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Featured Application

A targeted roller burnishing technique is developed to harden the outer diameter of machined
30CrMoA gear journal shafts and eliminate detrimental surface tensile stresses. Through cou-
pling finite element modeling, X-ray diffraction experiments, and responsesurface-based multi-
objective optimization, a stable gradient compressive residual stress field is established, peaking
at about 0.20 mm beneath the surface. The optimized rolling parameters markedly increase
surface compressive stress and strengthened-layer thickness, with model predictions matching
experimental measurements within 8.0% relative error, providing a reliable theoretical and
technical basis for rolling-based surface strengthening of gear shafts.

Abstract

Residual tensile stresses are readily introduced into the surface layers of gear-shaft jour-
nals during machining, promoting fatigue crack initiation and propagation and degrading
service reliability. This study investigates mechanical rolling strengthening of the outer
cylindrical surfaces of 30CrMoA gear-shaft journals to improve residual stress distribution.
Finite element (FE) simulations and X-ray diffraction (XRD) measurements were combined
to characterize the rolling-induced residual stress fields and to elucidate the effects of rota-
tional speed, indentation depth, and feed rate on the residual compressive stress magnitude
and strengthened-layer thickness. Response surface models based on a central composite
design (CCD) were established, and multi-objective optimization was performed to identify
optimal rolling parameters. The results reveal a gradient residual compressive stress field in
the surface layer, with the maximum compressive stress at approximately 0.20 mm below the
surface, whereas slight residual tensile stresses develop in the deeper substrate to maintain
self-equilibrium of the residual stress field. Indentation depth exerts the most pronounced
influence, significant parameter interactions are observed, and the strengthening responses
saturate over the investigated ranges. Experimental validation confirms that the optimized
parameters simultaneously enhance the surface residual compressive stress magnitude and
strengthened-layer thickness, with relative errors between predictions and measurements
below 8.0%. The proposed model accurately describes the depth-dependent residual stress
distribution, providing a theoretical basis and practical guidance for parameter design and
optimization of mechanical rolling strengthening of 30CrMoA gear-shaft journals.

Keywords: surface mechanical deep rolling; residual stress; gear shaft journals; distribution
characteristics; parameter optimization; finite element simulation
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1. Introduction

Serving as critical elements in power transmission systems, gears are required to exhibit
not only high manufacturing precision but also long-term service durability. During mesh-
ing, the shaft bearing surface undergoes severe alternating impact loading over extended
operation, making it highly susceptible to bending and torsional deformation. Sustained
cyclic bending stress progressively accumulates fatigue damage in the material, ultimately
giving rise to crack initiation and substantially degrading the reliability and service life
of gear drives [1-3]. Thanks to rapid advances in computing power, finite element anal-
ysis has matured into an indispensable aid for designing gear—shaft structures against
fatigue. Nevertheless, exclusive dependence on structural optimization is constrained in
two respects: the potential for further gains at the shaft journal remains intrinsically limited,
and altering structural parameters propagates along the dimensional chains of adjacent
mating components, producing knock-on effects that are difficult to accommodate within
real-world manufacturing constraints [4]. Therefore, improving fatigue strength by refin-
ing the process route and optimizing its parameters currently offers a more practical and
technically viable route [5,6].

To address demands in engineering fields, a variety of surface reinforcement ap-
proaches have been established up to now, while every method has its own suitable operating
parameters and unavoidable restrictions [7,8]. Among these approaches, surface roller
extrusion hardening stands out as a non-machining surface modification technique that
delivers repetitive rolling forces to component surfaces through purpose-built rolling tools,
typically made of quenched steel, hard alloy, or corundum, with shapes ranging from rollers
and spheres to wheels (the related processing flow is shown in Figure 1) [9,10]. Apart from
substantially lowering surface roughness, the process gives rise to a beneficial distribution
of compressive residual stress field in the subsurface layer while simultaneously improving
resistance to corrosion, wear, and fatigue, demonstrating strong potential for engineering
practice [11].

Orientation of mechanical rolling
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Figure 1. A visual representation outlining the operational steps of the rolling procedure.

Surface rolling hardening effectively improves the fatigue resistance of machine parts
and has therefore gained wide acceptance in surface engineering. Researchers at Tianjin
University’s Internal Combustion Engine Research Institute, for example, applied localized
rolling to strengthen the journals of gear shafts operating in 370Q and 376Q diesel en-
gines [12,13]. Such treatment, when applied to the targeted shaft components, yields clear
positive outcomes: the fatigue threshold of the journals that underwent rolling reinforce-
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ment rises by 92.3 percent compared to those not subjected to this process, while the safety
factor approaches a twofold increase [14]. Independently, Liuzhou Nanfang Automotive
Cylinder Liner Factory carried out rolling strengthening trials on cylinder sleeves, while
Henan Yingwei Dongfeng Machinery Manufacturing Co., Ltd. applied the same process to
hub axle tubes; both trials confirmed significant improvements in product qualification rates
and fatigue strength [15,16]. The strengthening treatment enables 300M steel to achieve a
stress corrosion cracking (SCC) strength approaching the yield strength, together with a
substantially elevated fracture threshold, which collectively contribute to its superior SCC
resistance [17]. Post-repair rolling of heavy-duty components has also been explored at
the Academy of Armored Force Engineering: after surfacing repair, the rolling process
applied to the machined surface under optimized parameters produces a nanocrystalline
layer, thereby increasing hardness, boosting wear resistance, and improving the residual
stress profile [18,19].

To regulate the near-surface microstructure and stress state of LZ50 steel, rolling is car-
ried out; the results showed that the process increases subsurface hardness while inducing
pronounced compressive residual stresses [20]. The synergistic action of enhanced surface
hardness and compressive residual stresses effectively delays the initiation of microcracks
and impedes their propagation; by weakening the growth-promoting role of clustered mi-
crodefects, it thereby enhances the material’s local resistance to fatigue [21]. The researchers
observed that cracks consistently initiated from the specimen surface under high stress
levels associated with relatively short fatigue lives, irrespective of surface processing [22].
Rolling, by contrast, imparted a favorable compressive residual stress field to the specimen
surface, thus improving the material’s fatigue performance.

For the low-strain, long-cycle performance range, crack initiation points in unprocessed
samples are found just below the surface; in processed samples, however, these points
moved to inner areas that lacked both residual compressive stress zones and hardened
layers, which led to a notable enhancement in fatigue resistance [23]. Regarding rolled
AA6110-T6 aluminum alloy, X-ray diffraction is used to characterize the residual stress
profile as a function of depth, which is then correlated with the fatigue behavior of the steel.
The alteration of residual stress when exposed to different temperatures and the related core
principles are investigated [24,25]. Taken together, these findings demonstrate that rolling
induces a deep compressive residual stress layer beneath the surface, which lowers the
effective stress in service and suppresses fatigue crack initiation and early growth, thereby
substantially improving the material’s fatigue life [26,27]. Furthermore, applying rolling
processing enhances the quality of the specimen’s outer layer, decreases the unevenness of
its exposed surface, creates smooth and continuous finished surface contours, effectively
eases the build-up of localised internal tension, and cuts down the harmful impact brought
by geometric indentations on fatigue resistance [28,29]. A stochastic rack-mounted vehicle-
track dynamic framework that accounts for nonlinear wheel-rail and gear-rack contact
interactions is developed to unpack the coupling mechanisms among terrain, wind, and
vehicle systems under pulsating crosswinds. The findings indicate that gusty crosswinds
negatively affect operational stability and gear-rack meshing, with these harmful impacts
growing more severe as the slope becomes steeper; the safe wind velocity limits drop from
29 to 22.5 m-s~! when the slope rises from 100%o to 200%. [30].

To sum up, the rolling reinforcement approach shows notable effects on refining surface
microstructures, adjusting stress distribution patterns, and boosting surface quality, serving
as a reliable method for enhancing fatigue resistance.
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2. Materials and Experimental Procedures
2.1. Materials and Specimen Preparation

The shaft specimens are manufactured from 30CrMoA alloy steel, where E, 7, 7},
v, p, 4, and C denote the elastic modulus, yield strength, tensile strength, Poisson’s ratio,
density, friction coefficient, and specific heat capacity, respectively.

A scaled-down test piece, made of the same material and holding the same initial post-
heat-treatment state, is used to carry out process-related experiments and measurements.
Based on the principle of material similarity, a full-scale, high-precision gear shaft is selected
as the reference prototype for specimen design, and the associated testing cost and duration
are also considered. Table 1 summarizes the specific heat-treatment parameters adopted
for the specimens that underwent rolling processing.

Table 1. Detailed specifications related to modulation technologies.

Item Technical Indicators
Tensile strength (Longitudinal direction) 600 MPa
Surface roughness Ra0.8
Surface hardness HB220~260

2.2. Strengthening Mechanism of Surface Rolling

Mechanical rolling is fundamentally an elastoplastic contact process. When the contact
stresses induced at the roller—specimen interface exceed the yield strength of the material,
plastic deformation occurs in the surface layer of the specimen, resulting in the forma-
tion of a work-hardened layer and the development of a compressive residual stress field.
According to Hertzian line-contact interface theory [31], the contact half-width, b, at the
roller-specimen interface can be expressed as follows:

’ RP
b=2\—% (1)

where P is the normal load applied during mechanical burnishing, R indicates the radius of
the burnishing roller, L denotes the effective contact length of the burnishing roller, and
E" is the equivalent elastic modulus of the specimen material, which can be expressed

as follows:
1 (1-9}) N 1-1%)

E T K E, @
where E; and E, denote the elastic moduli of the mechanical rolling roller and the specimen

material, respectively, and v, and v, are their corresponding Poisson’s ratios.
The maximum contact pressure p, on the shaft surface during roller burnishing can be
expressed as:
PE* 2P
Po=\7RL = 7L (3)
The distribution of force applied forms a half-oval shape and aligns at a right angle to
the central line of the rolling component.

pe) =po\1- (g)z (4)

This term stands for the horizontal distance measured from the center of the contact point.
When the pressure applied during rolling hits a specific threshold, the initial yield
of a material takes place, as specified by the Tresca criterion, which is also known as the

maximum shear stress theory:

RL(1.10y)?
Py = E—Y (5)
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with oy denoting the uniaxial yield strength of the material.

As long as the contact pressure remains below the yield strength, the contact is purely
elastic and can be described by Hertz’s theory, beyond this threshold, plastic deformation is
initiated in the material.

The whole process of roll forming consists of three distinct phases: elastic deformation,
elastoplastic deformation, and full plastic deformation. When rolling is performed on a
specific journal, internal forces of a certain magnitude are generated within its structure. To
counterbalance the thermal and centrifugal loading experienced in service, compressive
residual stresses must be generated within the journal surface layer, a requirement that
dictates applied stresses above the yield strength so as to induce plastic flow. Nonlinear
material-related issues encompass scenarios that involve both elastic and plastic deformation
behavior [32].

The deformation behavior of ductile materials can be described by the following
mathematical expression:

{de} = {de,} + {de,) (6)

where de, and de, are the plastic and elastic strain increments of the specimen material,
respectively, with the elastic strain component governed by Hooke’s law, expressed as:

{de,} = [D,] " {do} (7)

where [D,] and {dc} are the elastic matrix of the specimen material and the residual stress
increment, respectively, with the plastic component governed by the flow rule, given by:

oF

(8)

Herein, this refers to the boundary that defines the range of stress states that a material
can withstand before yielding, where the loading surface is represented here This framework
employs the von Mises yield criterion. Subsequently, the increment-based connection
between stress and strain for the ideal elastic-plastic model is presented in the subsequent
formulation as shown below:

{do} = ([D]. — [Dlp){de} = [D]ey{de} 9)

Rolling only leads to localized microscopic plastic deformation, so it is hypothesized
that this procedure will not change the overall elastic characteristics of the work piece.
Whether a single roller or a roller array is adopted, the deformation is treated under plane-
strain conditions. Given that the roller—specimen interaction is simplified to a line-contact
configuration, the rolling pressure is treated as a concentrated line load, and the internal
stress field induced within the specimen is described by the Flamant solution [33]:

2 0
o =-F2 gy =0 (10)
2vp, cos 0
o, =v(0, +0y) = —;—r (11)
Trg = Togr = 0/ Ty =Ty = 0/ Ty =Tz = 0 (12)

where p; is the line load intensity at the center of the contact, which relates to the rolling
pressure p through:

Ps = a (13)

where a denotes the contact distance corresponding to the rotation angle of the cylindrical
burnishing roller.
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Combining Equations (10)—(13) with the von Mises yield condition yields.
V2
o, = 7\/((79 —0,)* + (0g — 0.)* + (0, — 02)* + 6(T% + T3, + T2) (14)
Then, the following is obtained:
Zps(\/l -v+ 1/2) cos 6
r = (15)

o,

where o, denotes the von Mises yield strength of the test specimen and v is its Poisson’s ratio.
Therefore, microplastic deformation develops within a cylindrical zone beneath the line load
during rolling. By equating the von Mises stress with 6, the depth of the microplastically
deformed layer is linked to the rolling force as follows:

d_?.ps\/l—v+1/2 _2pVl—v 402

o, o,

(16)

When it comes to spherical rolling operations, the interaction between the spherical
part and the processing material can be simplified to a point-shaped contact, and the rolling
pressure is correspondingly treated as a force that is concentrated at a single point. The stress
components within the specimen are derived through the application of the Boussinesq
solution, as outlined in the subsequent expressions.

_ P [ 3°x (1-21R

%0 = ZnRZ[ R3 R+x (17)
_ 1-2v)p|x R
70T TR [E‘RH] (18)
3px°
= 19
Tx = 5 2% (19)
3ppx?

Tor = Ty = — 277R5 (20)
Trg = Togr = 0; Tor = Typ = 0 (21)
RE=x>+p?=x*+y> + 22 (22)

Applying the von Mises yield criterion to Equations (17)-(22), withy =0and z =0
imposed at the centerline, yields an explicit relationship between the depth of microplastic
deformation and the applied rolling force:

Qv +5)
4= \Jp 4ro, (23)

In fracture-mechanics terms, surface cracks and crack-like defects propagate under
cyclic loading only when the crack-tip stress intensity factor range exceeds the material’s
fatigue crack-growth threshold. When mean-stress effects are considered, the corresponding
threshold range is given by [34,35]:

1.2(AK)
1+02(1+R)/(1-R)

ARy, = (24)

Herein, this value refers to the mean level of force exerted repeatedly under fluctuating
loading conditions.

Residual compressive stresses counteract the mean stress from external cyclic loads,
thereby reducing the effective crack-tip stress intensity factor range and raising the threshold
for fatigue crack growth, crack propagation therefore demands a higher applied stress under
identical loading conditions. This mechanism accounts for the improved fatigue resistance
of components containing cracks.
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2.3. Mechanical Roll Forming Experiment

A CAK3665 CNC lathe (Shenyang Machine Tool Co., Ltd., Shenyang, China) was used
as the experimental platform for the mechanical rolling tests, as shown in Figure 2. The lathe
provides a steplessly variable spindle speed of 20-3000 r/min through variable-frequency
control. The X-axis provides a travel of 230 mm, a traverse speed of 4.0 m/min, and a
positioning repeatability of 0.012 mm; the corresponding values for the Z-axis are 660 mm,
8.0 m/min, and 0.016 mm, respectively. These specifications satisfy the control-accuracy
requirements for the indentation depth, specimen rotational speed, and feed rate in this
study. During the experiments, the rolling tool was secured to the X-axis tool carriage (slide)
using a fixture, and a circular roller was brought into contact with the journal surface of
the gear shaft at a prescribed indentation depth. The specimen was rotated at a constant
speed by the machine spindle, while the rolling tool was fed axially along the journal at a
prescribed feed rate, thereby producing a continuous helical rolling track on the journal
surface. Under a constant externally applied load, normal contact pressure was generated
at the roller—journal interface. When the resulting contact stress exceeded the yield strength
of the specimen material, directional plastic flow occurred in the surface layer of the journal.
The indentation depth was adjusted in real time by the CNC system and directly governed
the contact stress and the degree of plastic deformation within the rolled region.

Figure 2. Rolling test platform.

To minimize the influence of local surface heterogeneity on the measurement results,
three measurement cross-sections were defined at axial positions near both ends and at the
mid-length of the effectively rolled section of the gear shaft. Three measurement regions
were selected at 120° intervals along the circumference of each cross-section, yielding a total
of nine measurement regions, each covering an area of 3 x 3 mm?. All measurement regions
were located on the effectively rolled surface, while clamping transition zones, unmachined
edges, and areas with evident macroscopic defects were avoided. Measurements were
performed in triplicate in each region under identical testing conditions, and the arithmetic
mean of the three measurements was taken as the regional result. The final results are
reported as the mean + standard deviation of the nine regional results.

The residual stress state in the surface layer was characterized by X-ray diffraction
(XRD) using a PROTO LXRD stress analyzer (Proto Manufacturing Ltd., LaSalle, ON,
Canada). The internal stress distribution across the layer’s depth was then characterised by
sequentially removing tiny surface layers using a PROTO 8818-V3 electropolishing device
(Proto Manufacturing Ltd., LaSalle, ON, Canada) and measuring stress levels after every
removal, generating a full profile of stress variation through the depth direction. Deep-
focus microscopy was employed to examine the surface microstructure both prior to and
subsequent to rolling; the acquired imagery delivered the deformed layer’s thickness and
grain shape for every parameter combination and served to investigate rolling-triggered
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plastic deformation and grain refinement. Table 2 details the experimental design used to
investigate the effects of penetration depth, feed rate, and specimen rotational speed on the
surface residual stress and the depth of the stress-affected layer.

Table 2. Plan and findings from the experiment.

Rolling Process Parameters Associated Parameters
No. Rolling Rolling Feed S}?ecimen Residual Stress in the Depth of the
Indentation Rate (mm/r) Rotational Speed  Surface Layer of the Shaft  Contact-Stress-Affected
Depth (mm) (r/min) Journal (MPa) Surface Layer (mm)
1 0.05 0.05 600 —405.97 0.573
2 0.07 0.05 600 —497.61 0.591
3 0.10 0.05 600 —567.94 0.795
4 0.15 0.05 600 —538.52 0.807
5 0.20 0.05 600 —490.36 0.818
6 0.10 0.01 600 —498.73 0.628
7 0.10 0.03 600 —533.67 0.688
8 0.10 0.06 600 —588.32 0.741
9 0.10 0.08 600 —515.61 0.658
10 0.10 0.05 120 —535.63 0.624
11 0.10 0.05 360 —553.47 0.677
12 0.10 0.05 720 —584.75 0.714
13 0.10 0.05 840 —582.72 0.813

Stress evaluation followed the sin*{ approach with Cr-Ka radiation (A = 2.2910 A,
30kV, 25 mA). The peak from the ferrite crystal’s (211) planes (at a two-theta value roughly
156 degrees) was measured across eleven different tilt angles, ranging from minus 45 to plus
45 degrees, using a 1.0-mm circular collimator set at the center of the rolled strip; the axial
and circumferential directional components were collected in distinct measurement runs.
After background removal and Lorentz—polarization-absorption (LPA) correction, peak
locations were extracted by cross-correlation, and stresses were computed with the ferritic-
steel X-ray elastic constants (%S, =5.81 x 107 MPa~!,S; = —1.27 x 107 MPa~!); a stress-free
annealed iron powder served as the calibration reference. For measuring data at varying
depths, superficial layers were removed via electrolytic polishing in a saturated sodium
chloride solution at room temperature and 20 volts, this method prevents mechanical stress
introduction. A roughly 3 x 3 mm? area around the measurement point was shielded, and
each material removal step (20 to 50 micrometres) was verified using a micrometer with
a 2 micrometer margin of error. Depth-specific measurement points were set at 0, 0.02,
0.05, 0.10, 0.20, 0.30, 0.50, 0.80 and 1.00 mm; given the small area subjected to electropolish-
ing, no adjustments for stress redistribution needed to be performed. For each specimen,
three measuring points evenly distributed along the perimeter were selected, with their
respective values averaged together (the spread of these values fell within £25 MPa); mean-
while, the total uncertainty stemming from measurement consistency, calculated through
repeated checks on a stress-free reference sample, stood at £20 MPa. The as-rolled surfaces
(Ra = 0.4-0.8 ym) were tested without mechanical polishing, only a simple degreasing step
with acetone was applied prior to testing, so as to preserve the original residual stress state.

Rolling involves several nonlinear effects, material and geometric nonlinearities, contact
behavior, friction, and thermal coupling, making full-process simulation computationally
demanding. The operating conditions must therefore be appropriately simplified to lower
the computational cost while preserving accuracy and ensuring convergence [36,37]. For
this purpose, a segmented modeling strategy is used, with the roller assumed to be rigid
owing to its substantially higher stiffness than the specimen [38,39]. Throughout the entire
forming operation, the roller stays in the elastic deformation range, while the specimen
experiences substantial plastic deformation. Under the highest contact pressure analyzed
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in this investigation, the local elastic flattening (of the Hertzian type) of the roll’s surface
measures just a few micrometres, this value is extremely small (far less than 0.1%) when
compared to the millimetre-scale plastic shape changes and thickness reduction in the
specimen material. As a result, the roll’s surface form, the size and configuration of the
contact area, and the related distributions of contact force and frictional resistance are
barely impacted by the roll’s elastic changes. In the finite-element modeling of rolling,
roll bending, ring rolling, and cold roll forming processes that involve coupled material,
geometric, contact nonlinearities as well as friction and heat transfer, it has become a
standard approach to treat the roll as a rigid body, either from an analytical standpoint
or using discrete methods. Modeling the roll as a rigid structure removes unnecessary
elastic motion variables, lowers the computing burden related to contact searching and
equation calculations, and enhances the stability of both explicit and implicit nonlinear
solvers; at the same time, the contact rules, frictional stresses, and heat exchange at the
interface between the roll and specimen are still fully applied through the rigid reference
surface. The process of enhanced material modification studied here features contact
zones and applied loads that are within a suitable range, with the key metrics of focus
being the specimen’s deformation characteristics, thermal states, and interactions at the
contact boundary. Based on the characteristics observed in this particular work’s strength-
ening procedure, using a rigid rolling model is thus logical and well-suited for the current
research work.

The three-dimensional model is illustrated in Figures 3 and 4. It shows the overall
structure of the main components involved in the simulation setup, which lays the founda-
tion for the following parameter settings of each part. A three-dimensional model of the
30CrMoA specimen is built with overall geometry of 40 mm (length) x 16 mm (width)
x 20 mm (height). To reproduce the experimental setup, the rolling roller diameter, fillet
radius, and center height are set to 65 mm, 2.0 mm, and 30 mm, respectively. The rolling
process is simulated by fixing all degrees of freedom on the bottom face of the specimen,
thereby eliminating rigid-body motion, while the roller is driven in simultaneous rotation
and reciprocating translation along the surface. After each reciprocating stroke, the roller
shifted laterally by a fixed increment to progressively cover the whole processing area.
C3D8R elements (eight-node linear bricks with reduced integration) are adopted for the
specimen, together with enhanced hourglass control, thereby avoiding shear and volumetric
locking while ensuring stable contact and higher computational efficiency.

A mesh convergence analysis is conducted to confirm that the finite element outcomes
are not dependent on the specific mesh used. Three distinct element sizing schemes are
explored: a relatively coarse setup with edge lengths around 2.0 mm applied to the con-
tact area (totalling 5348 individual elements), a moderate scheme with an approximate
edge length of 1.0 mm (totalling 24,975 elements), and a refined scheme with an edge
length roughly 0.5 mm (totalling 67,126 elements). A targeted refinement approach for
the grid setup is utilized, where the smallest grid units are placed in the area where the
roller makes contact and shifts, while larger grid units are applied to areas not within the
range of deformation, this setup achieves a good balance between calculation accuracy and
speed. Eight-node thermally coupled brick elements (C3D8RT), which incorporate reduced
integration and hourglass control, are adopted for all computations, a choice dictated by
their ability to accommodate the material, geometric, and contact nonlinearities involved
in rolling. The mesh convergence results are summarized in Table 3. Compared with the
fine grid, the values of the assessed parameters for the intermediate grid differ by less
than 1% each, while those for the rough grid relative to the intermediate grid show gaps
of 16.33% and 9.89% separately. Thus, this study selects the medium-sized grid for all
rolling numerical simulations presented in this work. To address potential element issues
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in large-deformation rolling scenarios, we implement an arbitrary Lagrangian-Eulerian
(ALE) adaptive meshing approach, which avoids severe element distortion and enhances
the confidence in the numerical simulation outcomes.

Figure 3. Three-dimensional model of the specimen.

Figure 4. Three-dimensional model of the roller.

Table 3. Results of the mesh convergence analysis.

Parameters Grid Level Number Residual Stresses on the Magnitude of Stress Magnitude of
of Units Contact Surface (MPa) Change (%)  Depth (mm)  Change (%)
Rolling depth /oo mesh 5348 —489.275 - 0.79816 -
(0.10 mm);
Feed rate Medium 24,975 —569.16 16.33% 0.71923 9.89%
(0.05 mm/r); mesh
Specimenspeed g0 osh 67,126 —573.842 0.82% 0.71457 0.65%

(600 r/min)

When conducting analyses focused on residual stress, the finite element grid is also
adjusted locally, with finer divisions applied where deformation effects are more pro-
nounced. Within the machined surface area, where intensive plastic deformation and
sharp residual-stress gradients develop, smaller mesh elements (specifically sized at
0.50 mm) are deployed; for the untouched base material zone, which is distant from the
stress-affected area and only displays slight stress gradients, larger mesh elements (2.0 mm
in size) are utilized, with seamless size changes between the two zones to maintain good
mesh performance. Mesh convergence is examined at five element sizes (0.10-1.00 mm),
with the peak residual compressive stress and strengthened layer thickness as evaluation
metrics. Variations in both metrics remained below 2.0% as the element size decreased from
0.50 to 0.10 mm, demonstrating that the solution is essentially mesh-independent at
0.50 mm; finer meshes would inflate the element count and computational expense sub-
stantially. By contrast, coarser meshes (>0.50 mm) yielded marked deviations in residual
stress and are therefore non-convergent. Accordingly, 0.50 mm elements are applied to the
processed surface layer throughout the following numerical experiments.
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Since the rollers are simulated as rigid entities, they do not necessitate the creation
of a mesh or the specification of material attributes. Hexahedral elements are used for
the specimen. A graded mesh layout, combining local refinement with size-controlled
transition, is employed to balance accuracy and computational cost: fine elements are
placed on the processed surface, and coarser ones on the unprocessed bottom region. The
translational movement and forward progress of the roller are set via specified movement
trajectories, while every other independent motion component is restricted. Functions that
change over time are set to define the movement-related parameters, which in turn set up
the boundary conditions for the roller.

Choosing a suitable time step holds great significance: a step that is too large might
lead to noticeable mesh deformation and problems with convergence, while a step that is
too small will dramatically extend the total computing time. To adequately resolve the steep
gradients in the contact zone, the time step is restricted such that the roller advanced by less
than 1/10 of a characteristic element length per increment, an increment size of 1 x 10 s
is adopted, and the total increment count followed from the simulated process duration.
Output file size is limited by writing results at every 50th increment, while preserving all
data needed for post-processing [40]. The Johnson—Cook constitutive model captures the
deformation response of the shaft-journal surface layer by incorporating strain hardening,
strain-rate sensitivity, and thermal softening across a broad range of strain rates. In this
study, the model is adopted to describe the reduction in flow stress in the surface layer
induced by adiabatic temperature rise during the plastic deformation of 30CrMoA test
specimens [41,42]. Taking the Johnson-Cook constitutive equation into account, the flow
stress in the surface layer is expressed as:

0 =[A+Be"][1+Clne*][1— (T*)"] (25)

where A the yield stress of the test specimen, B, n, C, m, and & denote the strain-hardening
coefficient, strain-hardening exponent, strain-rate sensitivity coefficient, thermal softening
exponent, and equivalent plastic strain of the strengthened layer, respectively, B is the strain
hardening coefficient, n is the strain hardening exponent, C is the strain-rate sensitivity
coefficient, m is the thermal softening exponent, ¢ is the equivalent plastic strain, ¢ is the
normalized equivalent plastic strain rate, and T" is the dimensionless temperature. The
normalized strain rate and the dimensionless temperature are defined as follows:

T,

T* = room

-T
Troom - Tmelt

(26)

where T, T,,,,,, and T,,.;; denote the current, room, and melting temperatures, respectively.

At ambient temperature, the thermal softening term in the Johnson-Cook model equals
unity, so that the model reduces to the simplified form presented below [43]. Table 4 lists
the constitutive parameters used in the simulations.

o = (A +Be")(1 + Clne") (27)

Table 4. Johnson—Cook constitutive parameters of the 30CrMoA steel shaft journal.

A (MPa) B (MPa) C m n e /s7}
800 550 0.02 1.20 0.20 1.0

Samples used in the study are fabricated using 30CrMoA steel, which underwent
identical thermal processing as the components subjected to simulation analysis. This
procedure yields a tempered sorbite-based microstructure, and the hardness values and
tensile strength of this steel align with the specifications set for quenched and tempered
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30CrMoaA steel. Since rolling is performed at room temperature, the predicted temperature
rise is marginal (a very low homologous temperature), the thermal-softening term in the
Johnson-Cook model reduces to unity and can be omitted, yielding the following simplified
expression for the flow stress [44], with the constitutive parameters listed in first table of
Section 3.3. The nonlinear system is resolved using a sparse direct solver in conjunction
with Newton-Raphson iteration.

3. Results and Discussion
3.1. Through-Depth Distribution Characteristics of Residual Stresses

Along the depth direction, the residual stress profile exhibits a well-defined four-zone
structure: a surface layer of moderate compressive stress, a subsurface zone where the stress
reaches its peak, a transition region of gradual decay, and an almost stress-free core [45].
Such a distribution pattern can be attributed to the residual stress generation mechanism
associated with elastoplastic contact deformation. Figure 5 illustrates that the reinforcement
brought about by mechanical rolling only affects the area of the specimen close to its surface.
When subjected to concentrated contact pressure, the peak of von Mises stress appears
below the surface, matching the characteristics of a standard Hertzian stress distribution;
consequently, plastic deformation starts in the layer just under the surface, and the highest
value of plastic strain is also located beneath the surface.
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Figure 5. Residual stress and equivalent plastic strain in the cross-section under the standard process
parameters. (a) Residual stress in the surface layer; (b) Strengthening-induced equivalent plastic
strain; (c) Variation curve.
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After unloading, elastic recovery of the plastically deformed region is impeded by the
adjacent material, and the resulting incompatibility gives rise to a self-equilibrating residual
stress field, the essence of the eigenstrain mechanism. A larger plastic strain with a steeper
gradient enhances the elastic constraint exerted by the surrounding elastic material, thereby
elevating the compressive residual stress. The compressive surface stress dips a little below
the subsurface peak because (i) the traction-free state of the free surface partially relieves
the near-surface plastic strain, lessening the constraint, and (ii) work hardening enhances
the flow strength of the near-surface material. Within the plastic zone’s outer region, the
material undergoes only elastic deformation and fully returns to its original state when
unloaded, leading to a sharp drop in compressive residual stress as it approaches the plastic
zone’s boundary where it reaches the base material’s stress level. The inflection point of
the measured residual stress profile is in close agreement with the plastic zone boundary
forecast by the finite element model, thereby validating the simulation results.

This lower surface stress arises because the unconstrained free surface experiences
substantial plastic flow during rolling, enabling partial relaxation via dislocation slip and
grain rotation. At the subsurface location of maximum plastic deformation, where con-
straint from the surrounding elastic zone is strongest, the peak compressive residual stress
develops; during unloading, the plastically deformed layer hinders the elastic recovery of
the adjacent material, thereby giving rise to this peak. This subsurface zone serves as the
main strengthening layer, suppressing stable crack growth and lowering the SIF at the crack
tip. At greater depths, the residual stress vanishes, leaving the core material essentially
unaffected. Self-equilibrium is maintained across the stress profile: small tensile stresses in
the underlying material balance the surface compression; given that the strengthened layer
occupies only a small fraction of the specimen thickness, their magnitude is negligible and
the bulk mechanical properties remain intact.

Taken together, these findings reveal that rolling introduces a deep-reaching compres-
sive residual stress field below the journal surface, whose peak occurs within the subsurface
layer. This zone coincides with the region of stable fatigue crack growth, where cracks initi-
ate and propagate under cyclic loading. The compressive residual stress field thus generated
is anticipated to enhance the fatigue performance of the specimen; however, direct fatigue
experiments are beyond the scope of this investigation. The even stress distribution along
the axis maintains consistent strengthening performance throughout the whole length of
the shaft, laying a stress-related groundwork for the prolonged working stability of the gear.
This kind of common distribution also acts as a basis for future research on how process
factors affect results, and for building parametric models.

3.2. Single-Factor Analysis of Process Parameters Affecting Residual Stress

To further clarify the separate effects of each strengthening process parameter,
controlled-variable tests were conducted on the strengthening process, with all other associ-
ated factors maintained at their mid-range levels. By systematically varying the penetration
depth, feed rate, and rotational speed of the specimen, the variations in the surface compres-
sive residual stress of the shaft journal and the strengthened-layer depth with respect to
these parameters were analyzed, from which the effective operating range of each process
parameter and the corresponding plastic saturation behavior were determined.

3.2.1. Near-Surface Residual Stress Fields at Different Indentation Depths

To elucidate the dependence of the residual stress field on indentation depth, indenta-
tion experiments were conducted at five depths (0.05, 0.07, 0.10, 0.15, and 0.20 mm), while
the specimen rotational speed and feed rate were maintained constant at 600 r/min and
0.05 mm/1, respectively.
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The through-depth distributions of residual stress for these five cases are plotted
in Figure 6. Figures 7 and 8 plot the surface residual stress and the strengthened-layer
depth, respectively, as functions of the penetration depth. As shown in Figure 6, the
five distributions follow a similar trend: a moderate compressive stress at the surface, rising
steadily with depth to a subsurface peak at 0.2-0.4 mm, then decays gradually to zero
near 0.8 mm and turns tensile (100-180 MPa) at depths beyond approximately 1.5 mm,
offsetting the compressive field induced by surface plastic deformation. As penetration
depth increases, the full profile is displaced in the negative direction, characterized by a
higher subsurface compressive peak and a deeper compressive (plastically deformed) layer.

As illustrated in Figure 7, the residual compressive stress developed on the journal
surface remains as low as —430.96 MPa when the penetration depth is only 0.05 mm. This
phenomenon can be rationalized as follows. At such a shallow indentation, the near-surface
material undergoes only limited plastic deformation, so that both dislocation multiplication
and grain refinement are suppressed; meanwhile, during unloading of the rolling tool and
the subsequent elastic recovery of the surface, the weak elastic constraint is insufficient to
sustain a high compressive residual stress. As the penetration depth increases from 0.05 mm
to 0.10 mm, the surface compressive residual stress rises monotonically, reaching —592.93
MPa. The deeper indentation enlarges both the contact force exerted by the roller and the
burnished area on the test specimen, thereby triggering extensive irreversible plastic flow
in the subsurface material; the resulting lattice distortion is tightly confined by the adjacent
elastic matrix, which is macroscopically reflected in the progressive build-up of compressive
residual stress.
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Figure 6. Depth profiles of residual stress for different penetration depths.
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Figure 7. Surface residual stress versus penetration depth.
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Figure 8. Strengthened layer depth versus penetration depth.

Nevertheless, once the penetration depth exceeds 0.10 mm, the surface compressive
residual stress exhibits a slight downward trend, decreasing to —563.60 MPa at 0.15 mm
and further to —515.36 MPa at 0.20 mm. Under excessive penetration, the surface metal
experiences severe plastic deformation, which causes local microstructural damage such as
microcracks and material pile-up. The resulting stress relaxation partially counteracts the
accumulation of compressive residual stress. The increased plastic strain gradient across
the strengthened layer slightly redistributes the self-equilibrating stress between the work-
hardened layer and the substrate, thereby lowering the final compressive residual stress.
As shown in Figure 8, the strengthened layer depth rises rapidly in the initial stage and
then levels off, approaching saturation, with increasing penetration depth. The indentation
depth remains as shallow as 0.559 mm at a penetration of 0.05 mm, rises in an approximately
linear manner to 0.839 mm at 0.15 mm, and then levels off: at a penetration of 0.20 mm, the
depth reaches only 0.848 mm, an increase of less than 0.02 mm, signifying that the plastic
deformation has become saturated. Such saturation can be attributed to the pronounced
constraint exerted by the journal substrate, which prevents the rolling load from being
efficiently transferred into the underlying material.

3.2.2. Trends in Surface Residual Stress with Varying Specimen Rotational Speed

In this study, the effect of specimen rotational speed on the surface residual stress
was examined through single-factor experiments, with the penetration depth and feed
rate maintained at 0.10 mm and 0.05 mm/r, respectively. The rotational speed was set to
five levels: 120, 360, 600, 720, and 840 rpm. Consequently, a further increase in penetration
produces virtually no additional expansion of the compressive stress-affected zone.

The resulting through-depth residual stress profiles, surface residual stresses, and
strengthened layer depths are shown in Figures 9-11. Figure 9 reveals that all five distribu-
tions exhibit a similar pattern, with the peak compressive stress consistently located in the
subsurface layer; as the speed increases, nevertheless, the whole profile shifts downward
and the peak compressive stress grows. When the roller operates at slower turning speeds,
it stays at each spot around its circumference for a longer time, leading to a sharper local
spatial change in plastic deformation. This sharp gradient, in turn, facilitates cyclic plastic-
ity and elastic shakedown of the surface layer when subjected to repeated rolling passes,
consequently easing some of the residual compressive stress generated.

https://doi.org/10.3390/app162111087


https://doi.org/10.3390/app162111087

Appl. Sci. 2026, 16, 11087

16 of 27

300
150+ O
ok
i
= i
2
§ —a—120t/min
T‘: —o—300r/min
- —+—600r/min
é —+—720r/min
—+—840r/min
=900
1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 40

J
Rolling depth (mm)

Figure 9. Residual stress versus depth at different specimen rotational speeds.

-350

400}

[N

@

=
T

(MPa)

d

o

T

'
th
r
("5}
.
(]
(V3]

-540.587

Residual stress

-592.928

i
2
T

-613.290

-650-

'700 1 1 1 1 1
0.00 0.02 0.04 0,06 0.08 0.10
Feed rate (nun/r)

Figure 10. Surface residual stress versus specimen rotational speed.

1.1

1.0f

c
T

Stress depth (mm)
=)
o0
T

0.719
07r 0.701 0.681
0.631 0.664
0.6/
0.5 | | | ! !
0.00 0.02 0.04 0.06 0.08 0.10

Feed rate (mm/r)
Figure 11. Strengthened layer depth versus specimen rotational speed.

As presented in Figure 10, the surface compressive residual stress equals —560.62 MPa
when the test specimen rotates at 120 r/min. Raising the rotational speed to 360 r/min
produces a slight increase in this stress, to —578.46 MPa. As the speed continues to climb,
the compressive stress peaks at —609.73 MPa at 720 r/min; once the rotational speed ex-
ceeds this level and reaches 840 r/min, however, the stress undergoes a slight decline to
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—607.70 MPa. Below the optimum speed, the compressive residual stress from subsurface
plastic deformation partially relaxes, reducing the effective strengthened layer depth; a mod-
erate speed increase, by contrast, mitigates localized frictional heating, transmits the rolling
load deeper into the subsurface layer, and expands the plastically deformed zone, whereas
at excessively high speeds the contact duration is too short for plastic deformation to fully
develop in a single pass, resulting in a slight decrease in the strengthened layer depth.

With increasing rotational speed, the contact time shortens and the plastic strain gra-
dient decreases, allowing the compressive residual stress from plastic deformation to be
retained more fully [46,47]. Accordingly, the surface stress remains insensitive to speed in
the low-speed range (varying by less than 20 MPa) but rises moderately at medium-to-high
speeds, where higher speeds suppress cyclic plastic accumulation during repeated rolling.
Beyond 720 r/min, excessive roller-specimen sliding promotes local micro-slip and slight
frictional damage, causing the compressive residual stress to drop marginally. Figure 11
further demonstrates that the strengthened layer depth exhibits a clear speed-dependent
trend: it starts at 0.674 mm at 120 r/min, climbs continuously to a peak value of 0.745 mm
at 720 r/min, and then declines marginally to 0.734 mm when the speed reaches 840 r/min.
Relative to the penetration depth, the rotational speed of the test specimen exerts a less pro-
nounced influence on the residual stress field, since it governs the plastic deformation only
in an indirect manner—namely, through the rolling contact duration and the temperature
rise generated during the strengthening process. Balancing the strengthening effectiveness
against the stability of the rolling process, the rotational speed is accordingly determined to
lie within the optimal range of 600-720 r/min, in which a high surface compressive residual
stress can be attained together with a sufficiently deep strengthened layer.

3.2.3. Residual Stress Response of the Surface Layer to Variations in Rolling Feed Rate

For the single-factor experiments, five feed rate levels are considered: 0.01, 0.03, 0.05,
0.07, and 0.10 mm/r, while the penetration depth and specimen rotational speed are held
constant at 0.10 mm and 360 rpm, respectively. Figure 12 presents the through-depth
residual stress profiles, the surface residual stress is illustrated in Figure 13, while the
depth of the strengthened layer is presented in Figure 14. Figure 12 illustrates that the axial
overlap ratio between adjacent rolling passes, and hence the magnitude of plastic strain
accumulated in the near-surface layer, is governed by the feed rate. Raising the feed per
revolution increases the pitch between successive tracks, so each surface location is rolled
fewer times, and the accumulated plastic strain remains limited.

Conversely, lowering the feed narrows the track spacing and enlarges the overlap, so
individual surface points undergo multiple rolling passes; plastic strain therefore builds
up progressively, shifting the surface stress state toward higher compressive (i.e., more
negative) values. However, an excessively small feed causes the tool to traverse the same
region repeatedly: heat generated by the process then accumulates faster than it dissipates,
markedly raising the surface-layer temperature, and the cyclic plastic deformation from re-
peated passes partially relaxes the compressive residual stress formed earlier; consequently,
the surface compressive stress decreases.

At intermediate feeds of 0.05-0.07 mm/r, moderate pass overlap and limited tempera-
ture rise allow plastic strain accumulation to reach its optimum, so the surface compressive
residual stress peaks. Figure 13 illustrates the non-monotonic dependence of the journal
surface residual stress on feed rate. The residual stress is —523.72 MPa at 0.01 mm/r and
becomes progressively more compressive as the feed rate increases, reaching —613.29 MPa at
0.07 mm/r. Beyond this feed rate, however, the magnitude of the residual compressive stress
decreases markedly, with a value of —540.59 MPa recorded at 0.10 mm/r. This reduction can
be attributed to the gaps that develop between successive axial rolling tracks at feed rates
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above 0.07 mm/r. Consequently, some regions of the journal surface undergo only a single
rolling pass or receive insufficient compaction, resulting in inadequate plastic deformation
and weaker residual compressive stress.
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Figure 12. Through-depth residual stress distributions at different feed rates.
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Figure 14 further illustrates the effect of feed rate on the depth of the strengthened
layer. At excessively low feed rates, repeated rolling over the same region causes substantial
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surface heating. The resulting thermal relaxation of compressive stresses in the subsurface
region consequently reduces the thickness of the strengthened layer. Within the moderate
feed-rate range, plastic strain builds up evenly and the rolling force penetrates sufficiently
far into the material, so the compressive-stress layer reaches its greatest depth.

At the high end of the feed-rate range, successive axial paths no longer overlap com-
pletely, and plastic strain remains restricted to an extremely shallow surface zone, so the
compressive-stress layer becomes much thinner. The quantitative data confirm this trend:
the strengthened layer depth reaches only 0.631 mm at 0.01 mm/r, attains its maximum
of 0.719 mm at 0.05 mm/r, and decreases to 0.680 mm at 0.10 mm/r. A comprehensive
consideration of the surface residual stress and the strengthened layer depth therefore
suggests maintaining the feed rate within 0.05-0.07 mm/r: an overly small feed prolongs
the process and aggravates the cyclic plasticity induced by repeated rolling, while an overly
large feed results in non-uniform axial hardening and a pronounced reduction in the overall
compressive residual stress.

3.2.4. Comparative Analysis of the Surface Rolling Strengthening Process Parameters

Based on the maximum changes in surface residual stress and strengthened-layer depth
observed in the single-factor tests, the three parameters exhibit decreasing influence in the
following order: penetration depth, feed rate, and specimen rotational speed. By isolating
the individual effect of each factor, these experiments delimit the allowable processing
window and help avoid two undesirable regimes: excessively low values, which generate
insufficient plastic deformation and thus a weak compressive residual stress; and excessively
high values, which lead to over-stretching of the surface, intensified cyclic plasticity from
repeated passes, and non-uniform rolling, all detrimental to the surface rolling strengthening
of the gear shaft. Furthermore, the identified parameter ranges lay a sound foundation
for the subsequent response surface methodology coupled with the CCD; the resulting
interaction and prediction models for the residual stress under multi-parameter conditions
substantially reduce the required number of experimental runs while improving model
fitting accuracy.

3.3. Simulation-Based Analysis of Process Parameter Effects

Based on the single-factor experiments, three input factors, penetration depth
(0.05-0.20 mm), feed rate (0.01-0.10 mm/r), and specimen rotational speed (120-840 rpm),
are each investigated at five levels within their working ranges, and the corresponding
coded levels are listed in Table 5. The rolled journal surface compressive residual stress and
the strengthened layer depth served as the response variables.

Table 5. Process factors and their coded levels in the central composite design.

Corresponding II’A : Surfa'ce B: Spelemen C: Rolling Feed
Coded Level enetration Rotational Rate (mm /1)
Depth (mm) Speed (r/min)

- 0.05 120 0.01
-1 0.07 360 0.03
0 0.10 600 0.05
1 0.15 720 0.07
+o 0.20 840 0.10

The CCD consisted of 17 runs in total, comprising 14 factorial and axial runs to-
gether with three replicated center points. A separate finite-element model was con-
structed and solved for each factor-level combination. The rolling conditions applied in the
17 experimental runs, together with the resulting response values, are listed in Table 6.
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Table 6. Experimental design matrix and corresponding response values.
Factors Response Parameters
No. Penetration Specimen Rotational Feed Rate (mm/r) Residual Strengthened Layer
Depth (mm) Speed (r/min) Stress (MPa) Depth (mm)
1 0.10 600 0.01 —522.286 0.6832
2 0.15 720 0.07 —592.502 0.8596
3 0.10 600 0.05 —569.271 0.7203
4 0.10 600 0.10 —551.132 0.6703
5 0.10 600 0.05 —569.272 0.7192
6 0.15 720 0.03 —566.596 0.7943
7 0.10 840 0.05 —553.038 0.7142
8 0.07 300 0.07 -503.013 0.6344
9 0.15 300 0.07 —583.967 0.8169
10 0.07 300 0.03 —479.574 0.5942
11 0.07 720 0.03 —489.296 0.6379
12 0.10 600 0.05 —569.273 0.7192
13 0.15 300 0.03 —572.012 0.7404
14 0.10 120 0.05 —549.103 0.7142
15 0.05 600 0.05 —432.763 0.5594
16 0.07 720 0.07 —510.279 0.6688
17 0.20 600 0.05 —557.964 0.8391
Using the data compiled in Table 6, regression models were constructed to describe the
dependence of the rolled journal surface residual compressive stress and the strengthened-
layer depth on the three process parameters, namely the penetration depth, specimen
rotational speed, and rolling feed rate. Linear, two-factor interaction (2FI), and quadratic
forms were examined as candidate models, and a comparison of their fitting performance
is presented in Table 7.
Table 7. Comparison of the fitting performance of the regression models.
Response Coefficient of Determination Linear 2FI Quadratic
R? 0.5914 0.5973 0.9752
Residual stress R 0.4956 0.3540 0.9417
R, 0.2664 0.1415 0.7361
R? 0.8655 0.8345 0.9666
Stress depth Rg di 0.8345 0.8130 0.9236
R 0.7174 0.6237 0.6946
As indicated by the fitting results in Table 7, the quadratic model exhibits the best
agreement with the experimental data and is hence employed in the subsequent regres-
sion analysis. The resulting empirical expressions correlate each response with the coded
parameter values and take the following general form:
3 3 3 3
Y=ot ) BXit) BiXi+) ) BiXiXj+e (28)
i=1 i=1 i=1 j=it1
where Y is the response; §, represents the constant term; ; denotes the coefficient of the
linear term; B; indicates the coefficient of the quadratic term; j;; is the coefficient of the
interaction term; and ¢ is the random error. The model coefficients were determined by
least-squares fitting, and stepwise regression is then applied to remove the insignificant
terms, yielding the following simplified equations for the two responses:
o =-592.86 — 49.11A — 6.61B — 13.54C — 2.49AB + 2.70AC — 4.36BC + 93.64A2 + 15.28B? + 31.89C> (29)

d = 0.8246 + 0.0929A + 0.0060B + 0.0069AB + 0.0350AC — 0.0151BC — 0.0440A2 + 0.0029B% — 0.0410C? (30)
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The regression coefficients indicate that factor A (penetration depth) carries the largest
absolute linear coefficient and hence exerts the strongest influence on both responses. The
statistically significant interaction terms AB and AC indicate that penetration depth interacts
strongly with both the rolling feed rate and the specimen rotational speed, as well as be-
tween the penetration depth and the rotational speed of the test specimen. In addition, the
significant quadratic terms confirm that both responses depend nonlinearly on the rolling
process parameters, which agrees well with the plastic-saturation behavior identified in the
single-factor experiments. The adequacy of the regression models for the two responses,
the rolled journal surface compressive residual stress and the strengthened layer depth, was
assessed using three statistical indices, namely, R?, adjusted R?, and predicted R?, with the
corresponding values listed in Table 8. Normal-probability plots and residuals-versus-fitted
diagrams (collectively referred to as residual assessments) are provided in the Figure 15.
These performance indicators have the following explanations: values very close to
one signal a tight match between modelled and observed outcomes, while a small dif-
ference between adjusted and projected results points to strong generalizability.

Table 8. Analysis of variance for the response surface regression equations.

Response Adequate Precision Coefficient of Variation (%) F-Value p-Value
Surface residual stress 10.53 1.96 29.72 <0.0001
Strengthened layer depth 15.62 3.23 22.51 0.0002
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Figure 15. Diagnostic checks of model adequacy. (a) Residual analysis for the residual-stress model;
(b) predicted versus actual values of the residual stress; (¢) residual analysis for the strengthened-layer
model; (d) predicted versus actual values of the strengthened-layer depth.
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These two regression formulae were subsequently evaluated using analysis of variance
(ANOVA), with the corresponding results compiled in Table 8. Both models are highly
significant (F = 29.72 and 22.51, respectively; p < 0.01), and the individual parameter effects
are statistically distinguishable. Moreover, the coefficients of variation (<5.0%) fall well
below the 10% acceptability limit, indicating reproducible data, and the adequate precision
ratios exceed 4. These results collectively confirm the reliability of the fitted models for
further use.

To determine whether the parametric models produce consistent predictions under
actual operating conditions, three extra parameter set configurations were randomly picked
from the CCD domain, omitting the trials previously utilized for regression, and analyzed
in complementary verification tests. Quantitative analysis is conducted on the gaps between
the projected and observed data points, with these analytical results compiled and presented
in Table 9.

Table 9. Results of the model-accuracy validation.

P . A B C . Forecast Relative
Verification Points (mm) (t/min) (mm/x) Indicators Value Test Values Error (%)
Surface residual stress (MPa) —597.649 —563.504 5.713
1 0.15 600 0.05
Stress depth (mm) 0.638 0.599 6.012
Surface residual stress (MPa) —560.623 —578.464 3.183
2 0.10 360 0.05
Stress depth (mm) 0.712 0.695 2.216
Surface residual stress (MPa) —545.403 —558.665 2.432
3 0.10 600 0.03
Stress depth (mm) 0.682 0.664 2.731

Compared with the experimental data, the predicted surface compressive residual
stress and strengthened layer depth exhibit maximum relative errors of only 5.71% and
6.01%, respectively, well within the 10% acceptance criterion. This confirms that the fitted
models accurately reproduce the residual stress behavior of 30CrMoA gear-shaft journals
across the investigated rolling parameter domain.

3.4. Multi-Objective Optimization of Process Parameters and Experimental Validation

Using the response surface models developed above, multi-objective optimization
is performed to enhance the surface quality of gear shafts through rolling, following the
approach in Ref. [45], to identify the optimal parameter combination, whose reliability is
subsequently verified through confirmation experiments. The desirability function method
is employed to determine the optimal process parameters by simultaneously maximizing the
magnitude of the rolled surface residual compressive stress and the depth of the compressive-
stress layer. By leveraging the in-built optimization tool integrated within the Design-
Expert software (DEFORM V13.1), a comprehensive desirability index is calculated for
each potential solution, and the ten combinations that ranked highest on this index are kept
for further consideration. Since depending on just one outcome is not a reasonable choice,
factors like parameter practicality and operational equipment capacity are also considered
during the final selection, the selected best result is documented in Table 10.

Table 10. Candidate solutions ranked by overall desirability in the multi-objective optimization.

No. A (mm) B (r/min) C (mm/r) Surface Residual Stress (MPa) Strengthened Layer Depth (mm) D-Value
1 0.156 590.858 0.067 —601.592 0.823 0.8838

2 0.156 591.139 0.067 —601.592 0.823 0.88384
3 0.156 590.531 0.067 —601.591 0.822 0.88383
4 0.156 590.913 0.067 —601.593 0.823 0.88382
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Table 10. Cont.

No. A (mm) B (r/min) C (mm/r) Surface Residual Stress (MPa) Strengthened Layer Depth (mm) D-Value
5 0.156 591.568 0.067 —601.593 0.823 0.88382
6 0.156 590.012 0.067 —601.591 0.821 0.88382
7 0.156 590.858 0.067 —601.589 0.823 0.88382
8 0.156 590.521 0.067 —601.589 0.823 0.88381
9 0.155 589.338 0.066 —601.653 0.821 0.88113
10 0.157 606.279 0.068 —-601.317 0.824 0.86506

Combining the overall desirability factor (D) and the practical feasibility of the op-
erational steps, the first set is picked out as the most suitable set of operating parameters:
the rolling depth is 0.147 mm, the feeding speed is 0.066 mm per revolution, and the ro-
tation speed of the processed part is 590 revolutions per minute. With this parameter set
applied, the simulation model predicts a rolled journal surface residual compressive stress
of —601.59 MPa together with a compressive-stress layer depth of 0.822 mm. An overall
desirability of 0.884 is achieved, with every individual objective satisfying its specified
constraints.

Following that, validation trials were performed using the parameters identified
through the optimization process, to assess how consistent the multi-target optimization
technique works when applied to real-world scenarios; the values obtained from actual
testing were directly contrasted with the projections generated by the relevant model, as
detailed in the corresponding Figures 16 and 17. Across all experimental parameter combi-
nations, the numerical predictions agreed well with the experimental measurements. A
separate analysis of the three single-factor test series yielded mean relative errors in surface
residual stress of 6.42% for indentation depth, 7.67% for specimen rotational speed, and
6.06% for strengthening feed rate. The corresponding errors in the depth of the strength-
ened layer were 4.33%, 7.57%, and 4.94%, respectively. With all prediction errors below
8.0%, the simulation model demonstrated satisfactory accuracy in predicting both response
variables. Moreover, the predicted trends closely followed the experimental data over the
entire range of process parameters investigated. Figure 18 presents the results used to
evaluate the improvement in rolled journal surface quality achieved through optimization
of the strengthening process and to examine the microstructural evolution of the surface
layer under the optimal rolling conditions.
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Figure 16. Comparison between model-predicted and measured values of rolled journal surface
residual stress. (a) Surface strengthening rolling depth; (b) specimen rotational speed; (c) feed rate.
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Figure 17. Model predictions of compressive-stress layer depth against experimental data. (a) Surface
strengthening rolling depth; (b) specimen rotational speed; (c) feed rate.

Figure 18. Cross-sectional microstructures corresponding to different processing conditions: (a) initial
condition; (b-e) strengthening rolling depths of 0.05, 0.10, 0.15, and 0.20 mm, respectively; and (f) optimal
deep-rolling parameters (depth = 0.147 mm, rotational speed = 590 r/min, and feed = 0.06 mm/r).

This explanation is built on mutually consistent indirect proof, such as the tested mi-
crohardness change along a gradient, the distribution of remaining internal forces, and the
characteristics of plastic movement spotted through experiments. Given the well-established
correlation among process parameters, plastic flow, work hardening, and microstructure
evolution under severe plastic deformation conditions [48], this interpretation rests on a
sound methodological basis. As the penetration depth increases, the near-surface grains
are subjected to increasingly severe plastic deformation. At a depth of 0.05 mm, the grains
exhibit only slight elongation along the rolling direction; the deformed layer remains
thin, and the grain boundaries are still clearly distinguishable. Increasing the depth to
0.10 mm progressively flattens the equiaxed grains into a fibrous morphology and substan-
tially thickens the deformed layer. Upon reaching 0.15 mm, strong flattening and elongation
of the surface grains occur: the flow-line pattern becomes considerably denser, and frag-
mentation of the initial grain boundaries leads to the formation of numerous subgrains and
dislocation cells. At 0.20 mm, the deformed layer thickens further, and the grain structure
becomes still finer, however, these changes are accompanied by pronounced pile-up of sur-
face material and micro-wrinkling, together with a slight loss of uniformity in the deformed
zone. As shown in Figure 18f, the microstructure produced under the optimized parameter
combination (0.147 mm, 590 r/min, 0.06 mm/r) exhibits finer grains, more uniform plastic
deformation, and a thicker deformed layer than any single-factor case, reflecting a superior
surface strengthening effect. This confirms that the coupling of a relatively large penetration
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depth with moderate rotational speed and feed rate produces large yet uniform plastic
deformation in the surface layer, leading to the most favourable grain refinement.

4. Conclusions

(1) A gradient-type compressive residual stress field is established in the near-surface
layer of the gear-shaft journal through rolling strengthening. Beneath the surface, compres-
sive stress of 400-600 MPa prevails, attaining its maximum value of over 800 MPa at a depth
of roughly 0.20 mm, in the deeper substrate, mechanical balance gives rise to a weak tensile
counterpart in the range of 100-180 MPa. Benefiting from this favourable stress state, both
fatigue crack nucleation and growth can be effectively suppressed.

(2) Single-factor experiments show the penetration depth to be the dominant parameter
governing the residual stress field, followed by the feed rate and the specimen rotational
speed. Increasing the penetration depth markedly raises the compressive stress and the
strengthened layer depth, but beyond 0.10 mm, plastic saturation and the intensified cyclic
plasticity from repeated passes cause a slight drop in surface stress. The optimal ranges
are 600-720 r/min for rotational speed and 0.05-0.07 mm/r for feed rate; outside these
ranges, an excessive plastic strain gradient or non-uniform rolling coverage degrades the
strengthening effect.

(3) Quadratic regression models for the rolled journal surface compressive residual
stress and the strengthened layer depth were developed using response surface methodology
with a central composite design. ANOVA confirms that both models are highly significant
(p < 0.01), with signal-to-noise ratios above 4 and coefficients of variation below 5.0%.
Confirmation tests yield maximum relative errors of only 5.71% and 6.01%, well within
10%, verifying the models’ reliability in predicting residual stress behavior under various
rolling conditions.

(4) Multi-objective optimization identifies an optimal parameter set, 0.147 mm pene-
tration depth, 590 r/min specimen rotational speed, and 0.067 mm/r feed rate, under which
the model predicts a surface compressive residual stress of —601.59 MPa and a strengthened
layer depth of 0.822 mm. The corresponding microstructure exhibits uniformly refined
grains and a dense deformed layer, achieving a favourable balance between high surface
stress and deep strengthening, thereby corroborating the reliability and effectiveness of
the optimization.
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