Mech. Sci., 17, 1039-1059, 2026
https://doi.org/10.5194/ms-17-1039-2026

© Author(s) 2026. This work is distributed under
the Creative Commons Attribution 4.0 License.

mechanical
sciences

Residual-stress distribution in gear journal shafts
induced by mechanical roll hardening

Xinbo Zhang', Xiuyang Xia', and Xigui Wang?

I'School of Mechanical and Automotive Engineering, Xiamen University of Technology, Xiamen 361024, China
2School of Mechatronics and Automation, Huagiao University, No. 668 Jimei Avenue,
Jimei District,Xiamen 361021, China

Correspondence: Xigui Wang (wyr20091207 @126.com)

Received: 3 August 2026 — Revised: 10 October 2026 — Accepted: 16 October 2026 — Published: 10 November 2026

Abstract. Residual tensile stresses in the surface layer of machined 30CrMoA gear journal shafts readily pro-
mote fatigue crack initiation and degrade in-service reliability. To mitigate these stresses, this study investigates
a localized mechanical rolling-hardening process for the journal diameter. The residual-stress distribution in
the rolled journal is characterized by combining finite-element simulation with X-ray diffraction residual-stress
measurements, and the effects of key process parameters, namely rolling depth, workpiece rotational speed,
and feed rate, on the magnitude of residual compressive stress and the depth of the strengthened layer are sys-
tematically examined. A response surface methodology based on central composite design is then employed to
develop predictive models for the residual stress and layer depth, thereby enabling multi-objective optimiza-
tion of the rolling process. The results demonstrate that mechanical rolling generates a stable, graded residual
compressive-stress field within the localized surface layer, with the peak compressive stress occurring at ap-
proximately 0.20 mm beneath the surface, while the underlying matrix exhibits only weak equilibrating tensile
stresses. Among the process parameters, rolling depth exerts the most significant influence, while pronounced
coupling and saturation effects between parameters are also observed. An optimal parameter combination is
determined and experimentally validated: under the optimized conditions, both the magnitude of the residual
compressive stress and the depth of the strengthened layer are markedly increased, while the deviation between
the simulated and experimental results remains below 8.0 %. The established parametric model accurately pre-
dicts the localized residual-stress state of rolled 30CrMoA journals, thereby providing theoretical guidance and

technical support for the surface rolling strengthening of gear journals.

1 Introduction

As the core component for power transmission in prime
movers, gears are subject to extremely stringent requirements
for both manufacturing precision and service performance.
Due to the periodic nature of meshing loads, the shaft journal
is subjected to large-amplitude alternating impact forces over
extended periods, readily inducing bending and torsional
deformations. Under sustained cyclic bending stresses, the
material progressively accumulates fatigue damage, eventu-
ally leading to crack initiation, which severely compromises
the reliability and service life of the gear transmission sys-
tem (Luo et al., 2023; Aliakbari et al., 2022a, b; Singh and
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Sengar, 2021). Driven by rapid advances in computational
power, finite-element simulation has matured into an indis-
pensable tool for the structural design of gear shaft systems
under fatigue loading. Nevertheless, relying solely on struc-
tural optimization to enhance fatigue performance presents
distinct limitations: on the one hand, the local optimization
space available at the gear shaft journal is inherently con-
strained; on the other hand, adjustments to structural param-
eters will trigger dimensional chain variations in associated
mating components, resulting in broad-ranging impacts that
are difficult to reconcile with practical manufacturing con-
straints. Consequently, under current technological condi-
tions, achieving fatigue strengthening through the refinement
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Figure 1. Schematic of the rolling process.

of manufacturing processes and optimization of machining
parameters remains a more viable technical pathway (Aliak-
bari et al., 2022; Xu et al., 2025; Fu et al., 2026).

Currently, numerous surface strengthening methods have
been developed for engineering practice, each possessing
specific applicable operating conditions and inherent limi-
tations (Ma et al., 2024). Surface rolling strengthening, as
an effective chipless surface treatment technology, applies
reciprocating rolling pressure to the component surface via
specially designed rolling tools (commonly fabricated from
quenched steel, cemented carbide, or ruby, with geometries
encompassing rollers, balls, and wheels) (the strengthening
process is illustrated in Fig. 1) (Li et al., 2023; Zhou et al.,
2023a, b; Spaniel et al., 2021). This process significantly re-
duces surface roughness while introducing a favorable resid-
ual compressive-stress field into the surface layer, thereby
concurrently improving the corrosion, wear, and fatigue per-
formance of the component, demonstrating excellent engi-
neering applicability (Kluz et al., 2021; Nguyen et al., 2022;
Noronha et al., 2024).

As a surface modification technique, surface rolling
strengthening has attracted considerable attention and has
been widely employed to enhance the fatigue performance
of mechanical components. The Internal Combustion Engine
Research Institute of Tianjin University employed rolling
processes to strengthen the gear shaft journals of 370Q and
376Q diesel engines. The results demonstrate that the fatigue
limit of the rolling-strengthened journals increased by 92.3 %
relative to the untreated journals, while the safety factor was
nearly doubled (Heikebriigge et al., 2022a, b). Liuzhou Nan-
fang Automotive Cylinder Liner Factory and Henan Yingwei
Dongfeng Machinery Manufacturing Co., Ltd. conducted
rolling strengthening experiments on automotive cylinder
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liners and hub axle tubes, respectively, confirming that this
technology significantly improves product yield rates and en-
hances fatigue performance (Morrev and Gordon 2018; Per-
toll et al., 2024). It was reported that the stress corrosion
cracking strength of 300M steel after strengthening treatment
could be elevated to the alloy’s yield strength level, with in-
creased fracture threshold values, thereby effectively enhanc-
ing resistance to stress corrosion cracking (Fonseca and Faria
2019). The Academy of Armored Force Engineering investi-
gated rolling strengthening of machined surfaces on heavy-
duty components following surfacing repair. Their findings
revealed that rolling the surfacing layer with specific process
parameters could generate nanoscale grain structures within
the surface layer, improving surface hardness, wear resis-
tance, and residual-stress states (Kinner-Becker et al., 2020;
Bialowas et al., 2023).

Regarding the control of surface microstructure and stress
state, the surface rolling treatment of LZ50 steel was investi-
gated, and it was found that this process increases the hard-
ness of the surface layer and introduces high-level residual
compressive stresses (Kinner-Becker and Solter, 2023). The
synergistic effect of enhanced surface hardness and residual
compressive stress effectively suppresses microcrack initia-
tion and propagation and mitigates the accelerating effect of
short-crack colonies on crack growth, thereby improving the
local fatigue resistance of the material (Kinner-Becker et al.,
2021). The very-high-cycle fatigue behavior of high-carbon
chromium-bearing steel was studied, demonstrating that, in
the high-stress, low-life regime, cracks in both treated and
untreated specimens were initiated from the surface (Fonseca
and Faria, 2018). However, the presence of surface resid-
ual compressive stress after rolling led to increased fatigue
strength.

In the low-stress, high-life regime, crack origins in un-
treated specimens were located in the subsurface, whereas,
in treated specimens, they shifted to interior regions devoid
of residual compressive stresses and hardened layers, re-
sulting in significant fatigue strength improvement (Kumar
et al., 2021). X-ray diffraction was used to characterize the
surface residual-stress distribution in the rolled AA6110-T6
aluminum alloy and its influence on fatigue performance.
The residual-stress relaxation behavior under varying ther-
mal conditions and its underlying mechanisms were analyzed
(Dinekas et al., 2022; Schubnell et al., 2022). The research
demonstrates that rolling strengthening establishes a resid-
ual compressive-stress zone of appreciable depth within the
specimen surface layer, effectively reducing the operational
stress level during actual service, thereby suppressing fatigue
crack nucleation and propagation in the surface layer and
enhancing material fatigue life (Reggiani and Olmi, 2019;
Heikebriigge et al., 2022a, b). Additionally, rolling treatment
improves specimen surface quality, reduces surface rough-
ness, renders machined surface profiles smooth and contin-
uous, effectively mitigates stress concentration, and dimin-
ishes the detrimental influence of geometric notches on fa-

https://doi.org/10.5194/ms-17-1039-2026



X. Zhang et al.: Residual-stress distribution in gear journal shafts 1041

Table 1. Chemical composition of 30CrMoA steel used in testing
(mass fraction, %).

C Cr Ni Cu Mo Si  Mn S P

03 092 003 0025 02 027 055 0025 0.025

Table 2. The 30CrMoA material properties.

E 002 o v P u C
[GPa] [MPa] [MPa] [gmm3] Dkg~ 'K
211 785 930 028 7.85x1073 44 460

tigue strength (Dos et al., 2021; Martins et al., 2023). A
stochastic rack vehicle—track dynamic model incorporating
nonlinear wheel-rail and gear—rack contacts was established
to reveal the terrain—wind—vehicle coupling mechanisms un-
der pulsating crosswinds. The results demonstrate that pul-
sating crosswinds degrade operational stability and gear—
rack engagement, with the adverse effects intensifying as the
gradient increases; the safe wind speed thresholds decrease
from 29 to 22.5ms~! as the gradient rises from 100%o to
200%o (Chen et al., 2025).

In summary, rolling strengthening exhibits significant ef-
ficacy in improving surface microstructure, optimizing stress
distribution states, and enhancing surface integrity, constitut-
ing an effective fatigue-strengthening methodology.

2 Materials and methods

2.1 Experimental materials

A 30CrMoA steel shaft (©50 x 200 mm) is used in this study,
with its chemical composition and mechanical properties
listed in Tables 1 and 2, respectively. In these tables, E is
the elastic modulus of the material, o, represents the yield
strength, o, designates the tensile strength, v represents Pois-
son’s ratio, p denotes the density, u# depicts the coefficient of
friction, and C describes the specific heat capacity.

Taking a large, high-precision gear drive shaft as the pro-
totype and considering the costs and duration of the tests un-
der the principle of material similarity, process experiments
and measurements are conducted on scaled-down specimens
fabricated from the same material with the same initial heat-
treated condition. The tempering specifications for the me-
chanically rolled specimens are listed in Table 3.

2.2 Mechanism of mechanical roll-forming
strengthening

Rolling is essentially an elastoplastic contact problem. Once
the maximum contact pressure between the roller and the
workpiece exceeds the material’s yield strength, irreversible
plastic deformation occurs, producing a work-hardened sur-
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Table 3. Modulation technical specifications.

Indicator name Technical indicators

Tensile strength (longitudinal) 600 MPa
Surface hardness HB220 ~ 260
Roughness Ra0.8

face layer and a residual compressive-stress field. According
to Hertz’s line contact theory (Lach et al., 2024), the contact
half-width b is given by the following:

4PR
b= (1

TLE*’
where P is the normal rolling force, R denotes the roller ra-
dius, L is the effective contact length of the roller, and E* is
the equivalent elastic modulus. Among these,

2
1 _l—v1

l—v%
E*  E; E,

(@)

where E| and E, are the moduli of elasticity of the roller

and the workpiece, respectively, while v; and v, represent

Poisson’s ratios of the roller and the workpiece, respectively.
The maximum contact pressure is as follows:

2P [PEF .
PO=20L TV RL

The pressure distribution is semi-elliptical and perpendic-
ular to the roller’s axis.

x\2
p()=poy1- (%) )
b

In the above, x represents the lateral distance from the center
of contact.

According to the Tresca (maximum shear stress) criterion,
initial yielding occurs when the rolling pressure reaches the
critical value Py:

_ wRL(1.1oy)?

Py o

; )
where oy represents the uniaxial yield strength of the mate-
rial.

When P < Py, the contact zone is in a fully elastic state,
and Hertz’s theory can be applied; when P > Py, the mate-
rial yields.

The entire rolling process is divided into elastic, elasto-
plastic, and fully plastic stages. Rolling induces a certain
amount of stress in the journal. To introduce residual stresses
into the journal’s surface layer that can counteract the ther-
mal stresses and centrifugal forces generated during opera-
tion, the applied stress reaches the yield limit, that is, P >
Py, and plastic deformation occurs. Elastoplastic problems
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fall under the category of material nonlinearity (Caddemi,
1994).
The strain formula for plastic deformation is as follows:

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

where de. and dg, are the elastic strain increment and the
plastic strain increment, respectively. de. obeys Hooke’s law,
which states

{dee} = [Del ' {do), @)

where [ D] represents the elastic matrix of the material, and
{do} represents the stress increment. {de.} follows the flow
law, which is

oF
{d8P}—d?»a{ 3 ®)

where F represents the loading surface. The von Mises yield
criterion is adopted. The incremental stress—strain relation-
ship for the perfectly elastoplastic model is then expressed as
follows:

{do} = (D] —

[D]p){de} = [Dlep{de}. ©))

Since rolling involves only localized microplastic defor-
mation, it is assumed that the process does not alter the over-
all elastic properties of the workpiece. For both single-roller
and roller column rolling, the mechanical response can be
idealized as a plane strain problem. As the roller—workpiece
contact can be approximated as line contact, the rolling force
is modeled as a concentrated line load. Based on the solution
to the Boussinesq—Flamant problem, the internal stress field
in the workpiece can then be expressed as follows (Xu et al.,
2025):

2ps 0
oy = -7 4y =0, (10)
or
2vpg cosf
0 = v(oy +09) = =~ an

T9=T9r =0, T;=7,=0, T19,=7150=0, 12)
where p; is the concentrated pressure at the centerline in the
Boussinesq—Flamant problem, which is related to the rolling

pressure p as

ps=—, 13)

where a is the equivalent contact length of the rolling action
of a roller or roll.

We substitute Eqgs. (10) through (13) into the von Mises
yield criterion:

f (09 — 0,)? + (09 — 0,)% + (0, — 07)?
+6 Tr9+t9z+rrz)

(14)
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‘We obtain

_ 2psvV1—v+vZcosh

T O

r

5)

where oy is the von Mises yield stress of the workpiece,
and v is Poisson’s ratio of the workpiece; therefore, during
the rolling process, microplastic deformation occurs within a
cylinder subjected to a linear load. Setting 6 = 0 yields the
relationship between the depth of microplastic deformation
and the rolling force in roller or roll-forming processes:

_ 2psV1—v+vE 2pV1—v 02

T O Taog

d (16)

For ball rolling, the contact between the ball and the work-
piece can be approximated as point contact, and the rolling
force is likewise modeled as a concentrated force. Based on
the Boussinesq solution, the stress components in the work-
piece are given as follows:

p 3p°x  (1-2v)R
— — 17
%"= 2 R? [ R3 R+x an
1=2v)p R
— 18
T "07R2 R R+ax (%)
3px3
= 19
T RS 1
3ppx?
Txr =Trx = _ZIJQTT’ (20)
Tr9g = Tor = 0 N Tox = Txp = O, (21)
RP=x>+p*=x>+y*+72 (22)

Substituting Eqs. (17) through (22) into the von Mises
yield criterion and setting y = 0 and z = 0 yields the follow-
ing relationship between the microplastic-deformation depth
at the axis and the rolling force:

w45
d= /%. (23)

According to fracture mechanics, a surface crack or crack-
like defect propagates under cyclic loading only when the
stress intensity factor at its tip reaches the critical value of the
material. In the presence of a mean stress, the critical stress
intensity factor range can be expressed as follows (Luo et al.,
2023; Ma et al., 2024):

ke 1.2(AK) o
" TF0200+ R)/(1—R)

where R represents the average stress under alternating
loads.

Since residual compressive stress counteracts the mean
stress induced by external cyclic loading, it reduces the ef-
fective stress intensity factor range AK experienced by the

https://doi.org/10.5194/ms-17-1039-2026
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Figure 2. Rolling-test platform.

component. The reduction in R, in turn, raises the critical
stress intensity factor A Ky, at which crack propagation ini-
tiates. Consequently, under a given cyclic loading condition,
a crack that would otherwise propagate requires a higher ap-
plied stress to grow in the presence of residual compressive
stress owing to the elevated A Ky,. This mechanism accounts
for the beneficial effect of residual compressive stress on the
fatigue strength of cracked components.

2.3 Mechanical-roll-forming test

The rolling experiments were conducted on a CAK3665
CNC lathe equipped with a variable-frequency stepless
speed-regulated spindle, offering a rotational speed range of
20-3000rmin~"!. The maximum traveling speeds of the X
and Z axes are 220 and 650 mm, respectively, with corre-
sponding rapid traverse rates of 3.8 and 7.8 mmin~!. The
positioning repeatability is 0.012mm for the X axis and
0.016 mm for the Z axis, meeting the stringent accuracy re-
quirements for controlling the rolling depth, workpiece rota-
tional speed, and feed rate examined in this study.

During the rolling process, the rolling tool is mounted on
the X-axis slide of the CNC lathe through a tool holder, and
the roller is pressed against the gear journal surface with a
predetermined penetration depth. The workpiece rotates with
the spindle at a constant rotational speed, while the rolling
tool traverses axially along the journal at a preset feed rate,
generating a continuous helical rolling track on the journal
surface. Under the applied static load, the rolling elements
exert a normal contact pressure on the journal surface; once
this pressure exceeds the yield strength of the material, direc-
tional plastic flow is induced in the surface layer. The pene-
tration depth is precisely controlled by the CNC system and
directly governs the stress level and the extent of plastic de-
formation within the contact zone.

https://doi.org/10.5194/ms-17-1039-2026
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X-ray diffraction (XRD) measurements are performed us-
ing a PROTO LXRD residual-stress analyzer to determine
the residual stresses in the surface layer of the specimens.
A PROTO 8818-V3 electropolishing device is employed for
successive layer-by-layer material removal; in combination
with the XRD measurements, the residual stress at successive
depths is thereby determined, allowing the through-depth
residual-stress distribution to be characterized. A deep-focus
microscope is used to examine the surface microstructure of
the specimens before and after rolling, from which the de-
formed layer thickness and grain morphology under differ-
ent process parameters are obtained; the features of rolling-
induced surface plastic deformation and grain refinement are
then analyzed based on these images. To investigate the ef-
fects of rolling depth, feed rate, and workpiece rotational
speed on the surface residual stress and the depth of the
stress-affected layer after mechanical rolling, the experimen-
tal design and corresponding results are summarized in Ta-
ble 4.

Residual stresses were measured using an X-ray stress
analyzer (Cr-K, radiation, A =2.2910 A, operated at 30kV
and 25 mA) by the sinzw method. The «-Fe (211) diffrac-
tion peak (26 ~ 156°) was recorded at 11-tilt angles rang-
ing from —45° to +45°, with the irradiated area defined by
a 1.0mm diameter circular collimator centered at the mid-
width of the rolled zone; the axial and hoop stress com-
ponents were measured separately. Peak positions were de-
termined by the cross-correlation method after background
subtraction and Lorentz—polarization—absorption (LPA) cor-
rection using the X-ray elastic constants of ferritic steel
(1/28, =5.81 x 10°°MPa~!, §; = —1.27 x 107°MPa~!);
the instrument was calibrated against a stress-free an-
nealed iron powder before each session. Depth-resolved pro-
files were obtained by successive electropolishing (saturated
NaCl solution, room temperature, 20 V) to avoid introduc-
ing mechanically induced stresses. An area of approximately
3x3 mm? centered on the measurement point was masked for
polishing, and each removal increment (20-50 um) was ver-
ified with a micrometer (£2um). Measurements were taken
at depths of 0, 0.02, 0.05, 0.10, 0.20, 0.30, 0.50, 0.80, and
1.00 mm, and no correction for stress redistribution was re-
quired owing to the small removal area. For each specimen,
three circumferentially equidistant positions were measured
and averaged, with a scatter of less than £25MPa; the sys-
tematic uncertainty, estimated from repeated measurements
on the stress-free standard, was 20 MPa. The as-rolled sur-
face (Ra~ 0.4 —0.8um) was not ground prior to measure-
ment in order to preserve the original stress state; the speci-
mens were only degreased with acetone.

Roll forming is a highly nonlinear process involving triple
nonlinearities — material, geometric, and contact — coupled
with frictional effects and heat conduction. Reasonable sim-
plifications of the actual operating conditions are therefore
necessary to ensure computational accuracy, improve conver-
gence, and reduce computational cost. A block-type model

Mech. Sci., 17, 1039-1059, 2026
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Table 4. Experimental design and results.

X. Zhang et al.: Residual-stress distribution in gear journal shafts

No. Process parameters

‘ Test parameters

Rolling depth [mm]  Feed rate [mm r_l]

Workpiece speed [rmin_l] ‘ Residual stress [MPa]

Stress depth [mm]

1 0.05 0.05
2 0.07 0.05
3 0.1 0.05
4 0.15 0.05
5 0.2 0.05
6 0.1 0.01
7 0.1 0.03
8 0.1 0.07
9 0.1 0.1
10 0.1 0.05
11 0.1 0.05
12 0.1 0.05
13 0.1 0.05

600 —405.953 0.5712
600 —497.593 0.5892
600 —567.927 0.7930
600 —538.504 0.8069
600 —490.354 0.8171
600 —498.722 0.6270
600 —533.664 0.6861
600 —588.289 0.7397
600 —515.587 0.6564
120 —535.616 0.6239
360 —553.463 0.6763
720 —584.734 0.7126
840 —582.705 0.8110

is adopted without compromising accuracy, and the roller,
whose stiffness is far greater than that of the workpiece, is
idealized as a rigid body (Wang et al., 2020; Song et al.,
2024; Rashad et al., 2024; Jalili and Ashtiani, 2026). The
roll remains within the elastic-deformation regime through-
out the forming process, whereas the workpiece undergoes
large plastic deformation. At the maximum contact pressure
considered in this study, the local elastic (Hertzian) flatten-
ing of the roll surface is on the order of only a few microm-
eters, which is negligible (well below 0.1 %) relative to the
millimeter-scale plastic deformation and thickness reduction
of the workpiece. Consequently, the roll surface geometry,
the shape and extent of the contact zone, and the associated
distributions of contact pressure and friction are essentially
unaffected by the elastic deformation of the roll. Idealiz-
ing the roll as a rigid body (analytical or discrete) is stan-
dard practice in the finite-element modeling of the processes
of rolling, roll bending, ring rolling, and cold roll forming
governed by coupled material, geometric, and contact non-
linearities, together with friction and heat transfer. Treating
the roll as rigid eliminates its redundant elastic degrees of
freedom, reduces the computational cost of contact search-
ing and equation solving, and improves the convergence of
explicit and implicit nonlinear solvers; meanwhile, the con-
tact constraints, frictional tractions, and heat transfer at the
roll-workpiece interface remain fully enforced through the
rigid reference surface. In the strengthening process investi-
gated in this work, both the contact length and the contact
load are moderate, and the quantities of interest are the de-
formation, temperature, and interfacial behavior of the work-
piece. The rigid-roll idealization is therefore both reasonable
and appropriate for the present study.

The three-dimensional model is illustrated in Figs. 3 and
4. In the finite-element model of the 30CrMoA workpiece
developed in this study, its dimensions are set to 40 mm
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Figure 3. A 3D model of the workpiece.

(length) x 16 mm (width) x 20 mm (height). To ensure con-
sistency between the experimental and simulation condi-
tions, the roller is assigned a diameter of 65 mm, a fillet ra-
dius of 2.0mm, and a center height of 30 mm. An equiva-
lent modeling strategy is employed: the bottom surface of the
workpiece is fully constrained to suppress rigid-body motion,
while the roller, treated as a rigid body, performs the rolling
action through coupled rotational and reciprocating transla-
tional motion along the workpiece surface. Upon completion
of each reciprocating stroke, the roller is indexed laterally in
a stepwise manner, thereby covering the entire target process-
ing area. The workpiece is meshed using eight-node linear
brick elements with reduced integration (C3D8R), together
with enhanced hourglass control, so as to avoid shear and
volumetric locking, ensure robust contact behavior, and im-
prove computational efficiency.

A mesh convergence study is performed to verify the mesh
independence of the finite-element results. Three mesh den-

https://doi.org/10.5194/ms-17-1039-2026
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Figure 4. A 3D model of a roller.

sities are considered: a coarse mesh with an element size
of approximately 2.0mm in the contact zone (5348 ele-
ments), a medium mesh with an element size of approxi-
mately 1.0 mm (24 975 elements), and a fine mesh with an
element size of approximately 0.5 mm (67 126 elements).
A local mesh refinement strategy is adopted, in which the
finest elements are concentrated in the rolling contact zone
swept by the roller, whereas progressively coarser elements
are used in regions away from the deformation zone, thereby
balancing computational accuracy and efficiency. Eight-node
coupled temperature—displacement brick elements with re-
duced integration and hourglass control (C3D8RT) are em-
ployed throughout the calculations; these elements are well
suited to the material, geometric, and contact nonlinearities
involved in the rolling process. The results of the mesh con-
vergence analysis are summarized in Table 5. The relative
deviations of the evaluated metrics between the medium and
fine meshes are both below 1 %, whereas those of the coarse
mesh relative to the medium mesh reach 16.33 % and 9.89 %,
respectively. The medium mesh is therefore adopted for all
rolling simulations reported in this paper. In addition, the ar-
bitrary Lagrangian—Eulerian (ALE) adaptive meshing tech-
nique is applied to prevent excessive element distortion dur-
ing large-deformation rolling, further ensuring the reliability
of the numerical results.

For the residual-stress simulations, the mesh was, likewise,
locally refined according to the severity of deformation. In
the machined surface region, where severe plastic deforma-
tion and steep residual-stress gradients occur, the element
size was refined to 0.50 mm; in the unmachined substrate re-
gion, which lies far from the strengthening-affected zone and
exhibits only mild stress gradients, a coarser element size of
2.0 mm was used, with a smooth size transition between the
two regions to preserve mesh quality. The convergence of the
mesh is examined using five element sizes (1.00, 0.75, 0.50,
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0.25, and 0.10mm), with the maximum residual compres-
sive stress and the depth of the strengthened layer serving
as the convergence indicators. Refining the mesh from 0.50
to 0.10 mm changed both indicators by less than 2 %, indi-
cating that a mesh-independent solution had essentially been
achieved at 0.50 mm, whereas further refinement would sub-
stantially increase the computation time owing to the rapid
growth in the element count. Conversely, element sizes larger
than 0.50 mm produced noticeable changes in the predicted
residual stress, failing to satisfy the convergence criterion.
Accordingly, 0.50 mm was ultimately selected as the element
size for the machined surface region in all subsequent simu-
lations.

As the rollers are modeled as rigid bodies, they require
neither meshing nor the assignment of material properties.
The workpiece is discretized with hexahedral elements. To
balance simulation accuracy against computational cost, lo-
cal mesh refinement combined with absolute mesh control
is applied: the machined region on the upper surface of the
workpiece is locally refined, whereas the unmachined region
at the bottom is meshed relatively coarsely. The downward
motion and feed of the roller are imposed through prescribed
translational paths, while all other degrees of freedom are
constrained. Time-dependent functions are defined to spec-
ify the motion parameters, thereby establishing the boundary
conditions of the roller.

The selection of an appropriate time increment is critical:
an excessively large increment may cause severe mesh dis-
tortion and convergence difficulties, whereas an excessively
small one substantially increases the computation time. For
regions requiring high local accuracy, the time increment
should be sufficiently small that the distance traveled by the
roller in a single increment is less than 1/10 of the character-
istic element size. In the present simulation, the time incre-
ment is set to 0.0001 s, and the total number of increments is
determined according to the simulation duration. To limit the
storage requirements of the output files without compromis-
ing subsequent post-processing, results are saved every 50
increments. The fidelity of the dynamic simulation of the ma-
chining process is governed by the constitutive model of the
material, which must therefore be selected with care. Consti-
tutive models for a wide range of workpiece materials have
been established through experimental, analytical, and nu-
merical studies. Heat-assisted surface rolling shares the same
fundamental strengthening mechanism as conventional cold
plastic rolling. Moreover, the Johnson—Cook model accom-
modates a broad range of strain rates while accounting for
strain hardening; strain rate hardening; and thermal soften-
ing, including the material softening induced by adiabatic
heating generated during plastic deformation. This model
is therefore adopted to define the plasticity parameters of
the workpiece material (Wuertemberger and Palazotto, 2016;
Zhang et al., 2020; Wang et al., 2021). The flow stress of the
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Table 5. Mesh convergence analysis results.
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Parameters Grid level Number of  Residual stresses  Magnitude of ~ Stress depth ~ Magnitude of
units on the contact change [%] [mm] change [%]

surface [MPa]
Rolling depth (0.10 mm); Coarse mesh 5348 —489.275 - 0.79816 -
Feed rate (0.05 mmr ! ); Medium mesh 24975 —569.16 16.33 % 0.71923 9.89 %
Workpiece speed (600 rmin~!)  Fine mesh 67126 —573.842 0.82 % 0.71457 0.65 %

Table 6. Johnson—Cook constitutive parameters of 30CrMoA
medium-carbon low-alloy structural steel.

A B n C m e*
[MPa] [MPa] s~
800 550 02 0.02 12 1

material is expressed by the following constitutive equation:
o =(A+ B&")(1+Clne*")[1 —(T*"], (25)

where A is the yield stress coefficient, B is the strain-
hardening coefficient, n is the strain-hardening exponent, C
is the strain rate coefficient, m is the thermal-softening expo-
nent, ¢ is the equivalent plastic strain, £* is the normalized
effective plastic strain rate, and 7™ is the corresponding tem-
perature. Among these,

T* = T— Troom , (26)

Tinelt — Troom

where T is the current temperature, Troom 1S the room tem-
perature, and Trg¢ is the melting temperature.

Roll forming is a cold-plastic-deformation process, and
the effect of temperature during the process can be neglected.
The simplified form of this model is shown below (Zhong
et al., 2022). The constitutive parameters used in the simula-
tions are summarized in Table 6.

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

The specimens were prepared from 30CrMoA steel sub-
jected to the same heat treatment as the components ana-
lyzed in the simulation. This treatment produces a tempered-
sorbite microstructure, and the measured hardness and ten-
sile strength of the steel meet the requirements for quenched
and tempered 30CrMoA. The flow stress is described by a
simplified Johnson—Cook model, with the thermal-softening
term omitted because the process is essentially isothermal:
the estimated temperature rise is small, corresponding to a
very low homologous temperature, and therefore has a negli-
gible effect on the flow stress (Hong et al., 2020). We select a
sparse matrix solver and use the Newton—Larsen method for
the iterative procedure.

Mech. Sci., 17, 1039-1059, 2026

3 Results and discussion

3.1 Typical characteristics of residual-stress distribution

The stress field exhibits a typical layered distribution, charac-
terized by moderate compressive stress in the surface layer, a
peak compressive stress in the subsurface layer, a gradually
decaying stress gradient in the transition zone, and near-zero
stress in the base material (Zhou et al., 2023). This pattern is
consistent with the formation mechanism of residual stresses
induced by elastoplastic contact deformation. As shown in
Fig. 5, the strengthening effect of mechanical rolling is con-
fined to the near-surface region of the workpiece. Under con-
centrated contact loading, the von Mises stress peaks beneath
the surface, as in a typical Hertzian field; yielding is there-
fore initiated in the subsurface, and the maximum plastic
strain likewise lies below the surface. On unloading, the plas-
tically deformed zone, constrained by the surrounding elas-
tic material, cannot fully recover and therefore develops a
self-equilibrating residual-stress field (the eigenstrain mech-
anism): the larger the magnitude and gradient of the plas-
tic strain, the stronger the surrounding constraint and the
higher the compressive residual stress. The surface compres-
sive stress falls slightly below the subsurface peak because
(i) the traction-free condition of the free surface partially
relaxes the near-surface plastic strain, weakening the con-
straint, and (ii) work hardening raises the flow strength of
the near-surface material. Outside the plastic zone, the mate-
rial deforms purely elastically and recovers fully on unload-
ing, and so the compressive residual stress decays rapidly to
the base material level near the plastic zone boundary. The
inflection point of the measured residual-stress profile coin-
cides closely with the finite-element (FE)-predicted plastic
zone boundary, further corroborating the reliability of the FE
simulation.

The compressive stress in the near-surface region is
slightly lower than the peak value in the subsurface layer. The
surface acts as a free boundary with no material constraint
on the outer side; moreover, during rolling, the near-surface
material undergoes intense plastic flow, and part of the in-
ternal stress is relaxed through dislocation slip and grain ro-
tation. Consequently, the compressive stress at the surface
does not reach its maximum. At a certain depth below the
surface, a continuous band of high-amplitude compressive
stress forms. At this depth, the material undergoes the great-
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est plastic deformation while being strongly constrained by
the surrounding elastic material; during unloading, the sur-
rounding elastic material tends to recover its deformation but
is impeded by the plastically deformed subsurface layer so
that a peak in residual compressive stress forms. This region
constitutes the core strengthening layer, which suppresses the
steady-state propagation of fatigue cracks and effectively re-
duces the stress intensity factor at the crack tip. With fur-
ther increases in depth, the residual compressive stress de-
creases approximately monotonically; beyond a certain depth
it vanishes completely, and the stress deep in the interior ap-
proaches zero, remaining essentially unaffected by rolling.
This distribution conforms to the principle of mechanical
self-equilibrium: the residual compressive stress introduced
in the surface layer is balanced by weak tensile stress in the
interior. Since the thickness of the strengthened layer is much
smaller than the overall dimensions of the workpiece, the
magnitude of this balancing tensile stress is extremely low
and does not adversely affect the overall mechanical proper-
ties of the material.

The typical distribution characteristics described above
confirm that mechanical rolling can introduce a residual
compressive-stress field of high magnitude and substantial
depth into the surface layer of the journal, with the peak
compressive stress located in the subsurface layer. This re-
gion precisely coincides with the primary zone of steady-
state crack propagation following fatigue crack initiation.
The induced residual compressive-stress field is therefore ex-
pected to be beneficial for the fatigue performance of the
workpiece; however, no direct fatigue testing was conducted
in the present study. At the same time, the uniform distri-
bution of axial stress ensures consistency in the strengthen-
ing effect across the entire length of the journal, providing a
stress foundation for the long-term operational reliability of
the gear. This typical distribution also serves as a reference
for subsequent analyses of the influence of process parame-
ters and for parametric modeling.

3.2 Effect of individual process parameters on residual
stress

To isolate the individual effect of each process parameter,
single-factor experiments are conducted using the controlled-
variable method, in which the remaining parameters are held
constant at their intermediate reference values. Three key
parameters, rolling depth, feed rate, and workpiece rota-
tional speed, are examined in terms of two evaluation met-
rics, namely the surface residual compressive stress and the
compressive-stress layer depth, thereby identifying the effec-
tive range of each parameter and the associated plastic satu-
ration effect.

https://doi.org/10.5194/ms-17-1039-2026
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Figure 5. Contour plot of residual-stress distribution across a cross-
section under standard process parameters. (a) Residual stress. (b)
Equivalent strain. (¢) Variation curve.

3.2.1 Analysis of the effects of rolling depth

With the workpiece rotational speed held at 600 rmin~! and

the feed rate at 0.05mmr~!, five rolling depths (0.05, 0.07,
0.10, 0.15, and 0.20mm) are selected to examine the in-
fluence of rolling depth on the residual-stress field. The
through-depth distributions of residual stress for the five
rolling depths, together with the relationships of rolling depth
to the surface residual stress and the compressive-stress layer
depth, are presented in Figs. 68, respectively.

As shown in Fig. 6, the residual-stress distributions ex-
hibit a consistent pattern across all rolling depths: the resid-
ual compressive stress at the outermost surface is mod-
erate; as the depth increases, its magnitude rises continu-
ously, reaching a peak in the subsurface layer at a depth
of 0.2-0.4 mm; beyond the peak, the compressive stress de-
cays gradually, approaching zero at approximately 0.8 mm;
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Figure 6. Stress—depth curves at different depths.
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Figure 7. Effect of rolling depth on residual stresses in surfaces.

and at depths greater than about 1.5 mm, the stress becomes
tensile, stabilizing at 100—180 MPa so as to equilibrate the
compressive-stress field induced by plastic deformation in
the surface layer. With increasing rolling depth, the entire
stress profile shifts towards more negative values, the peak
subsurface compressive stress increases in magnitude, and
the compressive-stress layer deepens continuously, indicat-
ing that a greater rolling depth effectively increases the extent
of plastic deformation in the surface layer.

As shown in Fig. 7, at a rolling depth of 0.05 mm, the sur-
face residual compressive stress is only —430.96 MPa. In this
case, the shallow radial penetration of the roller results in
insufficient plastic flow of the surface metal, limited dislo-
cation multiplication and grain refinement, and a weak con-
straint effect upon unloading and springback, yielding only
a low-magnitude residual compressive stress. As the rolling
depth increases from 0.05 to 0.10 mm, the surface residual
compressive stress rises continuously, reaching a maximum
of —592.93MPa at 0.10 mm. At this stage, the increased
rolling depth directly enlarges the contact pressure and con-
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Figure 8. Effect of rolling depth on the depth of the stress layer.

tact area between the roller and the workpiece; extensive irre-
versible plastic slip occurs in the surface metal; the degree of
lattice distortion increases markedly; and the constraining ef-
fect of the subsurface elastic material on the deformed layer
is progressively strengthened, macroscopically manifested
as a continuous increase in the magnitude of the surface
residual compressive stress. When the rolling depth exceeds
0.10 mm, the magnitude of the surface residual compressive
stress declines slightly, measuring —563.60 MPa at 0.15 mm
and —515.36 MPa at 0.20 mm. When the rolling depth is ex-
cessive, severe plastic flow occurs in the surface metal, lead-
ing to localized tearing and metal bulging in the surface mi-
crostructure. The stress relaxation induced by such excessive
surface plastic deformation partially offsets the gain in resid-
ual compressive stress. Moreover, the increased through-
thickness gradient of plastic strain within the strengthened
layer induces a slight redistribution of the self-equilibrating
stress field between the work-hardened layer and the under-
lying base material, which further reduces the magnitude of
the retained compressive stress.

As shown by the compressive-stress-layer depth curve
in Fig. 8, the strengthened layer depth increases rapidly
at first and then grows more slowly and eventually ap-
proaches saturation as the rolling depth increases. At a rolling
depth of 0.05 mm, the compressive-stress layer depth is only
0.5594 mm; within the range of 0.05-0.15 mm, it increases
approximately linearly, reaching 0.8591 mm at 0.15 mm;
when the rolling depth is further increased to 0.20 mm, the
layer depth rises only marginally to 0.8764 mm, an incre-
ment of less than 0.02 mm, indicating that the plastic defor-
mation has reached saturation. Owing to the strong constraint
of the deep base material, the rolling load cannot be effec-
tively transmitted further into the bulk; consequently, further
increasing the radial indentation depth cannot continuously
extend the influence zone of the residual compressive stress.
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Figure 9. Curves showing stress variation with depth at different
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Figure 10. Effect of workpiece rotational speed on surface residual
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3.2.2 Analysis of the effect of workpiece rotational
speed

With the rolling depth fixed at 0.10 mm and the feed rate
at 0.05mmr—!, single-factor experiments are performed at
five workpiece rotational speeds (120, 360, 600, 720, and
840 mmr~!) to investigate the influence of rotational speed
on the residual stress distribution, the surface stress mag-
nitude, and the compressive-stress layer depth. The corre-
sponding results are presented in Figs. 9—11. As shown by the
through-depth residual stress distributions in Fig. 9, the over-
all distribution profile remains essentially consistent across
the different rotational speeds, with a distinct compressive-
stress peak in the subsurface layer. With increasing rotational
speed, however, the entire stress profile shifts progressively
towards more negative values, and the magnitude of the peak
compressive stress increases accordingly.

At lower rotational speeds, the roller dwells longer at each
circumferential position, producing a steeper localized spa-
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Figure 11. Effect of workpiece rotational speed on stress layer
depth.

tial gradient of plastic strain. This steep gradient in turn pro-
motes cyclic plasticity and elastic shakedown of the surface
layer under repeated rolling passes, thereby relaxing part of
the induced residual compressive stress. As the rotational
speed increases, the contact duration is shortened, and the
spatial gradient of plastic strain is markedly reduced so that
the residual compressive stress induced by plastic deforma-
tion is more fully retained (Zhao and Zhao, 2026). In the
low-speed range, the rotational speed exerts a relatively mi-
nor influence on the surface stress, with a variation of less
than 20 MPa; in the medium-to-high-speed range, the magni-
tude of the surface compressive stress increases markedly as
the elevated rotational speed increasingly suppresses cyclic
plasticity under repeated rolling passes. When the rota-
tional speed exceeds 720rmin’1, however, the relative slid-
ing speed between the workpiece and the roller becomes ex-
cessive, intensifying localized micro-slip and causing slight
frictional damage to the surface layer, which leads to a
marginal decay of the residual compressive stress. As shown
in Fig. 10, at a workpiece rotational speed of 120 rmin~!, the
surface residual compressive stress is only —560.62 MPa; it
rises slightly to —578.46 MPa at 360 rmin~! and reaches its
maximum of —609.73 MPa at 720 rmin—!; a further increase
to 840 rmin~! results in a slight decrease to —607.70 MPa.
At low rotational speeds, the residual compressive stress gen-
erated by plastic deformation in the subsurface layer un-
dergoes relaxation, reducing the thickness of the effective
strengthened layer. A moderate increase in rotational speed
alleviates the local temperature rise, allows the rolling load
to be transmitted more fully into the subsurface layer, and
broadens the plastic-deformation zone. At excessively high
rotational speeds, however, the roller—workpiece contact time
becomes insufficient for the plastic deformation to fully de-
velop within a single pass so that the strengthened layer
thickness decreases slightly.
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As shown in Fig. 11, the compressive-stress layer depth
is only 0.67417 mm at 120 rmin’l; it then increases mono-
tonically with rotational speed, reaching a maximum of
0.74384mm at 720rmin~! before decreasing slightly to
0.73417 mm at 840 rmin~'. Comparing the changes induced
by rolling depth and by workpiece rotational speed reveals
that the latter has a weaker influence on the residual stress
than the former because rotational speed regulates plastic
deformation only indirectly, through the contact duration
and the process-induced temperature rise. Considering both
the strengthening effectiveness and the processing stabil-
ity, the optimal workpiece rotational speed range is 600—
720 rmin~!, within which a high surface residual compres-
sive stress and a deep strengthened layer can be achieved.

3.2.3 Analysis of the effects of feed rate

With the rolling depth fixed at 0.10 mm and the workpiece ro-
tational speed at 360 rmin~', single-factor experiments are
performed at five feed rates (0.01, 0.03, 0.05, 0.07, and
0.10mmr~!) to investigate the influence of the axial feed
rate on the residual-stress field. The resulting through-depth
residual-stress distributions, together with the variations in
the surface residual stress and the compressive-stress layer
depth, are presented in Figs. 12—14, respectively.

As shown in Fig. 12, the feed rate directly determines the
overlap ratio of adjacent axial rolling tracks, thereby gov-
erning the extent of plastic deformation accumulated in the
surface layer. At lower feed rates, the overlap between adja-
cent tracks increases so that each surface location is rolled
repeatedly, which promotes sufficient accumulation of plas-
tic deformation and shifts the stress profile further towards
negative values. As the feed rate increases, the degree of track
overlap diminishes; the number of rolling passes over a given
local region becomes insufficient, the extent of plastic de-
formation is reduced, and both the peak compressive stress
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and the surface compressive stress decrease accordingly. At
low feed rates, however, the roller repeatedly passes over
the same region, causing continuous accumulation of pro-
cess heat in the surface layer; the resulting cyclic plasticity
under repeated rolling passes then partially relaxes the resid-
ual compressive stress, leading to a lower compressive-stress
magnitude. At feed rates of 0.05-0.07 mmr~!, the track over-
lap is moderate, the process temperature rise remains con-
trollable, and the accumulation of plastic deformation is op-
timal so that the surface residual compressive stress reaches
its maximum.

When the feed rate exceeds 0.07 mmr~!, pronounced gaps
emerge between adjacent axial rolling tracks; some regions
experience only a single rolling pass or are not fully com-
pressed, resulting in insufficient plastic deformation and a
marked decay of the surface residual compressive stress. A
quantitative analysis of the surface residual stress variation is
presented in Fig. 13. At a feed rate of 0.01 mmr~!, the sur-
face residual compressive stress is only —523.72 MPa; as the
feed rate increases from 0.01 to 0.07 mmr~!, its magnitude
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Table 7. Response surface experiment factors and level coding.

Factor level A rolling depth B workpiece speed  C feed rate

[mm] [rmin—!] [mmr—!]

—« 0.05 120 0.01

-1 0.07 360 0.03

0 0.1 600 0.05

1 0.15 720 0.07

+o 0.2 840 0.1

Table 8. Design matrix and response values.
No. Factor level ‘ Evaluation criteria

Rolling depth  Workpiece speed  Feed rate | Residual stress  Stress depth
[mm] [r min_l] [mmr— 1] [MPa] [mm)]
1 0.10 600 0.01 —522.274 0.68257
2 0.15 720 0.07 —592.495 0.85847
3 0.10 600 0.05 —569.16 0.71923
4 0.10 600 0.10 —551.02 0.670346
5 0.10 600 0.05 —569.16 0.71923
6 0.15 720 0.03 —566.584 0.79425
7 0.10 840 0.05 —553.027 0.714167
8 0.07 300 0.07 —502.994 0.634358
9 0.15 300 0.07 —583.953 0.81687
10 0.07 300 0.03 —479.562 0.59422
11 0.07 720 0.03 —489.284 0.63785
12 0.10 600 0.05 —569.16 0.71923
13 0.15 300 0.03 —571.995 0.74037
14 0.10 120 0.05 —549.099 0.714167
15 0.05 600 0.05 —432.759 0.559401
16 0.07 720 0.07 —510.267 0.66872
17 0.20 600 0.05 —557.952 0.839102
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rises continuously, reaching a maximum of —613.29MPa
at 0.07mmrL; beyond 0.07 mmr— !, the surface com-
pressive stress decreases rapidly in magnitude, falling to
—540.59MPa at 0.10 mmr—!. At extremely low feed rates,
the temperature rise induced by repeated rolling weakens
the subsurface compressive stress, limiting the thickness of
the strengthened layer. At moderate feed rates, plastic defor-
mation accumulates uniformly, and the rolling load is trans-
mitted fully into the bulk material, yielding the maximum
compressive-stress layer depth. At high feed rates, the ax-
ial rolling coverage becomes non-uniform, and plastic defor-
mation is confined to an extremely thin surface layer, sig-
nificantly reducing the compressive-stress layer depth. As
shown in Fig. 14, the compressive-stress layer depth is only
0.63091 mm at a feed rate of 0.01 mmr!; it increases to a
peak of 0.71923 mm at 0.05 mmr~! and then decreases grad-
ually to 0.68035 mm as the feed rate rises to 0.10mmr~—".
Considering both the surface residual-stress magnitude and
the compressive-stress layer depth, the optimal feed rate
range is 0.05-0.07 mmr~!: an excessively low feed rate pro-
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longs the processing time and intensifies the cyclic plastic-
ity induced by repeated rolling passes, whereas an exces-
sively high feed rate causes non-uniform axial hardening and
substantially reduces the overall residual compressive-stress
level.

3.2.4 Comprehensive comparison of individual process
parameters and summary of patterns

A comparison of the maximum variations in the surface
residual stress and the compressive-stress layer depth across
the three single-factor experiments indicates that the influ-
ence of the three process parameters on the residual-stress
field decreases in the following order: rolling depth > feed
rate > workpiece rotational speed. The single-factor exper-
iments quantify the individual influence of each parame-
ter and identify the corresponding processing thresholds,
thereby avoiding two types of undesirable processing sce-
narios: first, insufficient parameter levels, which lead to in-
adequate plastic deformation and a low level of residual
compressive stress, and, second, excessive parameter levels,
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Table 9. Comparison of regression model fitting accuracy.
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Response value  Coefficient of  Linear Three-factor Quadratic
determination model interaction model model
Residual stress ~ R2 0.5902 0.5962 0.9745
Rgdj 0.4956 0.3540 0.9417
2
Rpred 0.2664 0.1415 0.7361
Stress depth R? 0.8655 0.8345 0.9666
Rgdj 0.8345 0.8130 0.9236
2
Rpred 0.7174 0.6237 0.6946
Table 10. Analysis of variance for response surface regression models.
Response value  Signal-to-noise  Coefficient F P
ratio  of variation
Residual stress 10.45 1.94 29.70 < 0.0001
Stress depth 15.6139 322 22.49 0.0002

which induce surface over-extrusion, excessive cyclic plas-
ticity under repeated rolling passes, and non-uniform rolling,
all of which weaken the strengthening effect on the gear jour-
nal. Moreover, the parameter ranges identified here provide a
rational basis for the subsequent response surface methodol-
ogy based on the central composite design (CCD), which is
used to develop multi-factor coupling and predictive models
for residual stress, effectively narrowing the sample space of
the multi-factor experiments and improving the fitting accu-
racy of the resulting parametric models.

3.3 Effect of individual process parameters on residual
stress

The rolling depth, feed rate, and workpiece rotational speed
are taken as the input factors, each at five levels. Based on
the single-factor experimental results, the effective ranges of
the three parameters are determined as 0.05-0.20 mm for the
rolling depth, 0.01-0.10 mmr~! for the feed rate, and 120—
840rmin~! for the workpiece rotational speed. The corre-
sponding coded levels are listed in Table 7. The surface resid-
ual compressive stress and the compressive-stress layer depth
are taken as the response variables.

A CCD is employed in this study, comprising 14 factorial
runs and 3 center-point replicates. A finite-element model is
established for each parameter combination to perform the
corresponding numerical simulations. The factor settings and
corresponding response values for each experimental run are
listed in Table 8.

Based on the data in Table 8, regression models are devel-
oped to relate the two responses, the surface residual com-
pressive stress and the compressive-stress layer depth, to
the rolling depth, feed rate, and workpiece rotational speed.

Mech. Sci., 17, 1039-1059, 2026

Three candidate models are considered: a linear model, a
two-factor-interaction (2FI) model, and a quadratic model.
The fitting accuracy of the three models is evaluated, and the
results are summarized in Table 9.

A comparison of the model statistics in Table 9 indicates
that the quadratic model provides the best fit; it is therefore
adopted for the regression analysis of the experimental data,
yielding a mathematical model relating each response vari-
able to the coded values of the process parameters. The gen-
eral form of the model is expressed as follows:

1

3 3003
BiXi+Y Y BijXiXj+e, (28)
=1

i=1 j=i+1

3
Y =Bo+) BiXi+
i=1

where Y represents the response, By is the constant term, f;
is the coefficient of the linear term, §;; is the coefficient of
the quadratic term, f;; is the coefficient of the interaction
term, and ¢ is the random error. The coefficients of each term
were estimated using the least-squares method, and insignifi-
cant terms were eliminated through stepwise regression, ulti-
mately yielding the simplified regression equations for each
response.

o0 =—592.86—49.11A — 6.61B — 13.54C

—2.49AB +2.70AC —4.36BC + 93.64A> (29)
+15.28 B 4+ 31.89C?

d =0.8246 4 0.0929 A4 + 0.0060 B + 0.0069A B
+0.0350AC —0.0151 BC — 0.0440A° (30)

+0.0029B% — 0.0410C?

From the regression coefficients, the absolute value of the
linear coefficient A is the largest, indicating that the rolling
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Figure 15. Residual analysis and actual-versus-predicted comparisons: (a) residual analysis (residual stress), (b) actual versus predicted val-
ues (residual stress), (c) residual analysis (depth of the strengthened layer), and (d) actual versus predicted values (depth of the strengthened

layer).

depth exerts the dominant influence on the response values.
The interaction terms AB and AC are significant, demon-
strating pronounced coupling effects between the rolling
depth and the feed rate (A B), as well as between the rolling
depth and the workpiece rotational speed (AC). The signif-
icance of the quadratic terms indicates that the responses
exhibit nonlinear behavior with varying process parameters,

https://doi.org/10.5194/ms-17-1039-2026

which is consistent with the plastic saturation pattern ob-
served in the single-factor experiments.

A complete set of statistical metrics — R2, adjusted R2,
and predicted R*> — has now been provided for the two re-
sponse variables (residual stress and depth of the strength-
ened layer). In addition, residual diagnostic plots, including
a normal probability plot of the residuals and a plot of resid-

Mech. Sci., 17, 1039-1059, 2026
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Table 11. Model accuracy validation results.
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Verification points A B C  Indicators Forecast  Test values  Relative
[mm] [rmin_l] [mm r_l] value error [%]
1 0.15 600 0.05 Surface residual stress [MPa] —597.649 —563.5043 5.7132
Stress depth [mm] 0.6377 0.59936 6.0122
2 0.1 360 0.05  Surface residual stress [MPa] —560.62 —578.4636 3.1828
Stress depth [mm] 0.7099 0.69417 2.216
3 0.1 600 0.03  Surface residual stress [MPa] —545.4  —558.6645 2.4321
Stress depth [mm)] 0.6821 0.66348 2.7298
Table 12. Candidate solutions and overall expected value in multi-objective optimization.
No. A B C Surface residual ~ Stress depth D value
[mm] [r min_l] [mmr_l] stress [MPa] [mm)]

1 0.147  590.847 0.066 —601.589 0.822 0.8838333

2 0.147  591.127 0.066 —601.589 0.822 0.8838319

3 0.147  590.519 0.066 —601.590 0.821 0.8838313

4 0.147  590.909 0.066 —601.587 0.822 0.8838230

5 0.147  591.556 0.066 —601.587 0.822 0.8838197

6 0.147  589.994 0.066 —601.592 0.821 0.8838185

7 0.147  590.846 0.066 —601.584 0.822 0.8838162

8 0.147  590.507 0.066 —601.586 0.822 0.8838092

9 0.146  589.328 0.065 —601.644 0.820 0.8811345

10 0.148  606.267 0.067 —601.306 0.826 0.8650554

uals versus fitted values, are provided in the Supplement, as
shown in Fig. 15. The goodness of fit of a regression model is
commonly assessed using three metrics: the coefficient of de-
termination (R2), adjusted R?, and predicted R%. R? and ad-
justed R? generally range from 0 to 1; the closer these values
are to 1 and the smaller the discrepancy between the adjusted
R? and the predicted R?, the better the regression model fits
the experimental data.

Analysis of variance (ANOVA) is performed on the two re-
gression models, and the results are summarized in Table 10.
As shown in the table, the F values of the models are 29.70
and 22.49, respectively, with corresponding p values all be-
low 0.01, indicating that the regression models are highly sig-
nificant and that the differences among the process parame-
ters are statistically significant. The coefficients of variation
are all below 5 %, well within the 10 % acceptance criterion,
indicating good data stability. Moreover, the signal-to-noise
ratios are all well above 4, confirming that the models pos-
sess adequate precision. These results demonstrate that the
models are statistically reliable.

To comprehensively evaluate the predictive reliability of
the parametric model under practical operating conditions,
three sets of process parameter combinations are randomly
selected within the CCD design space, distinct from those
used in the regression modeling, and are employed in supple-
mentary validation experiments. The relative errors between

Mech. Sci., 17, 1039-1059, 2026

the predicted and measured values are calculated, and the val-
idation results are presented in Table 11.

The results show that the maximum relative error be-
tween the predicted and experimentally measured surface
residual compressive stresses is 5.71 %, while that of the
compressive-stress layer depth is 6.01 %. Both errors are well
below 10 %, satisfying the prediction accuracy requirement
and confirming that the established parametric models can re-
liably predict the residual stress characteristics of 30CrMoA
gear journals under various rolling-process conditions.

3.4 Multi-objective process optimization and
experimental validation

To improve the surface integrity of journal surfaces by
rolling, a multi-objective optimization is performed on the
basis of the response surface models developed above, fol-
lowing the methodology of He et al. (2025), to determine the
optimal combination of process parameters; the reliability of
the optimization results is subsequently verified through con-
firmation experiments. Taking the maximization of the sur-
face residual compressive stress and the compressive-stress
layer depth as the objectives, the desirability function ap-
proach (DFA) is employed to obtain the optimal process pa-
rameter combination.

https://doi.org/10.5194/ms-17-1039-2026
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Using the built-in optimization module of Design-Expert
software, the overall desirability value D is calculated for
each candidate combination, and the ten solutions with the
highest D values are selected. To avoid the arbitrariness as-
sociated with relying on a single optimal solution, the fea-
sibility of the process parameters and the capabilities of the
equipment are comprehensively considered. The final opti-
mal combination of process parameters is presented in Ta-
ble 12.

Based on the composite desirability (D) and process fea-
sibility, group 1 is selected as the optimal process condition:
a rolling depth of 0.147 mm, a feed rate of 0.066 mmr!,
and a workpiece rotational speed of 590 rmin~!. Under this
parameter combination, the model predicts a surface residual
compressive stress of —601.59 MPa and a compressive-stress
layer depth of 0.822 mm. All individual objectives satisfy the
constraint requirements, and the overall desirability reaches
0.884.

To verify the reliability of the multi-objective optimiza-
tion results under practical operating conditions, experiments
are conducted using the optimal process parameters, and
the measured data are compared with the model predic-
tions. The comparison between the predicted and experi-
mental results is presented in Figs. 16 and 17. The pre-
dicted results are in excellent agreement with the experi-
mental measurements across all investigated process param-
eters. For the three single-factor experimental sets, namely
rolling depth, workpiece rotational speed, and feed rate, the
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mean relative deviations in predicted surface residual stress
are 6.42 %, 7.67 %, and 6.06 %, respectively, while those
for compressive-stress layer depth are 4.33 %, 7.57 %, and
4.94 %, respectively. Since all relative deviations remain be-
low 8.0 %, the model demonstrates satisfactory predictive
accuracy for both surface residual stress and compressive-
stress layer depth. Moreover, the simulation results faith-
fully reproduce the evolution trends of residual stress with
varying process parameters, showing good consistency with
the experimental observations. To comprehensively evaluate
the overall improvement in journal surface integrity achieved
through process optimization and to further elucidate the mi-
crostructural evolution at different depths below the surface
under the optimal process parameters, the corresponding re-
sults are presented in Fig. 18. The mechanistic interpretation
is grounded in mutually corroborating indirect evidence, in-
cluding the measured microhardness gradient, the residual
stress distribution, and the plastic flow features observed ex-
perimentally. Given the well-established correlation among
process parameters, plastic flow, work hardening, and mi-
crostructure evolution under severe plastic-deformation con-
ditions (Ni et al., 2025), this interpretation rests on a sound
methodological basis.

As the rolling depth increases, the surface grains un-
dergo significant plastic flow along the rolling direction. At
a rolling depth of 0.05mm, the surface grains are slightly
elongated, the deformation layer remains thin, and the grain
boundaries are still clearly discernible. When the rolling

Mech. Sci., 17, 1039-1059, 2026
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Figure 18. Internal microstructure under different rolling-process parameters: (a) initial state, (b) 0.05 mm, (c¢) 0.1 mm, (d) 0.15 mm,

(e) 0.2 mm, (f) 0.147 mm—590 rmin—!-0.06 mmr~!

depth increases to 0.10 mm, the grain deformation intensi-
fies: the original equiaxed grains transform into a fibrous
microstructure, accompanied by a pronounced increase in
the deformation layer thickness. Upon further increasing
the rolling depth to 0.15mm, the surface grains become
markedly flattened and elongated, the flow line structure be-
comes increasingly dense, and some grain boundaries are
disrupted, giving rise to numerous subgrains and dislocation
cells. At a rolling depth of 0.20 mm, the deformation layer
continues to thicken; however, noticeable plastic pile-up and
micro-wrinkling emerge on the surface. Although grain re-
finement is further enhanced, the deformation uniformity de-
teriorates somewhat.

Figure 18f presents the surface microstructure obtained
under the optimal combination of process parameters. It can
be observed that the grains are finer and that the deformation
is more uniform under these conditions, while the deforma-
tion layer is also thicker; both the degree of grain refinement
and the deformation uniformity are superior to those of the
single-factor experimental groups. Compared with Fig. 18d,
the deformation layer of the optimal group is denser and
more uniform, with no evident localized accumulation or
non-uniform deformation. This indicates that, under the syn-
ergistic action of a relatively large rolling depth, a moderate
rotational speed, and a moderate feed rate, the surface layer
of the material undergoes sufficient and uniform plastic de-
formation, thereby producing the most favorable grain refine-
ment.

4 Conclusion

1. Mechanical rolling induces a stable residual
compressive-stress field with a characteristic gra-
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dient distribution in the surface layer of the 30CrMoA
gear journal. The peak residual compressive stress lies
approximately 0.20 mm beneath the surface, reaching
a magnitude of over 800 MPa. The compressive stress
in the surface layer ranges from 400 to 600 MPa,
slightly below the peak value, whereas the deeper base
material exhibits a weak balancing tensile stress of
approximately 100—180 MPa. This stress configuration
provides an effective barrier against fatigue crack
initiation and steady-state propagation.

. Single-factor experiments reveal that the influence

of the three process parameters on the residual-
stress field decreases in the following order: rolling
depth > feed rate > workpiece rotational speed. Increas-
ing the rolling depth significantly enhances both the
compressive-stress magnitude and the compressive-
stress layer depth; however, once the rolling depth ex-
ceeds 0.10 mm, plastic saturation sets in, and repeated
rolling passes intensify the cyclic plasticity in the sur-
face layer, resulting in a slight decline in the stress mag-
nitude. The workpiece rotational speed and feed rate
exhibit optimal ranges of 600-720rmin~! and 0.05-
0.07mmr~!, respectively; values outside these ranges
weaken the strengthening effect owing to the excessive
spatial gradient of plastic strain or non-uniform rolling
coverage.

. The quadratic regression models for the residual stress

and the compressive-stress layer depth, established us-
ing the response surface methodology based on the cen-
tral composite design (CCD), are demonstrated by anal-
ysis of variance to be highly significant (p < 0.01), with
signal-to-noise ratios greater than 4 and coefficients of
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variation below 5 %. Validation tests show that the max-
imum relative errors in predicting the surface resid-
ual stress and the compressive-stress layer depth are
5.71 % and 6.01 %, respectively, both well below 10 %,
confirming that the parametric models can accurately
predict the residual-stress characteristics under various
rolling conditions.

4. The optimal combination of process parameters de-
termined through multi-objective optimization con-
sists of a rolling depth of 0.147 mm, a feed rate of
0.066mmr~', and a workpiece rotational speed of
590 rmin~—!. Under these conditions, the model predicts
a surface residual compressive stress of —601.59 MPa
and a compressive-stress layer depth of 0.822 mm. Mi-
crostructural observations reveal that the surface layer
undergoes uniform grain refinement and develops a
dense deformation layer under the optimal process pa-
rameters, achieving a well-balanced combination of a
high surface compressive stress and a deep strengthened
layer, thus validating the reliability and effectiveness of
the optimization results.
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