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a  b  s  t  r  a  c  t

Detrimental  residual  stresses  that occur  in welded  joints  can  be  removed  by  rolling  the  weld  seam.  In
this  study  we  show  that rolling  could  be applied  to  much  thicker-section  welds  than  has  previously  been
attempted.  A  residual  stress  field  introduced  by localised  rolling  of an  aluminium  alloy  specimen  was
studied  to establish  whether  the  plastic  deformation  caused  by rolling  would  be sufficient  to  treat  thick-
section  welds.  It  was  modelled  using  finite  element  analysis  and  characterised  using  detailed  neutron
eywords:
esidual stress
eutron diffraction
inite element analysis
olling
elding

diffraction  measurements.  During  rolling,  plastic  deformation  occurs  through  the  entire  thickness  of  the
specimen  and  strongly  compressive  residual  stresses  are  created  in the  rolled  area.  Some  features  of  the
three-dimensional  residual  stress  field,  such  as a region  of  tensile  stress  beyond  the  end  of the  rolled  area,
could  be  detrimental  to structural  integrity.  It is  recommended  that  these  should  be  taken  into  account
in  the  design  of rolling-based  weld  treatment  and  surface  treatment  processes.

© 2017  The  Authors.  Published  by  Elsevier  Ltd on  behalf  of  The  Society  of Manufacturing  Engineers.
 artic
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. Introduction

Even in the absence of externally-applied loads, residual stresses
an linger inside materials due to internal strain incompatibility.
esidual stresses strongly affect a range of material behaviours and

ailure mechanisms including brittle fracture and fatigue fracture
1]. As a result, accurate residual stress characterisation is often
rucial for the design and analysis of high-reliability mechanical
omponents [2,3], and for the development of fabrication processes
uch as welding [4] and metal additive manufacturing [5]. In gen-
ral, tensile residual stress normal to the plane of a crack-like defect
ncreases the propensity for propagation of the crack. Therefore the
resence of large tensile residual stresses in any part of a structure
nown to have an increased likelihood of defects, such as a weld
eam, is undesirable.

Localised high-pressure rolling of metals can produce non-
niform plastic deformation in the rolled region. As a result, rolling
an be used to modify the distribution of residual stress. This the

asis for common surface treatments such as roller burnishing
nd deep rolling. Burnishing and deep rolling treatments involve
eforming a region of material at the surface of a component using

∗ Corresponding author.
E-mail address: harry.coules@bristol.ac.uk (H.E. Coules).
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526-6125/© 2017 The Authors. Published by Elsevier Ltd on behalf of The Society of Man
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le  under  the  CC  BY  license  (http://creativecommons.org/licenses/by/4.0/).

a small, hard, spherical or cylindrical tool of a few millimetres
in diameter. This generates compressive residual stresses at the
material’s surface [6,7]. The compressive residual stress, and any
associated surface hardening and smoothing, can impart improved
fatigue resistance [8]. The depth over which the residual stresses
resulting from these processes act is small: typically less than 1 mm
[9–11].

Recently, it has been shown that localised rolling can be used
to mitigate the tensile residual stresses which characteristically
arise in welded joints during manufacture [12–16]. Large residual
stresses may  occur throughout the thickness of a joint, but small-
scale burnishing-type treatments are not able to reach the material
deep inside in thick-section welds. A process which causes much
deeper and more extensive plasticity is required. Experimental
studies by Altenkirch et al. [12] and Coules et al. [13,14] have shown
that residual stress mitigation in weld seams can be achieved using
a large, highly-loaded but freely-rotating roller to cause extensive
plastic deformation of the weld region. This extensive plasticity
causes weld-induced residual stresses to relax. The roller is applied
directly to the weld seam, after welding. For welds in relatively thin
structural steel and aluminium alloy (<10 mm  thickness), this form
of roller treatment can greatly reduce the residual stress present

in the weld seam. With a sufficiently large rolling load the residual
stress distribution may  even be inverted, creating a zone of com-
pressive residual stress along the weld [13]. This form of rolling
is also being investigated for application to metal additive manu-

ufacturing Engineers. This is an open access article under the CC BY license (http://
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Fig. 1. a.) Geometry of the rolled aluminium alloy specimen showing the rolled
H.E. Coules et al. / Journal of Manu

actured structures, and has been shown to improve the residual
tress state [17,18], and microstructure [19,20], and to reduce the
ncidence of porosity defects [21].

Both the small-scale roller burnishing/deep rolling methods
nd the larger-scale weld rolling technique rely on the ability
f the roller to produce plastic deformation in the workpiece.
lthough it is well-established that rolling contact can introduce
ompressive residual stresses at a material’s surface [22], little
ork on the three-dimensional nature of the resulting stress field
as been performed. Consequently, it is not clear whether detri-
ental patterns of residual stress may  arise at the edges of the

olled/burnished areas. For deep rolling and roller burnishing, the
ack of detailed experimental information can be attributed to the
ifficulty in measuring residual stress fields over the length scale

nvolved (<1 mm from the surface). Most experimental measure-
ents of residual stress introduced by deep rolling are made using

ncremental Centre Hole Drilling (ICHD) or conventional X-ray
iffraction, which are the most appropriate and accessible tech-
iques for this length scale [23]. These techniques only provide a

imited (typically one-dimensional) characterisation of the residual
tress field. The larger-scale residual stress fields which occur after
ocalised rolling of welds allow for more advanced residual stress

easurement techniques to be used, including neutron diffraction
nd synchrotron X-ray diffraction [12,13]. However, the character-
sation of rolled welds has so far focussed on sheet/strip metals
ess than 10 mm thick. There has also been a focus on the distri-
ution of residual stress transverse to the rolling direction, rather
han on the through-depth distribution of stress. As a result, it is
nclear whether rolling can reduce the residual stresses present
eep inside thick-section welds [24].

In this study, we examine the applicability of localised rolling
or the stress relief of welds in thick-section materials. Specifically,
e examine the depth to which plasticity and residual stress can be

ntroduced using rolling, and the nature of the three-dimensional
eld of residual stress which arises. For welds, it is desirable to
roduce relaxation of weld-induced residual stresses throughout
he thickness of the weld in order to prevent tensile residual stress
rom promoting the initiation of failure at internal weld defects.
sing measurements from a specimen of homogenous, non-welded
aterial subjected to localised rolling, we demonstrate that this

rocess can produce plasticity deep inside the material.

. Method

.1. Overview

A rectangular aluminium alloy plate was rolled along its cen-
reline using a large, narrow roller applied with a constant force
nd rolling velocity. Characterisation of the mechanical proper-
ies of the plate material was performed. The rolling process was
imulated using the finite element method in order to predict the
esidual stress field in the rolled specimen. Neutron diffraction was
sed to measure the complete residual stress tensor at a large num-
er of locations inside the rolled specimen and ICHD measurements
ere performed at the surface. Using the finite element model

nd measured results, the applicability of the rolling method for
esidual stress modification was assessed.

.2. Rolled plate

The specimen was a 204 × 153 × 25 mm oblong piece of alu-

inium alloy 6082-T6. It was cut from a larger plate with the grain

riented in the direction of the longest dimension. The machine
sed for rolling is described by Coules [24] and Coules et al. [13].
he specimen was rolled on one surface using a cylindrical roller
region. b.) Finite element model of the rolling process. c.) Neutron diffraction mea-
surement locations (grey circles) and ICHD measurement locations (red markers).
Dimensions in mm.

of hardened AISI Type H13 tool steel with a diameter of 100 mm
and an axial width of 20 mm.  The roller was  brought into contact
with the upper surface of the specimen (Fig. 1b) and then a vertical
force of 150 kN was applied to it. It was translated 150 mm along
the specimen’s length at a velocity of 8.3 mm s−1 while maintaining
the constant 150 kN vertical force. Finally the roller was raised, hav-
ing indented a rectangular region of the specimen’s upper surface
(Fig. 1a). Throughout this process, the roller was allowed to rotate
freely on its axis. During rolling, the specimen was supported on its
lower surface by the rigid steel bed of the rolling machine. An end
stop bolted to the machine bed was  used to prevent the specimen
from moving in the rolling direction.

2.3. Material characterisation

Two  types of mechanical test were performed to provide the
material stress-strain characteristics required for the FE modelling:
monotonic uniaxial tests and fully-reversed cyclic uniaxial tests.
Both types of test were performed at ambient temperature.

For the monotonic tests, cylindrical specimens of un-deformed
plate material were cut from the same batch of material as the
rolled plate. The specimens had a parallel length of 28 mm,  a diam-
eter of 5 mm,  and conformed to BS EN ISO 6892-1:2009 [25]. They

were tested in tension to failure at a constant elongation rate of
3.33 �m s−1. Testing was  performed using an Instron 1340-series
tensile testing machine and an iMetrum video extensometer sys-
tem. Tensile specimens longitudinal and transverse to the grain of
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Fig. 2. Representative stress/strain curves determined from tensile tests of the spec-
imen material with specimens oriented longitudinal and transverse to the grain
direction.

Fig. 3. Cyclic uniaxial stress-strain response of aluminium alloy 6082-T6 for a strain
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ange of ±1%. The response of a fitted Chaboche non-linear kinematic hardening
odel is also shown.

he material were tested (L and LT orientations), with three speci-
ens in each direction. Results for the monotonic tests are shown

n Fig. 2. The stress-strain curves for the longitudinal and trans-
erse directions are very similar and so the material was modelled
s directionally isotropic in the finite element model described in
ection 2.4. The elastic modulus was determined to be 67.1 GPa.

For the cyclic hardening tests, cylindrical uniaxial test speci-
ens with a parallel length of 30 mm and a diameter of 7.5 mm
ere used. The specimens were deformed cyclically using a

train amplitude of ±1% in the gauge region at a strain rate of
5 × 10−4 s−1, for 10 cycles. The cyclic tests were performed on the

ame Instron 1340-series load frame as the monotonic tests and
he strain was measured using an Epsilon Technology clip exten-
ometer. Three specimens were tested, all of which were in the LT
rientation.

A representative result from the cyclic tests is shown in Fig. 3.
he material shows almost no cyclic hardening in the strain range

ested. In the finite element model of the rolling process described
n Section 2.4, the material was modelled using a Chaboche non-
inear kinematic hardening law [26,27]. In this material model,
ielding is assumed to obey the von Mises criterion and the trans-
ing Processes 26 (2017) 240–251

lation of the yield surface due to material hardening is described
by the total backstress tensor ˛ij . The yield surface is therefore
described by the function:

The yield surface is therefore described by the function:√
3
2

(
�dev
ij

− ˛dev
ij

)  (
�dev
ij

− ˛dev
ij

)
− �0 = 0 (1)

where �0 is the material’s initial yield stress. �dev
ij

and ˛dev
ij

are the
deviatoric components of the stress and backstress tensors respec-
tively:

�devij = �ij −
1
3
�kkıij

˛devij = ˛ij −
1
3
˛kkıij (2)

where �ij is the stress tensor and �ij is the Kronecker delta. The
backstress tensor �ij may  be expressed as the sum of k individual

backstress tensors: ˛ij =
∑
k

˛ijk. The total backstress is assumed to

vary in response to plastic deformation according to:

·
˛ij = Ck

1
�0

(�ij − ˛ijk)
.

ε
pl

− �k˛ijk

.

ε
pl

(3)

where ˙̨ ij is the rate of the total backstress tensor,
.

ε
pl

is the rate of
the von Mises equivalent plastic strain, and Ck and �k are material-
specific parameters. In this study the material was represented
using a 2-backstress model (k = 1, 2), allowing the material’s non-
linear behaviour to be specified using five parameters: �0, C1, �1,
C2 and �2.

A model of a single element of material undergoing cyclic uni-
axial deformation in the same range as used in the cyclic hardening
tests was  created. This model was used to determine values for the
parameters �0, C1, �1, C2 and �2 to closely represent the material,
based on initial estimates from hardening parameter fitting utilities
provided in Abaqus/Standard. The specimen material only under-
goes a single stress reversal during the rolling process described
in Section 2.2. Therefore, in fitting the parameters for the material
model, priority was  given to achieving the best possible fit to the
first 2 quarter-cycles of the cyclic test data, while maintaining an
acceptable correspondence with the data for later cycles.

2.4. Finite element model of the rolling process

The rolling process was  simulated using finite element analy-
sis in order to predict the residual stress field, and to examine the
pattern of plasticity which occurs in the specimen during and after
rolling. Although the residual stress field can be measured using
neutron diffraction, there is no straightforward means to measure
the 3D distribution of total plastic deformation in the specimen, and
so modelling was used. The rolling process was  modelled using the
same sequence of operations as occurred in the real rolling pro-
cess described in Section 2.2: lowering of the roller, translation
under constant vertical force, and finally raising of the roller. During
modelling, the specimen was assumed to be initially free of resid-
ual stress, and the Abaqus/Standard 6.12 solver [28] was used to
perform the finite element calculations.

The specimen was  represented in three dimensions using 98,400
8-noded reduced-integration linear brick elements, as shown in

Fig. 1b. Sensitivity studies confirmed that the modelling result was
insensitive to further mesh refinement beyond this level. The plate
material was modelled with the time-independent Chaboche non-
linear kinematic hardening model described in Section 2.3. The
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Fig. 4. Rolled plate specimen (painted white to allow specimen alignment using
3D laser scanning) set up and ready for measurement using the ENGIN-X neutron
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Fig. 5. Directions in which residual elastic strain was measured using neutron
diffraction at the points shown in Fig. 1c. Angles in degrees. Pairs of arrows with the
iffractometer. The goniometer was  used to manipulate the specimen to achieve
he  scattering vectors shown in Fig. 5.

oller, machine bed and end stop were all modelled as rigid bod-
es in contact with the specimen plate. At all contact interfaces,
oulomb-model friction was assumed with a frictional coefficient
f 0.5: an approximate value for unlubricated aluminium-steel con-
act [29,30]. Sensitivity studies showed that the resulting residual
tress field was not sensitive to the frictional coefficient.

.5. Residual stress measurements

During the measurement of residual stress by neutron diffrac-
ion [31–33], the material’s mean lattice parameter, or the mean
pacing of a particular lattice plane family, is determined from the
istribution of scattered neutrons. The result is a spatial average of

attice parameter for favourably-oriented crystallites over a gauge
olume within the specimen defined by the instrument optics, typ-
cally a few mm3. To determine the continuum-scale elastic strain,
his measurement is used together with a reference measurement
rom similar material in an unstressed state:

lmn = almn − almn0

almn0

(4)

here almn and almn0 are lattice parameters of the main specimen
nd the unstressed material respectively in a direction defined by
he vector [l, m, n],  and εlmn is the elastic strain in the same direc-
ion.

Measurements of residual elastic strain in the rolled plate were
erformed using the ENGIN-X time-of-flight neutron diffractome-
er [34] at the ISIS pulsed neutron source (STFC Rutherford Appleton
aboratory, UK). The instrument setup is shown in Fig. 4. The mea-
urement locations within the specimen are shown as grey circles
n Fig. 1c. At each point, the elastic strain was measured in nine
irections using a roughly cuboid gauge volume of 4 × 4 × 4 mm.
hese directions are shown in Fig. 5. In one direction, a repeat mea-
urement was  performed so that there were a total of ten strain
easurements at each point. Pawley-type structure refinement
as performed using the GSAS refinement package [35] to deter-
ine the lattice parameter from each diffraction pattern. From
hese lattice parameters, the elastic strain in each measurement
irection was found using Eq. (4). Strain transformation equations
ere used to relate the elastic strain in each measured direction
εlmn) to the six independent components of elastic strain tensor
same colour indicate measurements made simultaneously using the two detector
banks of ENGIN-X. Two  sets of measurements were taken in the direction (90,90).

[31,32,36]:

εlmn = εxxsin2 cos2� + εyysin2 sin2� + εzzcos2 

+2εxysin2  sin � cos �

+2εyz sin   cos   sin � + 2εzx sin   cos   cos � (5)

Where �xx, �yy etc. are the components of the elastic strain tensor,
� is the azimuth measured anticlockwise from the x axis, and 	
is the angle between the strain direction [l, m,  n] and the z axis.
The complete strain tensor was  then found by solving the resulting
over-determined system of simultaneous linear equations for each
measurement location in a least-squares sense [37,38]:

εj = A+
ij
εlmni (6)

where �j is the elastic strain tensor written as a six-component vec-
tor, εlmn

i
is a vector of the measured normal strains in the directions

shown in Fig. 5, Aij is a matrix of rotation cosines constructed using
Eq. (5), and the superscript + denotes the Moore-Penrose pseudo-
inverse. The error of each of the measured normal strains εlmn

i
with

respect to the strain tensor defined by �j was found using:

�εlmni = εlmni − Aijεj (7)

where �εlmn
i

is a vector of the differences between the ten mea-
sured strains and the strain tensor �j resolved in each measurement
direction.

The stress tensor at each measurement point was determined
from the strain tensor using Hooke’s law for an isotropic material:

�ij = 3K
(

1
3
εkkıij

)
+ 2G

(
εij −

1
3
εkkıij

)
(8)

Where �ij is the elastic strain tensor (in 9-element tensor form as
opposed to the vector form �j used in Eqs. (6) and (7)), K is the
bulk modulus of the material, and G is the shear modulus. The bulk
modulus is given by:

K = E

3 (1 − 2�)
(9)
and the shear modulus by:

G = E

2 (1  + �)
(10)
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Fig. 6. Distributions of the error �εlmn between measured strain at each measurement angle (εlmn) and the corresponding strain tensor evaluated using the strains from all
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here E is the elastic modulus of the material and 
 is the Poisson’s
atio. It has been shown by Daymond et al. [39] that for lat-
ice parameter changes characterised using time-of-flight neutron
iffraction and Rietveld-type structure refinement, the continuum-
cale elastic constants are well-representative of the relationship
etween the stress tensor and the apparent strain tensor.

The measurements of the unstrained lattice parameter almn0
n Eq. (4) were taken from a comb-type sample cut using

ire electrical discharge machining from a nominally-identical
olled specimen [40]. Separate a0 measurements were per-
ormed for each measurement orientation. Positioning of both
he main specimen and the a0 comb to achieve the cor-
ect scattering vectors was carried out using an auxiliary
oniometer stage. The virtual laboratory software SScanSS
41] was used to calculate the goniometer and position-
ng stage coordinates necessary to achieve the measure-

ents.
Calculated uncertainties in lattice parameter determination

ere propagated through the calculation of the strain and stress
ensors, as described in [42] and [43,44]. However, several other
ources of uncertainty were not considered in these calculations.
hese factors include uncertainty in sample positioning, uncer-
ainty in the elastic properties of the material and effects of
rain size and material anisotropy. Also, each of the two banks
f detectors on ENGIN-X covers a finite angular range. Therefore,
ach directional strain measurement represents the elastic strain
veraged over a solid angle of approximately �

5 sr around each
f the directions shown in Fig. 5 [34]. However, the measured
trains were taken to be representative of these directions and
he effect of angular strain averaging was assumed to be insignifi-
ant.

ICHD residual stress measurements according to ASTM E837-

3a [45] were performed at two locations on the upper surface of
he specimen (see Fig. 1c). These were used to determine the near-
urface stress state, which is difficult to measure using neutron
iffraction.
i
 histogram corresponds to the colour of vectors shown in Fig. 5.

3. Results and discussion

3.1. Uncertainty analysis for the neutron diffraction
measurements

After determining the elastic strain tensor at each measurement
location shown in Fig. 1c from the measured directional strain data
using Eq. (6), the misfit between this fitted strain tensor and the
measured directional strains was  evaluated using Eq. (7). The his-
tograms in Fig. 6 show the frequency distribution of this misfit over
the population of 256 measurement points, for each of the ten mea-
surement directions. The mean error value and standard deviation
of errors is also shown.

The predicted uncertainty in each directional strain mea-
surement, calculated from the fitting uncertainty involved in
determination of the lattice parameter (see Section 2.5), was
between 30 and 45 �� for almost all of the measurements. How-
ever, the results in Fig. 6 show that the discrepancies between each
measured directional strain and the fitted strain tensor resolved in
the same direction is in general much larger than this. In fact, there
may  be a consistent offset of up to 79 �� in addition to normally-
distributed errors with a standard deviation of 177 ��. Therefore,
the true uncertainty in individual components of the stress tensor
calculated from the neutron diffraction measurements is likely to
be in the region of 15–20 MPa, rather than the approximately 3 MPa
implied by uncertainty in lattice parameter fitting alone. The error
involved in determining lattice parameters from least-squares fit-
ting of the neutron diffraction patterns forms only a small part of the
overall uncertainty in strain tensor determination; other sources
of uncertainty including those listed in Section 2.5 are much more
significant.
3.2. Residual stress

The spatial density of the neutron diffraction measurements
was highest on the planes x = 0, 50, 65, 75, 85 and 95 mm,  where
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ig. 7. Longitudinal residual stress (�xx) on six y-z planes within the specimen. Bl
ndicate the roller contact zone.

 = 0 mm is at the mid-length of the specimen as shown in Fig. 1c.
n these planes, two-dimensional arrays of measurement locations
ere used to map  the residual stress field in a region close to the

oller path on one side of the specimen. Figs. 7–9 show contour
lots of the �xx, �yy and �yz components of the stress tensor respec-
ively. The other components of the stress tensor (�zz, �xy and �xz)
ere found to have a relatively low magnitude throughout the mea-

ured area, and so are not shown. Results from both the FE model
escribed in Section 2.4, and the neutron diffraction measurements
escribed in Section 2.5, are presented. The measured results have
een interpolated and the locations of the gauge volume centres
sed for measurement are shown as crosses.

The agreement between the predicted and measured residual
tress fields shown in Figs. 7–9 is relatively good. The model and
easurements agree well on the position of the main features of

he residual stress field and their magnitudes. The neutron diffrac-
ion measurements were performed using a relatively low spatial

esolution: only 5 and 4.5 mm in the y and z directions respectively,
ith a gauge volume of 4 × 4 × 4 mm.  Consequently, the measured
ata do not show as much detail in the residual stress field as is vis-

ble in the modelling result. Furthermore, the neutron diffraction
osses indicate neutron diffraction gauge volume centres and black lines at z = 12.5

data show some scatter, as discussed in Section 3.1, the result of
which can be more easily seen in the line plots of Fig. 10. However,
taking into account the limitations of the measurement technique,
and given that a priori estimates of residual stress fields gener-
ated using elastic-plastic FEA are known to be strongly sensitive to
parameters including the material constitutive model [15,46,47],
the agreement between the measured and modelled data is good.

The main feature of the residual stress field is a region of strongly
compressive stress under the roller’s path. It is caused by plastic
flow of material beneath the roller in the in-plane directions as
it is compressed in the out-of-plane (z) direction. This feature is
clearly visible in the plots of �xx (Fig. 7) and �yy (Fig. 8). The sub-
figures showing stress at x = 0 mm (i.e. half-way along the rolled
region) give some idea of the residual stress field introduced by
rolling in the steady-state, away from the start and end of the
rolled area. On this measurement plane, the region of compres-
sive longitudinal stress (�xx) created by rolling extends more than

half-way through the thickness of the plate, to a depth of approxi-
mately 15 mm from the rolled surface (see Fig. 7). In the transverse
direction (�yy) a more complex stress field arises and the modelled
result indicates a small region of tensile residual stress at the rolled
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ig. 8. Transverse residual stress (�yy) on six y-z planes within the specimen. Bla
ndicate the roller contact zone.

urface. The FEA and ICHD results in Fig. 11 indicate large stress
radients at the upper surface of the specimen. This is also visible
n the predicted stress fields in Figs. 7–9 but not in the correspond-
ng neutron diffraction measurements, which do not extend to this
urface region. Since the only significant residual stresses measured
n the specimen were clearly introduced by the rolling process, the
ssumption that the plate was initially stress-free (used in the FE
odelling) is reasonable.
The results for the planes x = 55, 65, 75, 85 and 95 mm in Figs. 7–9

llustrate the residual stress field that develops at the end of the
olled area. One important feature of the stress field here is the
resence of an area of strongly tensile stress in the transverse (�yy)
irection slightly beyond the end of the rolled region (see Fig. 8,

 = 85 and 95 mm).  Also, tensile longitudinal stress at the surface of
he plate occurs beside the end of the rolled area (Fig. 7, x = 75 mm).
n designs where rolling is used to create a residual stress field

hich is favourable to fatigue life or resistance to fracture, the pres-

nce of tensile residual stress at the surface could detrimentally
romote crack growth. Therefore, it would be sensible to ensure
hat the end of the rolled region is remote from any areas at risk
rom cracking initiation. Furthermore, in the specimen examined
sses indicate neutron diffraction gauge volume centres and black lines at z = 12.5

here, concentrations of �yz shear stress occur at the edges of the
rolled part of the plate along its whole length (see Fig. 9), and sur-
face �yy stresses occur in the rolled area. The magnitude of these
stress components is quite small, but they may  still be significant
for design purposes.

3.3. Plasticity and material flow

The distribution of plastic deformation introduced by rolling
was predicted using the finite element model described in Sec-
tion 2.4, and it is shown in Fig. 12. The dark blue iso-strain surface
in Fig. 12a corresponds to a von Mises equivalent plastic strain of
only 10 ��, so it approximates the spatial extent of plastic straining
which occurs in the specimen during rolling. The region inside this
contour, in which plastic straining occurs, extends through most of
the thickness of the plate directly under the roller’s path and even
reaches the lower surface of the plate towards the end of the rolled

region. However, as shown in Fig. 12b, the region where plastic
strains are greater than 10−2 (yellow and red areas) is much smaller
and extends less than half-way through the specimen’s thickness.
A map  of residual material displacement at the end of the rolling
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ig. 9. Residual y-z shear stress (�yz) on six y-z planes within the specimen. �yz is ant
entres and black lines at z = 12.5 indicate the roller contact zone. Note different co

rocess is shown in Fig. 13. The roller has pushed material directly
n its path down and forward, which causes some uplift of material
t the sides of the rolled region as material is pushed aside.

The distributions of residual stress (Figs. 7–9) and plasticity
Fig. 12) determined in this study vary significantly through the
hickness of the plate. This contrasts with results from a previ-
us study of much thinner (6 mm)  steel welds by Coules et al. [14]
n which the residual stress field varied little through the mate-
ial’s thickness. Together, these results support the idea that there
s an upper limit to the thickness of material to which rolling can
uccessfully relieve residual stress.

Profile measurements of the indentation caused by rolling were
ade using a Taylor Hobson Form TalySurf 50 contact profilome-

er. The surface profile of the rolled region is shown in Fig. 14. The
odel is completely symmetric, but the real rolling process pro-

uces an indent which is asymmetric about the centreline of the
olled region. This probably results from misalignment or flexibil-

ty in the system used for driving the roller vertically. This effect

ould be small in deep rolling processes where the rolling tool is
pherical (or at least convex) but is noticeable with the flat roller
sed here. The measured residual stress data does not show signif-
metric about the x-y plane. Black crosses indicate neutron diffraction gauge volume
ale to Figs. 7 and 8.

icant asymmetry (see Fig. 10) so this effect must be localised to the
specimen’s surface. The model also over-predicts the depth of the
surface indentation and the height of the ridges which form to the
sides of the rolled region. This may  be due to inaccuracies in mod-
elling the contact condition which occurs between the roller and
specimen, or in the plasticity model. Again, this effect is probably
localised to the specimen’s surface because the agreement between
the modelled and measured residual stress data is good.

3.4. Use of rolling for residual stress improvement

Residual stresses in welded joints can cause fatigue life impair-
ment and component distortion. Although several stress-relief
methods have been developed, none of these are universally appli-
cable [4]. Recently, localised rolling has been shown to create
compressive residual stresses in weld seams in relatively thin
materials [12–14]. A major barrier to the application of rolling to

thicker welds is the uncertainty regarding the depth to which it
can produce significant plastic deformation and hence modify the
residual stress state. In Figs. 7–9, it can be seen that in this spec-
imen localised rolling introduced compressive stresses to a depth
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Fig. 10. Line plots longitudinal (�xx) and transverse (�yy) stress at the mid-thickness of the specimen (z = 0 mm)  at eight distances along the rolled region (see in Fig. 1c). The
uncertainty in the experimental measurement is approximately ±20 MPa.
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Fig. 11. Through-thickness comparison of residual stress data from Neutron Diffraction (ND), Incremental Centre Hole drilling (ICHD), and Finite Element Analysis (FEA)
beneath the ICHD measurement locations shown in Fig. 1c a.) ICHD 1, b.) ICHD 2.

Fig. 12. Plastic strain distribution in the rolled plate after rolling predicted by finite element modelling of the rolling process. a.) Surfaces of constant plastic strain, .b)
cross-section half-way along the length of the specimen (x = 0 mm).  Note the logarithmic scale.

Fig. 13. Vector map  of material displacement caused rolling, as calculated using the FE model. Material directly under the roller is pushed down and forward. Meanwhile
there  is some uplift of material the sides of the rolled region.
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Fig. 14. The difference in specimen thickness produced by rolling, as predicted using
FEA and measured using a contact profilometer.

Fig. 15. Depth of effect of rolling as a function of material parameters and rolling
f
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Although the stress field produced directly under the roller’s path is
orce (schematic).

f at least 12.5 mm,  i.e. more than half-way through the thickness
f the material. The region in which plastic deformation occurs
xtends through the whole 25 mm thickness of the specimen in
laces (see Fig. 12). Although the material in this case is a rela-
ively low-strength aluminium alloy, this result indicates that with
ufficient material ductility rolling could be used successfully for
esidual stress relief of thick-section welds. The effect of the mate-
ial’s plastic properties and the rolling load on the depth of effect
f the rolling process is shown schematically in Fig. 15. The pro-
ess will produce the greatest depth of effect in low yield strength
ut strongly work-hardening materials, when an adequately large
olling force is applied.

The specimen used in this study was a simple stress-free plate

ather than a weld. However this provides a more challenging test
f the rolling process: during rolling, the significant tensile residual
tresses typically present in welded joints act to cause yielding to
ing Processes 26 (2017) 240–251

a greater extent than in an un-welded specimen. This, in addition
to the Bauschinger effect, makes it is significantly more difficult
to create large compressive residual stresses using plastic defor-
mation than to cause relaxation of pre-existing tensile residual
stresses using the same process. However, it is important to note
that in a real weld the yield strength of the weld material may  vary
significantly from that of the parent material. This strength mis-
match may  cause the pattern of plasticity introduced by rolling to be
significantly different from that measured here for a homogenous
material.

The presence of additional residual shear stresses in rolled welds
has been observed in one previous experimental study [42]. In that
case, as in this experiment (see Fig. 9), the magnitude of these shear
stresses was small relative to the compressive stresses induced in
the longitudinal and transverse directions of rolling. As a result,
shear stress at the edge of rolled regions are unlikely to pose a
risk to structural integrity. However, for smaller-scale deep rolling
processes which are applied to an area of material using multiple
parallel rolling passes, it would be advisable to overlap each pass
over the previous one in order to mitigate both this shear stress
effect and any tensile stress at the rolled surface.

The areas of tensile residual stress in the �yy direction that arise
at the end of the rolled area in this study are important, since they
could potentially promote the growth of cracks emanating from the
end of the rolled region. The end effect observed in this study is con-
sistent with the results of Lim et al. for deep rolling with multiple
rolling tracks [48]. Outwards movement of material underneath
the roller causes this, stretching the material beyond the rolling
termination in the transverse direction. Therefore it is advisable to
ensure that the termination of any rolled region occurs away from
at-risk areas of a structure.

A large amount of plastic deformation may  occur during rolling.
In this specimen, the von Mises equivalent plastic strain directly
beneath the roller was  greater than 10% in a shallow region (see
Fig. 12). However, the aluminium alloy used in this study exhibits
rather weak strain-hardening (see Fig. 2); it is likely that in more
strongly strain-hardening materials an equivalent through-depth
effect of residual stress reduction could be achieved with less sur-
face plasticity. Nevertheless, the rolling process will clearly only
work well in materials which deform significantly prior to fracture.
For the rolling of welds, it has been proposed that a material duc-
tility limit must exist below which rolling cannot be successfully
applied, but this limit has not yet been established [24]. The results
presented here do not help to establish a ductility limit, since the
specimen material was rather ductile and no problems with crack-
ing or surface flaking were observed. However, in any material the
exhaustion of ductility due to rolling-induced plasticity may  affect
the subsequent integrity of the rolled part.

4. Conclusions

The distribution of residual stress in an aluminium alloy plate
treated using a localised rolling process has been mapped using
neutron diffraction and finite element analysis. Rolling produces
a region of strongly compressive residual stress underneath the
roller‘s path. The extent of this compressive part of the residual
stress field and the accompanying plastic deformation indicate that
rolling could be used improve the residual stresses present in thick-
section welds. Certainly, it would be feasible to treat welds up to
25 mm thick, which was  the sample thickness used in this study.
generally favourable, some regions of tensile residual stress do arise
as a result of rolling – particularly at the end of the rolled region.
Therefore, in this weld-rolling process as well as in any analogous
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