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ABSTRACT ‘

A model has been developed by Guechichi (1) and improved by Khabou (2) to predict residual stresses and
plastic deformations induced by shot peening in metallic parts. The major controlling factor were taken into
account. This paper presents an extension of this model by taking into account the effect of friction, the
angle of impingement and the hardness ratio. The material is characterised by using the model of Khabou (2)
extended by Hamdane (3) in the case of triaxial loading. Application on a plate omade of Udimet 720 shows a
good agreement with the residual stresses obtained by X-ray diffraction analysis. Also calculations have been
made by using different coefficients of friction and angles of |mp|ngement show a good correlatlon with the
experimental data available in the literature.
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INTRODUCTION

Shot-peening is a surface treatment used to improve the fatigue performance of metallic parts. This
improvement is due principally to the favourable compresswe resndual stresses and to the material's
hardening characteristics in the near-surface layers.

Predicting the resulting state of a shot-peened part is of great interest to both industrial and academic
researchers as an essential step in evaluating the fatigue life of shot-peened components in service in order
to optimize the peenihg parameters.
Lk .

Extensive efforts have been made in a joint work between MécaSurf Laboratory and Metal Improvement
Company aimed at investigating the various theoretical problems arising from the analysis of the peenmg
process and understandmg the influence of the various peenmg parameters on the material behaviour (1) (2)
(4), the plastic deformations and the residual stresses induced in shot peened parts.

Most of the results of this research work have been included in a software, referred to as SHOTPEEN (5),

intended as a design tool. This software enables the prediction of the plastic strains and the residual stresses
induced by a specified set of peening conditions.
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SHOT PEENING PARAMETERS
This surface treatment consists of projecting shot made of steel, ceramic or glass, at relatively high velocities
(20 m/s to 100 m/s) onto the surface of various metallic components. It produces both surface hardening and

“favourable residual stresses" so as to ensure a better resistance against fatigue and corrosion.

The shot's impact generates a stress field in the near surface region. When the treated surface is totally
covered (100% coverage) a residual stress distribution, varying in depth but uniform in surfaces paraliel to
the free surface, is created. The development of various methods to determine residual stresses both at the
surface and in depth for different materials enables the fnduced residual stress profiles to be obtained.

The significant parameters of the process can be sorted in three different classes; each of them is associated
to specific experimental effects as listed in the following:

first class : parameters describing the treated part (geometry, material properties , monotonic and cyclic
elastic-plastic behaviour law). :

second class: parameters of trre stream energy produced by the process: properties of the shot (shape,
size, material density and hardness, etc.), velocity, angie of rmprngement distance between the nozzle and
_the treated part, duration of the treatment etc.

third class: parameters describing the contact conditions: mainly coefficient of friction and coefficient of
restitution which depends essentially on the ratio of the hardness of the treated material and the used shot.

PHYSICAL PROCESS OF INTRODUCING RESIDUAL STRESSES

Wohlfahrt (6) explains the mechanisms of introducing residual stresses by two different processes of
localised plastic deformation and consequently residual stress generation. The first process is the direct
plastic elongation of layers very close to the surface as a consequence of tangential forces due to numerous
indentations. The second residual stress generatrng process can be Hertzian pressure which arises as a
consequence of the vertical force F connected with the impact of each shot ball.

Not taken into account the tangential effect is the major drawback of the model developed by Guechichi and
Khabou. In this model, the theory of elasticity is used to localise the external loading during the impact of the
shot. The loading due to the normal force with a shear proportional to the load pressure is given by (7). The
elastic-plastic calculation are made by using a simpliﬁedv method of Zarka (8). A first step of calculation is made
assuming a semi-infinite body, then a calculation of redistribution of the residual stresses and the plastic
deformations is necessary to obtain the solution on the actual part.

465

ICSP-6 ® 1996




THE SHOT PEENING MODEL
Hypothesis

The theoretical approach is based on the assumption that the deformation of a peened material qualifies as
inelastic, pseudo-high velocity and cyclic as long as metallic parts are concerned. In addition, the following

hypotheses have been employed in the implementation of the model (1) and (2):

The principle of modelling is presented in‘_the Figurei. The following assuptions are used to calculate

the shots are spheres of uniform radius,

the area density of impacts is uniform and the residual stresses are supposed due to a uniform

coverage.
the mechanical loading is pseudo-cyclic,
the mechanical state of the material is a stabilised one.

¥

residual stresses:

-t

the shot velocity is supposed constant and it is determined by using (9),
the material behaviour law is modelled by using the theory of (2),

the solution of an elastic indentation by Hertzian contact is adopted as the external loading due to shot

peening, )
the elastic plastic calculations are made by using the simplified method of ZARKA (8),

the residual stresses and plastic deformations are determined by using the equilibrium equations and

the compatibility conditions.

Treated Part ntact condition B Shot Peening conditions
Material and Shot

Cosfficient of friction

Geometry e o Almen Intensity
Coefficient of restitution Angle of impingement
* Coverage rate
Material behaviour law ‘ ‘ ‘
Modeiling ‘

~ Calculation of the Shot Velocity

|

\

Determination of the Hertz tensor
(it is supposed as external loading)

¥

Calculation of the plastic deformations by using the simplified methode of ZARKA
(8). And determination of the residual stresses and the plastic deformations by
using the equilibrium equations and the conditions 6f compatibility.

-Figure 1: The flow chart of thg model
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Iimpacts of shots and applied stress field due to shot peening

Hertzian pressure (Figure 2)

According to Hertz's theory of elastic contact, the impact of a rigid shot on a semi-infinite body produces
forces normal to the surface on a circular contact area of radiusa , with a paraboloid distribution of pressure.

V sina

Figure 2: distribution of the Hertz pressure during the shot impact

The maximum pressure in the material is called Hertz pressure p, and given by Hertz (10):

p =£,,_2_a (1)
° ® D

where E,, is the equivalent modulus, given by:

1 1-v 1-v
E, E E,

where £, v,,E, and v, are'resbectively Young's moduli and Poisson's ratios of the shot material and of the

()

processed material ; D is the shot diameter.

To determine the expression ofa we use the same approach as Davies 111). The energy of deformation of
the indentation is assumed equal to the kinetic energy restored by the shot. An hypothesis based on an
expetimental work made by Lida (12) was adopted. The notmal pressure appears to depend only on the
normal projection of the incoming velocity. Finally a is‘gliven by the following expression:

D{S szsinazwg ;

L a=—l—=xpe ——— 3

CTReTP TR )

where p is the density of the shot material,V is the velocity of the incoming shot,e is the coefficient of
restitution depending on the ratio '6f the' hardness of the treated material and the used shot, & is the angle of

impingement.
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Ihe global elastic loading due to the shot peening process .

In this model, we use Hertz results for the elastic contact between a sphere and a semi-infinite body as an
external loading due to shot peening. When the coverage is uniform, the non zero components of the depth
distribution profile of the loading due the Hertz pressure (13) along the 2- coordinate in the direction normal
to the surface is given by:

a2

2.(=2,@)=P(1+ vz)(f tan"(%) -1)+i:, (m) (da)

2.()=-F ((a—z‘f?;) } ’ (4b)

If the motion of the nozzle is in the xdirection, the non zero components of the depth distribution profile of
the loading due the tangential traction (7) along the z- coordinate in the direction normal to the surface is
given by:

_uplZooa(8Y ) a’
Z:(2) = pFy Jtan \z) ‘/*“’?’(W) o)

Where u is the coefficient of friction between the treated material and the used shot.

Plastic étraln and residual stress determination

fundamental eguations

When the semi infinite body is uniformly treated (uniform coverage), residual stresses aﬁd strains are only
function of z. According to the local external loading and to the plastic flow rule (14) the plastic strain tensor
can be written: ‘ '

[EL(z) 0  E;(2)]
E=1 0 E) 0 |with E()=E'() * (5
B 0 EN)

and:

E.)+E()+E(=0 = (6)

The equilibrium equations and the boundary conditions for the residual stresses lead to the following
residual stress tensor expression: '

[R(2) Ry(2) 0]
R=IR,(2) R,(2) Ol 7)
| o 0o 0 A S

A relationship between the plastic strains and the residual stresses in the semi-infinite body is given by the
elastic plastic behaviour law: ‘

468

ICsP-6 : 1996 -



1, '
E.@=-2(R.D) - vR,@) (®)

1
E,@=-%(R,@ - vR,(2) ©)
° -ILEZR @=0 (10)

Finally the residual stress tensor is :

[R@) 0 0]
R=1 0 R o0 (11)
lo o o]

with R(z)-—E— E
1-v

t I} (!

A simple and straightforward method proposed by (8) and (14) is basically used to build up the residual
stress prediction model. It applies to cyclic loading and relies upon a change of vanable allowing an easier

treatment of the plasticity criterion .

APPLICATIONS

Example of shot peening of a Ni-Base Superalloy Udimet 720 (16)

Material and specimen

A plate 20 mm thick made of a Ni-base superalloy Udimet 720 is taken as an illustrative example. Mechanical
properties of the material are given in Table 1.

Table1: Mechanical properties of the Ni-base superalloy Udimet 720 (16)

E (MPa) v YS 0.2 (MPa) | UTS (MPa) £ % BHN

211200 0.3 770 917 31 340

Shot peening was performed using $110 steel shots. the Almen intensity wius 8A, the angle of impingement
was 90° and 100% coverage. The residual stresses were determined by X-ray analysis.

Medelling parameters

Table 2 gives the parameters used to mode! the residual stresses introduced.
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Table 2: Modelling parameters

Aimen intensity : 8A
angle of impingement: 90°

shot: S110

coverage: 100%

| Process parameters | Contact parameters |

coefficient of friction: 0.4

coefficient of restitution: 0.95

| Part parameters =~

material: S0=400; P0=819 197,
Soo=1198; Po=575.

Geometry: 20 mm plate

thick (semi-infinite body)

Comparison of the calculated and measured residual stresses
The figure 3 shows calculated and evaluated residual stresses introduced by shot peening in the thick plate
made of Udimet720. We observe a good agreement between the calculated residual stresses and those

evaluated by X-ray diffraction analysis.

Material: Udimet 720
~ Shot Peening: S110/8A/100%/ 9C°

200

Residual stress MPa)

calculated residual stresses

-1200 I experimental residual stresses

-1400 T ) j —T— - n]
0,0 0,1 ‘ 02 . :
Depth (mm)

Figure 3: Comparison between the calculated and measured residual stresses

Effect of the tangential friction

Figure 4 illustrates the residual stress and plastic deformation profiles calculated with two coefficients of
friction 0.1 and 0.4. We observe that the effect of the tangential friction concern the first layers affected by
the shot peening as it is described by (6). When the coefficient of friction increases, the value of the residual
stress increaseé (the absolute value decreases) in the near surface region and the Von Mises equivalent

plastic deformation increases.

® 1996



_ Material: Udimet 720 : €10- Material: Udimet 720
"2007 " shot Peening: S110/8A/ 100%/ < Shot Peening: $110/8A/ 100%/
S
et
© 4007 (oefficient of friction g Coefficient of friction
= S ,
~ - 0.1 ° ' 0.1
9 -600
§ — 0’4 z s- — 0.4
& 800 2
37 :
B c
7]
£-1000 3
2 —
~1200 " = w 0 v T !
0,0 0.1
00 ®' Depth (mm) Depth (mm)

Figure 4: Residual stress and plastic deformation profiles calculated with two coefficients of friction.

Effect of the angle of impingement

Figure 5 presents the residual stresses and equivalent plastic deformation calculated in the piate shot
peened with three different angles of impingement (30°, 60° and 90°). We observe that the affected depth
of the affected layer (15) and the results available in the literature (16) (17). the equivalent plastic deformation

is slightly decreasing with the angle of impingement. More study of the shear distribption on the contact area
are needed.

Material: Udimet 720 Material: Udimet 720
Shot Peening: S110/8A/ 100%/ ~ Shot Peening: S110/8A/ 100%/
2007 Depth (mm) g 8
0,1 0. 03 ¢
0 2 6 Angle of impingement
~~ 1]
§ -200 £ — 90°
8 o
o ’f"’ 44 : — 60
& -400 1 ° ---- 30°
0 N L
& 600 Angle of impingement §
s - 90° a
:g '800 ' 600 ;:':
21000 S 30° 3
3
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Figure5: Residual stress and plastic deformation profiles calculated
with different angles of impingement

CONCLUSIONS
(1) The main features of a predictive model developed by Guechichi and Khabou (1) (2) for evaluating the
residual stresses induced by shot peening of metal components have been reviewed. The model
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takes into account the major controlling factors including shot peening conditions, the properties and
behaviour of the material. An extension of this model taking into account the angle of impingement and
the contact conditions; coefficient of friction and coefficient of restitution is presented.

(2) The dedicated SHOTPEEN software has been described. It enables the prediction of the plastic strains
and the residual stresses induced in shot peened metallic parts as a function of the process
parameters.

(3) Application to a thick plate made of Ni-base superalloy Udimet 720 shows that the residual stresses
predicted by SHOTPEEN are in good agreement with those determined by X-ray diffraction.

(4) The induced residual stress profiles are calculated with different coefficients of friction and angles of
impingement. We observe that the residual stress values and the equivalent plastic deformation
increase in the near surface region with the coefficient of friction. And the affected depth decreases
when the angle of impingement decreases. Those results are in agreement with the results in the
literature(5) (17).
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