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Abstract. The presence of surface and subsurface residual stresses in steel components has a
significant influence on fatigue resistance. In the present work, surface modification of AISI 9254
steel coil springs by heat treatment and multiple shot-peening procedures was investigated. Samples
were characterized in the as-coiled, quenched, quenched and tempered, as well as submitted to
single and double shot peening treatments. Depth resolved residual stress profiles were determined
by X-ray diffraction combined with electrolytic dissolution of the steel. Fracture analysis was
performed subsequent to fatigue tests by scanning electron microscopy. It was possible to show that
double shot peening led to an increase in compressive stresses in the immediate sub-surface region,
which improved fatigue resistance relative to the other tested conditions.

Introduction

In automotive suspension systems, the springs perform the important tasks of supporting vehicle
weight and absorbing kinetic energy transmitted from the track to the automobile in the form of
elastic strain. Common materials for automotive suspensions are medium carbon steels containing
Si, Cr and Mn additions, which offer elevated ductility, strength and hardenability [1]. Given the
nature of their operation, automotive springs require excellent fatigue resistance, which is strongly
influenced by material surface conditions since fatigue cracks usually nucleate and grow in surface
or sub-surface regions. For this reason, various surface treatments are currently applied in the
automotive industry with the objective of improving component life or reducing weight by increase
in performance [2, 3].

An important surface modification technique widely employed for increasing fatigue properties
of automotive components is shot peening. In shot peening the component is bombarded with high
velocity shots of a hard material causing plastic deformation at the surface and sub-surface regions.
As a consequence, the material undergoes strain-hardening, which increases yield strength at the
surface, and the imposition of compressive residual stresses [4] which hinder crack nucleation and
growth increasing fatigue resistance, as attested by numerous researchers [5-11]. Furthermore, shot
peening is a highly flexible process that can be applied to components with various geometries and
also increases resistance to stress corrosion cracking, fretting and erosion [12].

Although the role of shot peening in enhancing fatigue resistance by the generation of
compressive residual stresses is well understood, detailed investigations on the relation of process
parameters and component performance are less common [13]. For instance, it is still matter of
debate whether the major benefits to fatigue performance are due to the compressive residual stress
field itself or rather to changes in the microstructure of shot peened components [14]. Recent works
directed towards incorporating shot-peening effects in predictive fatigue life models have also
highlighted the need for detailed knowledge on the effects of strain hardening, compressive residual
stresses, surface roughness (increased by shot peening) and, eventually, phase transformations (e.g.
in heat treated steel parts due to the presence of retained austenite) [15-17].
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The objective of the present work is to investigate the correlation between fatigue life and the
near surface stress distribution of automotive springs which were subjected to heat treatment and
both single and double shot peening treatments. Double shot peening is interesting because of the
possibility of increasing fatigue properties [13]. The springs were made of AISI 9254 steel, a high
strength steel commonly used in the automotive industry [7]. Residual stress gradients were
determined by X-Ray Diffraction (XRD), one of the choice techniques for this type of analysis [18,
19], and fatigue life was evaluated for different surface conditions. In order to provide insight on the
failure mechanism of the springs, fracture analysis was conducted by Scanning Electron Microscopy
(SEM).

Experimental Procedure

Materials. Samples of AISI 9254 steel were initially received in the cold drawn state in the form
of 2105 mm length and 11.45 mm diameter bars. The chemical composition of the steel bars, as
informed by the supplier, is presented in Table. 1.

Table 1. Chemical composition of AISI 9254 steel (all values in wt.%)

%C:0.520 |%Mn: 0.696 |%Si: 1.268 |%P: 0.008 |%S: 0.006 |%Ni: 0.159 |%Al: 0.022

%Cr: 0.668 |%Cu: 0.197 |%V:0.003 |%Sn: 0.003 |%Mo: 0.001 |%Nb: 0.001 |%B: 0.001

The first processing stage involved heating to a controlled temperature between 890 and 900 °C
for 15 minutes. Afterwards, the bars were coiled at high temperature in order to obtain a helical
format, as illustrated in Fig. 1. Following high temperature coiling, the springs were immediately
quenched in oil and subsequently tempered for 45 min between 350 °C and 400 °C. The springs
were then submitted to a preload process, whereby compression surpassing the materials yield stress
was performed. Upon release of the compressive load, the springs were submitted to non-destructive
inspection by magnetic particles. Samples containing surface cracks or discontinuities were rejected.

Sample springs from different stages of the production process were selected for further analysis.
The selected samples were: As Coiled (AC), Quenched (Q), Quenched and Tempered (QT),
quenched and tempered with Single Shot Peening (SSP), quenched and tempered with Dual Shot
Peening (DSP).

Figure 1: High temperature coiling of the AISI 9254 steel springs.

Shot Peening Treatment. Shot peening was conducted on samples moving over a conveyer belt
with controlled speed for a total of 90% coverage. The shot peening powder was composed of
particles with diameters 0.297 mm (5%), 0.710 mm (35%), 0.590mm (50%) and 0.420mm (10%).
The Almen intensity values were 20A and 25A for the extremities and center of the springs,
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respectively. Because the treatments were conducted in a production line, the DSP samples had to
be shot-peened once, removed from the conveyer belt, and then submitted to the procedure once
again. This allowed for redistribution/relaxation of the residual stresses and is expected to alter the
final residual stress field in the steel springs.

Residual Stress. Residual stress analysis by XRD was conducted on samples from all stages of
the manufacturing process: AC, Q, QT, SSP and DSP. The stress state on the surface layers was
evaluated using a Phillips X’Prt PW3040 diffractometer operating with Cu K, radiation. Calculation
of the stress values was performed by measuring the reflection of the (211) ferrite lattice plane and
applying the sin?y method [20] over a total of 10 tilt positions in the -45° to 45° v interval. For
determination of the residual stress variation with thickness, the springs were treated with an acid
solution which removed 0.01, 0.03, 0.06 and 0.08 mm thickness by electrolytic dissolution. With Cu
K, radiation, the (211) ferrite planes reflect at 26 ~82° yielding a penetration depth of ~10um. Thus,
average residual stress profile information depths were 0.01 (surface), 0.02, 0.04, 0.07 and 0.09 mm.

Fatigue Testing. Sample springs in the QT, SSP and DSP conditions were submitted to fatigue
testing in compression using an eccentric-shaft press with a maximum load capacity of 20 t and
maximum speed of 350 rpm. The maximum amplitude during the fatigue tests was set to 129 mm
(total length of the coiled springs was 465 mm). A frequency of 6 Hz was employed in order to
avoid resonance in the springs.

Results and Discussion

Residual Stress Profiles. The depth resolved variation of residual stresses for samples in the
AC, Q, QT, SSP and DSP conditions are presented in Fig. 2(a) and 2(b). The results presented in
Fig. 2(a) suggest a trend by which the residual stresses present at the surface increase with depth,
reaching a peak at 0.02 mm under the surface, and then proceed to decrease as the distance from the
surface increases. The maximum stress values noticed were -100+£10, 330+20 and 90+20MPa for
the AC, Q and QT conditions, respectively, all of which occurred at a 0.02 mm depth. The elevated
tensile stresses present at the surface and sub-surface regions in the Q condition occur because the
volumetric expansion caused by the martensitic transformation at the surface outweighs the thermal
contraction experienced at the center of the springs during cooling in oil [21]. Subsequent tempering
produces stress-relief by the partial transformation of martensite, resulting in lower residual stress
values for the QT condition, as shown in Fig. 2 (a).
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Figure 2: Depth resolved residual stress gradients for samples after various surface modifications: (a)
AC, Q, QT conditions and (b) DSP and SSP conditions.

After application of the shot peening process the residual stresses, which were almost negligible
in the QT condition, become highly compressive, as presented in Fig. 2(b). The compressive
residual stresses occur because of the misfit strain between the plastically deformed surface and
elastically deformed sub-surface layers [15]. It is worth noticing that the sample in the SSP
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condition exhibited higher values of compressive residual stress (-1040+20MPa at 0.04 mm beneath
the surface) in comparison to the sample in the DSP condition (-900+20MPa at 0.02 mm beneath
the surface). In turn, the DSP specimen exhibited significantly higher levels of compressive stress in
the surface (0.01 mm when the X-ray information depth is taken into account) relative to the SSP
specimen. The obtained values were -800+£30MPa and -590+20MPa, respectively, for the DSP and
SSP conditions at the surface and -900+20MPa and -760+15MPa, respectively, for the DSP and
SSP conditions at 0.02 mm depth. It appears that, by applying a second shot-peening treatment the
residual stresses further away from the surface were relaxed whereas those closer to the surface
became more compressive. Possible reasons for the stress relaxation in the DSP condition are
provided by Scuracchio and co-workers [13] and include: superposition of balancing tensile
stresses, localized heating due to intense plastic deformation and relaxation due to cyclic loading,
since the springs were shot peened once, load was removed and then shot peened again. Overall, the
stress distribution follows the typical pattern obtained after shot peening (see [22] for a recent
example).

Fatigue resistance. The fatigue life results, presented in terms of the number of cycles prior to
failure, are presented in Figure 3. A clear increase in fatigue performance due to double shot
peening can be seen. In principle, the microstructure of the springs in QT, SSP and DSP are all
composed by tempered martensite. Therefore,
the gain in fatigue life ought to be due to strain 1000 T . T . T
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surface presented in Fig. 5(a) discloses different features including intergranular fracture and fatigue
grooves. In Fig. 5(b) it is possible to observe the presence of micro cracks, fatigue grooves regions
and dimples, indicating points of ductile fracture.

1.32 mm

2.62 mm

Figure 5: Fracture surface of the QT specimen after fatigue testing: (a) overview showing the crack initiation
region and (b) detailed view of the crack initiation region.

Conclusions

Residual stress profiles and fatigue life of AISI 9254 steel springs were determined by X-ray
diffraction and were correlated with fatigue life results. After quenching, the springs exhibited
elevated tensile stresses which were relaxed upon tempering. Both single and double shot peening
processes introduced compressive residual stresses in the quenched and tempered materials, which
led to an increase in fatigue life. It was found that double shot peening increased the fatigue life of
the springs to a greater extent in comparison to single shot peening thanks to the generation of
higher levels of compressive residual stresses at the surface and at 0.02 mm from the surface, which
is where fatigue damage was found to initiate in the present case.
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