Author’s Accepted Manuscript
Effect of shot peening on metastable austenitic
stainless steels
G. Fargas, J.J. Roa, A. Mateo

www.elsevier.com/locate/msea

PII:
DOI:
Reference:

S0921-5093(15)30020-4
http://dx.doi.org/10.1016/j.msea.2015.05.079
MSA32407

To appear in: Materials Science & Engineering A
Received date: 27 April 2015
Revised date: 13 May 2015
Accepted date: 23 May 2015
Cite this article as: G. Fargas, J.J. Roa and A. Mateo, Effect of shot peening on
metastable austenitic stainless steels, Materials Science & Engineering A,
http://dx.doi.org/10.1016/j.msea.2015.05.079
This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.

Effect of shot peening on metastable austenitic stainless steels
G. Fargas1,2*, J.J. Roa1,2, A. Mateo1,2
1

CIEFMA - Departament de Ciència dels Materials i Enginyeria Metal·lúrgica.

Universitat Politècnica de Catalunya, 08028, Barcelona (Spain)
2

CRnE, Centre de Recerca en Nanoenginyeria, Universitat Politècnica de Catalunya,

08028, Barcelona (Spain)
*

Corresponding author, e-mail: gemma.fargas@upc.edu

Abstract
In this work, shot peening was performed in a metastable austenitic stainless steel
EN 1.4318 (AISI 301LN) in order to evaluate its effect on austenite to martensite phase
transformation and also the influence on the fatigue limit. Two different steel conditions
were considered: annealed, i.e., with a fully austenitic microstructure, and cold rolled,
consisting of a mixture of austenite and martensite. X-ray diffraction, electron backscattered diffraction and focus ion beam, as well as nanoindentation techniques, were
used to elucidate deformation mechanisms activated during shot peening and correlate
with fatigue response. Results pointed out that extensive plastic deformation and phase
transformation developed in annealed specimens as a consequence of shot peening.
However, the increase of roughness and the generation of microcracks led to a limited
fatigue limit improvement. In contrast, shot peened cold rolled specimens exhibited
enhanced fatigue limit. In the latter case, the main factor that determined the influence
on the fatigue response was the distance from the injector, followed successively by the
exit speed of the shots and the coverage factor.

Keywords: Metastable austenitic stainless steels, shot peening; martensitic phase transformation;
diffraction, EBSD, FIB.

1. Introduction

Metastable austenitic stainless steels can be considered as TRIP (Transformation
Induced Plasticity) steels because plastic deformation, either during forming or under
service conditions, can lead to a strain-induced transformation from austenite to
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martensite [1]. Two types of martensite may form in austenitic stainless steels: ε and α'.
ε-martensite has a hcp crystallographic structure, while α’ has a bcc one [2]. The typical
transformation sequence can be summarized as γ  ε  α’, where the γ  ε
transformation has been proposed for austenitic stainless steels deformed under tension,
as well as by rolling [3,4]. On the other hand, the direct transformation of austenite into
α’-martensite, γα’, has been observed too, as found elsewhere [5]. These phase
transformations may act as reinforcing mechanisms which make those steels to be
candidate materials for the automotive industry, particularly for body-in-white
construction, because they combine excellent formability and crash-absorbing
capability, together with good corrosion resistance [6].
During service life of a component, fatigue failure may occur. Among a great variety of
surface treatments, shot peening is one of the most widely used techniques to increase
the resistance of metal parts to fatigue in a large range of industries, such as automotive,
aerospace and petrochemical [7,8,9]. It consists of blasting high velocity small beads on
the metal component to generate surface hardening and compressive residual stresses
which oppose to the nucleation of cracks and also exert a closure effect on those cracks
already nucleated, avoiding their propagation [10,11]. Shot peening usually produces
detrimental surface effects too, such as increasing roughness, nevertheless it has been
shown that the average effect of both beneficial phenomena is more important than
those induced by superficial detrimental effects [12,13]. Recent studies [14,15,16],
demonstrated that the generation of a nanograined layer over specimens’ surface results
in a fatigue strength improvement. However, this is true as long as the density and size
of surface defects induced by shot peening remain not significant. Otherwise the
degradation of the fatigue resistance behavior of excessively shot peened components
have been clearly observed [17,18,19].
Numerous investigations have shown the beneficial effects of shot peening on austenitic
stainless steels [20,21,22,23,24], describing the role of residual stresses on fatigue life.
However, scarce information exists related to metastable austenitic stainless grades.
Kleber et al. [25] measured the content of martensite induced by shot peening, as a
function of depth from the surface, using magnetic Barkhausen noise, while Peyre et al.
[26] quantified the amount of martensite induced by both conventional shot peening and
also laser peening in order to correlate it with the pitting corrosion resistance. In the
present work, the relationship between microstructural changes induced by shot peening
and fatigue behaviour of the metastable steel was studied. Two different steel conditions
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were selected: annealed (with fully austenitic microstructure), and cold rolled (with a
biphasic microstructure composed by austenite and martensite). Effect of shot peening
was evaluated not only considering the induced martensite but also the influence of the
pre-existing martensite produced by cold rolling.

2. Experimental procedure
The experimental material was a commercial AISI 301 LN austenitic stainless steel
(corresponding to standard EN 1.4318), supplied as sheets of 1.5 mm in thickness by
OCAS NV, Arcelor-Mittal R&D Industry Gent (Belgium). The chemical composition
was (in wt. %): Fe-0.03C-17.36Cr-7.18Ni-1.68Mn-0.23Mo-0.55Si-0.14N.

In order to study the influence of the pre-existing martensite on shot peening, a
commercial annealed steel (referred as AN) was compared to a cold rolled condition
(identify as CR) with a thickness reduction of 40%. Steel in the AN condition displays a
fully austenitic microstructure, with an average grain size of 11.7 ± 4.1 m; while in the
CR state, 38 ± 5% corresponds to ´-martensite. Tensile properties and hardness were
evaluated for both steel conditions and the results are summarized in Table 1. The
presence of martensite on CR specimens leads to an increase of yield stress, ultimate
strength and hardness together with a significant reduction of ductility.

Table 1. Mechanical properties and martensite content for the studied steel conditions.
’

ys (MPa)

UTS (MPa)

A%

HV0.1

AN

<3

360 ± 10

902 ± 15

42 ± 1

246 ± 8

CR

38 ± 5

1148 ± 16

1173 ± 19

22 ± 2

440 ± 8

Shot peening was conducted using an injector type machine. Stainless steel beads S300,
with an average size of 0.3 mm, were used. Their chemical composition was (in wt.%):
Fe-1.36Al-17.40Cr-1.14Mn-1.96Mo-9.20Ni-3.40Si. Peening was carried out at two
different exit speeds of the shots: 65 and 75 m/s. Two coverages were employed: 200
and 400%. These coverage ratios were obtained by extending the exposure time by a
factor of 2 and 4, respectively, with regard to the time required to achieve a complete
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coverage, defined as 98% of dimpling of the original surface. The peening processes
were done at two different distances from the injector: 700 and 1400 mm.
Surface inspection after the shot peening treatment was performed using light optical
microscope with confocal laser scanning mode (CLSM) and field emission scanning
electron microscopy (FESEM), together with roughness measurements following the
standard EN ISO 16610-21:2012 [27]. The amount of martensite formed due to shot
peening was determined by X-ray diffraction using the method corresponding to
reference intensity ratio (RIR), according to ASTM E975-03 [28]. This method allows
determining the mass fractions of austenite and martensite by using Equation (1):
X  ' RIR I ', observed I  , reference



X
RIR ' I  , observed I ', reference

(1)

where X and X are the mass fractions of ’-martensite and -austenite, respectively;
RIR and RIR’ are their respective reference intensity ratios; and Iobserved and Ireference are
the observed and the reference intensities [29].

The deformed microstructure on the subsurface was analyzed on cross-section
specimens through the shot peened region by means of electron back-scattered
diffraction (EBSD) operating at 20 kV. Moreover, detailed observations were carried on
by a dual beam focused ion beam/FESEM (FIB/FESEM). A thin platinum layer was
deposited on the sample prior to FIB machining in order to minimize ion-beam damage.
A Ga+ ion source was used to mill the surface at a voltage of 5 kV. The final polishing
of the cross-sections was made at 500 pA. 3D-FIB tomography was done by collecting
around 400 sequential images milled with an ion beam current of 500 pA and
reconstructed using AVIZO 8.0 software.
Nanoindentation tests were performed on cross-section peened specimens by using a
Nanoindenter XP equipped with continuous stiffness measurements (CSM) modulus.
The characterization was performed with a Berkovich tip indenter and the mechanical
properties, in terms of hardness and elastic modulus, was analyzed using the Oliver and
Pharr equations [30,31]. The indenter shape was carefully calibrated with a fused silica
standard sample. Tests were carried on at 100 nm of maximum penetration depth and at
a constant deformation rate of 0.05 s-1. Indentations were organized in a regularly
spaced array (5 by 300), starting extremely close to the surface on both sides of the
4

peened specimens. A constant distance between each imprint of 6 m was kept in order
to avoid any overlapping effect.
Flat fatigue specimens with hour-glass shape (Figure 1) were laser machined from the
steel sheets with their axis parallel to the rolling direction. As it was shown by the
authors in a previous investigation [32], the surface finishing of the sides and corners
strongly affects the fatigue results. Thus, it is important to highlight that before fatigue
tests, all specimens were grinded and polished at the sides and corners up to achieve the
same roughness of the original sheet surface (Ra = 0.18 ± 0.02 m). The main objective
was to avoid premature fracture due to remaining laser cutting defects, in the case of the
as-received specimens (AN and CR), and inhomogeneous peened zones for shot peened
specimens.

Figure 1. Schematic representation of the fatigue specimens (e = 1.5 mm, G =15 mm,
L =95 mm, R = 30 mm and W = 3.8 mm).

Considering that ultimate tensile strengths of AN and CR steel conditions are 880 and
1100 MPa, respectively, a fatigue testing procedure was stated in order to determine the
fatigue limit for both conditions. It consisted on starting the tests applying a maximum
load (max) of 50% of the ultimate tensile strength of the corresponding steel condition
and afterwards, if the specimen was able to reach 106 cycles without failing, max was
increased 10%, and so on until fracture, following a staircase method [33]. The value of
the fatigue limit was determined using the method proposed by Grove and Campean
[34].Tests were conducted under load control mode in a resonant testing machine
Rumul Mikroton, working at frequencies around 150 Hz. The imposed stress ratio (R=
σmin/σmax) was 0.1. Fatigue tests for shot peened specimens were performed following
the same procedure described above.
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3.- Results and discussion

Increasing roughness is well-recognized as a side effect of shot peening process. Data
on the surface roughness are important for predicting fatigue resistance, as roughen
areas might represent local stress concentrations. Figure 2 shows the calculated
arithmetic average surface roughness (Ra) based on the definition of ISO 4287 [35]. As
it can be observed, the differences in mechanical properties between AN and CR
conditions play an important role on their respective surface plastic deformation and as
a consequence in the roughness induced by shot peening. In the case of specimens
corresponding to annealed condition, the obtained surface is significantly rougher than
any of the specimens from cold rolling condition. On the other hand, shot peening
performed at short distance from the injector (d = 700 mm) and higher speed (75 m/s)
displayed higher roughness, while no significant influence on coverage factor was
observed.

2.5

d= 700 mm
d= 1400 mm

2.5

1.5

Ra (m)

Ra (m)

1.5

1.0

0.5

a)

d= 700 mm
d= 1400 mm

1.0

0.5

b)

0
100/75 200/65
AN 100/65 100/75
200/65 200/75 400/65 400/75

0
CR 100/65 100/75 200/65 200/75 400/65 400/75

Figure 2. Roughness evolution for the as received and shot peened specimens,
considering the two different distances from the injector: 700 and 1400 mm.

X-ray phase analysis was performed in near-surface regions in order to determine the
martensite fraction, as depicted in Figure 3. There was a huge difference between both
steel conditions. In this sense, AN specimens, with an initial fully austenitic
microstructure, displayed a strong increase on martensite content after shoot peening,
more than 30% in some cases, while the increment of martensite on CR specimens did
not exceed 15%, even under the most critical conditions, i.e., d = 700 mm and 75m/s.
Thus, phase transformation developed in a higher degree for softer steel condition (AN),
while the higher yield and ultimate strength of CR steel, due to pre-existing ’martensite, limited the transformation of austenite to martensite. It is important to
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highlight that no evidence of -martensite was detected by this technique for any of the
studied conditions.

60
50

% martensite

CR
40
30
20

AN d= 700 mm
AN d= 1400 mm
CR d= 700 mm
CR d= 1400 mm

10
0

AN

100/65 100/75 200/65 200/75 400/65 400/75

Figure 3. Percentage of martensite for 100/75
the as received and shot peened
specimens.Values in the abscise axis indicate coverage ratio and distance from the
injector.

Cross-section analysis on shot peened AN specimens exhibited a deformed austenite
microstructure even for 100% coverage factor (Figure 4a). Moreover, it was also
possible to identify strain-induced martensite created due to the plastic deformation
introduced by the continuous impact of the beads (Figure 4b). Although EBSD
performed on CR shot peened specimens showed an increase of martensite for some
studied conditions, in agreement with X-ray diffraction results (Figure 3), it was not
possible to distinguish the pre-existing martensite from the strain-induced ’ as a
consequence of shot peening. Furthermore, for this steel condition it was observed that
austenitic grains were also extensively deformed with no relevant differences compared
to specimens subjected to shot peening.
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Figure 4. a) Cross-section electron backscattered diffraction (EBSD) map (band
contrast) showing the slip bands appearing within the grains in AN shot peened
specimen at 65 m/s and d = 1400 mm with a 100% coverage factor, and b) Phase map
directly extracted from the EBSD measurements (red: austenitic phase and in blue
strain-induced martensite).
A detailed observation of the sub-superficial damage produced by shot peening was
performed using FIB for the AN specimens. In order to reveal the microstructure in the
trench of interest, the zone of study was exposed to the ion beam during several seconds
to produce ion etching and afterwards it was observed by FESEM. Figure 5a shows the
austenitic microstructure for the AN specimens in prior to the shot peening, whereas
Figure 5b presents a cross section of the same specimen after the shot peening treatment
performed at 65 m/s, with d = 1400 mm and 200% of coverage factor. A layer ranging
between 0.5 and 1 m of thickness and consisting of ultrafine-grains can be appreciated
in the latter FESEM micrographs. Some authors assumed that such a layer is related to
the surface damage during the sample preparation, mainly in the grinding process and
the final polishing step, and not with an amorphization effect induced by the Ga+ ions,
[36]. However, in this work, no sample preparation was carried on specimens not even
in as-received materials but also after shot peening. Therefore, the formation of those
ultrafine-grains should be due to microstructural changes introduced by the high local
plastic deformation. This agrees with the results by Uusitalo et al. [37] and Thiriet et al.
[38], both working with austenitic stainless steels subjected to attrition peening.
Attrition peening is a process based on the same ideas than shot peening, but using
ultrasonic vibration in order to peen the surface repeatedly and with multidirectional
impacts. Uusitalo et al. [37] reported an ultrafine-grain layer of a thickness around 10
m for both a stable austenitic steel (AISI 316L) and the same metastable grade used in
the present work, i.e., AISI 301LN. A similar layer, although of higher thickness (75
m), was measured by Thiriet et al. [38] on AISI 316L. Also, several authors
8

demonstrated that severe plastic deformation (SPD) can induce grain size reductions of
several orders of magnitude: pure metals can be refined down to maximum 140 nm
[39], dispersion alloys to 50 nm [40] and solid solution alloys to 26 nm [41]. Although
shot penning implies less intense surface deformation than attrition peening and also it
is not a SPD process, cross-section observations point out that it has produced
comparable consequences in the present case. It is important to highlight that the
formation of this ultrafine-grain layer was even observed for the cold rolled specimens
subjected to shot peened.

a)

2 m

b)

1 m

Figure 5. Analysis of the AN subsurface specimens by FIB/FESEM for: a) as received
condition, b) after shot peening (65 m/s, d= 1400 mm with a 200% coverage factor).
Figure 6 shows a typical hardness profile of a shot-peened specimen which allows
establishing the thickness of the hardened layer. This thickness is defined as the
distance from the surface at which hardness values become similar to the bulk material
hardness, which is 4.3 ± 0.2 for AN and 5.2 ± 0.3 GPa for CR steel. First values in the
profile correspond to the indents placed in bakelite followed by those measured starting
at the surface subjected to shot peening until achieving a stabilized hardness level
similar to bulk material. It is important to point out that hardness values achieved by
nanoindentation are usually higher than those obtained by macroscopic measurements,
9

i.e. Vickers hardness. This fact is mainly due to differences in definition of the area
considered to compute hardness, i.e., projected and contact area, respectively [30,31].
Although significant differences in the hardened layer were observed for AN and CR
shot peened specimens, similar maxima hardness values, in the range from 6.8 to 7.2
GPa, were measured for the first 10-15 m from the surface.

Hardened layer

Figure 6. Hardness profile for a CR shot peened specimen where hardness of bulk
material is represented as gray colored strip. Each point is the average of three
nanoindentation tests. The error bars corresponds to the standard deviation.
Figure 7 plots the thickness of the hardened layer for each studied condition estimated
from the nano-hardness profiles. Results point out that both AN and CR steels displayed
thicker hardened layer when shot exit speed and coverage were increased. However, the
distance from the injector appears as the main factor affecting the thickness. When the
shot peening was performed with a low distance (d= 700 mm), thicker hardened layers
were obtained. Figure 7b shows that the presence of pre-existing martensite in CR
specimens, strengthened the steel in such a way that hardened layer became negligible
for shot peened conditions with the longest distance from the injector (d = 1400 mm).
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Figure 7. Thickness of the hardened layer of sot peened specimens:
a) AN condition; b) CR condition.
The effect of shot peening on fatigue behavior is shown in Figure 8. Normalized fatigue
limits (in terms of max) of shot peened specimens are represented considering the
corresponding value of the steel without shot peening, that were 570 ± 56 MPa for AN
and 880 ± 43 MPa for CR. It can be seen that, for AN specimens shot peening influence
is practically insignificant. Even for specimens subjected to the higher shot speed (75
m/s) a negative effect on fatigue limit was produced. For those conditions, a surface
analysis revealed the presence of large amount of microcracks heterogeneously
distributed in the surface, as can be seen in Figure 9.
d= 700 mm
d= 1400 mm

a)

1.2

AR

1.0

b)

0.8
200/65 100/75
200/65
200/75

400/65

d= 700 mm
d= 1400 mm

1.4

Normalized max

Normalized max

1.4

400/75

1.2

CR
1.0

0.8
200/65

200/75

400/65

400/75

Figure 8. Normalized fatigue limits for shot peened specimens, related to initial steel
conditions a) AN; b) CR.
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10 m

100 m

10 m

Figure 9. Surface damage observation by FESEM on AR shot peened specimen 75 m/s
with a coverage factor of 400 % and 1400 mm distance from the injector.
Attempting to get a more detailed view of the referred damage scenario, FIB crosssections were conducted in one of these microcracks agglomeration areas discerned in,
Figure 10a. Transgranular cracks of several micrometers (1-3 m approx.) can be
observed in the higher magnification image (Figure 10b). 3D reconstruction presented
in Figure 10c and supplementary material, allowed to elucidate that microcracks extend
throughout the studied zone, around 3 m, and connect with other microcracks part of
the same agglomeration area. It is evident that such scenario is detrimental for the
fatigue resistance because the presence of these microcracks, together with the high
roughness induced for those “abusive” shot peening conditions, will make easier both
the nucleation of fatigue cracks and the initial propagation stage.

12

Figure 10. a) FESEM image in which dotted circle indicates the analyzed area by FIB,
b) Cross-section image showing microcracking, c) 3D-tomography image obtained
after reconstruction of data by collecting around 400 sequential images along 5m
from image b.

Continuing with the analysis of fatigue testing results, Figure 7 reflects that, in contrast
to the case of AN samples, noticeable improvements in the fatigue limit were succeeded
for specimens corresponding to CR steel, especially at short distance from the injector
(d = 700 mm). Particularly, an increase of 30 % in the fatigue limit was achieved when
this short distance was combined with a coverage factor of 400 % and a speed of 65
m/s. For these conditions, optimum combination of peening effects was obtained: a
thick hardened layer (almost 100 m), a significant phase transformation to ’martensite (from an initial 38 % to around 55 %) and also a relatively low roughness
(Ra< 1 m). The important role of roughness is manifested when fatigue limit values for
the CR steel after shot peening under the same injector distance and coverage factor, but
higher shot speed are considered. Under these conditions, a slightly thicker layer was
produced, similar martensite content but higher roughness (Ra~ 1.25 m), led to a
fatigue limit augment of 15%. Surface damage analysis on CR specimens after shot
peening, showed smashed particles adhered as a consequence of the repeated contact of
the beads, without the presence of microcracks (Figure 11).
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Figure 11. SEM micrograph of CR shot peened specimen at 75 m/s with a coverage
factor of 400 % and 700 mm distance from the injector.

4. Conclusions
The effect of shot peening on a metastable austenitic stainless steel was analysed for the
same steel grade but considering two pre-existing ’-martensite contents: less than 3%
for the annealed condition and 38% for the cold rolled material. The main conclusions
resulting from the study can be summarized as follows:
-

Shot peening produced higher plastic deformation on the annealed specimens, as
a consequence, displayed higher roughness and larger thickness of the hardened
layer.

-

Extensive austenite to martensite phase transformation was measured for the
annealed condition after shot peening, reaching a rise up to 30%. For cold rolled
specimens the presence of pre-existing ’-martensite strongly slowed down the
proportion of martensite induced by shot peening.

-

Cross-section analysis of shot peened specimens performed by FIB revealed the
formation of an ultrafine-grain layer of 0.5-1 m in the near-surface for both
studied steel conditions.

-

High roughness and microcracks generated during shot peening clearly
conditioned the fatigue behaviour of annealed specimens. Therefore, similar or
even lower fatigue limits were obtained after shot peening.

-

In contrast, the absence of microcracks allowed significant improvements in the
fatigue limit for shot peened cold rolled specimens, being the distance from the
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injector the most influent parameter, followed in order of importance by the exit
speed of the shots and the coverage factor respectively.
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