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Abstract
Deep cold rolling (DCR) is a promising mechanical surface treatment which can be effectively used to improve the fatigue life of
components by introducing deep and high beneficial compressive residual stresses on the surface and sub-surface layers.
However, the application of conventional DCR on thin-walled geometries such as compressor blades can be very challenging
as the applied load can damage the component. Double-sided deep rolling on thin-walled components has been proven to be a
viable alternative solution as both sides of the component are treated simultaneously which thus decreases the risk of component
distortion. In this study, a high-fidelity non-linear finite element model has been developed to simulate the double-sided DCR
process on thin Ti-6Al-4V plate and to predict the residual stress profile introduced by the process and after thermal relaxation
due to subsequent exposure to high temperature. The accuracy of the developed finite element model is validated by comparison
with the experimental measurement available in the literature. Response surface method (RSM) has then been carried out on
results obtained by the high-fidelity FE model to develop predictive analytical models to approximate residual stress profiles
induced by the process. The developed analytical models can efficiently replace FE models to perform sensitivity analysis and
design optimization of process parameters. Load distribution at high stress areas of a generic compressor blade is considered to
formulate a design optimization problem of double-sided DCR process in order to achieve optimal residual stress distributions at
room temperature and after thermal relaxation at elevated temperature of 450 °C.
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1 Introduction

High strength-to-density ratio, high corrosion resistance, and
superior biocompatibility are the main advantages of Ti-6Al-
4V (Ti64), making it a long been favored titanium alloy for
aerospace and biomedical applications. One of the main ap-
plications of Ti-6Al-4V in gas turbines is in compressor blades
which their lives are mainly limited by fatigue. Therefore,
improving the fatigue life to enhance durability and reliability
of the blades while maintaining the airfoil shape without un-
dergoing an expensive full-scale redesign is a keen desire of
aerospace industry.

A number of mechanical surface treatments including shot-
peening (SP), liquid jet peening (LJP), laser shock peening
(LSP or simply LP), ultrasonic surface rolling (USRP), low
plasticity burnishing (LPB), and deep cold rolling (DCR) have
been successfully employed in the past few decades to im-
prove wear resistance, fatigue strength, and corrosion resis-
tance of titanium components by introducing a compressive
residual stress in the surface and sub-surface layers [1–3].

Deep rolling (DR), deep cold rolling (DCR), low plasticity
burnishing (LPB), ball burnishing (BB), and roller burnishing
(RB) are fundamentally similar surface treatment processes
where a hydrostatically suspended ball plastically deforms a
component surface through mechanical interaction. The main
difference is in the tooling design and the way the load is
applied or controlled during the process [4]. However, the
plastic deformation mechanism in the workpiece under these
processes is fundamentally identical.

The substantial advantage of DCR process compared with
other mechanical strain hardening methods such as SP, LSP,
and LJP is basically its capability to yield an excellent surface
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finish while producing higher and deeper compressive resid-
ual stresses and higher strain hardening [5]. This surface treat-
ment has shown promising applications not only in life exten-
sion of brand-new engine parts but also in strengthening and
refurbishing of aging aircraft structures, nuclear waste materi-
al containers, biomedical implants, and welded joints [6].

There are a number of studies on experimental characteri-
zation of the induced residual stresses during DCR processing
of Ti-6Al-4V alloys [1, 2, 7, 8]. These have unanimously
demonstrated that the DCR process effectively improves the
fatigue life of the treated components even at elevated tem-
peratures [2, 8]. LPB has been applied to titanium-, iron-, and
nickel-based aero-turbine engine alloys to improve damage
tolerance, high-cycle, and low-cycle fatigue performance of
blades. The reported studies have shown that the process can
improve the damage tolerance of Ti-6Al-4V fan blade in order
of magnitude [6, 9]. The level of fatigue life improvement in
titanium and nickel-base alloys mainly correlates well with the
existence of the maximum residual stress induced in the sur-
face layer where the potential cracking initiates. The induced
compressive residual stress can effectively retard fatigue crack
initiation in high-cycle fatigue. However, the crack propaga-
tion under low-cycle fatigue loading can only be impeded if
the compressive residual stress is deep enough in subsurface
layers [10].

There are also several experimental studies to establish the
correlation between DCR process parameters and the induced
residual stress profile and the surface finish of the treated
components using Design of Experiment (DoE) techniques
[11–15]. The investigations have confirmed that DCR is a
complex process and each parameter has a different level of
interactions on the final state of the surface roughness and
induced residual stress profile. Due to cost associated with
experimental studies, it is not possible to explore large design
space and systematically explore the effect of tool and process
parameters simultaneously.

The residual stress generated in the workpiece during
the DCR process is the resultant of a complex cyclic plas-
tic deformation and microstructural textural evolution oc-
curred on the surface layer. The process is a highly non-
linear dynamic phenomenon because of the dynamic mo-
tion of the ball, presence of plasticity beneath the rolling
ball, and non-linear contact between the rolling ball and
the component [4].

Although the closed form (analytical) solutions with a cer-
tain level of accuracy exist for elastic rolling contact, applica-
tion of semi-analytical methods and finite element (FE)
methods are inevitable for the elastic-plastic rolling contact
problems. The apparent shortcoming of semi-analytical
methods are the inherited inaccuracies in solving large plastic
deformation especially under highly non-linear contact condi-
tions and their limitations to two-dimensional rolling contact
problems [13].

The determination of optimal process parameters through
experiments requires cost-extensive measurements and time-
consuming experimental set-ups. On the other hand, the accu-
racy of the analytical model is inadequate because of the non-
linearities associated with the material plasticity and contact
between the ball and workpiece. Finite element (FE) analysis
has been proposed as an effective and cost-reducing alterna-
tive to experimental and analytical methods [16–18].

Lim et al. [19] simulated DCR process on Ti-6Al-4V plate
using a 3D FE model in order to investigate the residual stress
distribution at the boundary between the treated and untreated
zones on the surface of the component. The results of the FE
model in the treated zone were compared with experimental
measurements which showed disagreement particularly at the
near-to-surface depth. The limitation of the residual stress
measurement method at the surface layer area was stated as
a potential source of the discrepancy. Klocke et al. [17] had
successfully developed a 3D FE model to simulate the deep
rolling process on several geometries representing typical fea-
tures of turbine blade and turbine disk components. Ti-6Al-4V
and IN718, the two widely used materials in aerospace indus-
try, were considered in their study. Their study clearly dem-
onstrated that the residual stress distributions in plane geom-
etry and thin-walled geometries are significantly different.
While the process affects plane geometry only in the neigh-
borhood of the processed surface, thin-walled geometries are
influenced over their entire thickness.

Klocke et al. [5] also investigated the effect of the compo-
nent thickness on the residual stress distribution induced by
deep rolling on IN718 specimens with different thicknesses.
The experimental results showed that the thickness of the
treated component can significantly influence the near-
surface residual stresses. Therefore, the process parameters
should be selected based on the component thickness particu-
larly for thin-walled geometries where the thickness of the
component is comparable to the residual stress depth.
Otherwise, the process may create a detrimental tensile resid-
ual stress which can negatively impact the component’s fa-
tigue strength.

DCR process tends to create a compressive residual stress
on the surface layer which is balanced by tensile residual
stress in the inner sub-surface region of the component as
the residual stresses in the specimen must be in equilibrium.
A component with a thickness larger in order of magnitude
than the depth of residual stress is only locally affected in the
surface layer while a thin-walled geometry with a thickness
comparable to the depth of the residual stress is affected over
the entire thickness. This results in a significantly different
residual distribution through the thickness in thin-walled com-
ponents compared with that in thick components [20].

Avoiding permanent deflection under the unidirectional
rolling loads is the biggest challenge in DCR process of
thin-walled components such as fan and compressor blades
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[20]. In addition, the induced strain state in conventional roller
burnishing is asymmetrical as the component is treated only
on one side. This permanent deflection of the blade is accom-
panied with increase of the plastic strain in the surface layer
which can distort the treated component [20]. Considering
this, performing the conventional DCR on thin-walled geom-
etries is not generally recommended and deep rolling of tur-
bine blade is a challenging process [21].

ECOROLL Corporation Tool Technology [22] has de-
signed a special tool to perform double-sided DCR process
on thin-walled components such as turbine blades which is
shown in Fig. 1. This tool compromises a double-sided hydro-
static deep rolling tool which pressures the balls on both sides
of the component simultaneously to avoid the component dis-
tortion under the process.

Another risk associated with conventional DCR process of
thin-walled component is thermal distortion caused by relax-
ation of asymmetrical residual stresses induced by the process
at room temperature. The distortion can be more severe in
component with a comparable thickness to the depth of the
plastically deformed zone particularly under a non-uniform
thermal distribution [10]. On the other hand, the double-
sided process introduces a symmetrical residual stress and
plastic deformation through the component thickness which
can also mitigate the thermal distortion risk.

Most of the deep-rolled components are intended to operate
at elevated temperature where the induced residual stresses are
relaxed and redistributed [2, 7].While there are several studies
addressing FE simulation of the DCR process to predict the
induced residual stresses at room temperature, very limited
studies have addressed the thermal relaxation of induced re-
sidual stresses at the elevated temperature.

Prevéy et al. [10] developed a FE model to study perma-
nent deformation of a blade geometry due to thermal relaxa-
tion of residual stresses induced by shot peening. The residual
stress fields were imported as an initial state input and then the

thermal relaxation was simulated. The results showed that the
blade deformation was significantly lower for a uniform re-
laxation on both sides compared with non-uniform relaxation.

Hadadian and Sedaghati [4] developed non-linear 3D finite
element models to simulate the DCR process on Ti-6Al-4V
specimens and the following short-term exposure of the treat-
ed components to an elevated temperature of 450 °C. The
models were able to predict the residual stresses induced by
the process and the relaxation due to exposure to the elevated
temperature. The finite element predictions correlated well
with experimental results with errors generally less than 10%.

As it was discussed earlier, application of double-sided
DCR can mitigate the main risks of damaging thin compo-
nents during conventional DCR and thermal distortion caused
by asymmetry relaxation of the residual stresses. However, the
process parameter selection for double-sided DCR process is
more challenging and crucial for thin-walled components as
during the process, the induced residual stresses on each side
of the specimen affect the entire thickness and substantially
interact and influence the process applied on the other side.
The resultant strain hardening may lead to tensile residual
stress on surface which can negatively impact the fatigue life
of the treated component.

The main contributions of the present study are: (1)
Development of a high-fidelity finite element (FE) model to
accurately simulate the double-sided deep cold rolling process
on thin Ti-6Al-4V plate at room and after exposure to high
temperature and (2) Development of an optimization formu-
lation using approximate surrogate models to identify the op-
timal process parameters. FE models are first developed to
simulate double-sided DCR process on Ti-6Al-4v plate with
1 mm thickness. The accuracy of the developed FE model to
predict residual stresses is then validated by comparison with
the experimental measurements available in the literature [17].
The thermal relaxation of the residual stresses in the following
short-term exposure of the treated components to elevated
temperature 450 °C is then studied using the developed FE
model.

The response surface method has then been carried out on
the results obtained from the high-fidelity FE model to devel-
op predictive analytical models to approximate residual stress
profiles with respect to the process parameters (i.e., ball diam-
eter, feed, and rolling pressure). The developed analytical
functions are considerably lower in order than a full-scale
finite element simulation and thus can efficiently replace FE
models to perform sensitivity analysis and design optimiza-
tion of process parameters. A design optimization problem is
formulated considering the stress distribution in highly
stressed locations of a generic compressor blade, in order to
identify optimal parameters of double-sided DCR process to
achieve residual stress distributions effective to enhance the
fatigue life at room temperature and after thermal relaxation at
an elevated temperature of 450 °C.Fig. 1 Double-sided deep rolling of a turbine blade [22]
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2 Finite element simulation

It was discussed earlier that the prediction of the residual
stresses introduced by DCR process requires FE simulation
because of high level of non-linearity associated with rolling
dynamic, friction contact, and plasticity behavior of the mate-
rial. The level of non-linearity is even higher on the double-
sided DCR process of thin-walled geometries as both sides of
the component are treated simultaneously and the induced
plastic deformation from one side interacts with the plastic
deformation of the other side and as a result impacts the intro-
duced residual stresses.

ABAQUS software has been used in the present study to
develop the non-linear 3D FE models to simulate the double-
sided DCR process on a thin Ti-6Al-4V plate with a 1-mm
thickness, and then the subsequent short-time thermal expo-
sure to 450 °C. The predicted residual stress profile after
spring back analysis using the developed FE model has been
compared with experimental measurement reported by
Klocke et al. [17] for the purpose of validation. The thermal
relaxation analysis has been subsequently conducted using a
validated finite element methodology [4].

The FE model to simulate the DCR process has been de-
veloped in the ABAQUS/Explicit environment as it can han-
dle the high non-linearities due to friction contact, plastic de-
formation, and dynamic loading efficiently and accurately.
However, the spring back and thermal relaxation analysis
steps are quasi-static in nature and thus have been modeled
in ABAQUS/Standard environment which employs implicit
integration methodology. Figure 2 presents the sequence of
simulations undertaken to model the DCR process and the

following thermal loading in order to calculate the induced
residual stress and its subsequent relaxation during thermal
exposure.

Since the double-sided DCR process, which is schemati-
cally demonstrated in Fig. 3(a), is symmetrical with respect to
X-Z plane, only half of the workpiece is modeled and the
YSYMM symmetry boundary condition in ABAQUS is ap-
plied on the midface (symmetry plane). The process induces
residual stresses with high gradient in the neighborhood of
contact region which demands a very fine mesh to obtain an
accurate stress prediction. Therefore, the surface layer beneath
the contact zone has been discretized with a very fine mesh
with the size of 25 μm. Since the model benefits from the
defined symmetry BC to reduce the computational cost, it
was possible to mesh the whole geometry uniformly using
640,000 C3D8RT elements in ABAQUS environment as pre-
sented in Fig. 3(b). This element is an eight-node thermally
coupled brick element accommodating temperature degree of
freedom (DOF) in addition to translational displacement
DOFs.

The DCR process can be applied under either force control
or displacement control of the rolling ball. While the force
control mode ensures that a constant load (pressure) is applied
to the ball during the process, under displacement control
mode, the process is performed under a defined displacement
which is prescribed at the end of ball indentation step. The
reference experimental study reported by Klocke et al. [17]
was conducted under load control which has been also con-
sidered in this study.

The DCR process is modeled in a series of simulation steps
until a stable residual stress field is achieved in the contact

Fig. 2 Flow chart for the CDR and thermal relaxation simulations
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zone. The roller is assumed to be rigid and its kinematics is
defined in four steps by related boundary conditions [4],
namely indentation, rolling, feed, and retraction steps. In the
indentation step, a constant force is applied to the rigid ball to
create a small indentation on the surface of the specimen in − Y
axis. The ball is then allowed to roll freely in the + X direction
to complete a pass while the applied force is kept constant.
This is followed by moving the ball in lateral direction (+ Z)
perpendicular to the rolling pass in the amount of feed and
then again rolling the pressurized ball but now in − X direc-
tion. Based on the amount of feed, overlap would exist be-
tween successive rolling passes. Finally, the ball is retracted
from the surface in the retraction step.

It has been reported that the effect of friction coefficient on
the simulation is negligible as long as the friction is non-zero
as any level of friction will allow the ball to be in a pure
rotating state of motion [19]. Isotropic Coulomb friction mod-
el with friction coefficient of 5 × 10−3 has been considered in
this study to model the interaction between the workpiece and
ball.

Johnson-Cook (JC) material model has been successfully
utilized to describe the material behavior in the simulation of
cold rolling processes of Ti-6Al-4V [4]. This material model is
purely empirical and describes the flow stress as the function
of strain, temperature, and strain rate. The capability of JC
model to describe the plastic deformation of Ti-6Al-4V has
been demonstrated in several studies [23–25]. The model can
be described as:

σ ¼ Aþ Bεn½ � 1þ Clnε̇
*

h i
1−

T−298
Tm−298

� �m� �
ð1Þ

where σ and ε are the effective stress and strain, respectively;

ε̇
*
is the normalized effective plastic strain rate; n is the work

hardening exponent; and A, B, C, and m are constants which
are determined from an empirical fit of flow stress data. Tm

represents the melting temperature. The material’s constants
(A, B, C, and m) depend on the range of stress and tempera-
tures considered in the material testing procedure. Therefore,
they are not fixed and change under different material testing
conditions [23–25].

The JC model developed by Lee and Lin [26] has been
considered for FE simulation of DCR of Ti-6Al-4V based
on the typical strain range and strain rate expected in DCR
process [4]. Since the previous FE results were correlated very
well to the experimental measurements, the same JC material
model which is presented in Table 1 has been considered in
the current study.

The residual stress state changes by preforming each
rolling pass until it reaches a saturation in a stabilized region
where further rolling the workpiece will not alter the residual
stress. It has been previously shown that ten rolling passes,
which covers a part of the surface, are sufficient to develop a
stabilized region to extract the results while saving the numer-
ical computation time [4].

The residual stress and strain fields evaluated at the end of
the DCR process are then imported as initial conditions to the
spring back analysis which is modeled using isotropic plastic-
ity behavior of the material at a low strain rate. Twelve vertical
lines normal to the treated surface and through the component
thickness have been considered in the stabilized region to
extract the FE results and calculating the average value at each
depth (y-coordinate from the top surface).

The relaxation and redistribution of the residual stresses
during the following short-term thermal exposure to 450 °C

Table 1 JC material constant parameters presented for Ti-6Al-4V [26]

A (MPa) B (MPa) N C m

724.7 683.1 0.47 0.035 1

Fig. 3 a Geometric model and b FE BC and mesh of the workpiece in the 3D simulation
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are then modeled through the plastic softening mechanism
where the outcome of the spring back analysis is considered
as the initial state input for the analysis. Since the thermal
relaxation is quasi-static, the plastic material model at lower
strain rate is required for the analysis. Temperature dependent
quasi-static stress-strain curves at the strain rate of 1 sec−1

presented by Haight et al. [27] had been successfully adapted
in the form of isotropic plasticity to simulate the thermal re-
laxation of DCR-induced residual stresses in Ti-6Al-4V [4].

The double-sided DCR process treats both sides of the
component simultaneously which results in a different mate-
rial flow and plastic hardening and deformation compared
with conventional DCR process. In this study, both processes
have been simulated on a plate with a 1-mm thickness under
load control mode with process parameters of ball diameter 9
mm, feed 0.200 mm, and rolling pressure 20MPa. The results
for tangential residual stress (z-direction) through the thick-
ness are presented in Fig. 4.

As it can be realized, the residual stress profile induced by
double-sided DCR process is significantly different than that
induced by the conventional DCR process performed on the
same workpiece under identical processing parameters. Under
simultaneous deep-rolling process of the two sides of a thin-
walled component, the strain hardening induced from one side
is deep enough to interact with the rolling process on the
opposite side which consequently lowers the plastic deforma-
tion imposed on the opposite side and also the induced resid-
ual stress through the affected zone. However, as it can be
seen, the double-side CDR creates compressive residual stress
on both sides of the component which can be important for
fatigue enhancement under some applications.

As it can be realized, the thermally relaxed residual stresses
at an elevated temperature of 450 °C are alsomore uniform for
double-sided CDR compared with the conventional one

which can mitigate the thermal distortion due to relaxation
of asymmetrical residual stresses.

2.1 Validation of the developed FE model

The FE results of double-sided DCR process developed in the
current study have been compared with simulation and exper-
imental results reported by Klocke et al. [17], where double-
sided DCR treatment of a 1-mm thick Ti-6Al-4V plate was
performed using a ball diameter of 6 mm, rolling pressure of
150 bar, rolling velocity of 10 mm/s, and coverage of 60%.
Since the amount of the lateral movement of the rolling ball in
Z-direction (feed) was not explicitly provided in the reference
[17], the simulation was first run only for one rolling pass to
obtain the track width and then the feed was determined using
the given coverage. The DCR process was then continued
considering the calculated feed of 0.240 mm for the next nine
subsequent rolling passes until a stabilized region is achieved.

Residual stresses are the result of inhomogeneous plastic
deformation generated in component during DCR process.
The final state of the material flow defines the direction of
reaction forces by the surrounding materials which subse-
quently describes the nature (compressive or tensile) of the
introduced residual stresses. In other words, under a certain
rolling force with a given ball dimeter, the sign of the residual
stresses in axial and tangential directions can alter depending
on the material flow caused by the different amounts of feed.

It has been demonstrated that the residual stress distribution
can be explained by the net material flow and the resulting
plastic strain [19]. The plastic deformation mechanism during
the DCR process is the resultant of the material displacements
in the treated zone attributed to three simultaneous deforma-
tion mechanisms, namely as the ball rolling (in x direction),
the lateral movement of the ball (the feed in z direction), and

Fig. 4 Residual stress profile in tangential direction at 25 °C and 450 °C obtained by conventional versus double-sided DCR

2108 Int J Adv Manuf Technol (2020) 108:2103–2120



the vertical movement of the ball (under the rolling force in y
direction) which interact with each other during the whole
process.

The equivalent stress beneath the ball reaches the yield
stress of the workpiece material under a substantial rolling
force which results in plastic deformation. A detailed stress
analysis of the process reveals a large area of vertical com-
pressive stress directly beneath the rolling ball causing a ver-
tical plastic compression, which leads to plastic extension in
the surface of the workpiece. Because of the constant volume
of the material, the extension of the surface of the material in
one direction leads to a traverse contraction of the material in
the perpendicular directions on the surface as well as in the
material beneath the surface layer. This results in lateral dis-
placement of the material surrounding the contact zone and
consequently developing residual stresses as a reaction to this
plastic material displacements.

Figures 5 and 6 respectively show the material flows and
plastic deformation in the stabilized region for the process
parameters of D = 6 mm, f = 0.240 mm, and P = 15 MPa
using the developed FE model. It is noted that to reduce the
computational cost, the simulation was conducted only on half
of the thickness due to the symmetry about the X-Z plane. The
deflection scale has been set to six and the component has
been sectioned using the cutting plane for the sake of better
visualization.

Figures 7 and 8 respectively show the residual stresses
in axial and tangential directions in the stabilized region
at both room temperature and 450 °C predicted by the
developed FE model. As it can be realized, the process

introduces anisotropic residual stress fields which are sig-
nificantly different in the axial and tangential directions.
The thermal relaxation causes material softening and the
subsequent material flow and plastic deformation redis-
tribute the residual stresses. Developing residual stresses
in the treated area results in a compensatory residual
stress in the surrounding material which plays an impor-
tant role in the final state of the residual stress field in the
treated area after thermal relaxation.

The tangential residual stress values (σzz) through the depth
of the components were extracted along 12 lines in the Y-
direction spread over the stabilized region and the average
values were calculated and compared with the experimental
measurements. Figure 9 shows the results of the tangential
residual stress through the thickness predicted using the de-
veloped FE model in the present study and comparison with
those of experimental measurements and the simulation re-
sults reported by Klocke et al. [17]. As it can be seen, the
developed FE model can predict the residual stress profile
more accurately than the FE model previously developed by
Klocke et al. [17].

Compared with the current simulation results, experi-
mental results mainly underpredict the residual stress. It
should be noted that the residual stress measurement in-
volves material removals which cause inevitable relaxa-
tion and redistribution of the initial residual stress profile.
The equilibrium of forces between the tensile region and
compressive region must maintain after each step of layer
removal resulting in reduction or even elimination of the
compressive stress region [28]. The relaxation can be

Fig. 5 Material displacement after spring back at room temperature in the stabilized region a in axial direction and b in tangential direction, under force
control DCR
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greater for thin-walled specimen as the volume of the
treated region is less compared with thick components.
The inevitable stress relaxation caused by the material
removal in electropolishing was not considered in the
measurements reported by Klocke et al. [17] which may
result in slight underprediction of the residual stress

beneath the surface. Considering the measurement errors
and assumptions involved in the FE simulation including
the assumed material model and ignoring the impact of
initial surface roughness and residual stress of the compo-
nent prior to the deep rolling, the results of the FE models
developed in the current study are generally in a very

Fig. 7 Residual stress (Pa) in axial direction (σxx) sectioned in the stabilized region a after spring back at room temperature and b after thermal relaxation
at 450 °C under force control DCR

Fig. 6 Plastic strain after spring back at room temperature in the stabilized region a in axial direction (εxxp) and b in tangential direction (εzzp), under force
control DCR
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good agreement with the experimental measurements and
thus the model can be confidently utilized to simulate the
double-sided DCR process.

Figure 10 shows induced residual stress distributions in
axial (σxx) and tangential (σzz) directions through half the

thickness at both room temperature and 450 °C. As it can be
realized, the double-sided DCR process generates significant-
ly different residual stress distributions in axial and tangential
directions at room temperature and the subsequent exposure to
elevated temperature causes relaxation and redistribution of

Fig. 9 Comparing tangential residual stress profile through the depth obtained using FE and experiment at room temperature

Fig. 8 Residual stress (Pa) in tangential direction (σzz) sectioned in the stabilized region a after spring back at room temperature and b after thermal
relaxation at 450 °C under force control DCR
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the stresses. As it was discussed before, the anisotropy of the
developed residual stresses at room temperature can be ex-
plained by the plastic deformations caused during the process.

3 Design of experiments and response surface
method

Each simulation run of theDCRprocess and the following spring
back and thermal relaxation analysis took about 188 h on a
computer with four core i7 2.70 GHz CPU and 64 GB available
RAM. As it can be realized, performing sensitivity analysis,
design optimization, or assessing uncertainty of the process pa-
rameters on the residual stress profiles using FE simulation
models is computationally expensive and impractical.

The development of an efficient methodology to establish an
explicit correlation between process parameters and the residual
stress profiles (at both room temperature and 450 °C) are
discussed in this section. The depth of the created compressive
layer and the distribution of dislocation density caused by cold
working of the surface layers depend upon the process parame-
ters such as ball size, rolling pressure, feed, and the rolling speed.
The previous experimental and numerical research works have
unanimously confirmed that the impact of the rolling speed on
the residual stress is negligible [5, 16, 29, 30]. Therefore, ball
diameterD (6–12 mm), the feed f (0.05–0.20 mm), and the fluid
pressure P (10–30 MPa) are considered as design variables (de-
sign features) in the current study.

Design of experiments (DoE) has been employed to
discretize the design domain at intelligently selected sampling
points named design points. The design points are the most
representative input configurations for simulation or physical
experiments at a given design domain. DoE refers to a

collection of statistical techniques that provide a framework
to maximize the knowledge sought over a design domain with
minimum number of required simulations (or experiments)
performed at the design points [4, 31].

Ten output responses have been considered in the cur-
rent study which can effectively describe the residual
stress profile.

& The summation of the total area of the residual stress cal-
culated using both negative and positive areas of the stress
components throughout the thickness in x and z directions,
i.e., [Area σxx + Area σzz] which represents the depth of the
residual stress. This will be represented by (Area)RT
and (Area)450 for room temperature and 450 °C,
respectively.

& The residual stress components (parallel and perpendicu-
lar to the rolling direction) on the surface of the workpiece
which are represented by (σ0xx)RT and (σ0zz)RT at room
temperature. (σ0xx)450 and (σ0zz)450 will be used to show
the residual stresses at 450 °C.

& The residual stress components in the depth of 500 μm
(mid thickness the workpiece) which are represented by
(σ500xx)RT and (σ500zz)RT at room temperature. (σ500xx)450
and (σ500zz)450 will be used to show the residual stresses at
450 °C.

Central composite design (CCD) method available in
Minitab© software was used to design the experiment and
identify the design points [32]. The developed high-fidelity
FE model has then been executed at each design point to
evaluate the desired output responses described above.
Tables 2 and 3 summarize the design points and their

Fig. 10 Residual stress profiles in
axial and tangential directions at
25 °C and 450 °C
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associated desired responses at room and elevated temperature
of 450 °C, respectively.

Response surface methodology (RSM) which is a well-
stablished regression-based technique has been utilized to
train and validate the best polynomial approximate to the re-
sponses of interest (residual stress profile in this study), by
minimizing the error of the approximation. The error between
the exact response y (from FE simulation) and its approxima-
tion by is represented by ε.

y ¼ by x1; x2;……; xnð Þ þ ε ð2Þ

The RSM-based approximate response can be written as
[33]

by ¼ β0 þ ∑
n

i¼1
βixi þ ∑

n

i¼1
∑
n

j¼iþ1
βijxix j þ ∑

n

i¼1
βiix

2
i þ ð3Þ

where xi are the design variables (design feature) and βi are the
polynomial coefficients to be calculated. Using the least
square technique, an optimization problem is solved to mini-
mize the square error of approximate response to known exact
response over the entire training set. The surrogate models
developed by RSM are smooth and quick to calculate, so they
can be efficiently employed in any gradient-based and
derivative-free optimization algorithms [31].

The accuracy of the developed surrogate models is usually
examined by R2 (i.e., R-squared) which is also known as the
coefficient of determination. R2 is a statistical measure of how

Table 2 Design points and the FE results (training data set) at room temperature

D (mm) f (mm) P (MPa) (σ0xx)RT
(MPa)

(σ0zz)RT
(MPa)

(σ500xx)RT
(MPa)

(σ500zz)RT
(MPa)

(Area)RT
(MPa m)

6 0.050 10 − 44 − 80 156 575 − 0.4907
6 0.200 10 285 − 144 − 71 233 − 0.6530
6 0.050 30 314 244 − 822 56 − 1.1037
6 0.200 30 216 − 504 − 446 − 550 − 1.2341
6 0.125 20 153 54 − 651 − 326 − 1.1461
9 0.050 20 − 132 200 − 947 − 141 − 1.1846
9 0.200 20 110 − 257 − 522 − 706 − 1.2258
9 0.125 10 126 327 − 749 − 247 − 1.1546
9 0.125 30 − 210 162 − 822 − 782 − 1.4541
9 0.125 20 − 82 123 − 861 − 674 − 1.3957
12 0.050 10 − 118 115 − 947 1 − 1.0802
12 0.200 10 110 − 73 − 660 − 716 − 1.2613
12 0.050 30 − 594 44 − 1105 − 544 − 1.4769
12 0.200 30 − 402 − 169 − 536 − 688 − 1.2911
12 0.125 20 − 333 174 − 814 − 781 − 1.4047

Table 3 Design points and the FE results (training data set) at 450 °C

D (mm) f (mm) P (MPa) (σ0xx)450
(MPa)

(σ0zz)450
(MPa)

(σ500xx)450
(MPa)

(σ500zz)450
(MPa)

(Area)450
(MPa m)

6 0.050 10 21 − 48 196 458 − 0.3180

6 0.200 10 328 − 79 69 226 − 0.3615

6 0.050 30 430 246 − 473 92 − 0.6403

6 0.200 30 266 − 203 − 267 − 259 − 0.7068

6 0.125 20 252 144 − 394 − 326 − 0.6946

9 0.050 20 100 249 − 582 − 49 − 0.6874

9 0.200 20 180 − 5 − 315 − 350 − 0.6669

9 0.125 10 235 353 − 468 − 114 − 0.7060

9 0.125 30 − 40 295 − 522 − 440 − 0.8531

9 0.125 20 64 240 − 575 − 408 − 0.8609

12 0.050 10 96 163 − 534 55 − 0.5959

12 0.200 10 193 142 − 422 − 377 − 0.7011

12 0.050 30 − 228 138 − 647 − 356 − 0.8542

12 0.200 30 − 156 106 − 282 − 347 − 0.6629

12 0.125 20 − 97 320 − 508 − 461 − 0.8090
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close the data are to the fitted regression models and is always
between 0 and 100% in which a model with a higher R2 better
fits the training data. The coefficient of determination, R2, can
be presented as:

R2 ¼ 1−
∑
n

i¼1
yi−byi

� �2

∑
n

i¼1
yi−y

� �2 ð4Þ

where y is the mean of the observed data (here the FE results).
It can be realized from Eq. (3) that several types of polynomial
such as the linear, quadratic, and cubic functions can be con-
sidered for the surrogate models. In this research study, a
quadratic model was considered for the response surface func-
tions as R2 value over 85% can be achieved without
overfitting the training data set by higher-order polynomials.
The reduced quadratic response surface functions for the de-
sired output responses are presented in Eqs. (5) to (14) and the
R2 values of each developed surrogate model is presented
beside it in a bracket which shows the high accuracy of the
models to approximate the responses of interest.

σ0xxð ÞRT ¼ −362þ 31:0*Dþ 793*f þ 47:22*P

þ 7764*f 2−5:322*D*P−77:2*f *P; R2 ¼ 95:88%
� 	 ð5Þ

σ0zzð ÞRT ¼ −780þ 113*Dþ 7173*f

þ 11:17*P−6:94*D2−36425*f 2

þ 230*D*f −118:4*f *P; R2 ¼ 87:63%
� 	 ð6Þ

σ500xxð ÞRT ¼ 3316−470*D−9733*f −108:6*P

þ 13:1*D2 þ 20617*f 2 þ 0:651*P2

þ 392*D*P þ 5:5*D*P

þ 147:7*f *P; R2 ¼ 93:31%
� 	 ð7Þ

σ500zzð ÞRT ¼ 2976−155:9*D−14294*f −116:6*P

þ 44511*f 2 þ 1:591*P2

þ 3:27*D*P; R2 ¼ 94:48%
� 	 ð8Þ

Areað ÞRT ¼ 1:774−0:3278*D−9:36*f −0:0563*P

þ 0:0116*D2 þ 30:34*f 2 þ 0:003198*D*P

þ 0:0664*f *P; R2 ¼ 95:46%
� 	 ð9Þ

σ0xxð Þ450 ¼ −396þ 67:4*Dþ 96*f

þ 42:63*P−1:77*D2

þ 8339*f 2

−4:255*D*P−82:8*f *P; R2 ¼ 91:25%
� 	 ð10Þ

σ0zzð Þ450 ¼ −974þ 146:6*Dþ 5925*f

þ 18:24*P−7:24*D2−31135*f 2

þ 245*D*f −1:029*D*P−68:9*f *P; R2 ¼ 89:88%
� 	

ð11Þ
σ500xxð Þ450 ¼ 2212−95:1*D−12035*f −91:7*P

þ 36874*f 2 þ 1:295*P2 þ 1:96*D*P

þ 53:7*f *P; R2 ¼ 93:61%
� 	 ð12Þ

σ500zzð Þ450 ¼ 2647−400*D−8200*f −61:2*P

þ 13:09*D2 þ 21402*f 2 þ 222*D*f

þ 4:30*D*P

þ 97:6*f *P; R2 ¼ 93:19%
� 	 ð13Þ

Areað Þ450 ¼ −1:086−0:1966*D−7:108*f −0:03282*P

þ 0:00718*D2 þ 24:76*f 2

þ 0:00186*D*P

þ 0:0458*f *P; R2 ¼ 92:20%
� 	 ð14Þ

4 Response surface of residual stress profiles

Figures 11 (a) and (b) show, respectively, the response sur-
faces of (σ0xx)RTand (σoxx)450 with respect to ball diameter and
rolling pressure for the given feed of f = 0.125 mm. As it can
be seen for the given feed, increasing the rolling pressure at
smaller ball diameter increases (σ0xx)RT toward tensile region
while at larger ball diameter decreases more toward the com-
pressive region. Therefore, the impact of the rolling pressure
on the axial residual stress highly depends on ball diameter.
The similar trend can also be observed for (σoxx)450 in which
increasing the rolling pressure increases (σoxx)450 toward the
tensile region for the smaller ball diameter while decreases
(σoxx)450 toward compressive region for the larger ball diam-
eters. Comparing the surface plot of (σoxx)450 with its counter-
part at room temperature shows that the thermal relaxation
significantly reduces the magnitude of the compressive axial
residual stress on the surface and the level of relaxation is
significantly higher at the upper bound of the parameters
where the plastic deformation is higher.

Figures 12 (a) and (b) also show the surface plot of (σ0zz)RT
and (σ0zz)450 with respect to ball diameter and feed for the
given rolling pressure of 20 MPa, respectively. Results clearly
show the dominant effect of feed on the responses. For
(σ0zz)RT, a higher value of feed is required to guarantee a com-
pressive surface residual stress in tangential direction. It can
be concluded from the results that the desirable compressive
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residual stress for (σ0zz)RT is only achievable at higher feed
values. As it can be realized, results show a parabolic relation
between the introduced tangential residual stresses and the
feed. It is noted that similar parabolic behavior has been pre-
viously reported for conventional deep rolling of Ti-6Al-4V
[4, 34] and AISI1045 [35]. With respect to (σ0zz)450, one can
realize that a high level of feed is required to maintain a com-
pressive residual stress in tangential direction, particularly for
small ball diameters. Moreover, comparing Figs. 12 (a) and
(b) shows that thermal relaxation decreases the magnitude of
the compressive tangential residual stress on the surface at a
higher rate compared with tensile tangential residual stresses.

This is mainly attributed to thermal softening and net material
movement of the surrounding material (untreated regions) and
therefore imposing a less restrain on the treated region with
compressive residual stress.

The results presented in Figs. 11 and 12 show that the thermal
relaxation of residual stresses on surface is higher when they are
induced by higher rolling pressure and feeds (upper bounds of
the design variables). This agrees with the experimental findings
[10, 34], where surface layers with medium dislocation density
show a better thermal stability of residual stresses compared with
surface layers with extremely high dislocation densities.
Nevertheless, it can be realized that the residual stress can alter

Fig. 11 Effect of ball diameter and rolling pressure on σ0xx for f = 0.125 mm a at room temperature 25 °C and b at elevated temperature 450 °C

Fig. 12 Effect of feed and ball diameter on σ0zz for P = 20 MPa a at room temperature 25 °C and b at elevated temperature 450 °C
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from compressive to tensile at lower feed as the plastic deforma-
tion in tangential direction is not high enough to maintain a
compressive residual stress at elevated temperature.

The response surfaces for (Area)RT and (Area)450 with re-
spect to rolling pressure and feed for the given ball diameter of
6 mm are presented in Fig. 13 (a) and (b), respectively. As it
can be realized, both (Area)RT and (Area)450 are more domi-
nated by the rolling pressure and for the assumed ball diame-
ter, increasing the rolling pressure creates a deeper residual
stress profile at any given feed. However, comparing Fig. 13
(a) and (b), one can conclude that the exposure to the elevated
temperature leads to decreasing the depth of the residual stress

profiles induced at the room temperature. It is noted that feed
has more significant effect on the residual stress closer to the
surface layer while the profile of the residual stresses through
the depth of the component is more affected by the rolling
pressure. The stress relaxation is basically more dependent
on the level of rolling pressure than the feed and the residual
stress profile relaxes more when the process is performed
under higher rolling pressure.

Figures 14 and 15 respectively show the surface plots of
(σ500xx) and (σ500zz), with respect to ball diameters and rolling
pressure for feed f = 0.125 mm at both room and 450 °C tem-
peratures. The output responses show a very similar behavior

Fig. 13 Effect of feed and ball diameter on the stress Area for D = 6 mm a at room temperature 25 °C and b at elevated temperature 450 °C

Fig. 14 Effect of rolling pressure and ball diameter on σ500xx for f = 0.125 mm a at room temperature 25 °C and b at elevated temperature 450 °C
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with respect to the design variables. As it can be realized, the
effect of the rolling pressure is more significant at smaller ball
diameter where increasing the rolling pressure leads to a more
compressive residual stress. However, at higher ball diameters,
a parabolic behavior is observed which may be attributed to
deep strain hardening introduced due to process applied from
both sides which interact aroundmid-surface of the component.
The thermal relaxation especially at higher ball diameter is
mainly dominated by material softening as the plastic strains
are developed through the entire thickness.

5 Optimization

As it was explained and shown in the previous sections, the
double-sided DCR process induces anisotropic residual stress
profiles which are significantly different in axial and tangen-
tial directions. Therefore, the process parameters need to be
tailored according to the stresses imposed by the external
loading. The double-sided deep rolling of a compressor blade
of a gas turbine which is schematically presented in Fig. 16
has been considered in the current study for the optimization
problem. The external loads on the blades are centrifugal force
(CF) due to the shaft rotation and pressure load imposed by

the hot gas. These loads result in significant radial stress in Z′

direction and moments around X′ axis (MX
0 ) at the inner

platform zone highlighted in blue. The aerodynamic definition
of the airfoil also results in a very thin trailing edge (zone
highlighted in red) which results in high radial stress in this
region. Therefore, the surface treatment can be efficiently
employed to enhance the fatigue life of the component by
introducing a compressive residual stress in the highlighted
zones without any design change.

The application of the double-sided DCR process in the
highlighted zones of the blade is constrained by the rolling
direction imposed by the geometry. As it can be realized, the
double-sided DCR in blue and red zones can be practically
performed only in global X′ and Z′ directions, respectively.
Therefore, while the objective in the blue zone is to achieve
themost compressive residual stress perpendicular to the rolling
direction (σ0zz) (note that rolling direction, x in blue region,
coincides with global X′ ), the objective in the red zone is to
achieve the most compressive stress in the rolling direction
(σ0xx), (note that rolling direction, x in red region, coincides
with global Z′ ).

The proposed multi-objective design optimization problem
can be formally formulated as:

minimize the function 0:5 Areaþ w1 σ0ð Þzz þ w2 σ0ð Þxx
Subject to the constarint w1 σ500ð Þzz þ w2 σ500ð Þxx < �100MPa

6 mm � D � 12 mm

0:05 mm � f � 0:2 mm

10 MPa � P � 30 MPa

ð15Þ

Fig. 15 Effect of rolling pressure and ball diameter on σ500zz for f = 0.125 mm a at room temperature 25 °C and b at elevated temperature 450 °C
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The defined constraint function will guarantee that a
sufficient compressive residual stress is introduced
throughout the thickness while avoiding a tensile
balancing stress at the mid-thickness of the workpiece.
The proposed objective function can be tailored based
on the stress distribution in the blade due to the external
applied load using the weighting factors provided in
Table 4.

The developed analytical response functions given in Eqs.
(5)–(14) are effectively used to establish the objective and
constraint functions formulated in Eq. (15) with respect to
the design variables at both 25 °C and 450 °C operating tem-
peratures. Considering this, the optimization problem formu-
lated in Eq. (15) can be efficiently solved using gradient-based
optimization algorithms.

A combination of sequential quadratic programming (SQP)
and genetic algorithm (GA) techniques is employed in the
current study to solve the optimization problem. SQP is a local
optimizer without anymechanism to search for global solution
but it is a powerful non-linear mathematical programming
technique which can capture a local optimum solution accu-
rately. On the other hand, genetic algorithm (GA) is a widely
used and popular stochastic-based global optimizer. In this

hybrid method, the optimal solutions from GA which are in
neighborhood of the true optimum solution are forwarded as
the initial points to the SQP solver in order to accurately cap-
ture the global optimal solutions. This method has been suc-
cessfully employed in design optimization of multiphysics
problems where finding a global solution was not analytically
guaranteed [31].

6 Results and discussions

Design optimization problem formulated in the previous sec-
tion has been used to obtain the optimum set of design vari-
ables (i.e., ball diameter, rolling pressure, and rolling feed) in
order to achieve an optimal residual stress profile at room and
after relaxation at elevated temperature of 450 °C. The opti-
mization problems were solved using the proposed GA com-
bined with SQP method.

Tables 5 and 6 present the process parameters to achieve
optimal residual stress profiles at the identified critical areas at
25 °C and 450 °C, respectively. As it can be realized from
comparing Tables 5 and 6, the operating temperature slightly
changes the optimal design variables for surface treatment of
the trailing edge. For further clarification, the desired output
responses at 450 °C have been evaluated using the optimal
design process parameters (optimal D, f, and P) obtained at
room temperature and compared with those optimal values
obtained at 450 °C and the results are provided in Table 7.
The optimal results obtained for double-sided DCR is less
sensitive to the operating temperature compared with those

Fig. 16 Schematic of a compressor blade and the treated areas

Table 5 Optimization results at 25 °C

Inner platform zone Trailing edge zone

w1 0.5 0

w2 0 0.5

D (mm) 6.00 12.00

f (mm) 0.200 0.112

P (MPa) 30.00 30.00

(σ0xx)RT (MPa) 289 − 563

(σ0zz)RT (MPa) − 474 170

(Area)RT (MPa m) − 1.1644 − 1.5347

(σ500xx)RT (MPa) − 515 − 825

(σ500zz)RT (MPa) − 480 − 940

Table 4 Assigned weighting factors in the optimization problem

Treated area w1 w2

Inner platform zone (blue zone) 0.5 0

Trailing edge zone (red zone) 0 0.5
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obtained for conventional DCR. This is mainly attributed to
the more uniform residual stress distribution through the
thickness induced by the double-sided process as presented
in Fig. 4.

7 Conclusion

A high-fidelity finite element (FE) model has been developed
to predict the axial and tangential residual stress profiles in-
duced by double-sided DCR process on Ti64 thin plate at the
room temperature and the following thermal relaxation at el-
evated temperature. The results obtained from the developed
FE model are in good agreement with available experimental
measurements.

The developed FE model was then utilized to generate
training data at intelligently identified design points using
DoE techniques. Response surface methodology was subse-
quently employed to train and validate predictive analytical
models. The developed surrogate analytical models can effi-
ciently replace full-scale and computationally expensive FE
simulation and accurately predict the residual stress profiles at
room temperature and after thermal relaxation at 450 °C.

The effects of ball dimeter, feed and rolling pressure on the
induced residual stress profiles, and their thermal relaxations
at elevated temperature were systematically investigated using
the developed surrogate models. A design optimization prob-
lem was formulated to enhance fatigue life at high stress lo-
cations of a generic compressor blade considering different
operating temperatures. The developed analytical surrogate
models were used to describe the objective and constraint
functions. The conclusions and highlights of the present study
are outlined as follows:

1. The residual stress profile induced by double-sided DCR
process is significantly different than that induced by the
conventional DCR process performed on the same work-
piece under identical processing parameters.

2. The process generates residual stress profiles which are
anisotropic and significantly different in axial and tangen-
tial directions. Therefore, the stress distribution in the
component due to external load should be known prior
to selection of the rolling direction.

3. Higher rolling pressure and larger ball diameters with
lower feed are required to achieve a more compressive
residual stress in the axial direction (σoxx)RT. The tangen-
tial residual stress is mainly affected by feed as it signif-
icantly influences the tangential plastic deformation and
higher feed values are required to achieve more compres-
sive residual stress in tangential direction.

4. At any given ball diameter, the level of thermal relaxation
is higher for deeper and more compressive residual stress
which is due to high plastic deformation and thermal in-
stability of dislocations. While the rate of thermal relaxa-
tion of axial residual stress is more pronounced at lower
feed and higher pressure, the tangential residual stress
relaxes more when the process is conducted under higher
levels of pressure and feed.

5. The operating temperature of the components and the
stress imposed by external loading need to be considered
in the optimization problem.
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