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The Effect of Residual Stresses Induced by
Prestraining on Fatigue Life of Notched Specimens
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The effect of tensile prestraining-induced residual stress on the fatigue life of notched steel parts was
investigated. The study was performed on AISI 4140 steel. Rotating bending fatigue tests were carried out
on semicircular notched specimens with different notch radii in the as-quenched and tempered condi-
tions. Metallography of the specimens was performed by means of light optical microscopy. The finite-
element method was used to evaluate the residual stress distribution near the notch region. Fatigue tests
revealed fatigue life improvement for notched specimens, which changes depending on the notch radii and
applied stress. Scanning electron microscopy was used to examine the fracture surfaces of the specimens.
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1. Introduction

In most engineering structures, fillets, grooves, notches, and
holes are always present, and fatigue cracks will preferentially
form at these sites where the local stress is the highest. De-
signers can never eliminate all stress concentrators in structural
components; however, the negative effects of stress concentra-
tors can be reduced by different means, one of which is the
compressive residual stresses.

Compressive residual stresses in the surface region of ma-
terials with medium and high hardnesses increase the fatigue
life and the fatigue limit during cyclic loading compared with
materials that are free of residual stresses (Ref 1-10). Residual
stresses are introduced in metallic components either intention-
ally via shot-peening or prestraining, or unintentionally by
most metal-forming, metal-cutting, and fabrication processes
such as forging, rolling, milling, and welding. These processes
introduce residual stresses as a result of inhomogeneous plastic
deformation due to mechanically or thermally induced loads
(Ref 11).

The importance of residual stresses on the fatigue behavior
of metallic components has been demonstrated by a number of
authors. Landgraf and Chernenkoff (Ref 12) examined the ef-
fects of mechanical and thermal-processing methods, in which
large compressive stresses are imparted in the surface layers,
on the fatigue behavior of smooth SAE 5160 steel specimens.
The results of fatigue tests in notched bending samples of
high-strength steel were described with emphasis on the effects
of residual stress on fatigue life (Ref 13).

Underwood (Ref 14) described three methods (i.e., press-
fitting, tensile prestraining, and shot-peening) of introducing
plastic deformation at a notch and in the residual stresses that
were produced in A723 steel, and to give the results of notch
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fatigue tests with the three types of notch treatment. He found
that the compressive residual stress increased the fatigue life,
and these increases were largest in the prestraining, the residual
stress distributions of which were estimated using elastic-
plastic stress calculations.

The role of compressive prestresses on notched A542-3
steel specimens subjected to fully compressive cycling was
investigated. It was found that the amplitude of the prestress
played a decisive role in determining the rate and total distance
of crack advance (Ref 15).

Toparli et al. (Ref 16) used finite-element analysis to cal-
culate the residual stresses from prestraining and cold-
expansion around notches in low-carbon steel, and attempted to
correlate these stresses with measured fatigue lives.

In this study, rotating bending fatigue tests were conducted
on both non-prestrained and prestrained cylindrical specimens
with different notch radii. Due to the difficulty of experimen-
tally measuring the residual stress at notches with small radii,
residual stress distributions around the notch region after pre-
straining were calculated using finite-element analysis. The
increases in the measured fatigue life were correlated with the
residual stress results obtained from the finite-element analysis.

2. Experimental Characterization

2.1 Materials and Procedures

AIST 4140 steel (42 CrMo4), which is often used in practical
applications in the quenched-and-tempered condition, was used
in the current experiments. The nominal chemical composition
of the steel is given in Table 1.

The quenched-and-tempered condition was produced by
austenitizing for 30 min at 870 °C, oil quenching at 50 °C, and
then tempering at 430 °C for 1.5 h. The quenched-and-
tempered microstructure is shown in Fig. 1. The mechanical
properties of the AISI 4140 steel are listed in Table 2. The
work-hardening equation necessary for numerical calculations
was selected to be:

o=0,+K&" (Eq 1)

where o, is the stress at the beginning of plastic deformation,
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K is the stress value when € = 1, and »n is the work-hardening
exponent.

The shapes and sizes of the plain and notched specimens
with different radii 2r = 2, 2r = 3, and 2r = 4) are shown in
Fig. 2 and Table 3, respectively. The minimum diameter of
each specimen was 6.4 mm. Because the fatigue behavior is
expected to be influenced by surface roughness in addition to
the residual stress, the notch surfaces of all specimens were
polished mechanically to reduce the negative effect of surface
roughness as much as possible. All specimens were heat
treated in a vacuum to eliminate residual stresses induced by
the polishing.

In the prestraining process, the loading level for the notched
specimens was selected so that the nominal stresses in the test

Table 1 Chemical composition of AISI 4140 steel

Chemical composition, wt.%

Steel C Si Mn P S Cr Mo Ni

AISI 4140 0.3954 0.225 0.785 0.0187 0.0070 0.847 0.166 0.0795

Table 2 Details of the mechanical properties produced
from the heat treatment

(,ly’ Ourss Ep K. ’ E. ’ ()
Steel MPa  MPa % MPa n MPa MPa

AISI 4140 1156 1220 16 2319 0.82 210x 10> 1150

Fig. 1 Microstructure of AISI 4140 steel (etched with 2.5% nital)
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Fig. 2 Shapes of plain and notched specimens (in millimeters)
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section of the notch reached the yield stress, resulting in sig-
nificant plastic deformation at the notch root.

Fatigue characterization of both non-prestrained and pre-
strained notched specimens was performed by means of rotat-
ing bending fatigue tests carried out on an R.R. Moore testing
machine at a frequency of 50 Hz. The tests were terminated
when the complete fracture of the specimen occurred.

Curves of o, versus N (Fig. 3) of both the plane and the
notched specimens were determined on the basis of 31 tests. In
particular, the staircase method (Ref 17) was used to derive the
fatigue limit, whereas in the finite life region the 50% survival
probability curve was obtained by least-squares fitting method
using the following relationship:

g,=CN"¥ (Eq 2)

where o, is the fatigue strength, C and K are the fatigue
strength coefficient and exponent, respectively, and N is the
number of cycles to failure.

By considering the values of the fatigue limit for specimens
with different radii, the lower alternating stress level is shown
in the o,-N curves in Fig. 4 at which fractures were determined.
Then, the o,-N curves where an improvement in fatigue life
due to prestraining occurs can be observed by comparing the
fatigue life for the non-prestrained and prestrained specimens.
These were determined on the basis of a total of 16 tests, with
four tests conducted at each stress level, and by varying the
applied alternating stress level (o).

3. Fatigue Results

The results of the rotating bending fatigue tests for un-
notched and non-prestrained specimens are shown in Fig. 3.
The unnotched specimens showed a fatigue limit of 607 MPa.
The fatigue limits for the specimens with notch radius of 2r =
2 mm, 2r = 3 mm, and 2r = 4 mm were found to be 356, 389,
and 420 MPa, respectively.

Figure 4 shows the o,-N curve for non-prestrained and pre-
strained specimens. The results clearly indicate the beneficial
effects of prestraining. At 368 MPa, for instance, the specimens
with the notch radius of 2r = 2 mm showed an improvement
of about 36% in fatigue life. The specimens with a notch radius
of 2r = 3 mm showed an improvement of about 20% in fatigue
life at the stress level of 405 MPa. Similarly, at 435 MPa, the
specimens with a notch radius of 2r = 4 mm showed only a
13% improvement in fatigue life, which is the lowest. When
relatively high alternating stresses (g,) were used, the improve-
ment in fatigue life decreased, depending on the increase in the
alternating stresses for each specimen with different notch ra-
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Fig. 3 Rotating bending fatigue curves for plain and nonprestrained
notched specimens

Table 3 The sizes of notched specimens

2r, mm d, mm D, mm
AISI 4140 2 6.4 8.4
AISI 4140 3 6.4 9.4
AIST 4140 4 6.4 10.4

dii. This comparatively modest improvement is attributed to
the pattern of residual stresses that tends to fade more rapidly
under high alternating stresses (Ref 18).

The fatigue fractures in the notch specimens have previ-
ously been observed to originate in the center surface of the
notches, which is the critical region due to stress concentration
(shown in Fig. 5a). In addition, it was seen from Fig. 5(b) that
the compressive residual stresses have affected the critical re-
gion, moving it toward the edge of the notch where the mag-
nitude of the compressive residual stresses are lower compared
with the center surface of notches.

4. Numerical Calculation

4.1 Calculation of Residual Stresses

Residual stresses occurring after prestraining were calcu-
lated by the finite-element method. Because this is an elastic-
plastic problem, the initial stress method developed by Zien-
kiewicz et al. (Ref 19) was chosen.

The fundamental relationships of this method are obtained
from the state of uniaxial tension in the elastic-plastic region.
Later, these relationships are transferred to the two- and three-
dimensional stress cases. For a tensile specimen loaded just
past the elastic region (¢ = &), the true stress, g, at £;, which
is shown in Fig. 6, is given in the following form:

Op =01 =0y (Eq3)
By using oy, the increasing stress value becomes:

0,=0,+0y (Eq4)
which corresponds to &,. The stress difference between o, and
true stress at &, gives oy,. 05 is obtained by replacing o, in Eq
3. The following iteration steps lead to the point corresponding

to the elastic-plastic strain &, and o, where oy is the initial
stress. Thus, the initial stress cannot be exactly described, as in

Journal of Materials Engineering and Performance

410 v
) | & prestraining
o i + non- prestraining I
= 400 ! |
8 ?
@ 390 L) el
W 380 4 + &
=]
£ S~
1 . B e 0N
E 370 ¥ e
2
< 360 ! i
500E+04  100E4HD5  1,50BE405 200B+05 250EH05 300405
Number of Cycles (N}
(a}
480
S A prestraining
ns“_’ P | 4-. non- pmstralnling
—_ H i
L] \\ ¥ : : :
b 440 L \\ + f e S
g 430 b \"\ s
b - \\
o 420 pi _\ n
£ \
=
1]
c 410 A P, - B
i ~
8 ; ¥ ™
< 400 T
500E+04 1,00EH05 1,50E405 2,00E#05 250E+05 3 00EH05
Number of Cycles (N}
(b}
480
— H A prestraining
L1 i + non- prestralning
o H
= 470 1
&
4 480 |
£
W) 450 4
=]
E
=
g 440
i
2 .
< 430 . - >
5,00E+04 100405 1,50BE+05 200E#05 250E+05 3,00E405

Number of Cycles (N}
(c}
Fig. 4 o,-N curves for different notch radii: (a) 2r = 2 mm; (b) 2r

= 3 mm; and (¢) 2r = 4 mm

Fig. 6 in the two-dimensional case. It can be mathematically
described, however, as:

{Uf} = {O-fx’ O-fy’ O-fxy’ O-fz} (Eq 5)

where oy, Oy, Oy, and oy, are components of the initial stress
in the two-dimensional case. The loading stress state that oc-
curs during prestraining can then be written as:

{G} = {Gx’ 0-y7 O-xy’ O-z} (Eq 6)

By using the following formula, the initial stress components
are obtained:

fob=lot (Eq7)
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(b)

Fig. 5 Scanning electron micrographs showing the morphology of a crack path initiated from (a) the notched center of non-prestraining treatment

and (b) the rim of the prestraining treatment (2r = 2 mm)
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Fig. 6 Initial stress method in the one-dimensional case

where o, and ¢ are the equivalent initial and loading stresses,
respectively. In the calculation of the equivalent stresses, the
von-Mises yield criterion was used, and, thus, the loading cor-
responding to the initial stress can be written as:

{P},,= J[B]" - {oi} - AV (Eq 8)

where [B] is the strain-displacement matrix and V is the vol-
ume. First, the solution displacement vectors {8,} are calcu-
lated for {P}oy,, and then the mechanical loading in the first
iteration step can be written as:

{8,} =[KT"'({P},,, +{P} (Eq9)

In Eq 9, [K] and {P} are the stiffness matrix and the loading
vector, respectively. The iteration steps &; = 1, 2,..., n are
then calculated until there is a negligible difference between

354—Volume 14(3) June 2005

{8}; and {®},,,. At this point, the displacement vector be-
comes:

{8}, = [KT"'({P} +{P},,) (Eq 10)

And finally, the loading stress {c},, corresponding to {8}, in
the elastic-plastic region, is calculated as:

{ot,=[D]-[B] - {8}, —{o, (Eq 11)

In Eq 11, [D] is the elasticity matrix.

For the calculation of the residual stresses, the elastic-plastic
loading stress {o},, is calculated first. In the second step, the
elastic stress {0}, is obtained under the same level of loading
to preserve equilibrium. Then, the residual stress is calculated:

{G}res = {U}n - {O-}el (Eq 12)

The calculation of the residual stress was performed on a
quarter segment of the prestrained specimen due to symmetry,
and the finite-element mesh consisted of 600 eight-node iso-
parametric elements, as shown in Fig. 7. The mesh in the
surface region of the notch root was particularly refined with
the purpose of better reproducing the residual stresses.

The y-components of the residual stress along the x-axis,
0(X)yes,y» are plotted in Fig. 8. The residual stresses are believed
to give useful information on the effects of residual stress depth
and surface magnitude in the notch region during fatigue.

When the largest magnitude of compressive residual stress
was considered at the notch surface for each notch radius, it
was observed that specimens with a notch radius of 2r = 2 mm
exhibited about a 250 MPa larger magnitude in the compres-
sive residual stress than specimens with the notch radius equal
to 3, and about a 405 MPa larger magnitude than the specimens
with the notch radius equal to 4 mm. The difference between
the magnitudes of the compressive residual stresses for the
notch radii that are equal to 3 and 4 mm is about 155 MPa.
However, the depth of the compressive residual stress for
specimens of notch radii equal to 3 and 4 mm are relatively
high compared with the specimen with a notch radius equal to
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2 mm, but their values are almost the same. For the prestrained
notched specimens with a notch radius equal to 2 mm, which
had a relatively high surface-level residual stress and a rela-
tively low depth, the fatigue life increment at the lowest alter-
nating stress was among the highest. These results indicate that
the surface compressive residual stress is more important than
the depth of residual stress for an improvement in the fatigue
life. When the results of the all fatigue tests were considered,
as well as the distributions mentioned above of the compressive
residual stresses, it was found that the sharper the notch, the
more effective was the prestraining process and the higher was
the fatigue life increment.

5. Conclusions

An experimental and numerical investigation of fatigue be-
havior of prestrained specimens with different notch radii was
presented. From the results, the following conclusions can be
drawn:
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* A prestraining treatment considerably enhances the fatigue
life of the notched specimens. This is due to the presence
of the compressive residual stresses in the vicinity of the
notch root.

*  Prestraining resulted in widely different depths and surface
values of the residual stress near the notch root surface,
leading to different fatigue lives, depending mainly on the
magnitude of the compressive residual stress at the notch
root surface.

*  The greatest life improvement was obtained for specimens
with a notch radius of 2 mm. Thus, the sharper the notch,
the more improvement in fatigue life that can be obtained.
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