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of residual stress modification techniques. Inhomogeneous 
residual stress fields can occur in machined materials with-
out knowing the exact location and may require an analysis 
of many small volumes [4]. Therefore, the spatial resolution 
of the measurement volume is important when discussing 
residual stress states.

Deep rolling (DR) is an established technique for resid-
ual stress modification. During the DR process of a planar 
surface, a rolling tool presses on a small contact surface, 
resulting in high contact stress and yielding of the mate-
rial. The plastic strains are associated with a near-surface 
residual stress field. The movement of the tool consists of 
long paths and small shifts, thereby defining a longitudinal 
and transversal direction. The residual stress state of deep 
rolled sheets is non-equibiaxial [5].

The DR process parameters which mainly influence 
the residual stresses are known from the literature. Alten-
berger [6] describes the deep rolling force as most impor-
tant parameter to influence the residual stresses. Increasing 
the deep rolling force leads to an increase of the maximum 
compressive residual stress up to the material yield strength. 
In addition, the penetration depth increases with the DR 
force. The contact forces increase with the sphere diameter 
while the hydraulic pressure remains the same. Nagarajan 

Introduction

High strength to weight ratio materials such as AA2024 
are a good choice for structural components in aerospace 
applications due to their high robustness towards fatigue 
cracking. Tailoring residual stresses in these components 
is a promising method to retard fatigue crack propagation 
[2]. These cracks are initiated near the surface. Near-surface 
compressive residual stresses support crack closure. In con-
trast, tensile residual stresses accelerate further crack open-
ing [3]. Due to the equilibrium of stresses, residual stresses 
are self-balancing throughout the component. While the aim 
of tailoring residual stresses is compressive stresses near-
surface, the location of complementary tensile stresses leads 
to challenges. Additionally, the time and cost required to 
determine the residual stresses limit the efficient application 
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Abstract
Deep rolling has advantages to modify local residual stresses in AA2024 sheets. A previous study about deep rolling for 
tailoring residual stresses [1] is extended in order to examine the homogeneity of the residual stress field. For the experi-
mental residual stress analysis, the incremental hole drilling method with electronic speckle pattern interferometry is used 
with two different drill diameters. A numerical evaluation scheme is applied to simulation results of an existing process 
model with the aim of mimicking the experimental analysis technique. The volume under the deep rolled surface is classi-
fied in three sections based on the history of the process. Comparisons between experimental and simulative results yield a 
number of observations: Deeper evaluation with higher driller diameter does not come at a price of higher in-plane aver-
aging of spatial gradients. Simulating a number of paths lower than those of the experiments shows similar homogeneity 
of the simulatively and experimentally analyzed stress field. Stretching the evaluation scheme from cylindrical volumes 
to cubic volumes shows very good qualitative agreement and validates the choice of classification.
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et al. [7] conclude that a larger sphere diameter increases 
the maximum compressive residual stress and penetra-
tion depth. Beghini et al. [8] optimize deep rolling pro-
cess parameters for residual stresses and show the residual 
stress distribution in a finite element analysis. Using a roller 
on the flat top surface of a cylindrical specimen, the roll-
ing and the feed direction determine the principal residual 
stresses and the deep rolling force significantly affects the 
residual stress distribution. Alasvand et al. [9] demonstrate 
a higher compressive residual stress maximum as a result of 
a higher rolling track overlap. Denkena et al. [10] highlight 
the significance of the overlap factor to influence residual 
stresses in rotating workpieces. Multistage deep rolling in 
a prismatic workpiece was studied by Kämmler et al. [11]. 
They find that a change in plastic deformation takes place 
between the first repetition and third contact. Kinner-Becker 
et al. [12] show the influence of the track offset on the resid-
ual stresses with a simulation-based analysis of the multi-
step deep rolling in a prismatic workpiece.

In the previous study [1], the DR process was investi-
gated with focus on tailoring residual stresses in AA2024 
sheet metals. The resulting shapes of the residual stress pro-
files and dependencies of the process parameters matched 
the expectations from the literature. Parameter sets could 
be created for tailoring residual stresses of the investigated 
material. The numerical simulation of the DR process also 
allows to show the residual stress distribution. Due to lim-
ited computing resources, only a small number of rolling 
pathways could be simulated and the residuals stress evalu-
ation from the numerical model was limited.

An adequate process model of DR must include all sig-
nificant phenomena influencing the residual stress field 
while the applied simulation technique must guarantee 
a minimal influence of numerical effects. Finite element 
method (FEM) simulations of such a process model yield 
a stress field for the whole modeled domain, overcoming 
limitations of measurement techniques. The computational 
resources needed for a simulation scale with the modeled 
number of paths. In this work, a sufficiently large number of 
paths is modeled that allows comparison of experimentally 
measured and simulatively acquired through-depth stress 
profiles.

This study extends the previous study about tailoring 
residual stresses [1] by an investigation of the homogeneity 
of the residual stress field. It applies an advanced post-pro-
cessing evaluation scheme mimicking the experimentally 

measured evaluation volumes [13]. It is shown that the 
residual stress field for a number of paths much lower than 
that of the experiments exhibits homogeneity similar to the 
experiments.

Methods

Experimental setup

Material

Aluminum sheet with a thickness of 2  mm made from 
AA2024 in T3 condition is investigated. The alloy has 
advantages in resistance to crack propagation under cyclic 
loading and is used in structural aircraft components [14]. 
The sheet metal as received has a coating with 150 μm pure 
aluminum as clad layer. Table 1 summarizes the mechanical 
properties []. 

Deep rolling process

The experimental DR setup is as described in the previous 
work [1]. Figure 1 shows the hydrostatic DR tool HG6 from 
Ecoroll, which is installed in a CNC-controlled 5-axis mill-
ing machine. The HG6 tool has a sphere diameter of approx-
imately 6 mm. Hydrostatic pressure is applied to the tool 
so that the sphere is hydrostatically mounted (see Fig. 1a). 
Figure 1 (b) shows that the AA2024 sheet metal specimen 
is clamped on a planar tool steel surface. The occurring pro-
cess forces in x-, y- and z-direction are recorded by a force 
measurement plate from Kistler and a multi-component 
dynamometer up to 10 kN. The hydrostatic pressure is con-
trolled to adjust the vertical DR force and the CNC system 
is used to run the process path. The specimen geometry and 
the process path strategy are illustrated in Fig. 1 (c). The 
surface treated area consists of 200 paths rolled in the roll-
ing direction (RD, y-direction) with a distance of the tool 
path in x-direction of 0.1 mm. Feed velocity is kept constant 
at 500 mm / min. The variation in DR force is achieved by 
adjusting the hydrostatic pressure.

Residual stress analysis

X-ray diffraction (XRD) was used for near-surface residual 
stress determination and the incremental hole drilling (IHD) 
method with Electronic Speckle Pattern Interferometry 
(ESPI) for depth-resolved residual stress profiles.

The X-ray diffractometer Xstress G2R from Stresstech 
was used for non-destructive testing of residual stresses. 
A copper-based Cu X-ray tube with bi-axial rotation was 

Table 1  Mechanical material parameters of AA2024-T3clad at 20 °C 
[1]. 
Parameter Young´s

Modulus
Yield 
stress

Ultimate 
strength

Poisson´s
Ratio

Clad layer
thickness

Value 68.9 
GPa

301 MPa 438 MPa 0.33 150 μm
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selected. The results show the validation of the near-surface 
residual stresses.

The system PRISM3 from Stresstech determined the in-
depth resolved residual stress profiles in a semi-destructive 
testing method. The system incrementally drills a defined 
hole into the material in accordance to ASTM E837-20 [15]. 
The removal of the material volume causes a surface dis-
placement where the pixel movement within the ring around 
the hole is measured by ESPI [16]. The inner radius of the 
residual stress evaluation ring around the hole is two times 
and the outer radius is four times the driller radius. Using 

the integral method [17], residual stresses can be calculated. 
Iteratively, the process yields an in-depth residual stress 
profile. This profile is defined as “non-uniform” stresses and 
the IHD gives satisfactory residual stresses up to 80% of the 
material yield stress when the drill diameter is much smaller 
than the material thickness [15]. In this study, analyses are 
carried out with two drill diameters. The drill diameter of 
0.794 mm (1/32 inch) is described in the standard [15] and 
the optimal depth increments are 25 μm. The second drill 
diameter is 2 mm, which is the same length as the thick-
ness of the material. The depth increments near-surface are 

Fig. 1  (a) Illustrated hydrostatic tool mounting of the DR sphere and illustrated process paths. (b) Experimental setup of the DR process. (c) Speci-
men geometry and process path strategy
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The process model is based on previous work [1] where 
the experimental and simulative stress profiles showed the 
same tendency with a slight overestimation of the FE model 
in both transversal and longitudinal directions. The experi-
mental IHD technique removes a cylindrical volume of 
material and determines an average stress tensor for this cyl-
inder, thereby erasing spatial in-plane gradients. While the 
simulation results provide a stress tensor for each element, 
a numerical evaluation scheme that mimics the experimen-
tal scheme was implemented, namely virtual incremental 
hole drilling (VIHD) [18]. For any point on the surface, a 
cylinder with radius r or a cube with the edge lengths ex 
and ey is evaluated “layer by layer” through the specimen’s 
depth along the z-axis, resulting in through-depth profile of 
20 discrete stress tensors. For each layer, all elements whose 
centroid lies inside the defined volume are averaged. Each 
mean value is associated with a standard deviation as well 
as minimal and maximal values. The standard deviation and 
the min/max values are indicators of the spatial in-plane 
distribution for one depth. Of course, like the experimental 
IHD measurements, the stress profiles at varying in-plane 
positions can be averaged. The resulting standard deviation 
is an indicator of the homogeneity of the stress field.

Results

Experimental results

Figure 2 shows the depth-resolved residual stress profile 
of the base material (BM) in x-direction (blue line) with 
the deviation from the minimum to the maximum value. 
There are tensile residual stresses of approximated 50 MPa 
from a depth of z = 0.1mm to z = 0.5mm. The negative 
residual stress values σ xx show the compressive residual 
stresses from z = 0.65mm to the maximum of 100 MPa at 
the half material thickness (z = 1 mm). IHD analyses of the 
reverse side show identical residual stress profiles, indicat-
ing that the residual stresses occur through the BM in an 
M-shape.

Firstly, the influence of the IHD drill diameter and the 
measurement volume on the residual stresses is experi-
mentally investigated to validate the 2 mm IHD driller and 
to describe possible inhomogeneity of the residual stress 
fields. Furthermore, the residual stresses are considered in 
dependence on different processing areas. Based on both 
aspects, the residual stress profiles are described as a func-
tion of different DR forces.

smaller (25 μm), and increased to 100 μm for larger depths. 
Three residual stress at different positions analyses are per-
formed and averaged to resolve deviations in the stress field.

Process model

The simulation model, using an FEM framework, is set up 
in the commercial software Abaqus. Due to the quasi-static 
process characteristics, an implicit solver (Abaqus/Stan-
dard) is used to conduct the static analysis.

The modeled domain is equal to the experimental speci-
men described in the experimental setup. However, only a 
part of the experimentally processed area is simulated as to 
reduce computational time. Therefore, only 40 paths with 
a length of 5 mm were simulated, resulting in a processing 
area of 4 mm × 5 mm in the x and y directions, respectively. 
As for the boundary conditions, the bottom surface was pre-
scribed no displacement in the z direction while the side 
faces were prescribed no displacement in the x and y direc-
tion. Analogous to the experimental setup, the simulation is 
controlled using the displacement of the sphere. To achieve 
similar forces as in the experiments, a correlation between 
displacement and reaction force is determined using a previ-
ous simulation study. To grant for the rotation of the sphere, 
ideal rolling without slip is geometrically derived and 
applied. For the representation of the contact conditions, 
a surface-to-surface contact is chosen, taking into account 
tangential behavior using penalty formulation and a fric-
tion coefficient of µ = 0.07. At the end of the deep rolling 
simulation, all boundary conditions except for the prohibi-
tion of all translations of a single node are released as to 
accurately calculate the residual stress field.  

Because the stress field is expected to be locally confined 
close to the processed surface [], a region of interest (ROI) 
underneath the processed surface is defined with an ade-
quately fine mesh size. The average element size in the ROI 
(x × y × z) was 0.15 mm × 0.25 mm × 0.1 mm. This mesh-
ing results in 20 layers of elements along the thickness of 
the sheet. Outside the ROI, larger elements were tolerated. 
Hexagonal elements with quadratic Ansatz functions with 
reduced integration (C3D20R) were chosen for an optimal 
determination of the resulting fields.

The whole process was modeled purely mechanically 
with no thermal influences. The tool is modeled as a spheri-
cal, discrete rigid body. The plate’s material features a linear 
elastic part as well as a plastic part. For the plastic part, uni-
axial tensile tests have been carried out. For a summary of 
the material characteristics, see Table 1. Based on the mea-
sured true stress-strain values, a Ludwik curve was fitted 
and extrapolated. The flow curve was imported as tabular 
data and subsequently used for the combined isotropic-kine-
matic hardening, with the number of backstresses set to one.

1 3
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Near the maximum compressive stresses, the graphs of 
the 0.794 mm drill and the 2 mm drill deviated slightly from 
each other (see Fig. 2). The minimum and maximum deter-
mined residual stresses were given as deviation bars in the 
diagram. The scatter of the values with the smaller drill and 
correspondingly with the smaller residual stress analysis 
volume is higher. This could indicate that analysis results 
of smaller measurement volumes are more scattered, as less 
averaging is applied in the case of minor inhomogeneity of 
the residual stress field. The maximum deviation scatter is 
reached at the maximum compressive residual stress, where 
the inhomogeneity of the residual stress field could be 
slightly higher. The XRD value (red) is near the surface and 
makes sense as the compressive residual stress is expected 
to decrease here near the surface.

Experimental classification of the deep rolling fields

The location of the IHD holes is selected in a manner that 
the entire evaluation ring is in the DR area. To investigate 
the residual stress profiles in the first paths, in the middle 
and in the end of the DR field, the IHD was applied in the 
three different DR areas. Figure 3 (a) highlights the location 
of the IHD holes and residual stress evaluation ring in the 
experiment. In the area of beginning and in the middle, there 
are two more holes than the expected three IHD analyses, as 
two measurements each led to a measuring failure.

Residual stress analysis for different drill diameter

The experimentally determined penetration depth of the DR 
sphere into the material is approximately 0.01 mm for the 
first DR path. Following the field described in Fig. 1c and 
applying a DR force of 100 N, the residual stress profiles 
were analyzed with two different IHD drill diameters. Fig-
ure 2 compares the residual stress profiles analyzed with the 
0.794 mm (1/32 inch) drill (orange line) and the 2 mm drill 
(green line). Both analyses show a very good agreement, so 
that the determination of residual stresses can also be con-
sidered reliable with the 2 mm drill, which is not recom-
mended as satisfactory in the standard ASTM E837 [15] due 
to its size in relation to the material thickness. The advan-
tage of the larger drill diameter of 2 mm is that it allows 
residual stresses to be determined at greater depths, so that 
up to half the thickness of each side of the material can be 
analyzed.

The residual stress profile for a DR force of 100  N 
reaches a maximum compressive residual stress of approxi-
mately 100 N in a depth of z = 0.1mm (see Fig. 2). The 
compressive residual stresses change at the penetration 
depth of z = 0.3mm into tensile residual stresses. The 
maximum tensile residual stress is approximately 40 MPa at 
z = 0.4mm. From z = 0.6mm, the residual stresses are 
almost 0 MPa up to the center of the material.

Fig. 2  Residual stress profiles in x-direction for the as received base material (BM, blue line) and for DR with a force of 100 N, which is analyzed 
by XRD (red) and IHD with 2 mm driller (green) as well as IHD with 0.794 mm (1/32 inch) driller (orange)
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deviation bars in the diagram show the minimum and maxi-
mum measured residual stresses.

Table 2 summarized the hydrostatic pressure and the cor-
related DR force together with the close to the surface XRD 
residual stresses σ xx. Higher hydrostatic pressure and 
consequently DR forces lead to less compressive residual 
stresses. This supports the statement from Fig.  4. Higher 
forces shift the curve to the right, so that the residual stresses 
increase near the surface.

The experimental results in Fig.  4 show the same ten-
dency as the simulation results from previous work [1]. The 
simulated transversal maximum compressive residual stress 
in Fig. 6 of the previous work [1] also reached a limit for 
higher DR forces. However, it should be noted that the there 
is an absolute difference in maximum compressive residual 
stress of about 85 MPa. This relative error of about 40% is 
due to limitations in the FE model, mentioned in the dis-
cussion section. The simulated penetration depth in Fig. 7 
of the previous work [1] also increases linearly similar to 
the experimental results. Again, the simulated penetration 
depths are 25% higher than the experimental results shown 
in Fig. 4.

Simulative results

In this work, three numerical evaluations are done: (a) for a 
fixed radius in six cylinders with random coordinates of the 

Figure 3 (b) shows the residual stresses σ xx over the 
depth z for the “beginning”, “middle” and “end”. The 
shape of “beginning” is identical to that of “middle” from 
the surface up to z = 0.1mm. After that, the residual 
stresses at “beginning” are approximately 10  MPa lower 
than at “middle” for further depths, so that the compressive 
residual stresses are lower, and the tensile residual stresses 
are higher and more similar to the values of the BM. The 
shape of “end” has significantly lower residual stresses 
than middle on the surface up to z = 0.1mm. After that, 
the residual stresses of “end” and “middle” are identical for 
further depths.

Residual stresses for different DR forces

Figure 4 explains the tailoring of residual stress profiles 
in x-direction as a function of the DR force and results 
in experimentally determined in-depth resolved resid-
ual stresses for the DR process in combination with the 
AA2024 sheet metal. All residual stress profiles have the 
same characteristics with maximum compressive stresses 
and penetration depth. Higher DR forces lead to higher 
maximum compressive residual stresses. The limit seems to 
be at σ xx = −150MPa and is at the depth z = 0.15mm. 
The penetration depth increases from z = 0.15mm at 50 N 
via z = 0.30mm at 100  N, z = 0.38mm at 150  N and 
z = 0.45mm at 200 N up to z = 0.55mm at 300 N. The 

Fig. 3  (a) Experimental IHD location and residual stress evaluation rings for 0.794 mm driller. (b) Residual stress profiles in x-direction with 
different IHD locations. DR force is 100 N

 

1 3

66  Page 6 of 12



International Journal of Material Forming (2025) 18:66

sign change happens at lpen ∼ 0.4 mm. Far beyond the 
depth that an IHD measurement can reach, the simulatively 
acquired mean stress profile exhibits a second sign change 
at l2 ∼ 1.5 mm. The standard deviation - in this case rep-
resenting differences between the profiles of different cyl-
inders - has a maximum of |σ std,xx| = 25 MPa. This low 
deviation indicates the homogeneity of the stress field in the 
volume underneath the treated surface.

The assumptions behind the stress determination by IHD 
give rise to a relation between the drill diameter d and the 
maximal depth of the blind hole zmax = 0.5 d. While a 
larger drill diameter will allow for deeper evaluation, it will 
also average out more of the in-plane spatial gradients. The 
proposed numerical evaluation scheme determines the full 
through-thickness stress profile for any radius. To investigate 
the influence of the diameter of the radius, four cylinders, 
each with an in-plane center in the middle of the treated sur-
face and with radii between rmin = 0.4 mm and rmax = 
1.0 mm, were evaluated. With stress values similar to those 
shown in Fig. 6 (a), differences between the four stress pro-
files can be visualized in an improved fashion by the differ-
ence ∆ σ xx (z; ri) = σ xx (z; ri)− σ xx (z; rmax).

This sets the stress profile for r = 1.0 mm as the reference 
profile and is shown in Fig. 6 (b). The difference between 
the profiles is mostly negative for z∗ ≤  0.75 mm while the 
associated standard deviations render the possibility of sign 
changes throughout the thickness. The interpretation again 

center; (b) for a set of increasing radii in the middle of the 
processed surface and (c) for three cubic volumes includ-
ing the first five paths, the middle and the last five paths. 
Figure 5 (a) and (b) shows the three evaluations in the pro-
cessed surface.

Each cylindrical evaluation volume is defined by the x 
and y coordinates on the specimen’s surface. Setting the 
diameter of the cylinder to d = 0.8 mm, equaling the diam-
eter of the experimental IHD measurements, six cylinders 
can be positioned in the volume under the treated surface 
such that the minimal distance between each cylinder’s cen-
ters is twice the diameter.

A mean stress profile is calculated as the mean of the six 
individual stress profiles. Figure  5 (c) depicts the normal 
component in x-direction. It exhibits a maximal compres-
sive stress of σ min,xx = − 273.8  MPa right in the first 
layer of elements for a depth of z = 50 μm. With a linear 
interpolation between the 20 values along the depth, the first 

Table 2  Near-surface residual stresses in x-direction analyzed with 
X-ray diffraction for different hydrostatic pressure parameters and 
consequently DR forces
Hydrostatic 
pressure

n.a. 39 bar 59 bar 79 bar 119 bar

Deep rolling 
force

50 N 100 N 150 N 200 N 300 N

σ xx from 
XRD

-61 MPa -43 MPa -37 MPa -27 MPa -17 MPa

Fig. 4  Residual stress profiles in x-direction for different DR forces. Residual stresses were determined by IHD with 2 mm driller
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underneath the last five paths. For all three, the averaging 
in each layer features many more elements. The calculated 
mean and standard deviation yield good indications of the 
homogeneity of the stress field underneath the treated sur-
face. All three profiles are shown in Fig. 7.

leads to the spatial in-plane gradients, but also pins down 
their influence on the mean stress in the evaluation volume.

Lastly, three cubic volumes are evaluated: The first fea-
tures the volume underneath the first 5 paths (beginning), the 
second features the volume underneath paths 6 to 35 (mid-
dle), and the end, similar to the start, features the volume 

Fig. 5  (a) Region of interest with six randomly placed cylindrical evaluation volumes. (b) In-plane positions of the evaluation volumes. (c) 
Residual stress profile in x-direction, averaged over the six cylindrical evaluation volumes
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Fig. 7  (a) Region of interest with three cubes indicating beginning, middle and end volumes. (b) Residual stress profiles in x-direction for three 
cubic evaluation volumes. The deviation indicated is from minimum to the maximum value

 

Fig. 6  (a) Region of interest with cylindrical evaluation volume for smallest and largest radius. (b) Residual stress profiles and standard deviations 
in x-direction for different radii
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Discussion

In previous work, efforts to validate the process model have 
been taken [1]: For a given deep rolling force, experimental 
stress profiles were obtained by IHD and simulative profiles 
were obtained by the evaluation along a path, touching one 
element per layer along the depth. The simulative profile 
was (mathematically) underestimating the stresses. Using 
the proposed numerical evaluation scheme, the aim was 
to reduce the delta between experimental and simulative 
results. Yet, the difference in maximal compressive stress is 
σ sim

min,xx − σ exp
min,xx =  -220 MPa (see Fig. 8).

A critical investigation of this difference leads to three 
possible sources of error in the process model: The physi-
cal specimen features a clad layer of pure aluminum with 
a thickness (as received) of 150 μm. This layer of a mate-
rial softer than the investigated alloy is not included in the 
model. Mechanical reasoning suggests, that an included clad 
layer would act as a damping on the residual stress genera-
tion and thus (mathematically) increase the minimal value 
of the stress profile. A second source of error is the sim-
plified modeling of surface friction: While the real process 
features non-perfect surfaces with asperities and friction 
with stick-slip phenomena, the model uses Coulomb fric-
tion with an isotropic coefficient µ and no slip. Including a 
more advanced friction mechanism is expected to also act as 

The profiles for beginning and middle exhibit maximum 
compressive stresses of σ min,xx = −280MPa for a depth 
of z =50 μm. The first value closest to the surface for the 
end profile shows a deviation towards tensile of 130 MPa. 
The change from compressive to tensile stresses is deter-
mined to be at lpen ≈  0.4 mm for all profiles. It is notable 
that the volume featuring the first rows exhibits a maximum 
tensile stress which is ≈  20 MPa higher than the middle 
field. All three profiles show a second sign change at l2 ≈  
1.5 mm. While the beginning and middle feature very small 
standard deviations, indicating high in-plane homogene-
ity, the field underneath the final paths exhibits maximal 
standard deviations close to the surface of σ std,xx ≈  
100 MPa. This indicates temporally increasing homogene-
ity: While the stress field in the volume under the first paths 
was mainly influenced by these paths, neighboring paths 
that came afterward also had an influence. The stress field 
in the volume under the last paths was already influenced 
by previous paths but will not be influenced by future paths. 
The middle lends itself as a good representation of the aver-
age stress field induced by deep rolling.

Fig. 8  Comparison of experimental and simulative residual stress profiles in x-direction after DR with a force of 100 N
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	● Deeper evaluation, enabled by larger driller diameter, 
does not come at a price of higher in-plane averaging of 
spatial gradients.

	● Stretching the VIHD scheme from cylindrical evalua-
tion volumes to the evaluation of the cubic beginning / 
middle / end volume shows very good qualitative agree-
ment, thus validating the choice of classification.

	● The simulated residual stress field for a number of paths 
much lower than that of the experiments exhibits homo-
geneity similar to the experiments.

Future work will focus on exploiting the homogeneity of the 
residual stress fields to make numerical simulation of large 
deep rolled fields more efficient.
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