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Abstract: The proposed review demonstrates the effect of the surface modification process, specifically,
deep rolling, on the material surface/near-surface properties of commercial steels. The present
research examines the various process parameters involved in deep rolling and their effects on the
material properties of AISI 1040 steel. Key parameters such as the rolling force, feed rate, number
of passes, and roller geometry are analyzed in detail, considering their influence on residual stress
distribution, surface hardness, and microstructural alterations. Additionally, the impact of deep
rolling on the fatigue life, wear resistance, and corrosion behavior of AISI 1040 steel is discussed.
Engineering components manufactured by AISI 1040 steel can perform better and last longer when
deep rolling treatments are optimized with an understanding of how process variables and material
responses interact. This review provides critical insights for researchers and practitioners interested
in harnessing deep rolling techniques to enhance the mechanical strength and durability of steel
components across diverse industrial settings. In summary, the valuable insights provided by this
review pave the way for continued advancements in deep rolling techniques, ultimately contributing
to the development of more durable, reliable, and high-performance steel components in diverse
industrial applications. The establishment of generalized standardizations for the deep rolling
process proves unfeasible because of the multitude of controlling parameters and their intricate
interactions. Thus, specific optimization studies tailored to the material of interest are imperative for
process standardization. The published literature on the characterization of surface and subsurface
properties of deep-rolled AISI 1040 steel, as well as process parameter optimization, remains limited.
Additionally, numerical, analytical, and statistical studies and the role of ANN are limited compared
with experimental work on the deep rolling process.

Keywords: deep rolling; AISI 1040 steel; heat treatment; surface treatment; microstructure

1. Introduction

The influence of surface imperfections and surface/near-surface properties are crucial
in the strength degradation and failure of engineering components or materials, especially
at elevated temperatures. Surface/subsurface modifications can enhance the cyclic per-
formance of components or materials primarily by increasing the surface yield strength,
which attenuates fatigue crack nucleation and propagation [1]. To achieve these goals,
surface/subsurface properties like surface finish, topography, hardness, and microstruc-
ture are altered and compressive residual stresses (CRSs) and work/strain hardening
are induced through surface treatments based on surface heat treating (e.g., carburizing,
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carbonitriding, laser/induction hardening), surface plastic deformation (e.g., peening, bur-
nishing, deep rolling), or surface alloy modification (e.g., surface mechanical attrition, ion
implantation, laser cladding, chemical or physical vapor deposition). However, to com-
prehend the maximum enhancement in fatigue performance, the processing parameters
of the assumed surface alteration methods must be cautiously controlled in correspon-
dence with the material of interest to nullify any undesirable effects (e.g., microcracks,
unfavorable microstructure, non-homogeneity in induced CRS/cold work, etc.) during
manufacture [1-3].

1.1. The Need for a Comprehensive Review of the Deep Rolling Technigue

Fatigue of engineering structures/components, especially those experiencing frequent
cyclic loads, is a common mode of failure that accounts for about 80-90% of all failures [2].
Practically, most of the failures that arise in industries initiate at the surface because of
surface imperfections [3]. The industrial design requirements of engineering domains
like aerospace (engine parts, turbine blades, structural components), automobile (shafts,
bearings, gears, cams, valves, springs), power generation (turbine parts, pressure vessels,
impellers, reactors), die and tool making (molds, forging and blanking tools, punches),
biomedical (implants), etc., demand significantly improved fatigue performance without
compromising with the design or load carrying capacity. The materials frequently used in
these industries exhibit limited endurance with faster degradation of strength at higher
cyclic amplitudes and elevated temperatures. Mechanical surface treatment/s (MST/s)
is known to be the most viable option to enhance the fatigue performance of materials
through altered surface/near surface properties with cost-effective and reduced process
time benefits [4—6]. There have been consistent efforts by the research community in
developing MSTs, optimizing the process parameters, and studying their effect on mate-
rials/components with an objective to achieve improved in-service performance [7-11].
However, it should be noted that the improvement in fatigue performance and surface
properties are largely governed by the type and state of the material, the type of MST, and
the process parameters.

Specifically, deep rolling is identified as the most viable MST owing to simple operation
and tools, lower cost, and the highest level of beneficial surface properties when compared
with contemporary techniques [12-14]. It is the most effective commercially available
method used to enhance the fatigue performance of metallic materials owing to remarkable
improvement in surface finishes, significant compressive depth, directional stresses, and
work-hardened microstructures. However, standardizing the process is quite a challenging
aspect considering the highest degree of influence of processing parameters on the material
or component performance. Moreover, the type and initial condition of the material are
crucial in achieving desirable properties through deep rolling. This indicates that each
study is unique and necessitates the requirement of material-specific investigation with
optimized parameters [11-14].

1.2. Mechanical Surface Treatments

Surface plastic deformation techniques, or mechanical surface enhancement techniques
(MSETs), are recognized to be fast, clean, easy, and economical along with comparable
surface properties among the available options [15]. MST/s involve a physical interaction
between a tool and workpiece, which induces localized elastic—plastic deformations in the
surface/near surface regions. This renders characteristic alterations in surface properties,
which imparts strength and fatigue resistance to subsurface regions. However, the beneficial
effects of MST /s prevail only if the modified surface properties are stable under cyclic loads
and at elevated temperatures. A general classification of MST/s is presented in Figure 1,
which mainly depends on movement between the workpiece and tool. Relative movement
between the workpiece and tool comprises the burnishing and rolling process, whereas
no relative movement between the workpiece and tool comprises the different peening
process, as shown in Figure 1 [15,16].
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between workpiece and tool
— impulsive irregular

* Shot peening
* Warm peening
* Stress peening
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* Micro-shot peening
* Ultrasonic peening
* Cavitation peening
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* Hammer peening * Burnishing
* Ultrasonic impacting * Low plasticity
* Laser shock peening burnishing
* Water peening * Diamond burnishing
* Piezo peening * Deep rolling
* Vibro peening * Ultrasonic surface
rolling

Figure 1. Classification of mechanical surface treatment techniques adopted with ref. [15] Wiley, 2005
and reprinted with permission from ref. [16] PLOS ONE, Creative Commons Attribution License, 2015.

1.3. Deep Rolling

Deep rolling (DR), or alternatively, deep cold rolling (DCR), is a mechanical surface
treatment process adopted to convey a mirror finish to the surface and to induce a tailored
microstructure, beneficial residual stresses, and cold work on the metal surface and near-
surface regions with the help of a ball or roller end tool. The magnitude and stability of
the induced surface/subsurface modifications through DR play a crucial role in improving
the fatigue strength of a metal. It is an effective alternative to enhance the durability and
surface hardness of a metal along with reducing the notch effect caused by surface microc-
racks. Moreover, deep rolling eliminates the need for costly and time-consuming secondary
finishing processes such as polishing, grinding, plating, and surface heat treatments. It is a
cost-effective technique when compared with other commercially available surface treat-
ment techniques because of simpler tooling and processing on standard machines [17-20].
However, the use of this technique is limited to components with certain geometries or
shapes owing to its working principle, and it is not suitable for components having signifi-
cant variation in geometrical profiles, especially with thin walls and intricate areas with low
tool accessibility. The working principle of the DR process is illustrated in Figure 2 [18,19].
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Figure 2. (a) Working principles of the deep rolling process reprinted with permission from ref. [21]
ELSEVIER 2014 (b) Details of the tool and workpiece interaction adopted with ref. [22] SPRINGER 2016.

The specimen’s surface is rolled over by a ball or roller. The deep grooves or sharp
indentations on the surface are reduced by the ball’s rubbing action, improving the surface
finish. A plastic zone and a longitudinal groove are formed when the ball makes contact
with the workpiece surface. The surface and near-surface regions up to a defined depth are
plastically deformed, which encloses an elastically deformed core. Upon the separation of
the ball, the recovery of the elastic zone creates large residual compressive stress on the
surface. Significant compressive depth and cold work in about 1 mm (material-dependent)
and directional strength enhancement (rolling direction-dependent) can be achieved [14,15].
In general, the operation of deep rolling can be realized through two motions as follows:
(a) immersing or pressing the roller or ball (which is free to revolve about its own axis)
against the workpiece with a pre-determined force and (b) rotating workpiece on the
lengthwise axis (for cylindrical parts) or in-plane translations (for flat parts). The numerous
controlling parameters illustrated in Figure 3 show the deep rolling process and, conse-
quently, the near-surface properties [23]. Therefore, identifying the optimum combination
of these control parameters is crucial for achieving desirable surface property enhancement.

/ Process Parameters
DR Tool Parameters .
- Rolling pressure/force.
- Shape a.n'd size. - Feed rate.
B Geom'etncal acctf.racy. - Number of rolling passes.
- Material properties -  Workpiece and tool
(elastic behavior, hardness). . .
interaction (contact area,
- Surface roughness. L
. . friction).
-Type (mechanical/hydraulic/ | _ Operating temperature.
pneumatic).
- Tool tip DOFs.
Deep Rolling
Input Parameters
Workpiece
- Shape and size. —
- Geometrical accuracy. Miscellaneous Factors
- Material properties (elastic | - Machine drive and controls.
behavior, hardness, strength). - Machine vibration/stability.
- Surface roughness. - Coolant properties.
- Microstructure. - Environmental aspects.
-Material initial state.

Figure 3. Classification of deep rolling controlling parameters adopted with ref. [23] DAVID PUB-
LISHING 2015.
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1.4. Applications of Deep Rolling
1.4.1. Structural and General Applications

DR is most often used in industrial applications for those workpieces requiring en-
hanced properties paired with uncomplicated procedures at affordable costs. Specific
applications involve (Figure 4) welded joints of structures, tubes, and pressure vessels,
undercuts or stress-raising zones of parts, threaded parts, tension bolts, high-strength
fasteners, torsion bars, gear tooth, cylinder bores, roller and thrust bearing race, heat
exchanger tubes, and blanking punch fillets [24].

Structural and general applications of deep rolling |

* Welded joints ||

Under cuts * Internal and external threads ||+ Cylinder bores ||+ Tension bolts

Figure 4. Structural and general applications of deep rolling.

1.4.2. Applications in the Automobile and Marine Industries

Strongly loaded axis-symmetrical elements like axles, shafts, crankshafts, steering
knuckles, gears, valves, and similar propulsion and transmission system components are
often deep rolled. In particular, weight saving is a prominent requirement for automobile
components like steering wheels or propulsion systems, and hence, DR is efficiently used
in these applications [12]. Figure 4 demonstrates the DR operation on common automobile
components, and Figure 5 illustrates diesel marine engine crankshaft bearing surface deep

rolling [25].

| Applications in automobile and marine industry

Gear shaft | [« Cam | |+ Cylinderliner ||+ Connectingrod ||+ Tensionbolts | |+ Crank shaft

Figure 5. Deep rolling applications in the automobile and marine industries.

1.4.3. Applications in the Aerospace Industry

In aerospace applications, the major objective of designers is to minimize weight
without compromising strength. DR, which provides notable surface/subsurface properties,
is known to be the potential solution to achieve these objectives [12]. Typical examples
shown in Figure 6 include heavily loaded structural parts like bolts and struts, propulsion
parts like turbine discs, compressor rotor blades, transmission parts like landing gears,
military aircraft wheel rims, etc. [8,24].

Applications in aerospace industry

v

Aircraft shock strut + Wheel rim * Turbine disc + Compressor fan blade

Figure 6. Deep rolling applications in the aerospace industry.
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1.4.4. Applications in the Medical Industry

DR in the biomedical industry is mostly used for implant strengthening, which de-
mands absolute surface optimization paired with longer fatigue lives with high loads.
Typical examples include hip implants (Ti rods in total hip arthroplasty [26], components
of Morse taper junctions in modular hip arthroplasty [27]) and spinal cord implants. In
addition, elements of surgical tools that are cyclically treated under acidic and corrosive
conditions may be reinforced by deep rolling to enhance stress corrosion resistance [12].

1.5. AISI 1040 Steel Material

AISI 1040 steel is an unalloyed medium/plane carbon steel with decent hardenability
and mechanical properties. It is primarily utilized in as-bought untreated conditions for
general-purpose structural applications, mostly for those that require higher strength steel
when compared with mild steel while being cheaper than alloy steel. It exhibits good
strength and toughness with a moderate surface hardness. Most heat treatments can be
applied to AISI 1040 steel to adjust its physical and mechanical properties according to
the user’s requirements. In heat-treated form, it possesses homogeneous metallurgical
structures, giving consistent machining properties and can be flame/induction-hardened to
produce a good surface finish with moderate wear resistance (limited to sections of less than
63 mm). The material offers satisfactory corrosion resistance while exhibiting significant
yielding before failure, which warrants safety measures over catastrophic failure. However,
the material is not suitable for high shock loads as it shears under extreme conditions.
Table 1 indicates equivalent/comparable steel grades in various material standards, and
the chemical compositions and properties are listed in Tables 2 and 3 [28,29].

Table 1. Equivalent/comparable steel grades in various material standards.

AISI/SAE BS 970 BS 970 DIN
(ASTM A29)  1S(3517) (1955EN)  (1983/1991)  (100s3-1)  WVerkStoff — JIS(G4051)
1040 40C8 EN 8 080M40 C40 1.1186 S40C

Table 2. Chemical composition of AISI 1040 steel (in weight %).

Elements C Mn Si S P Cu Fe
Range 0.35-0.45 0.6-1.0 0.03-0.35 0.06 (max) 0.06 (max) 0.06 (max) balance
Standard 04 0.11 0.03 0.03 0.01 0.03 balance

Table 3. Properties of AISI 1040 steel (standard composition, cold-rolled).

Properties Parameters Metric Units
. . Density 7845 kg /m>
Physical Properties Melting point 1 521g0 C
Tensile strength 620 MPa
Yield strength 415 MPa
Elongation at fracture 25%
Reduction of area 50%
Elastic modulus 200 GPa
Bulk modulus 140 GPa
Mechanical Properties Shear modulus 80 GPa
Poison’s ratio 0.29
Hardness (BHN) 201
Hardness (HRB) 93
Hardness (HRC) 13
Hardness (HV) 211
Izod Impact (as-rolled) 49]

Coefficient of thermal expansion 11.3 um/°C

Thermal Properties Thermal conductivity 50.7 W/mK
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Applications of AISI 1040 Steel

AISI 1040 steel is used for applications that require better properties than mild steel
at a cost much less than alloy steels. The material finds wide applications in structural
and industrial sectors. The structural applications comprise steel cables, rods, tie wires,
foundation bolts and studs, washers, and plates. In industrial applications, it is often
considered for fabricating machines and their parts, carriage bolts, springs, and cylindrical
parts such as valves, pistons of hydraulic or pneumatic cylinders, pump shafts, bearing
bores, cold head parts, couplings, forgings, pressure vessels, oil rig parts, and mining
tools. In the automobile industry, the material is used for general-purpose axles and shafts,
crankshafts, keys, stressed pins, gears, tension bolts, cylinder head studs and springs, rails,
railway wheels, and rail axles. However, fatigue failure is the decisive factor in the service
life of these components, which makes the use of fatigue strength enhancement techniques
like deep rolling crucial for this material.

The present research examines the various process parameters involved in deep rolling
and their effects on the material properties of AISI 1040 steel. Key parameters such as rolling
force, feed rate, number of passes, and roller geometry are analyzed in detail, considering
their influence on the residual stress distribution and surface hardness. Additionally,
the impact of deep rolling on the fatigue life, wear resistance, and corrosion behavior of
AISI 1040 steel is discussed. The Artificial Neural Network (ANN) is a well-known method
used in many industrial fields. It is inspired by the neural structure of the human brain
and processes information through interactions among many neurons. To the best of
the authors’” knowledge, however, there has not been any attempt to specifically use an
ANN to anticipate deep rolling effects in publicly accessible studies and publications. In
conclusion, the establishment of generalized standardizations for the deep rolling process
proves unfeasible because of the multitude of controlling parameters and their intricate
interactions. Thus, specific optimization studies tailored to the material of interest are
imperative for process standardization.

2. Literature Review

In this section, a detailed review of the literature on the DR process and tooling is
presented. An effort was made to comprehend the DR process, identify the crucial process
parameters, optimization techniques, methodologies, effects of DR on material /component
performance, efficiency of DR when compared with other MSTs and/or relevant surface
treatment processes, etc. Furthermore, the literature on the design and development of DR
tools was reviewed to recognize various types of designs and mechanisms with specific
emphasis on identifying the tool design requirements.

2.1. The Deep Rolling Process

The literature available in the published domain highlights consistent efforts by the
research community in innovating, developing, and standardizing the DR process. Though
some of the literature practices the use of term burnishing, specifically low plasticity
burnishing (LPB) and deep rolling alternatively, owing to similar principles, there are
significant and reliable works that clearly differentiate the two based on their objective.
The primary objective of DR is to enhance fatigue life through significant cold work on the
surface /subsurface regions, which induces strain hardening and a higher depth of residual
stress profiles, while the burnishing process is primarily performed to ensure a smoother
surface finish and has little effect on fatigue life.

K. H. Kloos et al. [30] suggested that DR could be a potential alternative surface
treatment technique for enhancing material strength. Their study performed on 37CrS4
steel deep-rolled smooth and notched specimens indicated that DR fully nullifies the
notch effect when performed with optimized parameters. It was demonstrated that DR
substantially enhanced the material performance more than that attained through surface
hardness enhancement techniques like heat treatment, especially in the case of notched
specimens. This was attributed to the dominant effect of DR-induced CRS on retarding
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crack propagation in bending fatigue, which was absent for the latter. Moreover, the work
revealed that the rolling load could be the key parameter for defining the DR process and,
its optimization is crucial for realizing pertinent benefits. Hertzian contact theory and/or
von Mises distortion energy theory, which yields equivalent stress, was reported to be the
appropriate method for describing DR conditions.

D. Meyer and J. Kammler [31] acknowledged that mechanical energy-induced cold
surface hardening techniques, specifically DR, could be a sustainable alternative for heat
treatment-free surface modification. It was demonstrated that DR as a single process
enabled a work-hardened martensitic surface coupled with excellent surface finish in
metastable austenitic steels when compared with combined thermal treatment followed by
finishing operation. This was reported to be beneficial in reducing the process time along
with eliminating energy-consuming thermal treatment techniques resulting in faster and
efficient production of hardened steels.

I. Altenberger [12] reported superior surface finishes and higher fatigue lives for
several steels with DR over contemporary MSETs like shot peening (SP), ultrasonic shot
peening (USP), and similar performance as that of laser shock peening (LSP). However,
DR at an elevated temperature (at 350 °C) showed a more considerable improvement
in performance than LSP. Moreover, the case depth was comparable to that attained by
thermochemical treatments like nitriding. This shows DR is an extremely powerful tool
for enhancing the fatigue performance of several types of steel (SAE 1045, AISI 4140,
AISI 304, custom 450 stainless steel) through mechanical surface optimization. In addition,
the author marked the significance of DR on harder titanium alloys or lighter magnesium
alloys in enhancing the near-surface properties.

J. Scheil et al. [32] investigated the influence of hammer peening (HP) and DR process
parameters on the surface hardness of cast irons (EN-GJL-250 and EN-J52070), tool steel
(1.2379), and cast steel (GP4M) through experiments. Moreover, statistical techniques were
employed to establish an appropriate combination of process parameters for both HP
and DR processes, while additional FE simulations were performed for the latter. The FE
modeling was used to predict cold work through displacement and accumulated plastic
strain. Their findings showed that a direct comparison of HP and DR process parameters is
not conceivable. However, a higher degree of enhancement in material surface hardness
was reported with DR.

A. Klumpp et al. [10] presented a review of several MSETs and discussed the effect on
surface layer states of quenched and tempered AISI 4041 steels. From the discussions pre-
sented, DR appears to be the most viable option for ensuring the deeper penetration of CRS
and cold work with a remarkable surface finish for the considered material. However, their
investigation pointed out that the attained surface layer states were sensitive to variations
in process parameters. This allowed for only a certain degree of freedom, and each MSET
displayed specific individual limits with respect to achievable surface characteristics. The
effectiveness of MSETs was reported to be governed by process principles (impulsive, static,
etc.), process constraints (pressure, feed rate, speed, number of passes, etc.), the initial
state of the workpiece (hardness, geometry, roughness, etc.). and the ambient conditions
(temperature, etc.). They emphasized that the optimization of these characteristics and
their interactions is decisive for utilizing the process benefits to the maximum extent.

Similar studies involving assessing various MSETs (DR, SP, LSP, etc.) and their effect
on engineering materials (steels, Al alloys, Mg alloys, Ni alloy, Ti alloys) emphasize the
requirement of process optimization to ensure the greatest effect on surface/subsurface
characteristics [5-9,33]. It is important to note that each process has its own limitations. For
instance, processes like LSP can provide superior surface properties in certain materials (e.g.,
Ni alloys, Ti alloys, or some specific steels) over DR because of material-specific behavior.
However, DR, being the simplest of all, yields in par/superior results for most steels and
Al alloys when performed with optimized conditions. Nevertheless, the exact comparison
of MSETs is vastly arbitrary in nature owing to significant divergence in the principles
and varied responses of materials. These studies suggest application-specific adoption of
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appropriate MSET and recommend considering physical and mechanical characteristics
(microstructure, surface topology, hardness, CRS, and cold work) over the use of empirical
methods for process parameter optimization. This indicates that establishing universal
guidelines for ensuring optimized outcomes is challenging and represents a higher degree
of uncertainty involved in MST processes.

P. Juijerm et al. [34] and I. Altenberger et al. [35] extensively studied the effect of DR
at varied temperatures on several materials (SAE 1045 and AISI 304 steels, AA 5083 and
AA 6110 alloys, Ti-6Al-4V «-3 Ti alloy). The work showcased enhanced physical and
mechanical properties in all the considered materials when deep-rolled. However, the
material responses were quite diverse compared with DR parameters, which was reflected
in the characterized near-surface properties and cyclic performance. This demonstrates
the requirement of material-specific studies to uncover the full potential of DR to achieve
optimized material performance.

Altenberger and B. Scholtes [7] highlighted the effect of induced microstructure and
CRS in the near-surface regions of SAE 1045 steel by DR and SP on mechanical properties
and fatigue behavior. The results showed excellent improvement in the considered material
behavior compared with non-treated samples, while DR was superior to SP. The authors
recommended the use of physical and mechanical principles for process optimization over
the empirical method and stressed the significance of XRD for material characterization,
especially for CRS.

A. M. Abrao et al. [17,36] extensively studied the effect of DR process parameters on
the surface integrity, hardness, microstructure, CRS states, and stability under cyclic loads
for AISI 1060 steel material. Their study revealed that the initial state of the material, rolling
pressure, and rolling passes had the most significant influence on the realized benefits of
DR. It was noted that the lower the initial material hardness, the higher the sensitivity to
DR and the better stability of the induced surface alterations under cyclic loading. With
increasing pressure and number of passes, the ultimate strength increased, while the yield
strength and surface roughness decreased. This was attributed to the higher cold work
and distribution of dislocations. Brittle fracture was reported for deep-rolled hardened
steel samples, which was obvious due to induced cold work. Unfortunately, the effects of
process parameters on the surface/subsurface region microstructure and its influence on
mechanical properties were not elaborated.

E. F. Do-Santos et al. [37] explored the effect of DR on the surface integrity of AISI 1020
steel. It was reported that DR significantly enhanced the surface properties in comparison
with untreated samples within stated conditions. The improvement in surface finish was
attributed to plastic deformation, which displaced the material from peaks toward valleys,
thus promoting flatness. However, excessive pressures, which cause shear-induced surface
instabilities and higher feed, thus reducing the treating points, showed adverse effects on
surface finish. Moreover, it was suggested that the feed must be less than that used for
previous machining for deforming roughness peaks. The microhardness on the surface
was reported to be either maintained or reduced after DR, albeit an increase in subsurface
microhardness was observed. It was believed that the excessive homogenization of pre-
existing dislocations over the surface after DR led to the reported retention/decrement
in surface microhardness. An increase in rolling pressures and feed supplemented the
subsurface microhardness, which was attributed to strain hardening caused by dislocation
pinning in the subsurface regions. The reduced microhardness and affected depth observed
for increased roll passes were attributed to the homogenization of induced dislocations in
subsequent layers beneath the surface. The microstructural analysis revealed an increase
in deformation with rising pressure and rolling passes; however, a rise in speed and feed
was reported to have a detrimental effect. The increased deformation was believed to be
the effect of increased stresses at higher loads and the accumulation of deformation with
increased passes. The reduction in deformation was attributed to reduced contact time (in
the case of increased speed) and reduced overlap (in the case of increased feed).
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Furthermore, F. F. Do-Santos et al. [38], in another work, reported the impact of the
carbon fraction on the surface properties of steels (AISI 1020, AISI 1065, AISI 1080) when
deep-rolled. The DR control parameters (rolling pressure, speed, feed, and rolling passes)
were correlated with the surface/subsurface properties, namely, roughness, hardness, and
microstructure. It was observed that DR offered substantial enhancement in inspected
material properties. The rolling pressure was observed to be the most critical parameter
that governs the attained surface finish. However, an excessive increase deteriorated the
surface condition. The work indicated that this could be countered by increasing the carbon
content. The roll passes and speeds were reported to have negligible impact on the achieved
surface finish within assumed conditions. Interestingly, it was observed that the rolling
feed rate set close to the prior machining operation deteriorated the surface which was
accompanied by an increase in carbon content. An increase in surface microhardness for
AISI 1080 steel was observed in contrast to the retention/further reduction in AISI 1065 and
AISI 1020 steels. This was attributed to the generation of additional dislocations associated
with high carbon content in the former compared with the latter. Subsurface microhardness
was reported to increase for all the steels in consideration. However, the affected depth was
noted to be reduced with an increase in carbon content, which in turn increased mechanical
strength and offered resistance for cold work during DR. The increase in rolling pressure
and roll passes caused higher grain deformation in low-carbon content steels, while a larger
speed and feed lessened it. Moreover, for AISI 1080 steel, only an increase in feed caused
significant grain deformation, while all other parameters showed no/little effect. The
elevation in the carbon content was believed to resist grain deformation, which justified
the variation in the material response observed for DR.

The effect of DR with varied process parameters on AISI 304 steel, which is typically
used in austenitic stainless steel in aerospace, chemical, surgical, and food industries, is
well documented [39-41]. These studies reassure the use of DR for enhancing material
surface properties and, thereby, cyclic performance. It was noted that DR evolved complex
surface/subsurface microstructure, which displayed deformation bands, nanocrystalline
regions, and martensitic twin lamellae induced by cold work with severe dislocation
densities in the austenitic matrix. Deep Rolling at Elevated Temperature (DR-ET) was
testified to yield higher fatigue life, albeit Deep Rolling at Cryogenic Temperature (DR-
CT) did not improve the fatigue life compared with Deep Rolling at Room Temperature
(DR-RT) despite a larger martensitic structure. The stated work clearly highlights the
significance of the stability of DR-induced surface modifications to achieve optimum
material performance, which is strongly dependent on cyclic stress amplitude, cycle count,
and temperature. The work-hardened nanocrystalline surface layers were reported to be
more stable than CRS within the reported conditions, and the relaxation mechanism under
applied loads (thermal /mechanical) was thought to be governed by thermally activated
gliding of dislocations.

J. M. Cubillos et al. [42] investigated the effect of DR and its parameters on the fatigue
performance of AISI 304 and AISI 316 steels for comparison purposes with an aim to identify
the potential of using the materials alternatively. It was observed that the improvement
in surface finish and hardness in both materials was predominantly dependent on rolling
pressure, while the effect of rolling speeds on the latter was insignificant. The improvement
in fatigue life in both materials was obvious due to DR characteristics. However, apart from
very high cycle fatigue, where AISI 304 showed superior performance, all other reported
properties were comparable with each other, as expected because of the obvious similarities
in materials. Metallurgical aspects like the formation of deformation twins and marginally
higher martensitic phase were assumed to be the reason for differentiable fatigue behavior,
albeit the same was not explored.
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A. Tadi et al. [43] reported the effect of DR specifically focused on induced nano/ultrafine
structures in the surface/subsurface regions of AISI 316L steel. In contrast to most of
the works reported in the literature, in the said work, a large number of rolling passes
(specifically 15 and 26 passes) were applied. The outcome of these works supports DR
as an excellent technique for inducing boundary layer grain refinement and a strain-
hardened martensitic structure through multiple passes, which results in a significant
increase in surface hardness with deeper penetration. However, the studies were limited to
microstructure, hardness, and tribological property analyses, which could be due to the
intended application.

P. R. Prabhu et al. [44,45] extensively investigated the effect of turn-assisted DR on
the physical and mechanical properties of AISI 4140 steel material with the objective of
optimizing the process. Several DR controlling parameters, namely, rolling ball material
and size, rolling force, number of roll passes, initial surface roughness, coolant, feed rate,
and speed, were considered, which are acknowledged to have a direct correlation with
achieved material properties. Experimental, numerical, and statistical methods were em-
ployed to optimize the process parameters. A larger rolling force, a larger ball diameter,
and an increased number of rolling passes along with low initial surface roughness were
identified to be the preferred combination for realizing the greatest level of benefits. The
nature of the DR effect predicted through numerical simulations was observed to be ap-
propriate. However, significant divergence in the estimated magnitudes was reported
in correlation with the measured parameters. These variations were attributed to limita-
tions with 2D FE simulations. The reported practice of statistical method was observed
to be a successful approach for dealing with the highest level of uncertainties involved
with optimizing DR process parameters owing to their diversity and complex interac-
tions. Unfortunately, the role of residual stress states in circumferential and longitudinal
directions and altered microstructures in surface/subsurface regions in the realized ben-
efits were not explored. Nevertheless, their findings divulged the potential of DR as a
surface enhancement technique that demonstrates improved fatigue performance within
assumed conditions.

Furthermore, in another work, P. R. Prabhu et al. [46] discussed the influence of DR
on surface properties along with the corrosion behavior of AISI 4140 steel. Their findings
showed, among the considered DR control parameters, that the rolling force and rolling ball
size along with the number of roll passes had a significant influence on surface properties,
primarily roughness and hardness. The corrosion rate was reported to be lower in the
treated samples in comparison with the untreated samples, which was attributed to an
altered grain structure, enhanced surface finish, and increased surface hardness coupled
with induced CRS through DR. The rolling ball diameter and interaction effect of the initial
surface roughness with rolling force were reported to have the highest level of impact on
the observed corrosion behavior. In addition, the authors presented an empirical model for
estimating the corrosion rate, which verified the measured values. The work revealed that
DR could be an effective alternative for enhancing the corrosion resistance of steels within
stated conditions.

N. Lyubenova et al. [47] analyzed the impact of process parameters (rolling pressures,
number of passes and overlap percentage, pre-machining state, and measurement tech-
niques) on the CRS state in deep-rolled AISI 4040 steel material. Their findings derived
ambiguous conclusions indicating a high degree of interaction among the considered
process parameters. However, in all the cases, DR had a significant influence on the gen-
erated CRS state when compared with untreated conditions. It was stated that despite
the well-acknowledged advantages of the DR process, the control of CRS penetration
depth and magnitude is still a challenge because of the complex interaction of several
process variables.

A. M. Martins et al. [48,49] extensively investigated the effect of DR on the fatigue life
of AISI 4140 steel material along with considering the influence of machining parameters.
Although it was acknowledged that DR enhanced the fatigue life of turned samples in
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most instances, in specific cases, DR was not fully effective in eliminating the detrimental
effects, particularly in the samples turned with higher feed rates. However, longer fatigue
lives observed in these samples were attributed to a greater influence of turning feed rather
than the full benefit of DR. This indicates that machining parameters greatly influence
the realized benefits from DR and, thus, material in-service performance. Therefore, DR
process control parameters and their levels must be carefully decided based on previous
machining constraints to achieve optimized performance. In addition, it was reported that
apart from imparting enhanced fatigue performance, DR altered the location and form of
fatigue fracture, which are believed to be additional benefits.

In contrast to numerous discussions available in the literature on correlating DR
process control parameters with ensuing surface/subsurface properties, D. Meyer and
J. Kammler [50] proposed an approach that relied on the internal material loads devel-
oped by applied external pressures for regulating desired material modifications. DR
was performed on AISI 4140 steel cylindrical specimens with varying rolling pressures
and ball diameters. However, a high feed was assumed to differentiate each rolling track
and avoid overlapping. Equivalent stress according to Hertz was considered the internal
variable parameter as a response to applied external variable process parameters. The
study revealed that correlating the mechanism of DR, i.e., considering internal parameters,
namely, equivalent stress or strain, for regulating desired surface modification (process
signatures) could be the most viable option over the conventional approach. In addition,
the authors suggested the use of numerical approaches could be beneficial in correlat-
ing the internal and external parameters and/or material modifications. However, their
work did not highlight the role of other significant DR parameters like number of passes,
feed, speed, material state, etc., on the internal parameter. In addition, the Hertz contact
theory adopted for determining internal parameters does not fully rationalize the DR
process mechanism.

J. Kammler et al. [51] showed that correlating internal loads with material modifica-
tions offers a better prediction of altered surface characteristics in multistage DR. Equivalent
stress determined using Hertz theory was considered the internal parameter for correlation
with material modifications, specifically CRS. The study performed on AISI 4140 steel flat
specimens demonstrated that considering external process parameters specifically, rolling
force may not fully justify the assumed surface/subsurface properties, while the correlation
with internal loads could be an effective alternative. Unfortunately, the work relied on
Hertz contact theory for predicting internal parameters, which may not be appropriate to
realize the elastic—plastic state of stress developed in the DR process fully.

Apart from steels, the possibilities of using DR to enhance the properties of several
other engineering materials that find profound applications in industries were explored
in the past. For instance, light materials like Mg alloys [52-54] or Zr alloys [55]; softer
materials like Al or Cu alloys [56-62]; hard and difficult-to-machine materials like cast
irons [32,63], Ni alloys [64—-66], or Ti alloys [67-69]; composite materials like Al-SiC [70,71]
were demonstrated. All these studies reported excellent improvement in properties of
interest in the assumed material when compared with untreated conditions. However,
the degree of improvement observed varied with the considered DR parameters and
material-specific behavior. A detailed review of the influence of DR and its parame-
ters on the physical and mechanical properties of these materials is well-documented
elsewhere [5,6,11,33,72] and not discussed here to remain within the scope of the work.

Furthermore, studies on deep rolling coupled with heat treatment and/or elevated
temperature [73-76], cryogenic treatment [39,77], aging [56], and certain surface treatments
like shot peening [78,79], burnishing [80], and ultrasonic-induced hammering [81-84] were
testified in the recent past. The major objective was to complement DR with the advantages
of the latter. However, it must be noted that they need to be performed with additional
setups, involve complex process mechanics, and/or result in prolonged operating times.

Recently, in an innovative and novel work, P. Kuhlemann et al. [85] reported that the
rolling temperature may be regulated through the appropriate selection and control of DR
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parameters. The rolling tool microgeometry and the rolling speed coupled with feed were
identified to be the key parameters that offered control over a wide range of temperatures
(100 to 580 °C) for rolling AISI 1045 steel under stated conditions. The 3D FEM simulation
approach was employed to establish the appropriate combination of process parameters to
achieve an optimized rolling temperature, which was validated through experiments. In
accordance with similar studies reported in the past [20,34,39], the said work revealed the
significance of maintaining a constant temperature range during DR for achieving stabilized
properties, which yielded greater fatigue lives. Their findings showed that increased tool
nose radius and wear land width of the flank, reduced chamfer, and chamfer angle coupled
with higher speed and feed significantly increased the process temperature, specifically
in the surface/subsurface regions. In addition, surface roughness and tool wear were
indicated to be the possible contenders for the further control of temperature. However,
the detailed analysis of the same was stated to be a future scope. Nevertheless, the work
established an effective methodology to regulate DR temperature through the control of
process parameters. Further, A. M. Martins et al. [86] investigated in detail the in situ
temperature development during DR and its influence on the attained surface/subsurface
characteristics. Their study revealed that a rise in the process temperature was evident
in response to changes in the control parameter magnitude. However, it was reported
that the observed temperature rise during the DR process was not adequate to cause any
significant structural changes; rather, the cold work was believed to be the sole reason
for the attained surface/subsurface states. These deviations in findings between the two
studies compared here accentuate the need for further scientific investigations to establish
a definite conclusion on the role of temperature development during the DR process on the
attained surface/subsurface properties.

Interestingly, there are a few recent studies focused on adopting novel measurement
and/or characterization techniques for controlling the DR process. For instance, the
wavelet transformation-based identification technique [87], the cos x-method of X-ray
diffractometry with the micromagnetic approach [88], techniques for monitoring the surface
quality [89], etc. These novel approaches indicate the potential for faster and more efficient
control of the DR process in industrial applications.

Lately, numerous innovative and novel deep rolling techniques like pre-stress deep
rolling [90,91]; diffusion with deep rolling [92,93]; turn-assisted deep rolling [94]; hard turn-
ing and deep rolling [95,96]; in-process semisolid deep rolling [97,98]; intermediate deep
rolling in additive manufacturing [99,100]; and centrifugal force-assisted deep rolling [101]
were reported. The major objective was to enhance the effect of conventional DR and/or
reduce the processing time while ensuring similar benefits. The reported work demon-
strates that these novel techniques certainly have an edge when compared with CDR.
However, these complex systems are expensive and limited to certain applications, and
their reliability is debatable.

Conventionally, DR was acknowledged for optimizing component properties, espe-
cially those involving high-stress applications. In contrast to this, recently, a few novel and
innovative techniques employing DR for high-throughput material characterization, specif-
ically for characterizing new construction materials developed based on micro-samples,
were reported [102]. These studies unveiled that evaluating DR-induced plastic defor-
mation and correlating it with mechanical properties could be an effective approach for
high-throughput material characterization.

Furthermore, C. Schieber et al. [103] explored two process chain options involving laser
machining and DR to compensate for the distortion effects arising in profile grinding. Their
study involved extensive experimental and numerical analysis along with the development of
an Artificial Intelligence (Al)-based model for predicting process chain control parameters to
achieve optimized distortion compensation in AISI 4140 steel samples. The study is significant
from the DR point of view, as it revealed the novel possibility of implementation of DR in
commercial process chains for correcting machining-induced distortion.
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The bulk of the studies pertaining to DR were on standard test specimens or sim-
ilar components because of the obvious limitations of tooling and experimentation for
application prototypes. Nevertheless, there are satisfactory efforts available on DR of com-
ponents such as turbine/compressor blades [104-106], aircraft structural components [8,21],
axels [107-109], shafts [110,111], crankshafts [112-114], tension bolts [115], high-strength
fasteners and threaded parts [116,117], connecting rod screws [118], torsion bars [119,120],
gear tooth [83], roller and thrust bearing race/rings [78,96,121], welded joints [122-126],
blanking punch fillets [22], hip implants [26,27], etc. When deep-rolled, all these applica-
tions exhibited significant improvement in fatigue performance, which was attributed to
substantial strain hardening, higher magnitude and deeper penetration of CRS, tailored
surface region microstructure, and increased boundary layer hardness along with an im-
proved surface finish. The prominent recent literature on the DR of steels is summarized in

Table 4.

Table 4. Summary of the prominent recent literature on deep rolling of steels.

Author and Year

Materials, Process
Parameters, etc.

Methods and Characterization

Key Findings

A. M. Abrao et al., 2014,
2015 [17,36]

Material: AISI 1060;

Process: DR;

Parameters: Rolling
pressure/force, tool passes, ball
diameter, and initial state of the
material.

Experimental: Surface
roughness, hardness, and CRS
state and stability under cyclic
loads.

Initial state of the material, rolling
pressure, and tool passes has the
most significant influence.

The lower the initial material
hardness, the higher the sensitivity
to DR and better stability of the
induced surface alterations under
cyclic loading.

With increasing pressure and the
number of tool passes, the ultimate
strength increases, while the yield
strength and surface

roughness decrease.

Brittle fracture in treated samples.

D. Meyer and J. Kammler,
2016 [50]

Material: AISI 4140 steel;
Process: DR;

Parameters: Rolling
pressure/force and ball diameter.

Analytical: Equivalent stress for
estimating surface stress fields;
Experimental: Residual

stress state.

Correlating the mechanism of DR,
i.e., considering internal
stress/strain could be viable option
for better control over the process.

A. Tadi et al., 2017 [43]

Material: AISI 316L steel;
Process: DR;

Parameters: Rolling pressure/
force, feed, and tool passes
(15 and 26).

Experimental: Hardness and
microstructure.

DR is an excellent technique for
inducing boundary layer grain
refinement and strain-hardened
martensitic structures.

Multiple passes yield a significant
increase in surface hardness with
deeper penetration and successfully
induce a nano/ultrafine

grain structure.

J. M. Cubillos et al.,
2017 [42]

Material: AISI 304 and AISI 316
steels;

Process: DR;

Parameters: Rolling pressure/
force, and feed.

Experimental: Surface
roughness, hardness, residual
stress state, and fatigue
performance.

Improvement in surface properties
predominantly depend on rolling
pressure, while the effect of feed on
AISI 316 is insignificant.

AISI 304 shows superior HCF
performance attributed to the
formation of deformation twins and
marginally higher martensitic phase.

D. Meyer and J. Kammler,
2018 [31]

Material: X210Cr12, X120CrMn5
and X150CrMn9 steels;

Process: DR;

Parameters: At constant rolling
pressure, feed, speed, and

ball diameter.

Analytical: Equivalent stress for
estimating surface stress fields;

Experimental: Surface hardness
and phase.

DR enables martensitic

surface hardening.
Combination of hardening and
finishing in one single step.
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Table 4. Cont.

Author and Year

Materials, Process Parameters,
etc.

Methods and Characterization

Key Findings

N. Lyubenova et al.,
2019 [47]

Material: AISI 4140 steel;
Process: DR;

Parameters: Rolling pressure,
number of tool passes, overlap
percentage, pre-machining state,
and measurement techniques.

Experimental: Residual
stress state.

Ambiguous conclusions indicating a
high degree of interaction among the
considered process parameters.
Control of the residual stress state is
still a challenge.

P. R. Prabhu et al., 2015,
2020 [44-46]

Material: AISI 4140 steel;
Process: DR;

Parameters: Rolling ball material
and size, rolling pressure/force,
number of roll passes, initial
surface roughness, coolant, feed
rate, and speed.

Experimental: Surface
roughness, hardness, residual
stress state, fatigue
performance, and corrosion
resistance;

Statistical: To establish the
appropriate combination

of parameters;

Numerical: Residual stress
states.

A larger rolling force, larger ball
diameter, and increased tool passes
along with low initial surface
roughness is identified to be the
preferred combination.

DR is an effective surface treatment
technique for realizing enhanced
fatigue performance and

corrosion resistance.

The use of statistical methods can be
a feasible solution for dealing with
highest level of uncertainties
involved in optimizing DR process.

F. F. Do-Santos et al.,
2021 [38]

Material: AISI 1020, AISI 1065,
and AISI 1080 steels;

Process: DR;

Parameters: Impact of the carbon
fraction, rolling pressure/force,
tool passes, feed rate, and speed.

Experimental: Surface
roughness, hardness, and
microstructure.

Rolling pressure is the most critical
parameter; however, excessive
pressures have adverse effects,
which can be countered with
carbon content

The feed rate set close to the prior
machining operation deteriorated
the surface, which was accompanied
by increase in carbon content

In AISI 1080 steel, the surface
hardness increased during DR, while
it was unaffected /decreased for
other two specimens.

Subsurface hardness increased in all
cases; however, the affected depth
decreased with carbon content

An increase in rolling pressure and
roll passes caused higher grain
deformation in low-carbon steels,
while a larger speed and feed
lessened it

In AISI 1080 steel, only an increase
in the feed caused significant grain
deformation, while all other
parameters showed no/little effect.

A. M. Martins et al., 2022,
2023 [48,49]

Material: AISI 4140 steel;

Process: Turning with
subsequent DR;

Turning Parameters: Depth of cut,
feed, cutting speed;

DR parameters: Rolling pressure,
speed, feed, and turned

surface state.

Experimental: Surface
roughness, fatigue performance,
fractography, microstructure,
and microhardness;

Statistical: To determine the
parameter effect and establish
the appropriate combination

of parameters.

DR significantly enhances the
surface roughness and fatigue life of
turned samples in most of

the instances.

In specific cases, DR is not fully
effective in eliminating the
detrimental effects, particularly in
the samples turned with higher
feed rates.

The results indicate that previous
machining parameters greatly
influence the realized benefits from
DR and thus, material

in-service performance.

2.2. Finite Element Modeling of the Deep Rolling Process

The literature on DR process simulation through numerical methods is reviewed in
this section to comprehend the approaches, modeling, applicability, and limitations. Since
the time that some of the earliest studies were reported [127-130], the use of numerical
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methods, specifically FEM, to simulate the DR process has evolved significantly over the
past three decades. However, the substantial research available is case-specific, and its
universal adoption is often restricted. Nevertheless, the reported works indicate FEM
could be an effective alternative for evaluating material responses with different process
parameters over laborious experimental procedures.

J. Demurger et al. [131] discussed the applications (autofrettage, deep rolling, and
bar straightening) in which control of the compressive residual stress field is vital and
presented associated FE simulations. Deep rolling process simulations with the force control
method were performed on 23MnCrMob steel crankshaft fillets with two hardening models
including an isotropic hardening (linear) model and a nonlinear kinematic hardening
(Lemaitre-Chaboche) model for comparison purposes. Their study revealed that a non-
linear kinematic hardening could not be ignored in FE modeling, especially for small cold
deformation processes like deep rolling and, furthermore, in the case of cyclic loading.
The authors emphasized that full 3D analysis is crucial for the efficient representation of
the process and to predict the exact deformation path, albeit the achieved stress state was
axisymmetric. However, the detailed process flow for simulation was not disclosed.

K. S. Choi and J. Pan [132] proposed a self-developed anisotropic hardening model for
predicting the stress field in the rolling of crankshaft fillets and bending fatigue through
FE simulation. Their study compared the model with the nonlinear isotropic—kinematic
hardening model available in the FEA tool ABAQUS and validated it with experimental
measurements. The reported 2D simulation results showed agreement with the nonlinear
kinematic hardening model apart from compressive hoop stresses which were predicted to
be higher and acknowledged experimental measurements.

G. H. Majzoobi et al. [133] assessed the effectiveness of SP and the DR process through
experimental and numerical methods. However, the materials considered for experimental
evaluation (Al7075-T6 alloy) and FE simulations (AISI 4340 steel) were reported to be
different because of limited access to material data. Moreover, the numerical investigations
were restricted to the comparison of induced stress levels and surface roughness because
of modeling constraints. The Johnson—Cook elastic—plastic model was used to account for
material deformation, while the roller was assumed to be rigid. The contacts between the
mating surfaces were defined via automatic surface-to-surface contact in an ANSYS-LS
DYNA solver. The results indicate that the depth and magnitude of residual stresses can
be amplified through higher rolling force only up to a certain limit, which is governed by
the yield strength of the material. A further increase in rolling force showed relaxation of
induced stresses and depth; however, associated mechanisms were not discussed. It was
indicated that a lower feed and a higher force could be preferred to achieve a smoother
surface finish. The study revealed that FE procedures can be successfully implemented for
satisfactory prediction of surface roughness and induced stresses involved in mechanical
surface forming processes like SP and DR.

In another work, G. H. Majzoobi et al. [60] investigated the effect of DR process
parameters (rolling force, rotational speed, number of passes, roll size, and roll feed rate)
on Al7075-T6 material characteristics through experimental and numerical methods. Three-
dimensional FE simulations were performed through the ABAQUS explicit dynamics
module. A small sector of an axis-symmetric geometry was assumed to be a deformable
body attributed to the Chaboche cyclic plasticity model, while the roller was considered to
be rigid. Their findings showed that the DR effect was predominant in the high-cycle fatigue
regime, while in the low-cycle fatigue regime, it was observed to be negligible. Among
the considered parameters, rolling force/pressure showed a pronounced effect on residual
stresses, while a slower feed rate demonstrated increased CRS depth. The smaller size ball
induced a uniform stress distribution, while the larger size ball resulted in an increased CRS.
However, the penetration depth was reported to be unaffected. Unfortunately, appropriate
clarifications of these observations were not reported.

V. Backer et al. [134] analyzed the effect of DR on a Ti-6Al-4V alloy turbine blade
through FE modeling. To realize the material behavior through simulation, the DR pro-
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cess was modeled as a sequence of small successive forming processes with the nonlinear
combined isotropic—kinematic strain hardening law available in the ABAQUS FEA tool.
In addition, the linear elasticity model was considered to determine the elastic nature
of the material. The rigid ball tool kinematics were defined via force control for depth
penetration and displacement for in-plane translations. For FE modeling a small portion
of the whole structure with appropriate boundary conditions to define surrounding mate-
rial was accepted, owing to practical limitations with FEA and assuming DR affects only
near-surface regions. However, it was reported that with these assumptions, a compro-
mise in accuracy was inevitable, especially for thin-walled structures like turbine blades,
where rolling parameters can result in deformations of the entire geometry. Therefore, the
authors suggested coupled Finite Element and Boundary Element (FE-BE) analysis, which
complements each other for efficient prediction of material behavior. Their study revealed
that coupled FE-BE analysis could be a potential alternative for global modeling of the
DR process to achieve a considerable reduction in computation time with accuracy on par
with FEA.

M. Salahshoor and Y. B. Guo [53] investigated the process mechanics involved in deep
rolling Mg-Ca biodegradable alloy through experimental and FE simulation techniques.
The primary aim of the FE simulation was to estimate elastic recovery after rolling, which
was reported to be difficult to predict through physical inspection. In addition, the dent
geometry, temperature with induced residual stresses, and strains were investigated. The
internal state variable (ISV) plasticity model available in the ABAQUS FE tool was used
to model the dynamic behavior of the material, while the rolling ball was modeled as
rigid. The 2D simulations were performed with axisymmetric boundary conditions at the
edge near the tool interaction, while to allow stress waves to propagate through a non-
reflective boundary, quiet boundary conditions were employed for semi-infinite elements
at farther edges. Experimental and FE results showed a similar nature but a fair deviation
in magnitude that was attributed to limitations with 2D modeling. It was reported that the
elastic recovery, which is inevitable in plastic deformation processes like DR, increased with
increased loads, albeit the reasons for the same were not identified. The results showed
a minor variation in operating temperature, which indicates that the DR process may be
considered an isothermal process. Unfortunately, in the said work, the DR process was
restricted to a point over a surface, which indicates that the obtained results may not be
comparable with practical applications where DR of the entire surface is required.

A. Manouchehrifar and K. Alasvand [135] performed a 3D simulation of the DR
process on a Ti-6Al-4V alloy flat geometry model using the ABAQUS FE tool. The influence
of DR parameters (overlap, friction coefficient, rolling force, and force variation due to the
spring-back action of the tool) on induced residual stresses was analyzed. The material
behavior was modeled using the Johnson—Cook elastic—plastic model, while the roller was
modeled as a rigid body with concentrated mass at the center. It was demonstrated that
an increase in the overlap and rolling force showed a larger residual stress field, while
an increase in friction coefficient showed an adverse effect. Moreover, the spring-back
action force, which is more practical in DR operations, induced a higher CRS than with
constant load simulations. However, appropriate elucidations for these observations were
not detailed and/or not validated through experiments.

G. Nicoletto and A. Saletti [136] analyzed the role of DR-induced residual stresses
on the fatigue life of notched 30NiCrMo12 steel specimens through experiments and FE
simulations. The simulations were performed with a symmetry in geometry assumption
for containing the computational time with an elastic—plastic material deformation model
through the ABAQUS explicit module. Unfortunately, details of the FE procedures imple-
mented were not disclosed. However, the presented FE modeling process was claimed to
deliver reasonable agreement with measured parameters within the stated assumptions.

J.J. Liou and T. I. EI-Wardany [137] investigated residual stress states in Ti-6Al-4V alloy
plate through numerical simulation of the DR process involving complex roller paths. The
3D FE simulations were performed through ABAQUS with the explicit dynamic technique.
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The material kinematic hardening/softening behavior during loading/unloading was
modeled through the elastic—plastic Johnson—Cook (JC) material model. This model was
reported to be extensively adopted for predicting material flow under a high strain rate
along with operating temperature consideration with proven confidence, albeit it assumes
isotropic strength and an empirical nature. The interaction between the rigid roller tool
and the deformable plate was modeled through Coulomb’s law with free rotation of the
tool, highly lubricated, and isothermal rolling assumptions. The FE model was reported to
be validated in two ways including an analytical method using Hertzian contact theory
and experimental results available in the literature. However, the validation involved
a comparison with simple roller path conditions, and the authors encouraged further
validation with complex roller path conditions to realize the scope of the developed model
fully. In contrast to most of the studies that indicate a uniform CRS distribution, their study
showed a non-uniform distribution of induced residual stresses in surface/subsurface
layers and turned into a tensile nature, especially at the edges of the rolled path. This was
attributed to the combined effect of micro-slip arising because of the close conformity of the
filleted roller end with rolling track boundaries and the translational motion of the roller,
which caused an offset in the assumed complex roller path.

K. Kumar et al. [138] studied the effect of DR controlling parameters (rolling ball
diameter, rolling force, number of rolling passes, and initial surface roughness) on induced
residual stresses in AISI 4140 steel material through 2D explicit dynamic analysis in the
ANSYS/LS-DYNA module. In addition, a two-level fractional factorial design using
DOE was employed to reduce the number of simulations. A Cowper-Symonds isotropic—
kinematic hardening model with strain rate dependency was employed to model material
behavior. The displacement method to control the ball movement was reported to be
appropriate for 2D simulation, while the force control method was found to underestimate
the penetration depth of the ball within the assumed conditions. Moreover, the work
emphasized the use of an appropriate contact definition for mating surfaces and preferred
surface-to-surface contact, while the effect of the friction coefficient was reported to be
negligible. The results showed that all the considered parameters had a significant influence
on the estimated stress state within the assumed conditions. However, the deviations
observed (about 15%) in comparison with experimental measurements were attributed to
limitations with 2D modeling. This indicates the need for detailed 3D simulations to realize
the effect of the DR process fully. Interes