Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Formation of Gradient Residual Stress in Ultrasonic
Vibration-Assisted End Grinding Inconel 718:
Microscopic Mechanism and Modeling

Wenhao Liu
liuwhB8BER12E, com

Dalian University of Technology

Yan Bao
Xudong Guo
Xianglong Zhu
Renke Kang
Zhigang Dong

Research Article

Keywords: Thermo-mechanical behavior, Microstructure, Plastic deformation, Residual stress, Ultrasonic
vibration-assisted end grinding

Posted Date: June 22nd, 2026
DOI: https://doi.org/10.21203/rs.3.rs-9623853/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License


https://doi.org/10.21203/rs.3.rs-9623853/v1
https://doi.org/10.21203/rs.3.rs-9623853/v1
https://doi.org/10.21203/rs.3.rs-9623853/v1
https://creativecommons.org/licenses/by/4.0/

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27

Formation of Gradient Residual Stress in Ultrasonic Vibration-Assisted

End Grinding Inconel 718: Microscopic Mechanism and Modeling

Wenhao Liu?, Yan Bao?, Xudong Guo?, Xianglong Zhu?, Renke Kang?®, Zhigang Dong® *

a State Key Laboratory of High-Performance Precision Manufacturing, Dalian University of Technology, Dalian 116024, China

*Corresponding author: Email address: dongzg@dlut.edu.cn (Zhigang Dong)

Abstract: Residual stress (RS) on machined surfaces critically influences in-service performance. However,
the underlying microscopic physical mechanisms remain insufficiently understood. The plastic deformation
behavior under different parameters in ultrasonic vibration-assisted end grinding (UVAEG) was
systematically investigated by RS characterization, in-situ grinding force measurement, and subsurface
microstructure observation. An evaluation method for RS on machined surfaces was proposed. A prediction
model for RS on machined surfaces was established based on dislocation pile-up theory. The microscopic
mechanism of RS formation was analyzed. The effects of spindle speed and grinding depth on plastic
deformation depth and the formation of gradient RS were also systematically studied. The results show that
surface RS is positively correlated with dislocation density. The residual stress induced by grinding
primarily originates from local stress fields generated by microstructural defects within the material. A
larger plastic deformation depth is favorable for the formation of a deeper RS affected layer. Lower spindle
speed and larger cutting depth can generate higher grinding forces, thereby promoting dislocation
multiplication and migration, increasing the degree of lattice distortion and the depth of the affected layer,
and consequently resulting in higher residual stress and a deeper affected layer. This study elucidates the
microscopic mechanisms underlying internal stress formation at machined surfaces and provides a

theoretical basis for optimizing machining processes to control material performance effectively.
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1. Introduction

Inconel 718 is widely used in critical rotating components of aerospace engines due to its excellent
mechanical properties, corrosion resistance, creep resistance, and fatigue performance [1, 2]. RS inevitably
develops on machined surfaces [3], and RS on the machined surface plays a crucial role in the fatigue
performance of components[4, 5]. Appropriate compressive RS can partially offset operational stresses [6,
7], suppress surface crack initiation, and shift fatigue crack origins from the surface to subsurface regions.
Moreover, RS can influence crack propagation rates by altering the stress intensity factor [8—10]. Beyond
fatigue performance, RS is also a critical factor affecting corrosion resistance [11], creep resistance [12],
and dimensional stability [13].

RS within materials can be classified into two categories based on scale: macroscopic and microscopic
RS [14]. Macroscopic RS generally exists across the bulk material and significantly influences overall
performance, potentially causing part warping, deformation, or crack formation [15]. In contrast,
microscopic RS manifests at the microstructural scale, comprising intergranular and intragranular RS [16].
Intergranular RS originates from differential plastic deformation among grains or from variations in thermal
expansion and phase transformation responses. Intragranular RS arises from localized structural distortions
within individual grains, such as dislocations, second-phase particles, or subgrain boundaries [17, 18].
Although numerical differences may exist between macroscopic and microscopic RS, they are not
independent [19]. Macroscopic RS is typically considered as the superposition of microscopic RS across
multiple grains [20]. Directional accumulation of heterogeneous stress fields within and among grains leads
to the development of large-scale stresses and strains, which are strongly affected by microstructure. [21].

RS on the machined surface is generally regarded as macroscopic RS, formed by the combined action
of mechanical and thermal stresses [22—24]. Its formation involves loading, unloading, and relaxation stages
[25-27]. During loading, compression is induced by the contact between the tool and workpiece surface,
while thermal gradients between the surface and interior can generate tensile stress [28]. Analytical methods
based on elasticity effectively describe the influence of process parameters on RS [29]. Li et al. [30]
investigated the effects of mechanical and thermal loads during grinding, calculating mechanical and
thermal stresses induced by a single abrasive grain and determining RS on the machined surface through
loading and unloading analysis. Some studies have demonstrated a positive correlation between RS on the

machined surface and plastic deformation, whereby plastic deformation inhibits elastic strain recovery,
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leading to RS formation. Ballard et al. [31] reported that laser peening induces severe plastic deformation
at the surface, generating high compressive RS, and developed a predictive model based on stress wave
theory. Finite element methods are also widely used to predict RS on the machined surface. Da et al. [32]
developed an orthogonal cutting finite element model and analyzed thermo-mechanical variations under
different cutting conditions, showing that increasing cutting speed, reducing uncut chip thickness, and
decreasing tool edge radius favor compressive RS formation. Jiang et al. [33] proposed a dynamic force
direction transformation method for planar milling, constructing a multi-process coupled finite element
model that successfully predicted RS in thin-walled aerospace components and quantified contributions
from different processes.

Although previous studies have qualitatively and numerically explained the formation of RS on the
machined surface from a macroscopic mechanics perspective, the underlying microscopic physical origins
remain unclear. In particular, how microstructural evolution induced by changes in processing conditions
influences macroscopic RS distribution across scales is yet to be systematically elucidated. To address these
issues, surface RS characterization, grinding force measurement, and microstructure observation were
combined in this study. The grinding force, RS, and dislocation density under different process parameters
were systematically analyzed. Based on this analysis, the microstructure evolution governed by plastic
deformation under different process parameters was revealed. By integrating multi-scale microstructural
characterization with RS measurements, quantitative relationships among RS on the machined surface,
dislocation density distribution, and plastic deformation depth were established. Furthermore, a defect-
elasticity retardation-based theory and predictive model for RS formation were proposed, elucidating the
intrinsic physical mechanisms of RS on the machined surface from the perspective of micro-defect

evolution and elastic strain retention.



2. Materials and experiments

2.1. Materials

The specimens used in the present machining experiments were solution-annealed Inconel 718
superalloy, with Ni, Cr, and Fe as the principal alloying elements. Fig. 1(a) illustrates the initial grain
structure of the material, in which the grain size predominantly ranges from 0 to 10 pm. The maximum
grain size does not exceed 35 um, and the average grain size is 20.22 um. The grains are mainly equiaxed,
and a small number of annealing twins can be observed within some of the larger grains. Fig. 1(b) presents
the kernel average misorientation (KAM) map of the material. Overall, the local misorientation within the
grains is relatively low, whereas higher KAM values are observed near grain boundaries compared to
intragranular regions, indicating the presence of weak localized strain in the vicinity of grain boundaries.
Fig. 1(c) shows the lattice strain measured under different X-ray incident angles. Based on the relationship
between lattice strain and incident angle, the initial RS within the material was calculated to be —302.1 +

15.9 MPa..
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Fig. 1. Material characteristics of Inconel 718 superalloy: (a) grain size and morphology, (b) KAM, and (c) lattice strain

2.2.  Mechanical processing method

As shown in Fig. 2, ultrasonic vibration device is mounted beneath the spindle, and the grinding wheel

is fixed to the ultrasonic vibration system. The electrical signal generated by the ultrasonic power supply is

and original RS



1" transmitted to the transducer through a non-contact power transmission mode, where it is converted into a
2 high-frequency vibration signal. The vibration signal is further amplified by the horn and finally delivered
3 tothe grinding wheel, thereby realizing ultrasonic vibration-assisted end grinding. The ultrasonic vibration
4 amplitude is approximately 4 um, and the vibration frequency can reach up to 25 kHz. A high-strength
5 resin-bonded grinding wheel was employed in the experiments, with a wheel diameter of 20 mm and an

6 abrasive grain concentration of 100.
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8 Fig. 2. Experimental Setup and Mechanism of UVAEG
9  Tablel

10 Experimental scheme for UVAEG

Groups Spindle speed (rpm) Cutting Depth (um) feed rate (mm/min)
1 1000 30 60
2 2000 30 60
3 3000 30 60
4 4000 30 60
5 2000 20 60
6 2000 40 60
11 Plate-shaped Inconel 718 superalloy specimens were prepared by wire electrical discharge machining

12 and cut into dimensions of 25 x 6 x 3 mm. The specimens were fixed onto the dynamometer using high-
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strength adhesive and mechanical fixtures. Grinding force signals in different directions during machining
were acquired using dynamometer, with a constant sampling frequency of 10 kHz and a sampling duration
of 40 s. Since slight inclination of the machined surface may occur after specimen clamping, a pre-grinding
process with fixed machining parameters was conducted before each grinding test to ensure surface flatness
and consistency of the cutting depth. As listed in Table 1, the UVAEG experiments were divided into six
groups, while the grinding wheel feed speed was maintained at 60 mm/min for all tests. During grinding, a

water-based coolant with a flow rate of 12 L/min was applied to cool the machining zone.
2.3. Measurements and Characterization

RS was measured using the sin®y method. A Cr target was employed as the X-ray source, operated at
an accelerating voltage of 26 kV and a tube current of 6 mA. The collimator diameter was set to 2 mm.
Measurements were conducted on the {311} diffraction plane at a diffraction angle of 149°. The strain
method was used to calculate RS, with a stress constant of 6.5. The depth profile of RS was determined by
electrolytic polishing, which is widely regarded as an effective technique for RS depth analysis. A saturated
NaCl solution with a mass concentration of 3.5% was used as the electrolyte. After each polishing step, the
removed layer thickness was measured using a micrometer gauge. The surface morphology of the machined
surface was characterized using a white-light interferometer. Surface and subsurface microstructures were
analyzed using electron backscatter diffraction (EBSD). In addition, transmission electron microscopy
(TEM) was employed to further investigate machining-induced subsurface microstructural evolution. TEM
specimens with a thickness of approximately 5 um were prepared using a focused ion beam (FIB) technique.

3. Results
3.1. RS on the machined surface

Fig. 4(a) presents the measured RS on the machined surface at different spindle speeds and cutting
depths. At a spindle speed of 1000 rpm, the surface RS was —866.3 + 28.9 MPa. As the spindle speed
increased to 4000 rpm, the surface RS decreased to —471.6 = 29.7 MPa. Under the same spindle speed,
when the cutting depth was 20 pum, the surface RS was —437.8 £ 32.5 MPa; increasing the cutting depth to
40 pum resulted in a surface RS of —793.8 + 20.3 MPa. As shown in Fig. 4(b-d), the depth profiles of RS
reveal a spoon-shaped distribution in the subsurface region, where the RS initially increases and then

decreases from the surface to the bulk. At a spindle speed of 2000 rpm and a cutting depth of 30 pm, the
6
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maximum RS occurred at a depth of 27.93 pum, and the depth of the compressive RS layer was 78.3 pum.
When the spindle speed increased to 3000 rpm, the maximum RS shifted to 19.73 um, and the compressive
RS layer decreased to 71.6 um. For a cutting depth of 40 um, the maximum RS appeared at 28.57 um, and
the compressive RS layer depth increased to 84.8 um. These experimental results indicate that a lower
spindle speed and a larger cutting depth are favorable for obtaining higher surface RS and a deeper

compressive RS layer.

(a) 0004 = 0.004} © b 0.004 3 : (b) 783
E=he B 1000 rpm a% L 2000 rpm s? o 3000 rpm |, 0 78.3 um
= 0,003 o = 0.003 - £ 0.003 .8 1 &£
@ B s . @ o V'E o
- e 00 -
80.[»1}“ S gu.uuu .. 80.00._ ' 400
-5 0.001 ) -5 0.001 = 0.001 - ' &
b o] = — b 1 = = -BO0
_“j 0.000} RS: -866.3+28.9 MPa” ﬁ 0.000} RS: -777.6+28.4 MPa _‘_‘]’ 0.000} RS: -540+41.9 MPa : é‘ /
0.0 0.1 02 03 0.4 0.5 0.0 0.1 02 03 04 05 0.0 0.1 02 03 04 05 | &
) - .o o4 -1200 e 07
2 2 2 \ 27.93 ym
sy sm-oy sm-y . . . .
! 0 40 80 120
- 1 ietanc
g 9004 _ 4000rtpm | g 0.00dF e 20 um 5 0004r < 40 pm ' (c) Distance (pum)
o v « o <] | 1 =
= 0.003 = = 0.003 & .5 £ 0.003 =
5 = . 2 o | 0 71.6um 5 — —3
v B - 5 2
3 0.002 = 3 0.002 X 3 0.002 ) | § ;/
-2 0.001 -2 0.001 -2 0.001 « |'S oo}
= = g I 2 i X
-471.6+29.7 MP 1 -437.8+32.5 MPa :-793.8420.3 MPa |1 B 'S
3 0.000 RS: -471.64+29.7 MPa 3 0.000 RS: -437.8+32.5 MPa 3 0.000 RS 8+20.3 MPa ' § 71\1 !)/
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 03 04 0.5 0.0 0.1 0.2 03 0.4 0.5 |5 00F k:
) .2 ) = "
sin” sin” sin” '8 :
v 4 b 1 & 1200} ' 19.73 um
0 0 \ il
1 0 40 80 120
= = 1 Distance (pum)
& 200F £ 200t X (d)
= = ! i
= = 0 84.8 e
% 400} ‘ g 4wl Ky '3 O T G
g = 1 z {/
w P i o 400+ /
'§ =600+ _ﬁ -600 : é r{/
E E 1 . ! _—: -800 v /
U -ROOF o 800+ I .2 5
P &~ 1 E ’*‘?‘
o i
I &2 1200 ' 2857
1000 L— ‘ s — -1000 ‘ : . i s el
1000 2000 3000 4000 20 30 40 . o o 50 "
Speed (rpm) Cutting depth (um) | Distance (um)

Fig. 4 RS on machined surface during UVAEG: (a) Variation of surface RS with spindle speed and cutting depth. (b)
Subsurface RS distribution at a spindle speed of 2000 rpm and a cutting depth of 30 pm. (c) Subsurface RS distribution
at a spindle speed of 3000 rpm and a cutting depth of 30 um. (d) Subsurface RS distribution at a spindle speed of 2000

rpm and a cutting depth of 40 um.
3.2. Grinding Force in UVAEG

Fig. 5 presents the real-time measurements of grinding forces at different spindle speeds. As shown in
Fig. 5(a), the measured grinding force can be divided into the wheel entry stage, the steady-state cutting
stage, and the wheel exit stage. It is noteworthy that during the steady-state cutting stage, the tangential
force exhibits minor fluctuations at spindle speeds between 1000 and 3000 rpm, whereas the instantaneous

grinding force shows increased fluctuations when the spindle speed is raised to 4000 rpm. Fig. 5(b)
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illustrates the real-time normal grinding force. At 1000 rpm, the average normal grinding force is
significantly higher than those measured at other speeds, and its fluctuation amplitude is also notably larger.
The average grinding forces at different spindle speeds were statistically analyzed, as shown in Fig. 5(c).
Overall, both the average normal and tangential grinding forces decrease progressively with increasing
spindle speed, and the decay rate of grinding force diminishes at higher speeds. At 1000 rpm, the average
normal force is 20.12 = 0.91 N. When the spindle speed is increased to 2000 rpm, the average normal force
rapidly decreases to 9.62 = 0.52 N, corresponding to a force reduction of approximately 52.2%. As the
spindle speed further increases to 3000 rpm, the average normal force drops to 6.34 + 0.16 N. Finally, at
4000 rpm, the average normal and tangential forces decrease to 5.94 £ 0.31 N and 3.42 + 0.29 N,

respectively, with the reduction rate compared to 3000 rpm being only 6.3%.
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Fig. 5. Grinding force measurements at different spindle speeds. (a) Real-time tangential grinding force. (b) Real-time
normal grinding force. (¢) Variation of average grinding forces with spindle speed.

As shown in Fig. 6(a), the tangential grinding force exhibits periodic fluctuations during the steady-
state cutting stage. Interestingly, at cutting depths of 20 pm and 30 um, the tangential force remains
relatively stable over time, whereas at a cutting depth of 40 pum, the tangential force shows a slight
decreasing trend with time. Fig. 6(b) illustrates the variation of the normal grinding force at different cutting
depths. At a shallow cutting depth of 20 um, the normal force shows no significant change. However, when

the cutting depth increases to 30 pum and 40 pum, the amplitude of instantaneous force fluctuations markedly
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increases. Fig. 6(c) shows the variation of the average normal and tangential forces with cutting depth. At
cutting depths of 20 um, 30 pm, and 40 pum, the average normal forces are 5.15+0.34 N, 9.62+0.52 N, and
10.86+0.81 N, respectively. The growth rates of the average normal force with increasing cutting depth are

86.8% and 12.9%.
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Fig. 6 Grinding force measurements at different cutting depths. (a) Real-time tangential grinding force. (b) Real-time

normal grinding force. (c) Variation of average grinding forces with cutting depth.
3.3.  Microstructural characteristics of the machined surface in UVAEG

As shown in Fig. 7, the dominant phase in the Inconel 718 superalloy is y phase, which preferentially
grows along the (111), (200), (220), and (311) crystallographic planes. Among them, y phase exhibits the
highest diffraction intensity on (111) plane. As shown in Fig. 7(a), variations in grinding speed did not lead
to the appearance of new diffraction peaks, indicating that no phase transformation occurred during the
UVAEG. However, the combined mechanical and thermal loads imposed during machining induced
noticeable changes in both the position and intensity of the diffraction peaks. A magnified view of the (111)
diffraction peak reveals that the peak intensity gradually increased with increasing grinding speed, while
the corresponding diffraction angle shifted toward lower values. Statistical analysis of the full width at half
maximum (FWHM) and peak position indicates that both parameters exhibit a correlated trend with respect
to grinding speed. At a grinding speed of 1000 rpm, the FWHM of the machined surface was measured to

be 0.532, with a diffraction angle of 43.74°. As the grinding speed increased to 4000 rpm, the FWHM
9
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decreased to 0.405, accompanied by a leftward shift of the diffraction angle to 43.58°. As shown in Fig.

7(b), variations in cutting depth also resulted in peak broadening and peak position shifts. When the cutting

depth increased from 20 pm to 40 um, the FWHM increased from 0.402 to 0.451, while the diffraction

angle shifted rightward from 43.59° to 43.67°. Similarly, the evolution trends of FWHM and diffraction

angle with increasing cutting depth were found to be positively correlated.
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Fig. 7. XRD patterns of the machined surface after UVAEG: (a) evolution of diffraction peaks under different grinding

speeds; (b) evolution of diffraction peaks under different cutting depths.

Fig. 8 illustrates the distribution characteristics of geometrically necessary dislocation (GND) and grain

boundaries in the subsurface region under different processing parameters. As shown in Fig. 8(a), at a

spindle speed of 2000 rpm and a cutting depth of 40 um, the GND-affected layer extended to a depth of

8.13 um. Meanwhile, a pronounced enrichment of low-angle grain boundaries (LAGBs) was observed near

the machined surface, accounting for 12.6% of total grain boundaries. When the spindle speed was

increased to 3000 rpm, the depth of the GND-affected layer decreased to 4.75 um, accompanied by a

reduction in the fraction of LAGBs to 9.9%, as shown in Fig. 8(b). In contrast, when the cutting depth was

increased to 40 um, the GND-affected depth significantly increased to 10.83 pum, and the LAGB fraction

rose to 13.0% (Fig. 8(c)). Fig. 8(d) presents the depth profiles of the average geometrically necessary

dislocation density (pgnp) under different processing conditions. In all cases, pgnp exhibited a rapid decay

from the machined surface toward the bulk material. At a spindle speed of 2000 rpm and a cutting depth of
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30 um, the surface ponp reached 17.7 x 10'> m™2. When the cutting depth was increased to 40 um, the
highest surface pgnp was obtained, together with the slowest decay rate along the depth direction. By
contrast, increasing the spindle speed to 3000 rpm resulted in a pronounced reduction in surface pgnp_ to
11.78 x 10' m™. These results indicate that increasing the spindle speed suppresses dislocation
accumulation and subgrain boundary formation, thereby reducing the depth of the plastically deformed
layer. Conversely, increasing the cutting depth intensifies near-surface plastic deformation, leading to a

higher dislocation density and enhanced formation of low-angle grain boundaries.
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Fig. 8. Distribution characteristics of GND and grain boundaries in subsurface region: (a) spindle speed of 2000 rpm and
cutting depth of 30 um; (b) spindle speed of 3000 rpm and cutting depth of 30 um; (¢) spindle speed of 2000 rpm and
cutting depth of 40 um; (d) depth profiles of the average geometrically necessary dislocation density.

The introduction of ultrasonic vibration induces more severe plastic deformation on the machined
surface and gives rise to a depth-dependent gradient microstructure in the subsurface region. To elucidate
the subsurface microstructural characteristics, TEM characterization was performed on specimen #2. As
shown in Fig. 9a), the overall subsurface microstructure can be clearly divided into three distinct regions
from the surface toward the bulk: a grain-refined layer, a transition layer, and a plastic flow layer. Elongated
O phases were observed along the grain boundaries. The grain-refined layer exhibited a thickness of

approximately 1.12 um and was characterized by nanometer-sized equiaxed grains. The corresponding
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selected area electron diffraction (SAED) pattern in Fig. 9(b) displays pronounced diffraction rings,
indicating significant grain refinement, highly randomized crystallographic orientations, and intense plastic
deformation in this region. The transition layer possessed a thickness of approximately 0.86 pum, in which
the refined grains were relatively coarser.
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Fig. 9. TEM images of the gradient microstructure: (a) overall morphology of the subsurface region; (b—d) selected area
electron diffraction (SAED) patterns at different depths from the machined surface; (e) distribution of y” phase within
matrix; (f) y"/dislocation composite structures.

As shown in the SAED pattern in Fig. 9(c), multiple diffraction spots were observed, while the ring
features were less pronounced. This suggests that moderate plastic deformation occurred in this region,
without inducing substantial crystallographic misorientation between adjacent grains. In the plastic flow
layer, pronounced dislocation pile-ups were observed along the grain boundaries, while the grain size
remained relatively large. The SAED pattern in Fig. 9(d) exhibited a typical single-crystal diffraction
feature, indicating that only slight plastic deformation occurred in this region and that no evident dynamic
recrystallization was activated. Fig. 9(e) shows the y” phase dispersed within the matrix, with its
corresponding SAED pattern confirming the characteristic diffraction features of the y” phase. Additionally,
cellular dislocation structures were observed in the vicinity of the y” precipitates, as shown in Fig. 9(f). This
observation indicates that during the UVAEG process, dislocation motion was strongly impeded by the "

phase, leading to dislocation entanglement and the formation of y"/dislocation composite structures. Such
12
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interactions effectively promote dislocation accumulation near the machined surface, thereby contributing
to the increased surface dislocation density.

4. Discussion
4.1. Relationship between RS on machined surface and microstructural evolution

In mechanical machining, microstructural evolution within the material is predominantly governed by
the generation, motion, and rearrangement of dislocations, as well as the evolution of grain boundaries. The
grain boundaries formed on the machined surface are generally attributed to continuous dynamic
recrystallization [34], which, to a large extent, can be regarded as a manifestation of the evolution of
dislocation configurations [35]. Consequently, variations in dislocation density and dislocation structures
constitute the primary microstructural changes induced during machining. As discussed in Section 3.3,
pronounced peak shifts and peak broadening were observed in the XRD patterns of the machined surface
under different processing parameters (Fig. 7). Statistical analysis revealed a positive correlation between
the evolution trends of FWHM and diffraction peak position. It is well established that an increase in
FWHM reflects an elevated density of crystalline defects, such as dislocations and grain boundaries.
Meanwhile, according to Bragg’s diffraction law, a rightward shift of the diffraction peak indicates lattice
contraction induced by compressive RS, with a larger peak shift corresponding to a higher magnitude of
compressive RS [36]. Therefore, the consistency between diffraction peak broadening and peak shifting
strongly suggests that the macroscopic variation of RS is intrinsically associated with changes in dislocation
density.

As shown in Fig. 10, owing to the cutting characteristics associated with the negative rake angle of the
abrasive grain, surface atoms are forced into the substrate under compressive stress, and elastic—plastic
deformation is thereby induced in the machining zone [37]. From the perspective of microstructural defect
evolution, such conditions of high strain and high strain rate substantially reduce the energy barrier for
dislocation nucleation, thereby promoting dislocation emission, multiplication, and glide. Consequently, a
high density of dislocations is introduced within the machined surface and its adjacent subsurface region,
exhibiting a pronounced gradient distribution along the depth direction. Since these dislocations primarily
originate from lattice mismatch and localized strain concentration caused by the inward embedding of

surface atoms, the resulting non-equilibrium defect accumulation leads to compressive lattice distortion,
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manifested as a reduction in interplanar spacing. Upon unloading, material regions that previously
experienced elastic deformation tends to recover toward their original configurations. However, the elastic
recovery process is significantly constrained by the long-term retention of dislocations, dislocation tangles,
and other crystal defects introduced during machining. As a result, a portion of the elastic strain is retained

and effectively “frozen” within the material.

Dislocation
2SS impediment B ® Microscopic
- residual stress
;\/ e ‘ g field
= \\.4 ‘v '/_ g
% L § Decrease in A A Elastic strain @ @ @™

interplanar spacing recovery

Microscopic
residual stress
superposition

Machined Surface »

Macroscopic
residual stress

Fig. 10. Microscopic mechanism of RS formation on the machined surface

At the microscopic scale, dislocations—acting as line defects with long-range elastic stress fields—
impede lattice relaxation through their elastic interactions and spatial arrangements, preventing the
complete release of local elastic deformation. When the elastic recovery driving force reaches mechanical
equilibrium with the pinning and blocking effects imposed by dislocations and other defects, a stable state
of microscopic residual internal stress is established within the material. This phenomenon has been well
documented in classical dislocation elasticity theory and experimental observations [38]. With the
progressive accumulation and superposition of retained elastic strains of identical sign and orientation
within the machining-affected region, these microscale stress fields undergo cooperative evolution and
ultimately manifest as measurable macroscopic RS and deformation at larger length scales.

Macroscopic RS can be regarded as the spatial superposition of the internal stresses in multiple grains
14



10

11
12

13

14
15
16
17
18

19

20

within a given region[39]. The distribution of the internal stress field is strongly governed by the type and
arrangement of dislocations. In the grinding surface layer, a significant plastic strain gradient is usually
produced. To satisfy local deformation compatibility and lattice curvature requirements, dislocations are
more likely to accumulate in the form of GND walls. Therefore, the formation of grinding-induced RS is
mainly associated with the long-range stress field ggnp retained by the GND walls. According to dislocation

pile-up theory, ognp can be expressed as[39]:

o (x) ~ L”ﬂ (1)
NP 27(1-v)R

where |p| is the magnitude of the Burgers vector, and R is the distance from the dislocation structure, which
is larger than the dislocation core scale. Macroscopic RS can be treated as the average retained value after

the superposition of local long-range stress fields over a given spatial scale. Thus, RS at a depth of z within

the representative thin-layer volume element 7, can be expressed as:

1 G|b]
O, (Z) = ;JVO-GNDdV 0 WJ‘VZ 2

considering that the effective dislocation number is proportional to the local GND density, i.e., N ¢ pgyp,
the above equation can be further written as:

G|b|
2n(1-v)VR

O e (Z)D

the average GND density within the thin layer at the same depth is defined as Eqgs. (4).

IV PapdV 3)

_ 1
Paonp (Z) = VJ.V PopdV 4)

RS is not determined only by the local GND density. A long-range stress field is generated by the GND
walls. Its influence range is usually larger than the spacing between adjacent GND walls. Therefore, the RS
at depth z should also be regarded as a nonlocal superposition of the long-range stress contributions from
neighboring regions along the depth direction. To reflect this spatial averaging effect and to avoid the

singularity at R=0, a kernel function y is introduced to describe stress attenuation along the depth direction.
w =exp(—a,z) (%)

Where ar is an adjustable parameter. It is used to control the decay rate of the exponential function. It

should be noted that, by comparing the subsurface GND and RS distributions in Fig. 4 and Fig. 8, it can be
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found that the highest dislocation density is located in the topmost surface region, but the maximum
compressive RS is not located at the surface. Instead, it is located in the subsurface region. This
phenomenon can be attributed to the combined effects of the following factors. First, significant plastic
relaxation and free-surface effects are experienced by the topmost surface region. As a result, part of the
elastic strain is released during unloading[40]. Second, strong dislocation annihilation, rearrangement, and
cell structure formation occur in the surface region. Thus, the dislocation contribution that can effectively
generate a long-range elastic stress field is weakened[41]. To describe the RS distribution along the depth
direction, a distribution function @ is introduced to characterize the gradient variation of RS along the depth

direction:
® = K,y cos( Bz + A, L,™ ) (6)

where KR is a parameter used to adjust the magnitude, fr, Ar, and wr are parameters used to regulate the
gradient distribution. By combining Egs. (3), (4), (5), and (6), the gradient distribution function of RS can

be obtained as:

— GKRIBGND |E |

res 27[(1—V) exp(_aRZ)COS(ﬂRZ"'ﬂRLPWR) )

4.2. Plastic Deformation Layer Depth in UVAEG

The degree and depth of plastic deformation on the machined surface are both influenced by the applied
thermo-mechanical loads. The grinding force is positively correlated with the material removal volume of
a single abrasive grain per unit time. Section 3.2 demonstrated the influence of spindle speed and cutting
depth on grinding force. As the spindle speed increases, the number of abrasive grains involved in material
removal per unit time rises, resulting in a decrease in the material removal volume per single grain, which
leads to a reduction in grinding force. In contrast, an increase in cutting depth directly increases the material
removal volume, thereby increasing the grinding force. As shown in Fig. 11, the load applied by abrasive
grains on the workpiece surface can be divided into mechanical stress and thermal stress components. Both
the mechanical stress and thermal stress generated by the applied thermo-mechanical loads are related to

the grinding force.
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Fig. 11. Stress field generated by abrasive grain during UVAEG

The total grinding force during the UVAEG process is provided by all participating abrasive grains.

The grinding force acting on a single abrasive grain can be expressed as:
®)

where F;, and F;are the total normal and tangential grinding forces, respectively, and N is the number of

abrasive grains in contact with the workpiece.

!
N==
7 ©)

Where /. is the distance between adjacent abrasive grains along the circumference of the grinding wheel,
and /s is the contact arc length between the abrasive grains on the wheel end face and the workpiece.
Assuming that the abrasive grains are uniformly distributed within the grinding wheel, the inter-grain
distance can be calculated based on the grain concentration, grain size, and material density of the abrasive

grains [42].

6 -1/3
L[ & 0.88><130 (10
100 p,7d,* /6

where C, is the concentration of ¢cBN abrasive grains in the grinding wheel, p, is the material density
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of the abrasive grains, and d; is the grain size. The contact arc length /s can be calculated based on the
geometric contact relationship between the grinding wheel and the workpiece.

I, =d arcsin (d—”j an
d

[

Where d, is the outer diameter of the grinding wheel, and d,, is the width of the workpiece.

Fig. 12. Analytical diagram of mechanical stress calculated using Hertz contact theory.

In UVAEQG, the mechanical interaction between abrasive grains and the workpiece surface can be
conceptualized as a rolling-sliding contact problem [43]. The abrasive grain is simplified as a semi-infinite
cylindrical roller. Since the contact area between the abrasive grain and the workpiece is limited, the
workpiece surface is simplified as a semi-infinite elastic body with boundaries [44]. As shown in Fig. 12,
the mechanical stress distribution on the machined surface during UVAEG is solved based on Hertz contact

theory [45]. The mechanical stress in UVAEG can be expressed as follows:

mech 2z ¢ p(s)(y—s)’ 2 qs)y-s)

w (h2)=—— pds——| 7d
o y ﬁj_r[(y—s)2+22:| S ”I_, |:(y_s)2+22:| S

mech 223 r p(S) 222 r C](S)(y—S)
O-zz (y9 Z) = J.—r 5 2dS - J.—r P 2dS
7 [(y_s) +22] 4 [(y_s) +22} 1)

22 o p()y-s) . 2z q(s)(y=s)

vz ( 5Z):_ Zd - 2d
T Y ju J_r[(y—s)2+z2} S ju J._‘[(y—s)2+zﬂ s

mech mech

o (3, 2) =v(on" (3,2)+ 02" (3, 2))

where p(s) is the normal load distribution, g(s) is the tangential load distribution, and r is half the length

of the abrasive grain contact area. Since the maximum length of the abrasive grain contact area does not
18
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exceed the grain diameter, r is assumed to be approximately equal to the radius of the abrasive grain. The
load distribution in the contact area can be calculated based on the contact length and the normal and

tangential forces generated by a single abrasive grain.

3F,
Po 271t
F,
r=—%
nr (13)
2
o915 |
q(s)=wup(s)

In addition to mechanical stress, thermal stress is also generated during grinding because the
temperature at the machined surface is significantly higher than that inside the material. The thermal
expansion of the surface layer therefore induces thermal stress in the underlying substrate. Grinding heat is
mainly generated by shear deformation of the material. The maximum heat flux associated with shear
deformation can be calculated from the tangential grinding force of a single abrasive grain and the linear
velocity of grain motion [46]. A triangular heat source distribution is generally considered an appropriate

representation of the grinding temperature field [47].

Fv

_st's

W’b Z

swosc

g, =R

0 97k 4

ﬂpC (14)

( g

Where Ry, is the fraction of heat conducted into the workpiece, 4 is the thermal conductivity of the

material, kcgn is the thermal conductivity of the abrasive grain, p is the density of Inconel 718, C is the
specific heat capacity, /s is the contact length between the abrasive grain and the workpiece surface, and
bsw 1s the contact width. For a band-shaped moving heat source in a semi-infinite medium, the temperature

field can be expressed as:
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Where a is the thermal diffusivity, Ko is the zeroth-order modified Bessel function of the second kind
that is time-dependent, and ¢ is the shear angle. During the cutting process, the temperature rapidly
decreases from several hundred degrees Celsius at the machined surface to near-ambient temperature in the
bulk material. As a result, the temperature field within the workpiece exhibits a highly non-uniform gradient
distribution, which inevitably induces non-uniform thermal stresses inside the material. The thermal stress

lhcrm

can be calculated based on the cutting temperature field [48].
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Where a, is the linear thermal expansion coefficient. During the grinding process, the total stress field
induced by a single abrasive grain can be obtained by superposition of the mechanical stress and the thermal

stress. The stress component in the X-direction can be calculated according to Hooke’s law.
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Assuming that the workpiece material is a homogeneous and isotropic medium with strain-rate-

independent hardening behavior, yielding is governed by the von Mises yield criterion. When the von Mises

equivalent stress exceeds the yield strength of the material, yielding occurs and plastic deformation is

initiated [49].

o =grllon0,)

(a)

2
+(0'yy - O'ZZ) +(o,—0.. )2

Plastic deformation depth (um)
S
(=]

o

=N
=)
T

[}
S
T

59.3

25.7

2
15.3
| | |

13.7

1000 2000 3000
Spindle speed (rpm)

4000

(18)

Plastic deformation Yield boundary
depth

1000 rpm 2000 rpm

3000 rpm 4000 rpm

Plastic deformation depth (um)

=1

S
(=]
T

[
(=]
T

(=3
=3
T

S
T

25.7

276

20 30
Cutting depth (um)

40

20 um

02 mm lzooompa

IO

=7 T |
wuw ()

40 pm

Fig. 13. Calculated plastic deformation depth under (a) different spindle speeds and (b) different cutting depths.

Accordingly, the yield boundary within the workpiece can be determined by comparing the von Mises

equivalent stress with the yield strength, and the depth of plastic deformation induced during the machining

process can thus be quantified. Fig. 13(a) presents the calculated plastic deformation depth under different

spindle speeds. It can be observed that the plastic deformation depth gradually decreases with increasing

spindle speed, which is consistent with the variation trend of grinding force discussed in Section 3.2. An

increase in spindle speed reduces the material removal volume per abrasive grain, thereby lowering the

cutting force generated by material shearing. The reduction in cutting force decreases the contact load
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between the abrasive grains and the workpiece, leading to a reduction in mechanical stress and,
consequently, a shrinkage of the plastically deformed region within the material. From the stress contour
maps, a more uniform stress distribution can also be observed. This behavior can be attributed to the change
in heat source characteristics induced by increasing spindle speed, which in turn alters the distribution of
thermal stress. Fig. 13(b) shows that increasing the grinding depth leads to a pronounced increase in the
plastic deformation depth, whereas the overall shape of the stress distribution remains nearly unchanged.
This is because a larger grinding depth directly increases both the normal and tangential grinding loads,
resulting in higher mechanical and thermal stresses. Overall, the plastic deformation depth exhibits a strong
correlation with the grinding force. This correlation arises because, throughout the grinding process, the
grinding force not only directly governs the mechanical stress but also indirectly influences the distribution

of the grinding heat source.
4.3. Microscopic mechanisms of RS formation under different loading conditions

In order to more accurately describe the distribution trend of subsurface RS, we fitted the relevant
characteristic parameters based on experimental data. Fig. 19(a) shows the calculation process for
subsurface RS distribution, with the characteristic parameters obtained through genetic algorithm fitting in
equation (4). The corresponding characteristic parameters are shown in Table 3. By using the fitted
parameters, the calculated plastic deformation depth, and the pgnp distribution along the depth direction,
the subsurface RS distribution can be computed, and the RS distribution curve can be obtained by averaging
the RS in the same horizontal direction.

As shown in Fig. 14(b) and (c), the calculated values of RS along the depth direction match well with
the experimental data. In UVAEG, lower spindle speeds are beneficial for forming larger surface
compressive RS and deeper compressive RS layers, which are closely related to the internal microstructural
features. At lower spindle speeds, the increased material removal volume per grain leads to a higher
grinding force exerted on the workpiece surface, resulting in relatively larger stress on the surface.
Furthermore, due to the periodic impact effect of ultrasonic vibration, the number of impacts per grain at
the same location increases at lower speeds, making the subsurface more prone to stress accumulation and
transmission, which results in larger elastic strain within the material. From a microscopic perspective, the

high stress generated at low spindle speeds promotes the proliferation and motion of surface dislocations.
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At the same time, the lower cutting temperature inhibits dislocation annihilation and recovery, making the
machined surface more likely to form higher dislocation density and deeper defect-affected layers. Upon
the removal of external loads, the increased number of dislocations and defects intensifies the hindrance to
the recovery of internal elastic deformation, leading to a greater amount of elastic strain being frozen inside

the workpiece, resulting in larger compressive RS.
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Fig. 14. Calculated results of residual stress: (a) calculation workflow; (b) residual stress distribution at a spindle speed
of 2000 rpm and a cutting depth of 30 um; (c) residual stress distribution at a spindle speed of 3000 rpm and a cutting
depth of 30 um; (d) residual stress distribution at a spindle speed of 2000 rpm and a cutting depth of 40 pum.

It is undeniable that RS does not continuously decrease with increasing spindle speed. Although the
number of impacts per grain on the workpiece surface decreases with higher spindle speeds, an increase in
spindle speed results in an increased strain rate of the material. When the strain rate increases to a certain
extent, the hardening mechanisms produced by high strain rates far outweigh the material's thermal
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softening mechanisms, leading to a reduction in dislocation emission and motion speeds. As a result, a
higher dislocation density forms on the material surface, and the internal compressive RS may also increase.
The increase in cutting depth also leads to an increase in internal RS (Fig. 14(d)), a phenomenon that is
related to the changes in internal dislocations. A larger cutting depth means an increase in the material
removal volume and grinding force per unit time, which in turn results in more severe plastic deformation
within the material. This leads to an increased number of dislocations and other defects on the machined
surface, strengthening the hindrance to the recovery of elastic strain, ultimately resulting in greater RS and

deeper stress-affected layers within the material.
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Fig. 15. Average interplanar spacing of the machined surface layer under different process parameters
Interplanar spacing can directly reflect the residual strain state of the machined surface layer. The
magnitude of RS can be indirectly characterized through the strain—stress relationship. Fig. 15 shows the
average interplanar spacing of the machined surface layer under different process parameters. At a rotational
speed of 3000 rpm, a large number of dislocations are dispersed in the surface layer. Lattice distortion is
observed around the dislocations. The average interplanar spacing is measured as 0.1067 nm based on

lattice fringe analysis in the sampled region. When the rotational speed decreases to 2000 rpm, the
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dislocation density is significantly increased. The dislocations evolve from a dispersed distribution to
entangled and locally structured configurations. The average interplanar spacing is reduced to 0.1054 nm.
When the cutting depth is further increased to 40 um, the average interplanar spacing is further reduced to
0.1046 nm. These results directly reflect the variation in macroscopic RS induced by dislocation evolution.
The rationality of the RS results in Fig. 4 and Fig. 14 is further supported. The introduction of dislocations
produces local compressive lattice distortion through their elastic stress fields. Meanwhile, as the
dislocation density increases, the interaction between dislocations is enhanced. The superposition of stress
fields leads to a stable RS field at a larger scale.

5. Conclusion

In this study, the gradient RS, dislocation density and subsurface nanoscale substructures after UVAEG
were systematically characterized. The variation of grinding force was monitored in situ. An evaluation
method for the gradient RS on machined surfaces was proposed. A prediction model of gradient RS was
established, considering material properties, dislocation density and plastic deformation depth. The inherent
microscopic mechanism of RS was revealed from the microscale perspective. The main conclusions are as
follows:

(1) The high-density dislocations introduced during UVAEG and their gradient distribution along the
depth direction were confirmed as the dominant microscopic mechanism for the formation of surface
compressive RS. The surface layer undergoes intense elastoplastic deformation under strong normal load
and shear, rapidly decaying over a range of several microns to tens of microns, thus forming a distinct
dislocation density gradient in the subsurface region.

(2) The plastic deformation depth directly controls the spatial scale of the dislocation-affected layer,
thereby determining the penetration depth of the compressive RS layer. The depth of the compressive RS
layer is of the same order of magnitude as the plastic deformation depth and increases simultaneously with
the expansion of the dislocation density distribution range.

(3) The retained dislocations and their elastic stress fields significantly hinder the recovery of internal
elastic strain in the material, allowing part of the elastic deformation to be retained and transformed into
stable RS. Reducing the spindle speed and increasing the cutting depth increases the mechanical load on
individual abrasive grains, promoting dislocation nucleation and accumulation, strengthening the hindrance

to elastic strain recovery, and facilitating the formation of larger RS and stress-affected layers.
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