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Abstract Stainless steels are structural materials used for a wide range of applications. One of the fields of application of these highly corro-
sion resistant materials is for various medical applications. Different methods of mechanical property improvement have been studied in
recent years to increase the durability of components manufactured from these materials.

The main goal of this study was an analysis of fatigue strength improvement of the AISI 316Ti austenitic stainless steel by shot peening. A
significant improvement of surface hardness, yield strength and fatigue limit by shot peening was observed in this study. This is despite
increasing the surface roughness which usually degrades material’s fatigue strength.
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1. Introduction

Stainless steels are often used in engineering mate-
rial due to their advantageous properties such as high
strength, good corrosion resistance and oxidation re-
sistance at temperatures up to 550 °C. They can be
divided into four groups: Ferritic stainless steels are
used mainly for electrical applications, Martensitic
stainless steels in applications requiring high strength,
Austenitic stainless steels for applications requiring
good corrosion resistance, weldability and good forg-
ing properties. The last group is so called “Duplex”
stainless steels which are able to combine the superior
properties of the previously described groups by com-

bination of various microstructures (WOLLMANN M.,
MHAEDE M., WAGNER L.; MURTY Y. V. 2004).
Stainless steels are also very often used for medi-
cal devices, body implants and controlled drug deliv-
ery systems production. The most widely used stain-
less steel in medicine is type 316 with a microstructure
consisting of austenite, which means the chemical
composition of these grades must be optimized to
maintain austenitic phase stability at room temperature
as well as shifting of the Martensitic transformation
temperature well below room temperature, as a result
of the Ni addition. Usage of the AISI 316Ti is Cr — Ni
— Mo Austenitic stainless steel for medical equipment
includes material decontamination and sterilization.
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During these processes strong chemical detergents and
hot steam or high temperature heating are adopted
(MURTY Y. V. 2004).

Corrosion resistance of stainless steels is result of
the Passivation effect of Cr addition. Pitting and crev-
ice corrosion resistance and microstructure control are
given by the Mo and N addition. Addition of Ti is used
for steel stabilization, thus minimizing carbide for-
mation. Even when the corrosion resistance against
pitting corrosion is well the AISI 316Ti steel is not
resistant to the local corrosion in heavy corrosive op-
erating conditions (containing mainly Cl-, Br-, CIO-
ions; combination of high temperature, mechanical
loading and corrosive environment) (ZATKALIKOVA
V., BUKOVINA M., SKORIK V., PETREKOVA L. 2010;
FAINOR P., LIPTAKOVA T., ZATKALIKOVA V.,
BREZINOVA J. 2011; SZKLARSKA — SMIALOWSKA, Z.
2005; Habpzima, B.; LipTAKOVA, T. 2008;
LIPTAKOVA, T. 2009).

It is well known that mechanical treatments can be
successfully used to increase the fatigue limit, espe-
cially in the case of notched parts. One of the most
widely used surface treatment, which can be applied to
structural components with general shape and dimen-
sions, is shot peening. Besides its flexibility, other
advantages are the relative low cost of the shot peening
treatment and low environmental impact with respect
to other treatments used with the same aim. The posi-
tive effect of shot peening on the fatigue properties is
generally related to its ability to introduce a compres-
sive residual stress state to the surface layer of material
and to the surface work hardening created by the not
uniform plastic deformation. (PARIENTE, LF.,
GUAGLIANO M. 2009; Yu-Kul G. 2004; ZHANG P.,
LINDEMANN J., LEYENS L. 2010; LUONG H, HILL M.R.
2010; MIkovA K., GUAGLIANO M., BokUvKA O.,
TRSKO L., Novy F. 2012).

2. Experimental material

Experimental examination was performed on
Cr—Ni — Mo Austenitic stainless steel (commercially
referred to AISI 316Ti, STN 41 7348), stabilized by
titanium. This steel is non-magnetic with very good
resistance to acids. Results of quantitative chemical
analysis of AISI 316Ti steel are given in Tab. 1 The

microstructure of this steel (Fig. 1) is formed by aus-
tenitic grains with a great number of deformation

twins.

Table 1. Results of quantitative chemical analysis of

AISI 316 Ti steel (in weight %)

Cr Ni Mo Mn Ti
17.55 12.96 2.54 1.63 0.37

C Si P S Fe
0.058 0.81 0.033 0.037 rest

e T A, e e
Fig. 1. Microstr

ubtufe of A.IASI 316fi steel, electrolytic
etching.
Source: own study.

From a rod of 14 mm in diameter round speci-
mens were machined for tensile and fatigue tests, both
with gauge length diameter of 8 mm. Specimens for
tensile tests (3 pcs) and specimens for fatigue tests (19
pcs) were ground and the resulting surface roughness
of test specimens was: arithmetical mean roughness
Ra = 1.1 pm and roughness height Rz = 7.35 pm. Part
of fatigue test specimens (7 pcs) were shot peened with
quenched steel shots with hardness of 40 +~ 50 HRC,
Almen intensity was 8A with 100 % coverage. The
roughness in the gauge length of the specimens after
shot peening was Ra = 1.75 um and Rz = 9.40 um.

3. Experimental results
3.1 Surface hardening

Microhardness analysis of the surface after shot
peening was performed on the metallographic cross
section of treated material from the surface to the mid-
dle of the specimen. During the analysis
10 measurements were carried out and distances be-



Frantisek Novy et al.: Fatigue strength improvement of the AISI 316Ti, Vol. 4(3)/2014

tween the individual indentations were 75 um. Micro-
hardness measurement HV 0.1 (Fig. 2) showed a de-
formation strengthening in the surface layers induced
by shot peening and the hardness increased from aver-
age value 240 HVO0.1 of the core of the specimen to
about 300 HVO0.1 slightly under the treated surface.
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Fig. 2. The dependence of hardness on the distance
from shot peened surface of the specimen.
Source: own study.

3.2 Tensile properties

For tensile tests three ground were used and three
shot peened specimens. The results of tensile tests
(Tab. 2) showed a 124 % increase of yield strength,
however no increase of tensile strength was observed.
The elongation decreased by the shot peening treat-
ment for 25 %.

Table 2. Results of tensile tests on specimens before and
after shot peening

S-lt—fenrfélti Yield strength Elongation
0,
Ry, (MPa) Rpo2 (MPa) A (%)
Before_shot 778 087 o
peening
After _shot 759 643 0
peening

3.3 Fatigue properties

Rotating bending fatigue tests (frequency of load-
ing f = 50 Hz, temperature T = 20 + 3 °C, ratio of cy-
cle asymmetry R = - 1) were performed to evaluate the

influence of shot peening on the fatigue strength of the
experimental material.

O AISI 316Ti Shot Peened
A AISI 316Ti Ground

(6)]
o
o
T
>

B

A

o
T

400

Bending stress (MPa)
g

w

o

o
T

250 —rrrm— e
10° 104 105 106 107 108 10¢
Number of cycles

Fig. 3. The dependence of bending stress vs. number of
cycles, steel AISI 316Ti.

12 ground specimens were tested and 7 shot peened
specimens and the run — out number of cycles for fa-
tigue limit oc determination was defined as N = 10’
cycles. The dependence of bending stress 6, vS. num-
ber of cycles to failure (or run — out) N is shown in
Fig. 3 and the fatigue limit for machined specimens
was determined as oc = 320 MPa and after shot peen-
ing as oc = 420 MPa.

3.4 Residual stress analysis

The values of residual stress of shot peened speci-
mens were measured by X — ray diffraction. To obtain
dependence of residual stress on the distance from the
shot peened surface (Fig. 4), small layers of material
were systematically removed by electropolishing and
each time the value of residual stress was measured.

With the use of X — ray diffractometer the FWHM
(Full Width at Half Maximum) parameter was also
measured which represents the dislocation density
together with grain size and non-oriented micro-strain.
The FWHM parameter, in this particular case, can be
considered as the index of work hardening. Measure-
ment of residual stress and FWHM was performed in
three directions, which are determined by the ¢ angle
and when ¢ = 0° the measurement results represent the
axial residual stress, @ = 90° the circumferential resid-
ual stress and the ¢ = 45° is a measurement “in be-
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tween” to have information about the residual stresses
in three directions.
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Fig. 4. The dependence of residual stress (a) and
FWHM parameter (b) on the distance from the shot peened
surface, steel AISI 316Ti.

Shot peening treatment introduced three-axial
compressive residual stresses in the subsurface layers
of the material up-to depth of 0.3 mm, however the
depth of increased FWHM parameter is only about
0.1 mm.

4. Discussion

Shot peening of Cr — Ni — Mo Austenitic stainless
steel increased the hardness of surface layers almost to
the depth of 0.5 mm. The depth of hardness improve-
ment is dependent on the shot peening parameters and
on the shot peened specimen geometry (the ratio be-

tween the specimen diameter and the diameter of peen-
ing media which defines the contact conditions). The
surface strengthening due to the shot peening resulted
in the yield stress improvement (from 287 to 643 MPa)
however, the ultimate tensile strength remained almost
the same as in the case of ground specimens. The
elongation of the shot peened material was slightly
lower when compared to the ground material. The
fatigue limit for rotating — bending loading increased
for Acc = 100 MPa, which represents an increase of 31
%.

The obtained results: Fig. 2 (dependence of hard-
ness on the distance from shot peened surface), Fig. 4a
(dependence of residual stress on the distance from the
shot peened surface), Fig. 4b (dependence of FWHM
parameter on the distance from the shot peened sur-
face) are in good correlation and decrease of compres-
sive residual stresses and decrease of FWHM parame-
ter corresponds with decrease of HVO0.1 hardness with
increasing distance from the shot peened surface of the
specimen (GUAGLIANO M. 2010; TosHA K. 2002).

The results of fatigue properties of AISI 316Ti
steel after shot peening application proved higher re-
sistance against fatigue loading in the area of N = 2 x
10* cycles up to N = 10’ cycles, Fig. 3. Fatigue speci-
mens surface is the mostly loaded area in the case of
bending fatigue testing. The surface strength after shot
peening was higher when compared to the ground ma-
terial. However, by the surface strengthening due to
the shot peening treatment the fatigue crack initiation
became more difficult and the fatigue crack propaga-
tion rate in the early stages is lower. Part of the ob-
served improvement in fatigue performance after shot
peening could also be attributed to local strain-induced
Martensitic transformation in the near-surface regions
(WOLLMANN M., MHAEDE M., WAGNER L. 2011). The
decreasing line of the S — N diagram is shifted to high-
er values of cycles and the fatigue limit o¢ of experi-
mental material before shot peening (evaluated for a
run-out at N = 10’ cycles) was oc = 320 MPa and after
shot peening application the fatigue limit increases to
value of 6c = 420 MPa; so the increase of fatigue limit
is almost 31 %. These conclusions correspond with
previous research (WOLLMANN M., MHAEDE M.,
WAGNER L. 2011; GUAGLIANO M. 2010; TOSHA K.
2002; ABADIE F. et al. 2006; CHAMPAGNE J. 2001;
MULLER E. 2010).
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5. Conclusions

According to analysis of the influence of shot
peening surface strengthening on AISI 316Ti stainless
steel, it can be concluded that:

- the surface hardness was improved 24% by shot
peening treatment (from 240 HVO.1 at a depth of 0.5
mm under the surface to 300 HVO0.1 at a depth of 0.025
mm),

- yield strength increased by 124 % (from 287 to
643 MPa) however, the elongation decreased for 25 %
(from 54 % to 40 %),

- 31 % increase of fatigue limit after shot peening
was observed (fatigue limit for machined specimens
was determined as oc = 320 MPa and after shot peen-
ing as oc = 420 MPa).

- shot peening treatment introduced bi-axial com-
pressive residual stress field in the subsurface layers of
material with maximal value of og = -600 MPa on the
shot peened surface.
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