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Abstract

Almen intensity is used as a measure of the residual stresses, developed dur-

ing shot peening. It is employed to ensure the repeatability of the peening

process of identical parts. A unique FEM based approach that simulates the

exact process of peening the Almen strip is presented in this paper. This ap-

proach employs hemispherical shots impacting on a slice of Almen strip. For

improved accuracy, it includes strain-rate dependent target material prop-

erties and lateral deflection of the strip. The intensity, the corresponding

residual stresses and the saturation are compared with the available experi-

mental results.
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1. Introduction

Shot peening is a cold working process, employed to improve the fatigue

strength of metallic components by inducing residual compressive stresses.

In the industry, the Almen intensity is widely used as a measure of the

residual stresses, which are developed due to peening. The Almen strip is

made of SAE 1070 spring steel. The three types of Almen strips, viz., N, A

and C have same length and width, but different thicknesses. The details

of calibration of Almen gages are given by Champaigne (2002). Figure 1

depicts the process of evaluating the Almen intensity in a schematic way.

Limited fatigue testing is done on the actual parts to verify if the intensity is

adequate from fatigue strength point of view. If not, the whole exercise needs

to be repeated incurring huge costs. In spite of these limitations, the Almen

strip is widely used in the industry. Sometimes, Almen intensity is specified

alone as a measure of peening. Therefore, a correlation amongst the Almen

intensity and the residual stresses in the strip as well as the component will

help the designer to predict the component fatigue life with more confidence.

Two different analytical approaches, employed in the past to evaluate the

residual stresses in thin plates, are mentioned here. Al-Hassani (1981) has

evaluated the plasticized depth as a function of peening parameters. The

plasticized depth is used in the calculations of the ’source’ stress, as intro-

duced by Flavenot and Nikulari (1977). The residual stresses are evaluated

by superimposing the bending and axial stresses onto the ’source’ stress. An

alternate approach is proposed by Johnson (1987), in which a spherical cavity
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Figure 1: Almen system. The strips are mounted on their holders and are subjected to

the same peening conditions as the actual parts. After certain coverage, they are removed

from the holders. Due to the absence of self-equilibrating force and moment, the strips

bend towards the peening direction. This deflection is called Almen intensity.

expanding in an infinite medium with the same elastoplastic property is con-

sidered, based on experimental observations. The stresses due to spherical

indentations, again can be merged together for obtaining the residual stresses

in a thin plate, similar to the method explained before. While the analytical

approaches provide a first approximation results, far more accurate results

are needed.

A few researchers have worked on relating Almen intensity to the resid-

ual compressive stress using finite element method (FEM) based studies.
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Guagliano (2001) has performed the simulation with predetermined locations

for the shots on SAE 1070 steel. In this approach, the residual compressive

stress obtained from the unit cell based analysis is corrected for by introduc-

ing self-equilibrating forces and moments, based on the theory of elasticity

approach. Miao et al. (2008) have extended the work by using random shot

locations on Aluminium plate. Both studies have not considered the strain

rate-dependent material models and the lateral deflections.

In this work, a thin slice of the Almen strip is modeled, instead of a unit

cell, to capture its response behavior directly. The impacts are simulated

with a) predetermined and b) random locations, ensuring 100% coverage.

Though the computational effort involved in this technique is higher than

the unit cell approach, it is possible to obtain the intensity and residual

compressive stress distribution without using the post-analysis corrections.

In addition, the non-linear effects and the edge effects are also automatically

captured. Rate-dependent properties are used and the lateral deflections are

included for better accuracy of the simulation.

2. The current approach

The ABAQUS software is used for the all the FEM simulations in this

study. They are performed in three steps. In the first step, Almen strip is

impacted with shots of given specifications using ABAQUS/Explicit method.

In the second step, an implicit simulation (static stabilization) is performed

where the inertial forces are absent. This is equivalent to a state just before

removing the Almen strip from its holder. In the third step, another implicit
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analysis is performed to simulate the Almen gage support conditions dur-

ing the measurement. A common flow chart for both types of simulations

Figure 2: FEM Process

with predetermined and random impact locations is given in Figure 2. Each

approach adopts a different method for determining the shot locations to

ensure 100% coverage, but follows the same three-step process that has been

described before for analysis.

2.1. Modeling details

Figure 3 shows the variation of Almen intensity with respect to shot

velocity for different shot sizes. From this graph, an Almen intensity of 0.2

mmA is simulated with a velocity of 62.5 mm/s with a shot size of 0.3556

mm.
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Figure 3: Variation of intensity with shot velocity for different shot sizes

Shot modeling. Hemispherical S110 shot (diameter, D =0.3556 mm) made of

steel (density=7800 kg/m3) has been used in the simulations. It is modeled

as a rigid body. The impact direction is assumed to be normal to the target

surface.

Almen strip modeling. A thin strip with a length of 38.1mm (half of Almen

strip length) is considered to model the Almen strip. This model simulates

the support conditions of Almen strip better compared to the unit cell. The

thickness is equal to the height of ’A’ type strip (1.2954 mm). To obtain the

width dimension, an optimization study has been performed with different

widths using a single ball impact. When the width is just equal to the dent
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Figure 4: FEM model of Almen strip- a close view. The longitudinal, vertical and width

directions are indicated.

radius, the material cannot flow as the sides are constrained due to symmetry

boundary conditions. When the width is increased to have sufficient material

for elastic unloading, the RCS pattern is close to unit cell results. The

optimized width is found to be 0.0889 mm.

The Almen strip is modeled with C3D8R brick elements. The model has

symmetry boundary conditions in the longitudinal direction on one of the two

sides and the other end is a free surface, as in the real case. The two sides of

the Almen strip has symmetry boundary conditions as well. During impact

(and subsequent static stabilization), the entire bottom surface is supported.

During intensity measurement (third step), the strip is simply supported at

a distance of 15.875 mm from the center, as in the actual case of Almen strip

being measured in the Almen gage. The FEM model is shown in Figure 4.
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Figure 5: The stress-plastic strain properties of SAE 1070 steel for different strain rates.

Material modeling. The Almen strip is made of SAE 1070 steel with Rockwell

Hardness (HRC) varying between 44 to 50. The properties of SAE 1070

steel are given in the Table 1. As shot peening involves strain-rates above

105, rate dependent properties are to be considered. The use of Johnson-

Cook model for rate dependent propoerties evaluation. Figure 6 shows the

variation of residual stresses with and without strain-rate effects. Since, there

is a significant difference between the two cases, it is decided to include the

strain rates. Johnson-Cook model is used for estimating the stress-strain

curves for different strain rates. The values of the constants A, B, C and

m are evaluated based on the values of SAE 1045 given in Ref. (Ozel and

Karpat, 2007). These constants are chosen such that they satisfy the yield

and ultimate strengths besides failure strain (Table 2). The evaluated stress
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Table 1: Properties of SAE 1070 steel

Sl No Property Value

1 Hardness (HRC) 44 -50

2 Yield Strength 1268 MPa Tufft (1997)

3 % Elongation 8.2

4 Ultimate Strength 1422 MPa

5 Density 7800 kg/m3

Figure 6: Residual stresses with and without strain rate effects

versus plastic strain properties are shown in Figure 5.

2.2. Simulations with predetermined impact locations

The first step is the determination of the number of shots required for

100% coverage and how they are stacked up temporaly to impact the surface.

A single shot impact simulation on a unit cell has been performed to evaluate

the indentation diameter. The target plate has a thickness of the Almen strip

and is provided with SAE 1070 steel properties. The dent diameter from this
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Table 2: Material constants of SAE 1070 steel

A B C n m

1408 600.8 0.0134 0.234 1

Figure 7: Coverage estimation by dent formations for predetermined locations. The loca-

tions are so chosen that every point is impacted atleast once.

simulation is found to be 0.127 mm. Figure 7 shows the chosen pattern for

dent formation for simulation with predetermined shot locations. As can be

seen, the flat face of the shot is aligned with the faces of the Almen strip in

the width direction. Using this pattern, it is found that 600 shots required

for full coverage based on the Almen strip dimensions and the dent radius.

Subsequently, an analysis where two shots impact the target simultane-

ously is performed. This simulation helps to determine the distance between

the two shots that will keep the corresponding stress fields in the target to

be independent of each other. Based on the indentation size and the min-

imum distance between two shots, the number of shots and their locations

are arrived at. It is found that a distance of 1.5 × the shot diameter (=0.5

mm) is required for independent development of stress fields (Figure.8).
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Figure 8: Minimum distance between two simulataneous impacts

Determination of predetermined impact locations. Shots are staggered at

multiple levels so that the entire surface of the target is covered while main-

taining the minimum distance between the shots. So these simulations are

done in 8 levels. Each level has 75 shots in each level, separated by a distance

of 0.5 mm from each other. The shots at odd number of levels have the flat

face aligned with one face of the Almen strip in the width direction, while

the even number of levels have their flat face aligned with the the opposite

face (Figure 9). Once shot locations are determined, the model undergoes

an explicit (for impact) and two implicit (static stabilization and deflection

measurement) simulations. Bhuvaraghan et al. (2010a) provides more details

of the modeling aspects.
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Figure 9: Finite element model for predetermined impact locations

2.3. Simulations with random impact locations

The simulation process is very similar to the predetermined impact lo-

cation case, except that the impact locations are generated using pseudo-

random number generator. In actual peening, the number of shots required

for 100% coverage increases to 3-4 times (Lombardo and Bailey, 1996) when

compared to the previous case. Due to random shot locations, the double

shot analysis is eliminated.

A computer program generates random numbers in the longitudinal and

vertical directions. The random numbers in the longitudinal direction are

normalized with respect to the model length. In the vertical direction, the

numbers are used to separate the shots by shot diameter. This will ensure
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Figure 10: Finite element model for random impact locations

that even mathematically no two shots will occupy the same space. In the

width direction, the random numbers are either 0 or 1. If it is 0, the flat

face of the shot is aligned with one face of the Almen strip and if it is 1, it is

aligned with the other. The FEM model is shown in Figure.10. The dent di-

mension from single shot impact is used to calculate the coverage. Since the

random locations are depending on the seed, the number of shots for 100%

coverage may vary. To understand the variation, the random number genera-

tion process is repeated over many times to get the mean and variation. The

mean value is estimated to be 1877 shots. The shot locations corresponding

to the mean value are used for generating the mesh. Bhuvaraghan et al.

(2010b) provides the details of the modeling aspects for the random impact
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simulations.

3. Results and Discussions

In the current study, the Almen intensity obtained from both the FEM

simulations are compared.

Figure 11: Deflection after 100% coverage in the simulation with predetermined impact

locations

In the simulation with predetermined (Figure 11) and random (Figure 12)

impact locations, the longitudinal deflection, dlon is about 0.15 mm (0.006 in).

It is measured between the center to the support(llon) after 100% coverage.

It can be assumed that the RCS pattern will be the same even in the lateral

direction. The llat is taken as the half width of Almen strip, equal to 7.9375

mm. The lateral deflection, therefore, dlat is proportional to (llat/llon)2, as in

the case of moment loading. Thus, the lateral defelction,
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Figure 12: Deflection after 100% coverage in the simulation with random impact locations

dlat = dlon ∗ (llat/llon)2 = (0.15) ∗ (7.9375/15.875)2 mmA = 0.0375 mmA.

And the total deflection,

dtotal = dlon + dlat = (0.15 + 0.0375) mmA = 0.1875 mmA

Thus the current modeling procedure is able to predict the Almen strip de-

flection very closely in both simulations.

However, the residual stress distributions are quite different. From Fig-

ure 13, it can be seen that random impacts produce more stresses that the

impacts with predetermined locations. Thus, both types of impact loca-

tions may simulate the intensity properly. However, the residual stresses are

not the same. Due to saturation, beyond certain number of impacts, the

deflection is not changing, but the stresses change. Hence simulation with

predetermined locations for 100% coverage is not likely to yield accurate
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Figure 13: The RCS distributions for simulations with predetermined (600 shots) and

random (1877 shots) impact locations

results. The ability to match the intensities predicted numerically with the

experimental value shows the need and accuracy of the strain rate-dependent

material model.

4. Conclusions

A three-step FEM based process, with predetermined and random im-

pact locations and the rate-dependent material model (of SAE 1070) derived

using Johnson-Cook material model is evolved at. The results from the two

different impact locations are in good agreement with the measured intensity.

But, residual compressive stresses are different between the two cases. Be-

sides, the current modeling approach, which includes the lateral deflection,

directly gives the intensity. This eliminates the elasticity approach which
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omits the non-linear deflection that occur in thin plates such as Almen strip.
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