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Abstract: The proposed review demonstrates the effect of the surface modification process, specifi-
cally, 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 contrib-
uting to the development of more durable, reliable, and high-performance steel components in di-
verse 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 subsur-
face 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 cru-
cial in the strength degradation and failure of engineering components or materials, es-
pecially at elevated temperatures. Surface/subsurface modifications can enhance the cy-
clic performance 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 micro-
structure are altered and compressive residual stresses (CRSs) and work/strain hardening
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are induced through surface treatments based on surface heat treating (e.g., carburizing,
carbonitriding, laser/induction hardening), surface plastic deformation (e.g., peening,
burnishing, deep rolling), or surface alloy modification (e.g., surface mechanical attrition,
ion implantation, laser cladding, chemical or physical vapor deposition). However, to
comprehend the maximum enhancement in fatigue performance, the processing parame-
ters of the assumed surface alteration methods must be cautiously controlled in corre-
spondence with the material of interest to nullify any undesirable effects (e.g., mi-
crocracks, 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 Technique

Fatigue of engineering structures/components, especially those experiencing fre-
quent 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 perfor-
mance 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 treat-
ment/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 re-
duced process time benefits [4-6]. There have been consistent efforts by the research com-
munity in developing MSTs, optimizing the process parameters, and studying their effect
on materials/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 oper-
ation 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 pa-
rameters on the material or component performance. Moreover, the type and initial con-
dition 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-spe-
cific investigation with optimized parameters [11-14].

1.2. Mechanical Surface Treatments

Surface plastic deformation techniques, or mechanical surface enhancement tech-
niques (MSETs), are recognized to be fast, clean, easy, and economical along with compa-
rable surface properties among the available options [15]. MST/s involve a physical inter-
action between a tool and workpiece, which induces localized elastic-plastic deformations
in the surface/near surface regions. This renders characteristic alterations in surface prop-
erties, 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. Rela-
tive movement between the workpiece and tool comprises the burnishing and rolling
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process, whereas no relative movement between the workpiece and tool comprises the
different peening process, as shown in Figure 1 [15,16].

ablative
ayer

water

Without relative movement | Without relative movement
between workpiece and tool |§ between workpiece and tool

Without relative movement
between workpiece and tool

- impulsive irregular - impulsive irregular
* Shot peening * Hammer peening * Burnishing
» Warm peening » Ultrasonic Impacting * Low plasticity
* Stress peening » Lasershock peening burnishing
* Microshot peening » Water peening * Diamond burnishing
« Ultrasonic peening * Piezo peening * Deep rolling
» Cavitation peening * 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 Li-
cense, 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 mi-
crocracks. Moreover, deep rolling eliminates the need for costly and time-consuming sec-
ondary finishing processes such as polishing, grinding, plating, and surface heat treat-
ments. It is a cost-effective technique when compared with other commercially available
surface treatment techniques because of simpler tooling and processing on standard ma-
chines [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 significant 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 separa-
tion 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, consequently, the near-surface properties [23]. Therefore, identifying the op-
timum combination of these control parameters is crucial for achieving desirable surface
property enhancement.

/ Process Parameters \
DR Tool Parameters

Rolling pressure/force.
- Shape and size.

ical - Feed rate.
. Geom'emc aca'tracy. - Number of rolling passes.
- Material properties - Workpiece and tool
(elastic behavior, hardness). . .

interaction (contact area,
- Surface roughness. frict
- chanical/hydraulic/ iction)

Type (mechanical/hy - 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 ap-
plications involve (Figure 4) welded joints of structures, tubes, and pressure vessels, un-
dercuts or stress-raising zones of parts, threaded parts, tension bolts, high-strength fas-
teners, torsion bars, gear tooth, cylinder bores, roller and thrust bearing race, heat ex-
changer tubes, and blanking punch fillets [24].

I Structural and general applications of deep rolling |

l

* 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].

I Applications in automobile and marine industry

Gear shaft

Cam

+ Cylinder liner + 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 proper-
ties, is known to be the potential solution to achieve these objectives [12]. Typical exam-
ples shown in Figure 6 include heavily loaded structural parts like bolts and struts, pro-
pulsion parts like turbine discs, compressor rotor blades, transmission parts like landing
gears, military aircraft wheel rims, etc. [8,24].

Applications in aerospace industry |

y

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

Figure 6. Deep rolling applications in the aerospace industry.



Metals 2024, 14, 667

6 of 36

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 signif-
icant 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 con-
ditions. Table 1 indicates equivalent/comparable steel grades in various material stand-
ards, 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 IS BS 970 BS 970 DIN Werk it
(ASTM A29)  (5517)  (1955EN)  (1983/1991)  (10083-1) Stoff (G4051)
1040 40C8 EN 8 080M40 C40 1.1186 540C

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 0.4 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
. . Densit 7845 kg/m?3
Physical Properties Melting p}c,)int 1521 % 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

Th 1P i
ermal 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, foun-
dation bolts and studs, washers, and plates. In industrial applications, it is often consid-
ered 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, crank-
shafts, keys, stressed pins, gears, tension bolts, cylinder head studs and springs, rails, rail-
way 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 roll-
ing 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, con-
sidering their influence on the residual stress distribution and surface hardness. Addition-
ally, 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 im-
perative 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/compo-
nent performance, efficiency of DR when compared with other MSTs and/or relevant sur-
face 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 plas-
ticity burnishing (LPB) and deep rolling alternatively, owing to similar principles, there
are significant and reliable works that clearly differentiate the two based on their objec-
tive. 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 treat-
ment technique for enhancing material strength. Their study performed on 37CrS4 steel
deep-rolled smooth and notched specimens indicated that DR fully nullifies the notch ef-
fect when performed with optimized parameters. It was demonstrated that DR substan-
tially enhanced the material performance more than that attained through surface hard-
ness enhancement techniques like heat treatment, especially in the case of notched
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specimens. This was attributed to the dominant effect of DR-induced CRS on retarding
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 ena-
bled a work-hardened martensitic surface coupled with excellent surface finish in meta-
stable austenitic steels when compared with combined thermal treatment followed by fin-
ishing 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.

L. Altenberger [12] reported superior surface finishes and higher fatigue lives for sev-
eral steels with DR over contemporary MSETs like shot peening (SP), ultrasonic shot peen-
ing (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 perfor-
mance than LSP. Moreover, the case depth was comparable to that attained by thermo-
chemical treatments like nitriding. This shows DR is an extremely powerful tool for en-
hancing 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 au-
thor 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-JS2070), 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 plas-
tic strain. Their findings showed that a direct comparison of HP and DR process parame-
ters 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
presented, 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. How-
ever, 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 prin-
ciples (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 materi-
als (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
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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 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 estab-
lishing universal guidelines for ensuring optimized outcomes is challenging and repre-
sents 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 a-f3 Ti alloy). The work showcased enhanced physical and me-
chanical properties in all the considered materials when deep-rolled. However, the mate-
rial 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 op-
timized 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 mate-
rial behavior compared with non-treated samples, while DR was superior to SP. The au-
thors recommended the use of physical and mechanical principles for process optimiza-
tion over the empirical method and stressed the significance of XRD for material charac-
terization, 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, roll-
ing 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 com-
parison with untreated samples within stated conditions. The improvement in surface fin-
ish was attributed to plastic deformation, which displaced the material from peaks toward
valleys, thus promoting flatness. However, excessive pressures, which cause shear-in-
duced surface instabilities and higher feed, thus reducing the treating points, showed ad-
verse 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 homogeni-
zation of pre-existing dislocations over the surface after DR led to the reported reten-
tion/decrement in surface microhardness. An increase in rolling pressures and feed sup-
plemented 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; how-
ever, 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
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attributed to reduced contact time (in the case of increased speed) and reduced overlap
(in the case of increased feed).

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 car-
bon 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 asso-
ciated with high carbon content in the former compared with the latter. Subsurface micro-
hardness 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 roll-
ing 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 com-
plex surface/subsurface microstructure, which displayed deformation bands, nanocrys-
talline regions, and martensitic twin lamellae induced by cold work with severe disloca-
tion 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 sig-
nificance of the stability of DR-induced surface modifications to achieve optimum mate-
rial 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 ap-
plied loads (thermal/mechanical) was thought to be governed by thermally activated glid-
ing 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 iden-
tify the potential of using the materials alternatively. It was observed that the improve-
ment 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 im-
provement in fatigue life in both materials was obvious due to DR characteristics. How-
ever, 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 differ-
entiable fatigue behavior, albeit the same was not explored.

A. Tadi et al. [43] reported the effect of DR specifically focused on induced nano/ul-
trafine structures in the surface/subsurface regions of AISI 316L steel. In contrast to most
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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-hard-
ened martensitic structure through multiple passes, which results in a significant increase
in surface hardness with deeper penetration. However, the studies were limited to micro-
structure, hardness, and tribological property analyses, which could be due to the in-
tended 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 limitations
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 op-
timizing DR process parameters owing to their diversity and complex interactions. Un-
fortunately, the role of residual stress states in circumferential and longitudinal directions
and altered microstructures in surface/subsurface regions in the realized benefits were not
explored. Nevertheless, their findings divulged the potential of DR as a surface enhance-
ment technique that demonstrates improved fatigue performance within assumed condi-
tions.

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 prop-
erties, 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 cou-
pled 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 im-
pact 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 pres-
sures, number of passes and overlap percentage, pre-machining state, and measurement
techniques) on the CRS state in deep-rolled AISI 4040 steel material. Their findings de-
rived ambiguous conclusions indicating a high degree of interaction among the consid-
ered process parameters. However, in all the cases, DR had a significant influence on the
generated 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
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
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lives observed in these samples were attributed to a greater influence of turning feed ra-
ther 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 pro-
cess control parameters with ensuing surface/subsurface properties, D. Meyer and ]J.
Kammler [50] proposed an approach that relied on the internal material loads developed
by applied external pressures for regulating desired material modifications. DR was per-
formed 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 re-
vealed 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 correlating
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. Equiva-
lent stress determined using Hertz theory was considered the internal parameter for cor-
relation with material modifications, specifically CRS. The study performed on AISI 4140
steel flat specimens demonstrated that considering external process parameters specifi-
cally, 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 in-
terest 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 parameters on the phys-
ical 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 treat-
ments 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 operat-
ing 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
parameters. The rolling tool microgeometry and the rolling speed coupled with feed were
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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 sta-
bilized properties, which yielded greater fatigue lives. Their findings showed that in-
creased 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/sub-
surface 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 re-
ported 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 es-
tablish a definite conclusion on the role of temperature development during the DR pro-
cess 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 wave-
let transformation-based identification technique [87], the cos a-method of X-ray diffrac-
tometry 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
turning 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 roll-
ing [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
demonstrates 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,
specifically for characterizing new construction materials developed based on micro-sam-
ples, were reported [102]. These studies unveiled that evaluating DR-induced plastic de-
formation 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 grind-
ing. 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 sam-
ples. 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 similar
components because of the obvious limitations of tooling and experimentation for appli-
cation prototypes. Nevertheless, there are satisfactory efforts available on DR of compo-
nents 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.

Authorand  Materials, Process Parame- Methods and Characteri- . 1.
. Key Findings
Year ters, etc. zation
o Initial state of the material, rolling pres-
sure, and tool passes has the most sig-
nificant influence.
Material: AISI 1060; . The lower the initial material hardness,
A M. Abrao et Process: DR; Experimental: Surface the higher the sensitivity to DR and bet-
al. 5 0 14 2015 Parameters: Rolling pres- roughness, hardness, and ter stability of the induced surface alter-
’ ’ sure/force, tool passes, ball ~CRS state and stability un- ations under cyclic loading.
[17,36] . L . o .
diameter, and initial state of der cyclic loads. e  With increasing pressure and the num-

the material.

ber of tool passes, the ultimate strength
increases, while the yield strength and
surface roughness decrease.

e  Brittle fracture in treated samples.

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

Material: AISI 4140 steel;

Process: DR;

Parameters: Rolling pres-
sure/force and ball diameter.

Analytical: Equivalent
stress for estimating sur-
face stress fields;
Experimental: Residual

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

the process.
stress state.

A. Tadi et al,,
2017 [43]

Material: AISI 316L steel;

Process: DR;

Parameters: Rolling pressure/
force, feed, and tool passes

(15 and 26).

¢ DRis an excellent technique for induc-
ing boundary layer grain refinement
and strain-hardened martensitic struc-
Experimental: Hardness tures.
and microstructure. e  Multiple passes yield a significant in-
crease 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.

e  Improvement in surface properties pre-
dominantly depend on rolling pressure,
Experimental: Surface while the effect of feed on AISI 316 is
roughness, hardness, re- insignificant.
sidual stress state, and fa- e  AISI 304 shows superior HCF perfor-
tigue performance. mance attributed to the formation of
deformation twins and marginally
higher martensitic phase.
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D. Meyer and J.
Kammler,
2018 [31]

Material: X210Cr12,
X120CrMn5 and X150CrMn9 Analytical: Equivalent

steels; stress for estimating sur-
Process: DR; face stress fields; .
Parameters: At constant Experimental: Surface

rolling pressure, feed, speed, hardness and phase.
and ball diameter.

DR enables martensitic surface harden-
ing.

Combination of hardening and finish-
ing in one single step.

N. Lyubenova et
al., 2019 [47]

Material: AISI 4140 steel;
Process: DR; .
Parameters: Rolling pressure, . .

&P Experimental: Residual
number of tool passes, over-

. stress state.

lap percentage, pre-machin- o
ing state, and measurement
techniques.

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]

Experimental: Surface
Material: AISI 4140 steel; roughness, hardness, re-
Process: DR; sidual stress state, fatigue
Parameters: Rolling ball ma- performance, and corro-
terial and size, rolling pres- sion resistance;
sure/force, number of roll Statistical: To establish the
passes, initial surface rough- appropriate combination
ness, coolant, feed rate, and of parameters; .
speed. Numerical: Residual stress

states.

A larger rolling force, larger ball diame-
ter, and increased tool passes along
with low initial surface roughness is
identified to be the preferred combina-
tion.

DR is an effective surface treatment
technique for realizing enhanced fa-
tigue performance and corrosion re-
sistance.

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

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

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

Process: DR; Experimental: Surface
Parameters: Impact of the roughness, hardness, and
carbon fraction, rolling pres- microstructure. o
sure/force, tool passes, feed

rate, and speed.

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

The feed rate set close to the prior ma-
chining operation deteriorated the sur-
face, which was accompanied by in-
crease in carbon content

In AISI 1080 steel, the surface hardness
increased during DR, while it was unaf-
fected/decreased for other two speci-
mens.

Subsurface hardness increased in all
cases; however, the affected depth de-
creased 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 defor-
mation, while all other parameters
showed no/little effect.
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Experimental: Surface
Material: AISI 4140 steel; roughness, fatigue perfor-
Process: Turning with subse- mance, fractography, mi-
quent DR; crostructure, and micro-
Turning Parameters: Depth  hardness;
of cut, feed, cutting speed;  Statistical: To determine
DR parameters: Rolling pres- the parameter effect and
sure, speed, feed, and turned establish the appropriate

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

surface state. combination of parame-

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

In specific cases, DR is not fully effec-
tive in eliminating the detrimental ef-
fects, particularly in the samples turned
with higher feed rates.

The results indicate that previous ma-
chining parameters greatly influence

the realized benefits from DR and thus,

ters. <1 .
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
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 pre-
sented associated FE simulations. Deep rolling process simulations with the force control
method were performed on 23MnCrMob5 steel crankshaft fillets with two hardening mod-
els 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 ex-
perimental 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 ex-
perimental evaluation (Al7075-T6 alloy) and FE simulations (AISI 4340 steel) were re-
ported 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 con-
tact 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
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achieve a smoother surface finish. The study revealed that FE procedures can be success-
fully 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 pa-
rameters (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. Unfortu-
nately, 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 process
was modeled as a sequence of small successive forming processes with the nonlinear com-
bined 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 penetra-
tion and displacement for in-plane translations. For FE modeling a small portion of the
whole structure with appropriate boundary conditions to define surrounding material
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 compromise 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 au-
thors 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 tech-
niques. 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 elasticrecovery, 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 pro-
cess 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
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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 de-
tailed 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 sim-
ulations. 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. El-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 dy-
namic technique. The material kinematic hardening/softening behavior during load-
ing/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 con-
fidence, albeit it assumes isotropic strength and an empirical nature. The interaction be-
tween 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 en-
couraged 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 dis-
tribution, 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 transla-
tional 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 di-
ameter, 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—kine-
matic hardening model with strain rate dependency was employed to model material be-
havior. The displacement method to control the ball movement was reported to be appro-
priate 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 empha-
sized the use of an appropriate contact definition for mating surfaces and preferred sur-
face-to-surface contact, while the effect of the friction coefficient was reported to be negli-
gible. The results showed that all the considered parameters had a significant influence
on the estimated stress state within the assumed conditions. However, the deviations ob-
served (about 15%) in comparison with experimental measurements were attributed to
limitations with 2D modeling. This indicates the need for detailed 3D simulations to real-
ize the effect of the DR process fully. Interestingly, the initial surface roughness parameter
considered in their study, which significantly influenced the computed stress field, was
not considered in most of the similar research reported so far. Unfortunately, the residual
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stress fields reported were restricted for the direction of applied rolling force, which does
not rationalize the role of induced stresses fully with practical applications.

A. Lim et al. [139] investigated the effect of the friction coefficient on the achieved
residual stress state through a full 3D FE simulation of the DR process on Ti-6Al-4V alloy
using the ABAQUS tool. It was reported that the friction coefficient had minimal impact
on the estimated residual stress state and negligible influence beyond 0.4 mm of depth.
However, it was noted that a difference existed in the computed stress state with friction-
less conditions and cases with friction, which made considering a small value of friction
coefficient imperative for efficient modeling. This was attributed to the free rotation of the
tool condition in the DR process, which required some level of friction to purely roll in-
stead of sliding over the component surface.

Furthermore, in their extended work, A. Lim et al. [67] predicted the effect of DR on
the induced stress field through FE simulations and validated t with experimental results.
Regular cuboidal geometry was modeled as an elastic-plastic deformable body with
strain hardening. The rigid rolling ball kinematics were regulated via force control for
depth penetration (assumed to remain constant during simulation) and displacement
boundary conditions for in-plane translations. In contrast to most akin studies that rec-
ommended the use of an explicit dynamics solver, the reported work used an implicit
Newtonian solver assuming a quasi-static process that used higher-order terms while es-
timating strains to account for geometric non-linearity. The findings showed that the pre-
dicted and measured stress fields exhibited adequate correlation, which indicated that the
reported FE modeling approach could be adapted within the stated conditions.

S. M. Gangaraj et al. [140] proposed a more realistic FE model to overcome some of
the reported shortcomings in the simulation of DR. Extensive FE investigations on the role
of DR process control parameters, namely, rolling pressure, rolling feed, roll geometry,
and coverage of the roll on the induced residual stress state in EA4T steel railway axels,
were presented with authentication through experiments. In addition, parametric studies
were performed to arrive at an appropriate combination of controlling parameters
through DOE. A 3D FE model of the deformable body subjected to force-controlled ana-
lytically rigid ball penetration was analyzed through the ABAQUS explicit dynamics
module. The cyclic stress—strain data obtained through experiments were utilized as input
for modeling material behavior assuming the von Mises criterion for yielding, isotropic
hardening, no hardening at severe plastic strains, and frictionless tangential surface con-
tact over a flat target surface. Their findings showed that higher loads, lower feeds, and
larger roll sizes, all of which resulted in increased coverage, could be the ideal choice.
However, too-high coverage showed a detrimental effect, which indicated that recogniz-
ing the optimum range is crucial to realize the benefits of DR fully. Roll coverage was
believed to be the single master parameter for fully controlling the effect of DR.

N. Lyubenova and D. Bahre [23,141] extensively investigated the reliability of finite
element modeling in estimating the residual stresses in AISI 4140 steel and reported the
effect of variation in control parameters on the computed results through 3D explicit dy-
namics simulation in ABAQUS v6.14. Four different material models (elastic perfectly
plastic, isotropic-plastic, bi-linear kinematic hardening, and Johnson-Cook models) with
different combinations of controlling parameters (rolling pressure, number of passes, and
percentage overlap) were considered in the study. It was reported that the use of a bi-
linear kinematic hardening model or the Johnson-Cook model over other options
achieved a better approximation of the results, albeit the authors identified cautions about
the obvious limitations in modeling non-linearity, which was observed in the physical
process of material deformation. The simulation demonstrated that an increase in rolling
pressure induced higher magnitude and deeper penetration of residual stresses, while the
number of passes prompted an increase in only penetration depth, which was reported to
be in accordance with the experimental behavior within the assumed conditions. How-
ever, with the partial overlapping of passes (25, 50, and 75%), no or little relaxation in
induced stresses was observed, which is in contrast to experimental indications where
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significant relaxation was reported. In addition, no overlap and the 100% overlap simula-
tion did not yield the expected outcomes, which were attributed to limitations with mod-
eling. The study illustrates the potential of FE modeling for efficiently predicting anisot-
ropy in induced stresses and concludes that selecting the appropriate material model is
crucial in achieving the reliable computation of residual stresses through simulation and
evidencing with experiments is a must.

J. Perenda et al. [119] simulated the DR process on a TORKA steel (similar to AISI
4340 steel) torsion bar with the intention to evaluate the residual stresses and compare
them with experimental measurements. The authors emphasized the need for the FE mod-
eling of the DR process because of the significant influence of a large number of process
parameters on the material/component characteristics, especially residual stresses for
which experimental verification is cumbersome and expensive. However, it was noted
that the FE modeling of the DR process is complex, and the accuracy attained is sensitive
to modeling approaches. For this reason, the reported simulations were conducted on a
small portion of the workpiece assuming the DR process introduces uniform deformation
across the entire surface layer and induces large strain gradients only in near-surface re-
gions. The process was simulated through an explicit dynamics algorithm with the mas-
ter—slave contact penalty method and a non-linear kinematic model (Lemaitre-Chaboche
model) was used to model material behavior. The influence of symmetry boundary con-
ditions for an axis-symmetric section was reported to be negligible. However, the size of
the workpiece section modeled was reported to have a significant influence on the com-
puted results, especially on the computed stress field. The study showed that input pa-
rameters of the DR process have a significant impact on the final level of the induced re-
sidual stresses, which makes the careful selection of modeling parameters imperative. In-
terestingly, the study revealed that the depth and distribution of the equivalent plastic
strain observed through simulation and experimentally measured FWHM values were
nearly identical. These reported findings indicate that a correlation could be established
with equivalent plastic strain to estimate the depth of work-hardened/-softened layers.

V. Zaharevskis et al. [142] identified hardening quality as a reliable parameter to rec-
ognize the influence of DR on service properties of materials/components. It was stated
that effective control of hardening quality, which is defined via uniformity, thickness, and
residual stresses developed in the hardened zone during DR is still a concern. This was
believed to be due to several process control parameters (rolling load, tool shape and size,
number of passes, rolling speed, etc.) and manufacturing factors (interaction of the tool
and workpiece profile/geometry, tool wear, etc.). The rolling process simulated through
the MSC Marc and Mentat FE tool was validated with ring-cut method experiments. Their
findings showed that the manufacturing factors considered had adverse effects on hard-
ening quality, which indicated that for efficient rolling, the tool and workpiece surfaces
must be in uniform contact. Interestingly, the ring-cut method proposed in their work was
observed to be an economical and effective method for assessing hardening quality and
subsequent parameter optimization of the DR process.

D. Mombeini and A. Atrian [59] studied the effect of DR parameters (rolling depth,
feed rate, number of passes, ball diameter, and friction) on induced stress states in C38500
brass material through 2D FE simulations using the ABAQUS tool and correlated the re-
sults with experimental data. The simulation results showed that increasing the rolling
depth/force enhanced the CRS magnitude and depth. However, the experimental meas-
urements did not verify the same, which was attributed to an inability of the FE model to
mimic the practical material behavior where microcracks arise at higher loads. Further-
more, an increase in ball diameter induced higher stress amplitudes with higher depth
penetration, which was thought to be due to the larger contact area resulting in larger
contact forces. However, it was observed that the larger contact area created tensile resid-
ual stresses in the surface and a few layers below before transitioning into compressive
nature, which was reported to be due to the material being pulled during rolling. In addi-
tion, lower feed rates coupled with multiple roll passes were reported to be beneficial.
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T. Kinner-Becker et al. [143-145] extensively investigated the internal material loads
and residual stress fields generated during DR in AISI 4140 steel through FE simulation
using the ABAQUS tool. Both types of simulations using quasi-static implicit and explicit
approaches along with the Chaboche nonlinear kinematic hardening material model were
performed. The results were also validated through experiments. Their findings showed
that FE modeling can be employed for effectively simulating multi-step DR processes and
predicting material response (i.e., internal material loads and residual stresses). In addi-
tion, it was reported that the initial stress state of the material has minimal impact under
assumed conditions and thus, may be neglected in FE modeling. Further, they revealed
that the concept of process signatures may be successfully employed for inversely deter-
mining the appropriate DR process parameters to achieve desired residual stress fields.
This appears to be a significant finding, as it aids control of the DR process, especially in
practical applications without performing laborious process optimization studies.

K. Han et al. [69] performed both 2D and 3D FE simulations with the ABAQUS 6.13v
tool in order to investigate the effects of deep rolling parameters on residual stress states
in Ti-6Al-4V material. The Chaboche nonlinear kinematic hardening material model was
employed to model the assumed material behavior. The study revealed that 3D simula-
tions yielded more accurate results than 2D simulations as the former represents practical
conditions better. The simulation results indicated that DR process parameters like, roll-
ing pressure, tool overlap, rolling speed, rolling ball diameter, and the number of tool
passes significantly affected the residual stress profiles. The effect of the friction coefficient
was observed to be minimal. It was reported that these findings were validated through
experiments and thus indicate the potential of established FE simulation methodology for
the accurate prediction of DR-induced residual stress fields.

J. Bialowas et al. [146] proposed a general FE methodology to simulate the deep roll-
ing process on the sector of cylindrical components similar to part of a railway axel. The
simulation involved modeling cyclic material behavior through simplified geometry con-
ditions and implementing coupled boundary conditions along with shadow elements. In
contrast to most of the available studies that use an explicit dynamics module, they con-
sidered the implicit FE model in the commercial ABAQUS FEA tool. The FEA methodol-
ogy developed was reported to be efficient for yielding faster simulation with higher ac-
curacy of results.

Some application-specific studies involving the simulation of DR of crankshafts
[114,147,148], railway axels [109,149], cylinder inner surfaces [80,150], fine blanking punch
edges [22], turbine/compressor blades [105,134], torsion bars [120], and welded joints
[124,126,151] revealed the potential of numerical techniques for effective assessment and
optimization of process parameters. However, the material models and boundary condi-
tions along with process kinematics were reported to be the key factors that must be mod-
eled appropriately to obtain a reliable conclusion. In addition, it was stated that full-scale
numerical analysis may not be feasible because of limitations involved with modeling the
complex nature of process kinematics coupled with a large computational time and/or
cost. Therefore, the studies reported were mostly restricted to predicting induced residual
stress states with reduced model size and modified boundary conditions. Nevertheless,
FE modeling was identified to be the effective alternative for initial approximations within
the assumed conditions, and further validations could be achieved through a limited
number of experiments with optimized parameters. The prominent recent literature on
the finite element modeling of the deep rolling process is summarized in Table 5.
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Table 5. Summary of the prominent recent literature on finite element modeling of the deep rolling

of steels.
Auth Meth h -
uthor and Materials, Process, Parameters, etc. et ods' am.i Character Key Findings
Year ization
Workpiece: AISI 4140 steel, elastic-  Simulation: 2D, ° Rolling force, ball size, tool passes,

K. Kumar et
al., 2014 [138]

plastic deformable body, Cowper-Sy- displacement-controlled.

monds model.

DR Tool: Ball, rigid body, revolves
about the axis and translates.

FEA tool: ANSYS LS-DYNA
explicit dynamics module.

Parameter: Residual
stress state, surface
roughness. o
Validation: experimental
results.

and initial surface roughness pa-
rameter significantly influence the
computed stress field.

Plane strain condition assumption
does not fully correlate with meas-
ured values.

S. M. Ganga-
raj et al., 2015
[140]

Workpiece: EA4T steel, elastic—plastic Simulation: 3D, load- .

deformable body, JC model.

controlled.

DR Tool: Roller, rigid body, revolves Parameter: Residual

about the axis and translates.
FEA tool: ABAQUS, explicit dynam-
ics module.

stress state.
Validation: Experimentale
results.

The parameters that aid in in-
creased coverage can be the ideal
choice; however, too-high coverage
leads to detrimental effects.

Roll coverage appears to be the sin-
gle master control parameter.

J. Perenda et DR Tool: Roller, rigid body, revolves

al,, 2016 [119]

Workpiece: TORKA steel, elastic—
plastic deformable body, LC model.

about the axis and translates.
FEA tool: ABAQUS, explicit dynam-
ics module.

Simulation: 3D, load-
controlled.

Parameter: Residual
stress state, equivalent
plastic strain.

Validation: Experimental.
results.

FE modeling can be a viable option
for analyzing CRS; however, minor
deviations from the measured val-
ues are unavoidable.

An appropriate portion of the
workpiece needs to be modeled for
satisfactory simulation.

Equivalent plastic strain obtained
through simulation were identical
to the measured parameters.

Workpiece: AISI 4140 steel, elastic—
plastic deformable body, four differ-

Simulation: 3D, load-

A bi-linear kinematic hardening
model or the JC model can be pre-
ferred options.

N. Lyu- ont material models controlled. . An increase in rolling pressure in-
benova and L Parameter: Residual duces a higher and deeper CRS
DR Tool: Ball, rigid body, revolves .
D. Bahre, about axis and translates stress state. state, while the number of tool
2017 [141] ) .. Validation: Experimental passes only increases the penetra-
FEA tool: ABAQUS 6.14v, explicit dy-
_ ’ results. tion depth.
namics module. . .. .
¢  FE modeling can efficiently predict
anisotropy in induced stresses.
Manufacturing factors have ad-
Workpiece: Material not specified; de-Simulation: 3D, load- verse effects v%hich indicate that
formable condition modeled with controlled. for efficient ;olling the tool and
V. Zaha- stress—strain data, revolves about Parameter: Hardening KDi ¢ ’ tbei .
rovekis et al. axis quality workpiece surfaces must be in uni-
v ) ’ form contact.
2018 [142] DR Tool: Roller, rigid body, revolves Validation: Ring-cut he i hod b
about the axis and translates. method experimental re- s The rmg-cgt metho app.ears tobe
FEA tool: MSC Marc and Mentat. sults. an economical and effective
method for validating FE results.
T. Kinner- Workpiece: AISI 4140 steel, deforma- Simulation: 3D, both e FE modeling can be effectively em-
Becker et al., ble body, Chaboche nonlinear kine- load- and displacement- ployed for simulating a multi-step
2020,2021, matic hardening material model. controlled. DR process and predicting the
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2023 [143-
145]

DR Tool: Ball, rigid body, revolves
about the axis and translates.

FEA tool: ABAQUS, quasi-static im-
plicit and explicit approaches.

Parameter: Residual
stress state, equivalent
plastic strain.

Validation: Experimental e
results.

material response (i.e., internal ma-
terial loads and the residual
stresses).

The concept of process signatures
may be successfully employed to
inversely determine the appropri-
ate DR process parameters to
achieve the desired residual stress
fields.

The initial stress state of the mate-
rial has minimal impact under as-
sumed conditions and thus may be
neglected in FE modeling.

Workpiece: Railway axel material, cy- Simulation: 3D, load-

clic material behavior, combined iso- /displacement-con-

tropic—kinematic hardening material trolled.
J. Bialowas et model.
al., 2023 [146] DR Tool: Roller, rigid body, revolves stress state, equivalent

about the axis and translates.

Parameter: Residual

plastic strain, FE compu-

FEA tool: ABAQUS, implicit analysis tation time.

with periodic boundary conditions.

Validation: Not reported.

A general FE simulation procedure
for the deep rolling of cylindrical
component is proposed.

Faster simulation and higher accu-
racy of the predicted results is
achieved through proposed
method.

2.3. Deep Rolling Tools

The literature on DR tools is reviewed in this section to understand the aspects of tool
design and construction details. Consistent efforts by the research community are ob-
served on tool designs for the DR of crankshafts and/or similar symmetrical mechanical
components fillets, radii, and recesses. However, a significant amount of the work is pa-
tented. Most designs involve tool assembly with ball or roller elements in horizontal, ver-
tical, or inclined positions depending on the application. The contact mechanics of the tool
tip with the workpiece, degrees of freedom of the rolling ball, the ability to maintain con-
stant rolling pressures, and the mechanism of applying rolling force are acknowledged
aspects of tool design.

C. C. Wong et al. [21] investigated the effectiveness of three types of DR tools (a sin-
gle-roller tool, a caliper ball tool, and a double-roller tool) on various geometrical features.
The study revealed that the selection of an appropriate tool based on geometry is a must
for achieving the desirable level of surface alterations.

A. M. Abrao et al. [152] summarized several mechanisms developed for steadily
holding a ball/roller against the workpiece and discussed their selection criteria. The sche-
matic of well-established tool designs reported is presented in Figure 7. The tools with a
hydrostatic pressure mechanism (Figure 7a) were often used in applications where steady
and higher rolling pressures were required. Moreover, fewer kinematic pairs coupled
with self-lubrication by the hydraulic fluid minimizes the energy loss due to friction.
However, they were quite expensive. The other category of tools primarily uses mechan-
ical elements like springs or threaded bolts for generating rolling pressures. Several vari-
ations involving the mechanism to hold the ball/roller were reported, as depicted in Figure
7b—e. Though they were cost-effective when compared with the former, obvious limita-
tions like friction, degrees of freedom at the tool tip, vibrations especially at higher rolling
loads, and pressure variations during rolling resulted in inconsistent modification of ma-
terial properties.
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Figure 7. Schematic of the working mechanisms for deep rolling tools [152]. (a) Hydrostatic pres-
sure, (b) bearing supported by a spring, (c) ball supported by an intermediate bearing and spring,
(d) two bearings supported by a spring, (e) three-ball assembly supported by a spring, and (f) a ball
supported by a bolt adopted with ref. [152] SPRINGER 2014.

P. R. Prabhu et al. [153] proposed two tool designs with mechanical loading mecha-
nisms involving springs (Figure 8a) and threaded shanks (Figure 8b) for the DR of steel
material. From their work, it is evident that despite the obvious advantages like better
control over the rolling force and the absorption of shock with the spring mechanism for
the tool, it was unable to withstand high rolling loads because of limitations with spring
stiffness. Alternatively, a design with a threaded shank mechanism was identified to be
better to sustain high rolling loads, especially when used for hard materials like steel.
However, the relative motion of the rolling ball in contact with the workpiece was con-
fined to certain axes because of the limitations of ball seating arrangements.
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1 — Rolling ball, 2 — Hardened pin, 3 — Collet {Adapter), 4 — Locking nut (counter nut)
5 — Shank, 6 — Spring, 7 — Allen screw

(a) Push rod and spring mechanism
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1 —Ball, 2 — Hardened pin, 3 — Collet (Adapter), 4 — Locking nut (counter nut)
5 — Shank, 6 — Bearing

(b) Threaded shank with intermediate roller

Figure 8. Schematic of deep rolling tool mechanisms reprinted with permission from author ref.
[153], PhD thesis, Manipal University, Manipal, 2014.

M. Gryadunov et al. [80] presented a tool to perform simultaneous DR and burnish-
ing hollow cylindrical parts like bush-bearing surfaces over the lathe. The tool consisted
of three equi-spaced steel rollers —one for inducing DR deformation and two for burnish-
ing—which were fitted in a cylindrical cage. The DR roller was provided with chamfer
and fillets to ensure a higher penetration than the latter. All the rollers were made conical
in shape to regulate the indentation depths and were able to freely rotate about their own
axes and about the device axis. This tool ensured consistent forces on the work surfaces,
thus developing the intended surface/subsurface characteristics.

J. M. Cubillos et al. [42] developed a tailored device for deep rolling based on a
spring-loaded ball element, as shown in Figure 9. However, exact design details were not
reported. Thus, it is not clear which mechanism they used to hold the ball at the tool tip
with the antifriction element, which governs the degrees of freedom imparted to the ball.

4 1.  Lower body.
Upper body.

Nozzle.

Antifriction element.

Ball (¢10 mm).

Support of spring and pushing element.

N S 0ok » DN

Spring.

Figure 9. Sectional view of the deep rolling device used reprinted with permission from ref. [42]
ELSEVIER 2017.

S. Sattari and A. Atrian [70] modified the tool design presented earlier in Figure 7f by
incorporating an additional intermediate ball (Figure 10) between the rolling ball and the
force-inducing bolt. This altered design ensured relative motion between the rolling ball
and the workpiece, which is crucial for efficient DR. A summary of key aspects found in
the literature reviewed here on DR tools is presented in Table 6.
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Figure 10. Schematic of the deep rolling tool used in 1—specimen, 2—rolling and support balls,
3—Allen bolt adopted with ref. [70] SPRINGER 2017.

Table 6. Summary of the prominent recent literature on deep rolling tools.

Author and Year Key Findings

C.C. Wongetal,, Selection of an appropriate tool shape must be based on work-
2014 [21] piece geometry for achieving desirable surface alterations.

e  Hydrostatic tools are often used in applications where steady
and higher rolling pressures are required; however, they are ex-
pensive and involve a complex mechanism.

A.M. Abrao et al. Tools with mechanical elements like springs or threaded bolts
2014 [152] for generating rolling pressures could be an economical option.

° Friction, the degrees of freedom at the tool tip, and vibrations at
higher rolling loads must be carefully controlled for consistent
rolling operation.

¢ Tools with a spring mechanism may not withstand high rolling

P.R. Prabhu et al. loads owing to limitations with spring stiffness.

2014 [153] e  Tools with a threaded shank mechanism could better sustain
high rolling loads.

S.Sattariand A. e  The design developed ensured free relative motion between the

Atrian, 2017 [70] rolling ball and the workpiece, which is crucial for efficient DR.

2.4. Roll of ANN s in Deep Rolling Techniques

The Artificial Neural Network (ANN) is based on the human brain’s neural structure
for processing information through interaction with multiple neurons and is an estab-
lished technique in several industrial applications. However, the adoption of ANN spe-
cifically for predicting deep rolling effects is not available in the open domain to the best
knowledge of the authors of this review paper. Nevertheless, few studies are available on
the implementation of ANNs for predicting the effects of burnishing, which is a similar
process to that of deep rolling in principle and at least with that of attained surface topog-
raphy [154-157].

Esme et al. [154] adopted the ANN technique for the prediction of surface roughness
attained through ball burnishing. They modeled an ANN considering burnishing force,
speed, feed, and the number of tool passes as input parameters while modeling surface
roughness as the response output. A supervised learning approach through MATLAB
programming was used to train the system. The work revealed a close prediction of aver-
age surface roughness through ANNs with that of experimental outcomes. This indicates
that ANNs could be effectively applied for predicting burnishing process responses.

Tang et al. [155] used the ANN technique to predict the friction coefficient in the
roller burnishing process for two different roller orientations. The roller curvature, bur-
nishing speed, and force were considered as input parameters. They performed extensive
work involving 60 variations of ANN configurations, which were trained using six
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different algorithms with large data sets for training and testing. The results obtained
were reportedly close to the experimental data, which proved the efficient adoption of
ANN s for the prediction of the friction coefficient under the derived conditions. Further-
more, the authors acknowledged that the architecture of the ANN is the key aspect in the
satisfactory prediction of response, which demands problem-specific cautious selection
and design of the ANN configuration.

Kluz et al. [156] reported the use of ANNSs for the prediction of surface roughness of
shafts in slide burnishing. They indicated that ANNs are more effective in comparison
with multiple responses, multiple regression, or Taguchi analysis because of the availa-
bility of multiple links in neural structure. Their results indicated the effectiveness of
ANNSs in predicting surface topography variation in slide burnishing. In addition, the
work also highlighted the possibility of ANNSs to predict outputs beyond a certain range
by increasing the input parameter range and the number of training sets.

Nguyen et al. [157] used ANN techniques to predict the effect of lubrication during
the roller burnishing process on the attained surface characteristics, namely, the maxi-
mum height of surface roughness and hardness. Unlike other studies reviewed here that
involved primary burnishing factors as input parameters, their work is assumed to be the
first that focused on developing an ANN model for predicting the effect of Minimum
Quantity Lubrication (MQL) burnishing. The input parameters considered were only the
MQL control factors. The developed ANN configuration demonstrated agreeable predic-
tion with that observed through experiments, which proved the effectiveness of the tech-
nique under the assumed conditions. In addition, the work reported a significant influ-
ence of MQL control parameters on the investigated surface properties, which is often
neglected in most of the works.

3. Conclusions and Scope for Further Study

The conclusion drawn from this review underscores the complexity of establishing
generalized standardizations for the deep rolling process. It emphasizes the necessity for
specific optimization studies tailored to the material in question because of the intricate
interplay of controlling parameters. Despite the significance of the deep rolling process,
the literature concerning the characterization of surface and subsurface properties of
deep-rolled AISI 1040 steel, as well as the optimization of process parameters, remains
limited.

e The literature indicates there are reliable efforts by the research community in devel-
oping the DR process, optimizing the process parameters, and studying its effect on
materials or components with an objective to achieve improved in-service perfor-
mance. Conversely, comparative studies on the effect of various MSTs are scarce,
which could be due to the significant differences involved in the process mecha-
nisms/parameters and their effect on the performance of the component/material.
This includes, for instance, different stability and heterogeneity in induced CRS, cold
work and microstructures, different responses of different metallic materials to re-
sidual stresses and mean stresses, different work-hardening capabilities, different
mechanical or complex thermo-mechanical responses under cyclicload, during MSTs
at elevated temperatures, etc.

e  The literature in the open domain reveals that DR could be the most viable option
because of its simple operation and tools, lower cost, and the highest level of benefi-
cial surface properties when compared with contemporary techniques. It is identified
to be one of the most effective commercially available methods to enhance the fatigue
performance of metallic materials because of the remarkable improvement in surface
finish, significant CRS depth up to 3 mm (material- and process parameter-depend-
ent) with work-hardened microstructures, and directional strength enhancement.

e The reviewed literature demonstrates that standardizing the DR process is a quite
challenging aspect considering the highest degree of influence of process parameters
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(rolling force/pressure, rolling feed, tool geometry size and material, number of roll
passes, coverage/overlap of the rolling path, contact conditions, etc.) on the material
or component performance. Moreover, the type and initial condition of the material
are crucial in achieving desirable properties through DR. For instance, too-low roll-
ing pressures might not induce pronounced benefits, while too-high rolling pressures
might deteriorate the existing properties by inducing micro-cracks. This indicates
that each study is unique and necessitates the requirement of material-specific inves-
tigation with optimized parameters to fully realize the benefits of the DR process.
The reasonable literature recommends considering physical and mechanical charac-
teristics (microstructure, surface topology, hardness, CRS, and cold work) over the
use of empirical methods for process parameter optimization.

Significant research on the use of FEM to simulate the DR process and analyze its
effect on the material/component is available in the open domain. However, a sub-
stantial amount of the research available was observed to be case-specific, and its
universal adoption is often restricted. In addition, the simulation and accuracy
achieved were sensitive to variations in modeling techniques and assumed boundary
conditions, which were reported to be the primary reason for the deviation among
computed and measured parameters.

Most of the conveyed FE studies are focused on the evaluation of DR-induced resid-
ual stress fields. In contrast, the use of FEM for predicting elastic recovery, surface
roughness, accumulated plasticity, and fatigue life in DR specimens is quite rare. The
reviewed literature indicates that DR controlling parameters, namely, the friction co-
efficient, rolling pressure, number of rolling passes, rolling path and overlap, roller
shape and size, and surface roughness, could be the preferred input parameters in
FE modeling.

The literature on DR tool design and developments divulges that most of the work is
patented. The reviewed literature emphasizes the contact mechanics of the tool and
workpiece, degrees of freedom of the rolling ball, and the ability to maintain constant
rolling pressures were critical aspects in tool design. Limited organizations, espe-
cially in India, are involved in the development and manufacturing of DR tools. Most
of the business is restricted to the development and marketing of burnishing tools.
In addition, the available tools are developed for specific applications and are fairly
expensive.

Investigations on mechanical surface treatments of AISI 1040 steel are scarce in the
literature. The available work is mostly restricted to burnishing, peening (shot/liquid
jet), and laser surface treatments. In particular, no plausible studies pertaining to the
DR of AISI 1040 steel have been reported in the published domain so far.

The adoption of ANNSs specifically for predicting deep rolling effects is not available
in the open domain for AISI 1040 steel.

This study identified several areas that require additional research after an assess-

ment of the current literature including the following:

Establishing generalized standardizations for the deep rolling process does not ap-
pear to be feasible because of the multiple controlling parameters and their complex
interactions. This necessitates a specific optimization study corresponding to the ma-
terial of interest for process standardization.

Investigation studies on the characterization of surface and subsurface properties of
deep-rolled AISI 1040 steel and process parameters optimization are limited in the
published literature.

Detailed investigations on the microstructure and the interaction of surface/subsur-
face properties in deep-rolled samples are meager.

Numerical, analytical, statistical, and ANN studies are limited in comparison with
experimental work on the deep rolling process.
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Abbreviations
AISI American Iron and Steel Institute
ASTM American Society for Testing and Materials
ANN Artificial Neural Network
BSs British standards
CDR conventional deep rolling
CRS compressive residual stresses
DIN Deutsches Institutfiir Normung e.V. (German Institute for Standardization)
DR/DCR deep rolling/deep cold rolling
DR-CT deep rolling at cryogenic temperature
DR-ET deep rolling at elevated temperature
DR-RT deep rolling at room temperature
ENs European norms (European standards)
FE finite element
FEA finite element analysis
FEM finite element method
FWHM full width half maximum
HP hammer peening
HT heat treatment
HT + DR heat treatment with deep rolling
IS Indian standards
JIS Japanese industrial standards
LSP laser shock peening
MSET mechanical surface enhancement technique
MSP micro-shot peening
MST mechanical surface treatment
PP Piezo peening
SAE Society of automotive engineers
SP shot peening
UDR/USR ultrasonic deep rolling/ultrasonic surface rolling
usp ultrasonic shock peening
WP water peening
XRD X-ray diffraction
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