation compat-
ibility of the α2 phase, the local strain is difficult to release through homogeneous plastic 
flow, resulting in relatively large orientation gradients and lattice distortion. 

To further characterize the degree of microstructural evolution in the machined sur-
face layer under different cooling strategies, statistical analyses of the grain size and mis-
orientation angle distributions were performed for the substrate and machined surface 
regions, as shown in Figures 11 and 12. Figure 11 presents the grain size distributions 
under the different conditions. The average grain size in the substrate was 4.23 µm, with 
a relatively broad grain size distribution, characteristic of the lamellar microstructure of 
the as-cast γ-TiAl alloy. After machining, the average grain sizes were 4.03 and 4.17 µm 
under conventional cooling and high-pressure cooling, respectively. Although the grain 
size decreased under both cooling conditions compared with the substrate, the magnitude 
of the change was relatively small, and no significant grain refinement was observed. 

   
(a) γ-TiAl alloy substrate (b) Conventional cooling (c) High-pressure cooling 

Figure 11. Grain size distribution of γ-TiAl alloy in the bulk and under two cooling strategies. 

   
(a) γ-TiAl alloy substrate (b) Conventional cooling (c) High-pressure cooling 
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Figure 12. Grain boundary misorientation distribution of γ-TiAl alloy in the bulk and under two 
cooling strategies. 

In general, dynamic recrystallization requires relatively high thermal input and suf-
ficient accumulation of plastic strain, with typical characteristics including the formation 
of new grains, a significant reduction in grain size, and redistribution of grain boundary 
structures [37,38]. However, in the present study, the EBSD observations provide no clear 
evidence of significant dynamic recrystallization in the investigated machined regions. 
First, the IPF maps did not reveal an obvious population of newly formed fine equiaxed 
grains near the machined surface. Second, the average grain size changed only slightly, 
from 4.23 µm in the substrate to 4.03 µm and 4.17 µm under conventional and high-pres-
sure cooling, respectively, indicating that substantial grain refinement did not occur. 
Third, the overall grain-boundary characteristics remained dominated by high-angle 
grain boundaries, without an obvious microstructural feature indicative of extensive 
grain-boundary reconstruction. Therefore, the observed EBSD characteristics are more 
consistent with machining-induced grain rotation and crystallographic orientation adjust-
ment than with significant dynamic recrystallization. These observations suggest that the 
machining conditions investigated here did not produce sufficient microstructural modi-
fication to generate clear EBSD evidence of significant recrystallization. However, because 
cutting temperature was not directly measured, the thermal conditions responsible for 
this response cannot be quantitatively determined. Therefore, the present results do not 
allow the thermal contribution to dynamic recrystallization to be independently evalu-
ated. The observed microstructural characteristics are therefore more consistent with me-
chanically induced plastic deformation and crystallographic orientation adjustment than 
with significant recrystallization. Accordingly, under the investigated conditions, the ob-
served microstructural changes are mainly characterized by machining-induced plastic 
deformation and crystallographic orientation adjustment, while no clear evidence of sig-
nificant dynamic recrystallization was observed. 

A further comparison of the two cooling conditions shows that the average grain size 
under conventional cooling was slightly smaller than that under high-pressure cooling. 
This difference is consistent with the greater thickness of the plastic deformation layer 
observed under conventional cooling, indicating a greater extent of machining-induced 
microstructural modification. Previous studies have reported that high-pressure cooling 
can improve coolant penetration, lubrication, and heat removal during machining [39,40]. 
These effects may contribute to the relatively limited microstructural modification ob-
served under high-pressure cooling, under which the average grain size remained closer 
to that of the as-cast substrate. The relatively small difference in grain size between the 
two cooling conditions also indicates that substantial grain refinement did not occur un-
der the investigated conditions. However, because cutting force and cutting temperature 
were not directly measured, the respective contributions of mechanical and thermal ef-
fects to these microstructural differences cannot be quantitatively separated. 

To further analyze the changes in grain boundary structure, the misorientation angle 
distributions under different conditions are presented in Figure 12. The microstructures 
of the substrate and the specimens machined under both cooling strategies were domi-
nated by high-angle grain boundaries (HAGBs), indicating that machining did not funda-
mentally alter the overall grain boundary characteristics of the material. The average mis-
orientation angle of the substrate was 83.2°, indicating a relatively random crystallo-
graphic orientation distribution in the as-cast microstructure and substantial orientation 
differences between neighboring grains. After machining, the average misorientation an-
gles decreased to 79.2° and 80.4° under conventional cooling and high-pressure cooling, 
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respectively. The decrease in average misorientation angle indicates that machining-in-
duced deformation caused partial grain rotation, reducing the orientation differences be-
tween neighboring grains and resulting in a reorganization of grain-boundary orientation 
relationships. This result is consistent with the orientation concentration observed in Fig-
ure 10, indicating that a certain degree of deformation-induced texture evolution occurred 
during machining. 

The more pronounced reduction in average misorientation angle under conventional 
cooling indicates that stronger interfacial friction and mechanical loading promoted dis-
location accumulation and grain rotation, leading to more significant crystallographic ad-
justment in the machined surface layer [41]. In contrast, the average misorientation angle 
under high-pressure cooling was higher than that under conventional cooling and re-
mained closer to that of the as-cast substrate. This indicates that high-pressure cooling 
restricted excessive crystallographic reconstruction. Combined with the pole figure anal-
ysis, these results demonstrate that although high-pressure cooling promoted grain rota-
tion toward preferred orientations, it did not induce significant grain boundary migration 
or microstructural reconstruction. This further confirms that the beneficial effect of high-
pressure cooling on the machined microstructure does not rely on high-temperature mi-
crostructural reconstruction. Instead, it is achieved by optimizing the interfacial load-
transfer mode, allowing plastic strain to be accommodated more uniformly and thereby 
limiting excessive dislocation accumulation and grain-boundary orientation adjustment. 

The combined SEM and EBSD results demonstrate that different cooling strategies 
fundamentally alter the evolution pathway of the machined surface microstructure. Un-
der conventional cooling, stronger interfacial friction and shear loading induce greater 
plastic flow in the surface layer, promoting dislocation accumulation, random grain rota-
tion, and texture weakening, ultimately resulting in a thicker plastic deformation layer 
and more pronounced microstructural disturbance. In contrast, high-pressure cooling im-
proves the interfacial lubrication condition and stabilizes the mechanical load distribu-
tion, promoting coordinated grain rotation toward preferred orientations while suppress-
ing excessive strain accumulation and grain-boundary reconstruction. Therefore, under 
the cutting conditions investigated in this study, the microstructural evolution of the ma-
chined γ-TiAl surface layer is characterized by mechanically dominated deformation, con-
trolled thermal effects, crystallographic orientation adjustment as the primary microstruc-
tural response, and suppression of dynamic recrystallization. High-pressure cooling mod-
ifies the interfacial interaction conditions and thereby promotes improved surface integ-
rity characterized by a thinner plastic deformation layer, enhanced crystallographic integ-
rity, and greater microstructural stability. 

3.3. Residual Stress Under Different Cooling Strategies 

Residual stress is an important indicator for evaluating machined surface integrity. 
It originates from the redistribution of elastoplastic stresses following machining-induced 
plastic deformation and is jointly affected by mechanical loading and thermal effects [42]. 
In this study, residual stress was measured on one representative specimen selected from 
the three independently machined specimens for each cutting condition. Therefore, the 
residual stress values reported in this study represent the selected specimens under the 
investigated conditions and are not statistical averages across the three machining repeti-
tions. 

Figure 13 presents the residual stress distributions at different cutting speeds under 
the two cooling strategies. It can be observed that the machined surfaces exhibited resid-
ual compressive stresses under both cooling strategies, with the maximum magnitude of 
residual stress occurring at the machined surface. Combined with the SEM and EBSD re-
sults discussed above, no significant dynamic recrystallization was observed under either 
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cooling strategy within the investigated conditions. The microstructural changes in the 
machined surface layer was mainly characterized by grain rotation, crystallographic ori-
entation adjustment, and localized lattice distortion induced by plastic deformation. 
Therefore, the residual stress was primarily associated with stress self-equilibration fol-
lowing machining-induced plastic deformation, while the cooling strategy mainly af-
fected the development and stability of the residual stress field by regulating the frictional 
state at the tool–workpiece interface, the mechanical load-transfer mode, and local ther-
mal effects [43]. 

  
(a) Conventional cooling (b) High-pressure cooling 

Figure 13. Surface residual stress distribution of γ-TiAl alloy under different cooling strategies. 

Under conventional cooling (Figure 13a), the surface residual stresses were −475, 
−416, and −374 MPa at cutting speeds of 30, 50, and 70 m/min, respectively. In comparison, 
under high-pressure cooling, the corresponding surface residual compressive stresses 
were −489, −466, and −413 MPa, respectively, representing increases in compressive stress 
magnitude of 2.9%, 12.0%, and 10.4%, respectively. These results indicate that, under iden-
tical cutting parameters, high-pressure cooling can establish a stronger residual compres-
sive stress state in the machined surface layer and maintain relatively high compressive 
stress levels even as the cutting speed increases. 

Combined with the plastic deformation layer and EBSD analyses presented above, 
these results indicate that the thermal input generated during cutting was insufficient to 
dominate microstructural reconstruction, and that residual stress formation remained pri-
marily governed by mechanically induced plastic deformation. During cutting, mechani-
cal loading induces plastic flow, dislocation accumulation, and grain rotation in the sur-
face layer, which tend to generate residual compressive stress. Although localized thermal 
effects associated with cutting can cause thermal expansion and contraction of the mate-
rial and thereby promote the development of residual tensile stress, the final residual 
stress state is determined by the competition between these mechanical and thermal ef-
fects. 

Under conventional cooling, relatively greater heat accumulation in the cutting zone 
partially counteracts the residual compressive stress generated by mechanical defor-
mation, resulting in a relatively lower magnitude of surface compressive stress. In con-
trast, high-pressure cooling improves the tool–workpiece contact condition, resulting in 
more uniform and stable mechanical load transfer and more coordinated accommodation 
of plastic strain within the surface layer [44]. The EBSD results indicate that, under high-
pressure cooling, the grains mainly underwent limited and coordinated rotation and crys-
tallographic orientation adjustment, while the grain boundary structure remained rela-
tively stable without significant dynamic recrystallization or grain boundary reconstruc-
tion. This suggests that plastic strain was accommodated more uniformly within the 



Machines 2026, 14, 1139 21 of 26 
 

https://doi.org/10.3390/machines14101139 

grains rather than being concentrated in severe localized damage. Consequently, although 
the spatial extent of plastic deformation was reduced, the machining-induced compres-
sive stress could be retained more effectively within the surface layer, leading to a more 
stable elastoplastic stress equilibrium and, ultimately, a higher magnitude of residual 
compressive stress. 

It is noteworthy that no significant dynamic recrystallization was observed under 
either cooling strategy, indicating that the local thermal input during cutting was insuffi-
cient to drive substantial microstructural reconstruction. Therefore, thermal effects pri-
marily contributed to stress relaxation rather than determining the formation of residual 
stress. Accordingly, the higher residual compressive stress obtained under high-pressure 
cooling may not result from a change in the fundamental residual stress formation mech-
anism, but rather from the reduced influence of thermal effects on stress relaxation and 
the improved coordination of plastic deformation. These effects allow the mechanically 
dominated compressive stress field to be retained more effectively in the machined sur-
face layer. This further indicates that, under the cutting conditions investigated in this 
study, mechanical loading remained the dominant factor governing residual stress for-
mation, whereas thermal effects played a secondary regulatory role. 

In addition, the magnitude of the surface residual compressive stress decreased with 
increasing cutting speed under both cooling strategies. This can mainly be attributed to 
the more intense tool–workpiece interaction at higher cutting speeds, which increases 
both the rate of plastic deformation and local thermal effects. The resulting enhancement 
in stress relaxation weakens the residual compressive stress generated by mechanical 
plastic deformation [45]. Consequently, the residual compressive stress decreased at 
higher cutting speeds under both cooling strategies. Nevertheless, high-pressure cooling 
consistently maintained a higher magnitude of residual compressive stress, demonstrat-
ing its effective capability for regulating the stress state of the machined surface layer over 
the investigated cutting-speed range. 

Figure 14 further presents the depth-wise distribution of residual stress at a cutting 
speed of 50 m/min. Under both cooling strategies, the residual compressive stress gradu-
ally decreased in magnitude with increasing depth and eventually approached the stress 
state of the substrate. The most pronounced variation in residual stress occurred within 
the depth range of 0–60 µm, whereas the stress distribution became relatively stable be-
yond 60 µm. This indicates that the influence of machining loads on the residual stress 
field was mainly concentrated in the machined surface region. With increasing depth, the 
extent of plastic deformation and microstructure gradually decreased, and the residual 
stress field progressively returned toward the initial state of the material. 
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Figure 14. Effect of cooling strategies on residual stress of γ-TiAl alloy. 

Notably, the depth of the residual stress-affected layer was substantially greater than 
the thickness of the plastic deformation layer. As shown by the results in Figures 8–12, 
although significant plastic deformation was mainly confined to a few micrometers be-
neath the machined surface, the stress field generated during machining could continu-
ously propagate into the material interior. The stress concentration generated by severe 
plastic deformation in the surface layer was progressively transmitted toward the subsur-
face through elastoplastic compatibility, inducing a certain degree of elastic deformation 
and stress redistribution in the underlying material. Consequently, a residual stress-af-
fected layer considerably deeper than the plastic deformation layer was formed [46,47]. 
Combined with the EBSD results, the absence of significant dynamic recrystallization in 
the machined surface layer indicates that the residual stress was not substantially released 
through microstructural reconstruction, but was instead retained in the machined surface 
and near-surface regions through elastoplastic self-equilibration. 

As summarized in Table 7, high-pressure cooling was associated with reduced sur-
face fluctuations, a thinner subsurface plastic deformation layer, microstructural charac-
teristics closer to those of the substrate, and a higher magnitude of compressive residual 
stress under the investigated conditions. 

Table 7. Comparison of the machined surface and subsurface characteristics under conventional 
and high-pressure cooling. 

Characteristic Conventional 
Cooling 

High-Pressure 
Cooling 

Change Under High-Pres-
sure Cooling 

High-frequency Sa 0.096–0.102 µm 0.088–0.095 µm Reduced by approximately 
6.9–8.3% 

Low-frequency Sa 0.212–0.272 µm 0.212–0.226 µm Maximum Sa reduced from 
0.272 to 0.226 µm 

Plastic deformation layer 6.17–10.15 µm 5.25–8.36 µm Reduced by 14.91–17.64% 

Average grain size 4.03 µm 4.17 µm Closer to substrate value of 
4.23 µm 

Average misorientation 
angle 79.2° 80.4° 

Closer to substrate value of 
83.2° 

Surface residual compres-
sive stress 

−475 to −374 
MPa −489 to −413 MPa 

Compressive-stress magni-
tude increased by 2.9–

12.0% 

Although high-pressure cooling can effectively improve the surface integrity of ma-
chined γ-TiAl alloys, its engineering application is still constrained by the equipment in-
vestment required for high-pressure fluid supply, operation and maintenance costs, en-
ergy and cooling-fluid consumption, and adaptability to different machining environ-
ments. Therefore, for conventional material machining or processes with relatively low 
requirements for surface integrity, the overall economic benefits of high-pressure cooling 
may be limited. In contrast, high-pressure cooling is more suitable for the precision ma-
chining of high-value, difficult-to-machine components in fields such as aerospace and 
energy equipment. It should be noted that the energy consumption, cooling-fluid con-
sumption, and economic costs associated with the two cooling strategies were not quan-
titatively evaluated in the present study. Therefore, a comprehensive assessment of the 
economic benefits and engineering applicability of high-pressure cooling requires further 
techno-economic investigations. 



Machines 2026, 14, 1139 23 of 26 
 

https://doi.org/10.3390/machines14101139 

4. Conclusions 
This study systematically investigated the machined surface morphology, subsurface 

microstructure, and residual stress during the turning of γ-TiAl alloy under different cool-
ing strategies. The results demonstrate that different cooling strategies do not alter the 
fundamental formation mechanisms of the machined surface layer of γ-TiAl alloy, but 
regulate plastic deformation, microstructure, and residual stress development by modify-
ing the contact conditions and mechanical load-transfer characteristics at the tool–work-
piece interface. Compared with conventional cooling, high-pressure cooling improves the 
interfacial lubrication condition and machining stability, thereby achieving controlled 
plastic deformation, enhanced crystallographic integrity, and increased residual compres-
sive stress without inducing dynamic recrystallization, ultimately resulting in improved 
surface integrity. The main conclusions are as follows: 

(1) Wavelet-based multiscale analysis effectively separates morphological infor-
mation at different scales on the machined surface. The high-frequency components 
mainly reflect random disturbances associated with machine-tool vibration, microscopic 
tool runout, and local material detachment, whereas the low-frequency components cor-
respond to the periodic profile generated by the tool motion trajectory and constitute the 
dominant contribution to the geometric characteristics of the machined surface. Com-
pared with conventional cooling, high-pressure cooling provides limited improvement in 
high-frequency random fluctuations but significantly suppresses low-frequency profile 
fluctuations, resulting in a more uniform and stable surface morphology. 

(2) High-pressure cooling effectively reduces the thickness of the machining-induced 
plastic deformation layer. As the cutting speed increased from 30 to 70 m/min, the thick-
ness of the plastic deformation layer gradually increased under both cooling strategies. 
However, high-pressure cooling reduced the thickness of the plastic deformation layer by 
approximately 14.91–17.64% compared with conventional cooling. By improving the lu-
brication condition at the tool–workpiece interface, reducing friction, and enhancing ma-
chining stability, high-pressure cooling confines plastic deformation more effectively to 
the machined surface region, thereby suppressing the continued bending of the lamellar 
structure and the propagation of plastic deformation into the subsurface. 

(3) EBSD analysis indicates that no significant dynamic recrystallization occurred in 
the machined surface layer under either cooling strategy. The microstructural evolution 
was primarily characterized by grain rotation, crystallographic orientation adjustment, 
and localized lattice distortion rather than grain reconstruction. Compared with conven-
tional cooling, high-pressure cooling promoted more coordinated grain rotation toward 
preferred orientations and reduced localized microstructural damage, thereby maintain-
ing higher crystallographic integrity and grain-boundary stability in the machined surface 
layer. These results indicate that, under the cutting conditions investigated in this study, 
microstructural evolution in the machined surface layer was predominantly controlled by 
mechanical deformation, while thermal effects mainly regulated the extent of microstruc-
tural evolution and were insufficient to dominate microstructural reconstruction. 

(4) The machined surfaces exhibited residual compressive stress under both cooling 
strategies, and the magnitude of the residual compressive stress gradually decreased with 
increasing cutting speed. Although high-pressure cooling reduced the thickness of the 
plastic deformation layer, the magnitude of the surface residual compressive stress re-
mained consistently higher than that under conventional cooling. Combined with the sub-
surface deformation and EBSD results, this difference is considered to be associated pri-
marily with the different mechanical deformation and strain-accommodation responses 
under the two cooling strategies. 

Overall, the above conclusions are limited to the investigated cutting speeds of 30, 
50, and 70 m/min, with the feed rate and depth of cut kept constant, and to the cooling 
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conditions examined in this study. Further investigations involving a broader range of 
cutting parameters, together with direct measurements of cutting force, cutting tempera-
ture, tool wear, and other relevant variables, are required to further clarify the underlying 
mechanisms and assess the general applicability of these findings to γ-TiAl machining. 
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