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TENSILE BALANCING STRESSES IN RESIDUAL
STRESS PROFILE IN RESPONSE TO PEENING

C.1 Introduction
C. 1.1 Deformation and Tensile Stress Response of Components to Peening
In addition to producing a surface compressive residual stress layer, peening causes deformation
of the treated component. Some of the compressive stress at the peened layer is immediately
relieved by deformation of the part. As the stiffness of the treated component is assumed to be
greater, the resulting deformation decreases, and more of the initial compressive stress at the
treated surface is retained.
The retained compressive stress at the peened surface is balanced by residual stresses generated
through the component thickness. In order to satisfy static equilibrium, the internal forces and
internal bending moments integrated over any cross section through the component must balance
to zero or be balanced by a reaction force on the component. If the through-wall stress profile is
suitably uniform over a cross section (and the plate length-to-width aspect ratio is suitably large
such that beam theory holds), the residual stress profile for an unrestrained flat plate must selfbalance by force and through-wall bending moment before and after peening. Thus, the peak
balancing tensile stress in the post-peening through-wall profile for an unrestrained flat plate
depends on both the force and moment imparted by the surface compressive residual stress layer.
The balancing stress for peened thick-wall pipes behaves in a similar manner, but the more
constrained pipe geometry does not deflect as much as the plate case for equivalent peening
compressive stress effect and equivalent wall thickness. As shown in the analyses presented
below, the result is that the balancing stress profile for a thick-wall pipe is more nearly uniform
than for the case of an unrestrained flat plate of equivalent wall thickness.
C.1.2 Purpose and Approach
The purpose of this appendix is to investigate the magnitude and distribution of tensile stresses
developed in response to the peening compressive stresses produced at the treated surface. Any
pre-existing flaws located beyond the compressive stress zone would grow during subsequent
operation under the influence of these balancing stresses (as well as weld residual stresses and
operating stresses).
Specifically, a straightforward linear-elastic finite-element analysis (FEA) approach is taken for
flat plate and thick-wall cylinder geometries. Peening is assumed to be applied to a substantial
fraction of the plate area or inside diameter surface of a thick-walled cylinder, and the throughwall stress profile developed in the peened region is investigated for different wall thicknesses.
The stress source approach ([1], [2], [3]) originally developed to assess the stress effects of shot
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peening of a flat plate is applied to calculate the bending stress and axial membrane stress
generated in response to peening:

oxcrx)u()±-[C-l]
where:
0(x)

=

through-wall equilibrium stress profile, as function of through-wall
position x

arp(x)

=

peening stress source function

ozo(x)

=

bending stress generated in response to peening (linear function of x)

c'a

axial membrane stress generated in response to peening

The stress source function, orp(x), is the stress that would result from peening of an infinitely
thick plate. For sufficiently thick plates, the stress source depends only on the peening process
applied (i.e., intensity and duration). The form of the stress source function is chosen to fit data
for the particular peening process of interest. As described below, published data are used to
determine the most appropriate form of the stress source function. Published stress
measurements and modeling results also illustrate the expected trends.
The stress source function is imposed in the FEA model as an initial condition for the stress state
in the region of the "peened" surface, and the FEA solver is used to calculate the equilibrium
stress response. The two-dimensional FEA model for the unrestrained flat plate case is used to
demonstrate how more of the compressive stress near the surface is retained as the wall thickness
is increased for a constant peening intensity (i.e., stress source function). Additional cases for the
flat plate geometry show how the equilibrium stress profile, including the peak tensile stress,
varies with wall thickness while holding constant the amount of compressive stress retained at
the "peened" surface (surface magnitude and compressive depth) by varying the stress source
function. These results are then extended to the thick-wall cylinder geometry.
The form of the stress source function is validated based on a published set of experimental
stress measurements performed on a peened flat plate. The FEA approach is further validated
through application of a simple bilinear stress profile that is analytically constrained to satisfy
through-wall force and moment balances.
The FEA model is described in Section C.2, the simulated cases are listed in Section C.3, the
results are presented in Section C.4, and the model validation is presented in Section C.5.
Conclusions are made in Section C.6.
C. 1.3 Relevant Literature
Researchers have studied tensile balancing effects in post-peening residual stress profiles in a
range of geometries for shot peening, laser peening, and water-jet peening. The following
findings are relevant to the tensile balancing stress in the post-peening residual stress profile:
*

C-2

Buchannan and John [4] show that for a constant residual surface stress, the peak tensile
stress decreases as component thickness increases. With increased component thickness, the

Tensile BalancingStresses in Residual Stress Profile in Response to Peening

balancing force is spread over a greater distance and the difference in balancing tensile stress
required to develop a balancing through-wall moment is decreased.
*Hill, et al. [5] show that the peak tensile stress indirectly induced by a peening process
decreases as the compressive residual stress at the surface decreases. As the peening intensity
is increased and a larger compressive surface residual stress is produced, the peak tensile
stress beyond the compressive residual stress layer tends to increase.
*Menig, et al. [6] investigated the nature of the tensile stress field beyond the peening
compressive residual stress layer. The results presented in this paper indicate that the
compressive residual stresses generated by peening are balanced by rather low tensile
residual stresses extending over the whole cross-section of the component.
*DeWald and Hill [7] measured stresses and performed strain and stress modeling for four
different specimen geometries treated by laser peening, including thick-wall cylinders peened
on the outer diameter. The through-wall residual stress measurements were made using the
contour method. The stress profile measured for the thick-wall cylinder case is comparable to
that observed in other studies for peening of flat plates, although the profile near the inside
surface (not peened) showed greater curvature than for flat plate cases. This case is not
directly applicable to peening of reactor vessel primary nozzles because the peening was
performed on the OD and because of the especially small inner-radius-to-thickness ratio, R, /
t= 15 mm!/15 mm= 1.0.

C.2 ANSYS Model Description
A two-dimensional linear-elastic ANSYS [8] FEA model is used to simulate the balancing stress
effects of either:
(1) a cross section of a flat plate peened on one side, or
(2) a thick-wall pipe that is subjected to axisymmetric peening on the pipe inside surface.
The peening process itself is not simulated. Instead the balancing stress profile generated in
response to the peening compressive residual stress layer at the treated surface is calculated
considering the effect of the component geometry and stiffness. The standard peening stress
source approach, also known as the "eigenstress" approach, is taken in which the initial stress
profile due to peening (prior to deformation of the component and development of the balancing
stress) is directly input to the model as an initial condition. This initial stress source function is
independent of the component geometry given a sufficiently large wall thickness. The final stress
state at equilibrium, which reflects both the reduction in peening compressive stress due to
component deformation as well as generation of the balancing residual stress, is calculated using
the ANSYS FEA solver. Although the peening process itself results in substantial local yielding
and plastic strains, the redistribution of stress beyond the surface compressive residual stress
zone in response to peening is an elastic unloading problem [1], and thus amenable to the linearelastic stress source approach.
The material properties, geometry, boundary conditions, and loading are described in the
following subsections.
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C.2.1I Material Properties
The ANSYS model is a linear-elastic model. Thus the needed properties are limited to Young's
Modulus and Poisson's Ratio. As shown in Table C-I, room-temperature values were input using
the physical properties tabulated in Section II Part D of the ASME Boiler and Pressure Vessel
Code [9] for Alloy 600 and another nickel-based alloy, Alloy 22. The material properties for
Alloy 22 were applied in the case used to validate the chosen form of the stress source function.
Table C-I
Material Properties [9]
Material
Parameter
Aly60Young's Modulus
Aly60Poisson's Ratio
Alloy 22 Young's Modulus
_____Poisson's

Ratio

J Units JValue
Pa
Pa

2.13E+11
0.31
2.06E+11

-

0.31

-

C.2.2 Geometry
The same two-dimensional mesh is used to model a flat plate or an axisymmetric pipe. The
ANSYS PLANE 183 element type is applied under the generalized plane strain assumption for
the flat plate geometry and in axisymmetric mode for the pipe geometry.
It was shown that the choice of either generalized plane strain or plane stress for the plate
geometry does not significantly affect the in-plane stress results presented in this appendix. The
reason is that the calculated profile for the in-plane (Y-direction) stress must satisfy the same
force and moment balances regardless of whether the plane strain or plane stress assumption is
made for two-dimensional treatment of Hooke's Law.
The geometry of the plate and pipe models is defined by the example mesh shown in Figure C-1.
When modeling a plate, the model can be considered to be infinitely wide in the out-of-plane
direction. When modeling a pipe, the out-of-plane direction is the azimuthal dimension and the
axis of rotation is to the left of the mesh of Figure C-I. The pipe geometry boundary conditions
make the pipe behave as though it is infinite in length. As shown in red in this figure, the model
includes a distinct area on the left (inner diameter) surface where the stress source function is
applied to simulate the effects of peening. This area is assigned an initial stress profile, as
described by Section C.2.4, to model the effects of peening while the initial stress state in the
remainder of the mesh is zero.
The mesh spacing is controlled in the model to ensure the results are accurate in the areas of
interest. The mesh is refined in the region where the stress source function is applied because this
is the area with the largest stress gradient. The effect of overall mesh refinement was checked to
confirm model convergence. The length of the peened area is chosen to result in a region of
reasonably uniform stresses that are reasonably fully developed without edge effects, and the
solution is confirmed to be converged with respect to the modeled length of the mesh. The
modeled geometry satisfied a study of the spatial uniformity of the peak stress and of the
compressive residual stress layer depth.

C-4

Tensile Balancing Stresses in Residual Stress Profile in Response to Peening

Axisymmetric
Axial (Y)
1

LFckness (X)

Hoop!/ Azimuthal
direction (Z) is normal
to the page

Plane Strain
Length (Y)
jjclkness (X)

Width direction (Z) is
normal to the page

Figure C-I
Example Mesh with Region of Application of Stress Source Function in Red (wall
thickness = 63.5 mm)

C.2.3 Boundary Conditions
To prevent rigid-body motion of the model, the following boundary conditions are applied:
Flat Plate Geometry_
SMidpoint of Left Side of Cross Section: Zero displacement in the X- and Y-directions
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* Midpoint of Right Side of Cross Section: Zero displacement in the Y-direction
Thick-Wall Pipe Geometry
*

Bottom Row of Nodes: Zero displacement in Y-direction

*

Top Row of Nodes: Displacement in Y-direction is uniformly the same (coupled)

C.2.4 Loading
The only load source in the model is the biaxial initial stress state specified in the region where
the stress source function is applied. The initial stress state is specified using the ANSYS
INISTATE command and applied to the nodes of the elements in the stress source region
according to the nodal position. The profile is applied to both the SY and SZ stress components.
No initial stress is input for the through-thickness component (SX).
Per the validation exercise described below in Section C.4. 1, the stress source function is
assumed to have an exponential form. An improved fit to the validation data resulted from a
small refinement to a pure exponential decay function. The stress source function is based on an

exponential function scaled to reach zero at a depth Of 6p:
y P(x)-•~'

I-

forx < p

[c-2]
in(R)
where:
•p=

x
up(x)

=

depth of region subjected to initial stress source function
through-wall depth from "peened" surface

=peening stress source function

oup,0

=

initial peening compressive stress at peened surface prior to deformation

R

=

fraction of exponential remaining at x = ti, taken to be 0.04 based on the
comparison in Section C.4. 1

Examples of a stress source function having the form of Equation [C-2] and the final equilibrium
stress state in the component are shown in Figure C-2 and Figure C-3.
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Figure C-2

Example Stress Source Function for ap,o = -558 MPa (-80.9 ksi) and 6,p = 1.09 mm (0.043 in.)
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ANSYS 15.0
J UN 1 2015
19: 04: 47
PLOT NO. 112
N•DAL SOLUTION
STEP=I
SUB =1
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(AVG)
SY
RSYS=0
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Figure C-3
Example Equilibrium Stress Solution Contour Plot for the Length (Y) Direction Stress (SY)
for Flat Plate Model (wall thickness = 63.5 mm)
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C.3 ANSYS Model Cases
The FEA model was used to investigate the following cases:
*

Validation of Exponential Form of Stress Source Function
-

Simulates the stress profile for a flat plate treated by laser peening (measured by Hill
et al. [5]) (Figure C-4)

-

Material: Alloy 22
Plate with thickness of 20 mm and length of 38 mm
Peened area length of 30 mm
Modeled using an equilibrium surface compressive stress of --470 MPa (68.2 ksi) and

-

depth of 2.74 mm
*

Plate with Thickness of Reactor Vessel Outlet Nozzle (Two-Dimensional)
-

Simulates an unrestrained flat plate with thickness comparable to the reactor vessel
outlet nozzle pipe case to show the effect of modeling a plate vs. a pipe. The simpler
plate geometry is a common geometry for published testing and modeling efforts.

-

Material: Alloy 600
Plate length of 300 mm and peened area length of 80 mm
Plate wall thickness:
Base case thickness of 2.5 inches (63.5 mm), which is close to the lower bound

-

thickness of 2.4 inches (61 mm) cited in MRP-109 [ 10]
-

Sensitivity cases illustrating effect of wall thickness ranging from a factor of 8
thinner to a factor of 6 thicker

-

Peening stress source function assumptions:
Constant stress source function (o-p,0 = -558 MPa (-80.9 ksi) and 5p = 1.09 mm)
to illustrate greater retention of initial compressive stress as thickness is
increased
-

Vary stress source function to obtain equilibrium surface compressive stress of
-550 MPa (80 ksi) and compressive stress depth of 1.0 mm

*

Reactor Vessel Outlet Nozzle (Axisymmetric)
-

Simulates effects of peening on the ID of a thick-wall pipe with the dimensions of a
typical reactor vessel outlet nozzle (RVON) dissimilar metal weld.

-

Material: Alloy 600
Pipe length of 300 mm, peened area length of 80 mm, and ratio of inner radius to

-

thickness of 5.8 (yields an outer diameter of 34 inches (864 mm) for a thickness of
2.5 inches (63.5 mam))
-

Pipe wall thickness:
Base case thickness of 2.5 inches (63.5 mm), which is close to the lower bound

-

thickness of 2.4 inches (61 mm) cited in MRP-109 [10]
-

Sensitivity cases illustrating effect of wall thickness ranging from a factor of 8
thinner to a factor of 6 thicker (evaluated both for a constant outer diameter of
34 inches and for a constant ratio of inner radius to wall thickness of 5.8)
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-

Peening stress source function assumptions:
Vary stress source function to obtain equilibrium surface compressive stress of

-

'-550 MPa (80 ksi) and compressive stress depth of 1.0 mm
-

Sensitivity cases illustrating effect of compressive stress depth using 0.5 mm
and 1.5 mm equilibrium surface compressive stress depths for RVON base case
dimensions

C.4 ANSYS Model Results
C.4.1I Validation of Exponential Form of Stress Source Function
The parameters for the exponential stress source function (arp,0 and •p in Equation [C-2]) were
varied until the match between the measured stress profile and the calculated equilibrium profile
in Figure C-4 was obtained. The magnitude of the peak stress obtained in this case reflects the
magnitude of the compressive stress depth (2.7 mm) in comparison to the wall thickness
(20 mm).
The very good agreement between the measured and predicted stress profiles shows that the
exponential form of Equation [C-2] is a good choice to model the peening effect for the type of
laser peening performed by Hill et al. [5]. Furthermore, the measured peening compressive stress
profiles presented in MRP-267RI [11] for a variety of laser peening and water jet peening
processes have shapes that are generally reasonably approximated by the shape of the peening
compressive stress profile measured by Hill et al. [5] and shown in Figure C-4. Hence, the stress
source functional form defined in Equation [C-2] is applied in all the FEBA cases.
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C.4.2 Calculated Stress Profiles for Flat Plate and Thick-Wall Pipe Geometries
The FEA analyses results are shown in Figure C-5 through Figure C-I13, where in each figure the
stress profile is taken at the midpoint of the peened region (i.e., the symmetry plane of the
model):
Effect of Wall Thickness on Retained Peening Compressive Stress (Flat Plate)
Figure C-5 illustrates how the compressive stress effect developed by peening increases
(in terms of surface compressive stress magnitude and compressive stress depth) for the
same peening intensity as the wall thickness is increased. More of the initial peening
compressive stress would be retained for the thick-wall pipe geometry for equivalent wall
thickness because of its greater level of constraint. Because the peening performance
criteria are based on the stress profile achieved following peening (including the
relaxation in compressive stress at the surface due to elastic deformation of the
component upon peening), the results presented below for a consistent equilibrium
compressive stress effect are more important to the conclusions of this investigation.
Effect of Wall Thickness on Balancing Stress Profile (Flat Plate and Thick-Wall Pipe)
*

Figure C-6 clearly illustrates how the peak tensile stress is reduced as the wall thickness
is increased for the flat plate geometry with the stress source function parameters varied
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to obtain constant equilibrium values of the surface compressive stress magnitude and
compressive depth. The profiles show how a linear stress profile (through-wall bending)
and an axial membrane stress component are produced in response to the peening effect.
As discussed by Bernasconi and Roth [ 1], this is the expected behavior of a peened plate
and reflects simple beam behavior. Note that it was numerically confirmed that these
calculated stress profiles satisfy both force and moment balance. This is a requirement of
the model since the through-thickness profile for stress in the Y-direction is necessarily
uniform in the Z-direction (into the page) given the two-dimensional assumption.
Figure C-7 shows similar behavior for the axial stress profile for the thick-wall pipe
geometry. For equivalent wall thickness, the peak tensile stress is smaller for the pipe
axial stress case. The pipe geometry is more constrained than a flat plate and does not
deflect as much as the plate case for equivalent peening compressive stress effect and
equivalent wall thickness. The reduced curvature for the pipe case means that a smaller
through-wall bending stress component is produced in the axial direction than would be
the case for the corresponding flat plate. In addition, the gradient in cross sectional area
between the inner and outer portions of the pipe cross section tends to increase the
contribution of a given through-wall stress gradient to the through-wall force and bending
moment in comparison to the situation for a flat plate. Note that it was numerically
confirmed that these calculated stress profiles satisfy force balances. Force balance over a
given through-wall profile is a requirement of the model since the axial stress profile is
necessarily uniform in the azimuthal direction given the axisymmetric assumption. The
pipe geometry does not satisfy the moment balance in the same manner as for the
unrestrained flat plate as shear stresses contribute to the balance for the pipe.
*While the results in Figure C-7 represent a constant outer diameter while the thickness is
varied, Figure C-8 plots the equivalent axial stress results for a constant inner-radius-tothickness ratio. The peak tensile stress for the pipe geometry cases remains smaller than
the peak tensile stress in the plate geometry case for equivalent wall thickness. Note that
the curves with a positive slope in Figure C-8 have a lower peak tensile stress than the
equivalent constant outer diameter curves (having a negative slope). These cases with
positive slope correspond to relatively small wall thicknesses and are the result of a more
complex deformed shape of the pipe compared to cases with greater wall thickness or
greater diameter. It was numerically confirmed that these calculated stress profiles also
satisfy force balance.
*Figure C-9 and Figure C-10 show the calculated profiles for the case of the hoop stress
for the thick-wall pipe geometry. Note that the compressive stress depth at equilibrium
for the hoop stress profile varies slightly for the different thickness cases because the
stress source function was varied to maintain the compressive stress depth for the axial
stress profile. Regardless of this point, the magnitude of the tensile stress response is
substantially smaller for the hoop stress profile in comparison to that for the axial stress
for equivalent wall thickness. This lower peak magnitude occurs because the force
balance in the hoop direction is enforced over the entire modeled area, permitting a
distribution of the tensile balancing stress over a greater area. The hoop profiles have
smaller slopes than the axial profiles because the axial change in curvature upon peening
is greater than the change in curvature of the pipe in the circumferential direction. The
pipe geometry is most constrained in the circumferential direction.
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Effect of Wall Thickness on Peak Balancing Tensile Stress (Flat Plate and Thick-Wall Pipe)
*Figure C-I11 and Figure C-12 plot the peak tensile stress of the profiles in Figure C-6
through Figure C-l0 directly as a function of wall thickness. The peak tensile stress is
plotted as a percentage of the surface compressive stress value as the shape of the stress
profile does not depend on the magnitude of the surface compressive stress.
Effect of Peening Compressive Stress Depth on Balancing Stress Profile (RVON Pipe
Geometry)
*The results in Figure C-6 through Figure C-12 assumed a post-peening compressive
stress depth of 1 millimeter. Figure C-13 illustrates how the axial stress profile for the
RVON geometry is affected by this assumption. Profiles are shown for compressive
depths of 0.5 mm and 1.5 mm in addition to 1.0 mm. The magnitude of the peak tensile
stress has an approximate linear dependence on the compressive stress depth. This is
expected given that the force and moment created by the compressive profile close to the
peened surface are each approximately proportional to the compressive depth.
As shown in the figures, the calculated maximum tensile stress for a given peening compressive
stress effect (surface magnitude and compressive depth) decreases with increasing wall
thickness. This applies in both the axial and hoop directions for the pipe.
For the reactor vessel outlet nozzle (RVON) thick-wall pipe geometry, the peak tensile balancing
stresses are less than about 2% of the magnitude of the compressive surface stress for the case of
a compressive residual stress layer at the pipe ID that is 1 millimeter deep. This relatively small
magnitude for the peak tensile balancing stress is the result of the balancing force and moment
being spread over the large wall thickness of this component, plus the fact that the pipe geometry
is more constrained than a flat plate and does not deflect as much as the plate case for equivalent
peening compressive stress effect and equivalent wall thickness.
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Effect of Wall Thickness on Through-Wall Stress Profile for Plate Geometry for Same
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Effect of Wall Thickness on Through-Wall Axial Stress Profile for Constant R, I t Pipe
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Effect of Wall Thickness on Through-Wall Hoop Stress Profile for Constant Outer Diameter
Pipe Geometry for Same Equilibrium Surface Compressive Stress and Compressive Depth
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Effect of Wall Thickness on Through-Wall Hoop Stress Profile for Constant R, I t Pipe
Geometry for Same Equilibrium Surface Compressive Stress and Compressive Depth
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Effect of Wall Thickness on Peak Tensile Hoop Stress for Same Equilibrium Surface
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C.5 Model Validation Using Bilinear Stress Profile
The ANSYS model is validated by comparing the resulting stresses to a simple piecewise linear
stress profile. The piecewise linear stress profile, which ensures that the applicable force and
moment balances are satisfied for the simplest possible profile, is subject to the following
assumptions:
1.

The profile models the effect of peening only.

2.

The compressive surface stress is set to an assumed value, u'(x= 0) =O0

3.

The stress profile transitions to tensile stresses at a pre-defined point, x0. This is where

4.

The internal forces must balance to zero through the thickness of the peened component
assuming that the profile is uniform over the cross section of an unrestrained flat plate:

crx=x 0):=0.

F~el :=J" (x)dx=O0

[C-3]

0

The internal moments must balance to zero though the thickness of the peened component

5.

assuming that the profile is uniform over the cross section of an unrestrained flat plate:
Mnei =J•xu(x)dxo=

[C-4]

0

The piecewise linear stress profile is defined by two line segments; the first is defined by

assumptions (2) and (3), whereas the second is defined by assumptions (4) and (5). For the case
of the axial stress profile of a thick-wall pipe, Equations [C-3] and [C-4] are assumed to hold
except that the force and moment integration are each weighted by the radial coordinate to
account for the increase in cross sectional area toward the OD. In each validation case, the values
of a0 and x0 were selected to match the FEA profile.
Figure C-14 and Figure C-15 compare the bilinear profile with the FEA results for two cases.
*

Figure C- 14 shows reasonable agreement versus the FEA solution and measured stress

profile for the flat plate case investigated by Hill et al. [5], including similar peak tensile
stress values.
*Figure C-i5 shows a similar peak tensile stress for the FEA case investigated for a thickwall pipe with dimensions applicable to reactor vessel outlet and inlet nozzles. The
somewhat smaller peak stress for the FEA case is the result of the curvature in the FEA
stress profile close to the peened surface. This curvature results in a reduced force and a
reduced moment to be balanced by the remainder of the stress profile. This particular
FEA stress profile is from a region with a rather uniform curvature that is close to a
through-wall moment balance without considering the effect of shear stress on the
moment balance.

C-19

Tensile BalancingStresses in Residual Stress Profile in Response to Peening

400~

F

-

-

B-LnarNuei-knal Soluion

ANSY
Vlidtio
Moel forProileMeasredby

0

-

esngsilea Stress Poile

etaT[5
i
_

'

_

m

_

-

I

~-600

ANSY
-300

Re]
trsPofl
yHl -aiainfrPoieMaue
taNSY sunBlna

l

Li...ea...Numerical......Solution...

0 ..............
. . . . . . . ..-........

....

-6 00

0

. .

....

5

..

. .. ... ..

10

15

Depth from Inner Surface (mm)
Figure C-I5
ANSYS Model Validation for Reactor Vessel Outlet Nozzle (RVON) Case Using Bilinear
Stress Profile

C-20

20

Tensile BalancingStresses in Residual Stress Profile in Response to Peening

C.6 Conclusions
The literature review and analyses presented in this appendix demonstrate the following:
A balancing stress profile develops beyond the compressive residual stress induced by
peening at the treated surface. This balancing stress consists of a through-wall bending
component and an axial membrane stress. These residual stress components act to balance
the force and change in curvature associated with the peening compressive residual stress
developed in the region of the treated surface. The peak tensile stress generally forms in the
region just beyond the peening compressive residual stress layer. The peak tensile stress
location represents the location beyond the compressive stress zone where the through-wall
bending stress is maximum.
*For a given compressive residual stress effect (surface magnitude and depth of compression)
retained upon peening, the peak tensile balancing stress decreases as the component
thickness increases. As the component thickness increases, the balancing force and moment
are each spread over a greater distance. The difference in balancing stress required to develop
the balancing through-wall moment is decreased. The increase in moment arm distance
means that a smaller stress difference will create the same moment. Similar trends are
produced for thick-wall pipes peened on the inside diameter as for flat plates.
*The peak balancing tensile stress for the case of a peened thick-wall pipe is reduced
compared to an unrestrained flat plate of equivalent wall thickness. This is because the more
constrained pipe geometry does not deflect as much as the plate case for equivalent peening
compressive stress effect and equivalent wall thickness, corresponding to a reduced throughwall drop in the balancing stress profile. The pipe geometry does not satisfy the moment
balance in the same manner as for the unrestrained flat plate as shear stresses contribute to
the balance for the pipe. The result is that the balancing stress profile for a thick-wall pipe is
more nearly uniform than for the case of an unrestrained flat plate of equivalent wall
thickness.
*For the reactor vessel outlet nozzle (RVON) geometry evaluated with the FEA model, the
peak tensile balancing stresses are less than about 2% of the magnitude of the compressive
surface stress for the case of a compressive residual stress layer at the pipe ID that is
1 millimeter deep. This relatively small magnitude for the peak tensile balancing stress is the
result of the balancing force and moment being spread over the large wall thickness of this
component, plus the fact that the pipe geometry is more constrained than a flat plate and does
not deflect as much as the plate case for equivalent peening compressive stress effect and
equivalent wall thickness.
In summary, because of the thick-wall for reactor vessel outlet and inlet nozzles, peening of
these components has a small effect on the peak tensile stress below the surface compressive
stress zone. With regard to reactor pressure vessel head penetration nozzles (RPVHPNs), the
effective thickness of the nozzle at the weld elevation is increased by the presence of the
J-groove weld and head. This effect tends to limit the peak tensile balancing stress near the
peened ID at the weld elevation. Below the J-groove weld, both the OD and ID surfaces are
peened, tending to make the balancing stress uniform over the wall thickness.

C-2 1

Tensile Balancing Stresses in Residual Stress Profile in Response to Peening

C.7 References
1.

J. Bernasconi and M. Roth, "The Niku-Lari Method and the Stress Source Method:
Application to Residual Stress Distribution of Shot Peened Plates," Advances in Surface
Treatments, Residual Stresses, Vol. 4, pp. 22 1-250, Pergamon Press, 1987.

2.

S. T. S. AI-Hassani, "Mechanical Aspects of Residual Stress Development in Shot
Peening," ProceedingsoflICSP-J, edited by A. Niku-Lari, pp. 583-602, Pergamon Press,
1981.

3.

A. Niku-Lari, "Methode De La Fleche Methode De La Source Des Contraintes
Residuelles," ProceedingsoflICSP-1 , edited by A. Niku-Lari, pp. 237-247, Pergamon
Press, 1981.

4.

D. J. Buchanan and R. John, "Residual Stress Redistribution in Shot Peened Samples
Subject to Mechanical Loading," MaterialsScience & EngineeringA, Vol. 615, pp. 70-78,
2014.

5.

M. R. Hill, et al., "Measurement of Laser Peening Residual Stresses," Journalof Materials
Science & Technology, Vol. 21, No. 1, pp. 3-9, 2005.

6.

R. Menig, et al., "Depth Profiles of Macro Residual Stresses in Thin Shot Peened Steel
Plates Determined by X-Ray and Neutron Diffraction," ScriptaMaterialia,Vol. 45, No. 8,
pp. 977-983, 2001.

7.

A. T. DeWald and M. R. Hill, "Eigenstrain-Based Model for Prediction of Laser Peening
Residual Stresses in Arbitrary Three-Dimensional Bodies. Part 2: Model Verification,"
Journal of Strain Analysis for EngineeringDesign, Vol. 44, No. 1, pp. 13-27, 2009.

8.

ANSYS Version 15.0, Mallett Technology, Inc., Canonsbug, PA: 2015.

9.

ASME Boiler and Pressure Vessel Code, Section II, Materials, Part D, Properties
(Customary), ASME, 2013 Edition, July 1,2013.

10.

Materials Reliability Program:Alloy 82/182 Pipe Butt Weld Safety Assessment for the US
PWR Plant Designs: Westinghouse and CE Design Plants (MRP-IJO9NP), EPRI, Palo Alto,
CA: 2004. 1009804. [NRC ADAMS Accession No. ML042430093]

11.

Materials Reliability Program: Technical Basisfor Primary Water Stress Corrosion
CrackingMitigation by Surface Stress Improvement (MRP-267, Revision 1), EPRI, Palo
Alto, CA: 2012. 1025839. [Freely Available at www.epri.com]

C-22

The Electric Power Research Institute, Inc. (EPRI, www.epri.com)
conducts research and development relating to the generation, delivery
and use of electricity far the benefit of the p~ublic. An independent,

nonprofit organization, EPRI brings together its scientists and engineers
as well as experts from academia and industry to help address
challenges in electricity, including reliability, efficiency, affordability,
health, safety and the environment. EPRI members represent 90% of the
electric utility revenue in the United States with international participation
in 35 countries. EPRI's principal offices and laboratories are located in
Palo Alto, Calif.; Charlotte, N.C.; Knoxville, Tenn.; and Lenox, Mass.
Together...Sha ping the Future of Electricity

Program:
Materials Reliability (MRP)

© 2016 Electric Power Research institute (EPRII,Inc. All rights reserved. Electric Power
Research Institute, EPRI, and TOGETHER..SHAPING THE FUTUREOF ELECTRICITY
ore

registered service marks of the Electric Power Research Institute, Inc.

3002007392

Electric Power Research Institute
3420 Hillview Avenue, Palo Alto, California 94304-1 338 ° PO Box 10412, Palo Alto, California 94303-0813 USA
800.313.3774 • 650.855.2121 •askepri@epri.com • w~w.epri.com

