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ABSTRACT

Hot-forging is a process commonly used in the manufacturing of automobile parts such as connecting rods.
Most hot-forged components are shot-blasted after forging in order to clean off the forging scale. The shot-
blasting process is akin to shot-peening and greatly affects the surface integrity of the components by
introducing hardening and residual stresses. This study focuses on the influence of the surface integrity on the
fatigue behaviour of a hot-forged C70 steel connecting rod. Specimens were machined out of the connecting
rods in order to perform fatigue testing on the forged surface. Several surfaces states, including shot-peened
surfaces, were studied in order to quantify the influence of the surface integrity.

A thorough characterisation of the surface integrity of the specimens was first performed. The hardness,
residual stresses and microstructure gradients were analysed, and the surface of each specimen was scanned
using a profilometer. The specimens show complex networks of surface defects introduced during forging, and
the shot-blasting process introduces important surface residual stress and microstructure gradients. High cycle
fatigue tests in plane bending were then performed on the specimens, with the surface scans helping to identify
the critical defect on which crack initiation occurred. The fatigue results, presented in the form of a Kitagawa
diagram, are analysed in order to determine which surface integrity parameters are the most influential on
fatigue behaviour. The forging defects have an important negative effect on fatigue strength. After shot-blasting,
the fatigue strength increases considerably because of the large compressive residual stresses introduced by the

shot-blasting process.

1. Introduction

Hot-forging is a process commonly used in the manufacturing of
automobile parts. The expensive dies used for this process mean it is
mainly used for mass production. Connecting rods for an internal
combustion engines are a typical example of components manufac-
tured with this process.

Hot-forging requires heating the material to high temperatures in
order to achieve sufficient ductility (typically 1000 °C for steel). The
subsequent phase transition during cooling means that the resulting
microstructure shows little to none of the hardening or the residual
stresses introduced during forming.

However, the high temperature increases oxidation and often a
layer of oxides, called forging scale, is formed on the surface of the
components. This layer must be removed before the next steps of the
manufacturing process can be performed (sizing, machining, etc).

A very common method for cleaning off the scale is the shot-
blasting process [1]. Several hundred components are placed in a

rotating barrel while steel shot is propelled into the barrel (Fig. 1a).
Shot-blasting is therefore similar to shot-peening but does not have the
same purpose, as shot-peening is used to introduce compressive
residual stresses and also to change surface roughness (Fig. 1b). Both
processes (shot-blasting and shot-peening) introduce local plastic
strain with each shot impact, resulting in hardening and internal
stresses near the surface of the components.

During forging, defects can appear on the surface of the compo-
nents. Between two strikes, scale can get stuck on the dies’ surface,
generating surface defects the size of which can reach several milli-
meters in length and several hundred micrometers in depth. Shot-
blasting does not remove the largest of these forging defects. Surface
defects are potentially very harmful in fatigue, which is why it is
important to study their impact on fatigue behaviour [2].

The oxidation during forging can also lead to decarburisation of the
surface: the carbon content decreases which directly impacts the
mechanical characteristics, most notably hardness. Gildersleeve [3]
studied the influence of surface carbon content on the fatigue strength
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Fig. 1. a) Diagram of the shot-blasting process. b) Photos illustrating the shot-peening process, source: Metal Improvement Company.

of steel specimens. Using controlled decarburisation to modify the
carbon content, he found that fatigue strength was proportional to
surface hardness and followed the empirical law suggested by Garwood
et al. [4]: 6P = 1.5 x Hy.

McKelvey & Fatemi [5] performed fatigue tests on hot-forged
specimens, studying the effects on fatigue of decarburisation and shot-
cleaning of the surface. They showed that the as-forged surface has a
much lower fatigue strength compared to polished specimens (50% to
70% drop) because of the combined effects of surface roughness and
decarburisation. The severity of the decarburisation depends on the
heating process, with induction heating leading to less decarburisation
than gas heating. They also showed that the use of shot-cleaning on the
as-forged surface improves fatigue strength, independently of decar-
burisation.

Numerous studies have been conducted on how shot-peening
affects surface integrity. Gariépy et al. [6] conducted a thorough
characterisation of the surface of a shot-peened aluminium, measuring
the hardness, microstructure and residual stresses gradients generated
near the surface. They also showed that shot-peening increases rough-
ness and creates surface micro-defects.

The influence of shot-peening on fatigue behaviour has also been
extensively studied. Bhuiyan et al. [7] investigated shot-peened mag-
nesium alloy specimens, some of which were stress-relieved after
peening. They showed that the fatigue strength depends on the
combined effects of the compressive residual stresses (which improve
the fatigue strength), and the roughness (which decreases fatigue
strength).

Sakamoto et al. [8,9] performed fatigue tests on steel specimens,
polished or shot-peened. Focused ion beam (FIB) was used to
introduce small surface notches (50 um) in some of the specimens.
The fatigue results showed that the notches reduced the fatigue limit
for the polished specimens, but not the shot-peened ones. The shot-
peened specimens had multiple crack initiations, on the notches and on
cracks generated by the shot-peening. These results show that surface
defects have no effect on the fatigue behaviour of a shot-peened surface
if they have the same size as the cracks generated by the shot-peening.

Fathallah et al. [10] studied the effect on fatigue behaviour of shot-
peening coverage. They performed characterisations and fatigue tests

on steel specimens with 100% or 1000% surface coverage. The found
that 1000% coverage had bigger surface defects and lower surface
residual stresses than 100% coverage. To model the fatigue behaviour,
they performed 2D finite element simulations, taking into account the
specimen geometry, the surface defects, the surface damage, the
residual stresses and the hardening introduced by shot-peening.
Their model correctly predicted the experimental fatigue limits and
showed that ignoring the effects of the defects and the surface damage
would lead to predicting crack initiation not on the surface but at the
depth where the residual stresses reach zero.

These articles show that the surface integrity of forged components
is the combination of different aspects that can all have an effect on
fatigue behaviour. These aspects result from the hot-forging or the
subsequent shot-blasting.

From forging:

e Large surface defects
® Decarburisation

From shot-blasting:

Surface roughness
Hardening gradient
Residual stresses
Microstructure gradient
Surface micro-defects

These aspects all influence fatigue behaviour differently, and are not
easily studied independently, especially in the case of shot-blasting
where all are introduced simultaneously. Very few articles have
managed to decouple the various effects of the surface integrity.

The goal of the present study is therefore to analyse the fatigue
strength and the crack initiation mechanisms for specifically chosen
surface integrity conditions. Fist, the various aspects of the surface
integrity will be thoroughly characterised, then fatigue tests will be
conducted in order to quantify their effect on fatigue behaviour. The
fatigue results will serve to decouple the various surface integrity
factors affecting fatigue behaviour.



Table 1
Chemical composition C70 steel, in weight percentage.

Element C Si Mn S P Ni Cr Mo
Min 0.690 0.150 0.530 0.0600 0.100
Value 0.707 0.170 0.569 0.0660 0.015  0.051 0.177 0.024

Max 0.730 0.250 0.600 0.0700 0.030  0.180  0.200 0.050
Element Cu Al Sn A% Te Se N,

Min 0.030 0.01200

Value 0.086 0.000 0.008 0.034 0.0030 0.0000 0.01420

Max 0.250 0.010 0.025 0.040 0.0030 0.0050 0.00170

2. Experimental procedure for studying various surface
integrities

The component chosen for this study is a hot-forged connecting rod
produced by Atelier des Janves (ADJ) and used in certain Renault
engines. The connecting rods are produced from round bars of C70
steel. These bars are hot-rolled and air-cooled resulting in a pearlitic
microstructure.

2.1. Mechanical properties of the C70 steel

The chemical composition of the C70 steel are given in Table 1 and
its mechanical properties after forging are given in Table 2. Hardness
was measured along the cross-section using a microdurometer.

2.2. Studied industrial component: hot-forged connecting rod
The steps for the production of the connecting rods are:

Cutting the steel bar

Induction heating of the workpiece

Cross rolling to obtain the preform

Stamping of the connecting rod in three passes
Deburring (while hot)

Sizing (while hot)

Controlled air-cooling on a belt conveyor
Shot-blasting

Quality control

After forging, the connecting rods also have a pearlitic microstructure.

The study is restricted to the flat central part of the connecting rod,
with fatigue specimens machined out of the connecting rod beam using
spark machining (Fig. 2a). Restricting the study to a flat area makes
analysing the surface much easier and avoids local stress concentra-
tions due to specimen geometry. Fig. 2b shows the geometry of the
specimens.

The specimens were machined so as to leave the surface of the
middle section unaltered. The corners of the specimens were rounded
and the machined sides were polished to prevent crack initiation
outside of the studied surface.

2.3. Studied batches

In order to quantify the influence of the various aspects, it is
necessary to study different surface states and to compare them. ADJ

Table 2
Mechanical characteristics of the C70 steel (measured on as-forged specimens).

S OUTS A, Hardness Hy 0.1 kg
MPa MPa % Average + Std. deviation
C70 steel 598 1020 15.6 292 11

delivered 688 shot-blasted connecting rods and 485 as-forged (without
shot-blasting), taken from their production line. The forging scale was
still present on the as-forged connecting rods so those used in the study
were manually cleaned with a metal brush in order to avoid damaging
the surface or introducing residual stresses. It was decided to use shot-
peening to obtain specific surface states, different from that of shot-
blasting. Shot-peening is similar to shot-blasting but with a high degree
of control on the peening parameters meaning that it is possible to
obtain specific surface states. Two shot-peening batches were chosen:
the first replicates the shot-blasting surface state and the second has a
lower roughness and a shallower residual stress profile. The shot-
peening was performed by the Metal Improvement Company on
specimens machined out of as-forged connecting rods (manually
cleaned of scale). In order to have a reference for the fatigue tests,
some specimens were ground and mirror-polished so as to have a
surface state with no hardening, no defects.
The various surface states used in this study are as follows:

e As-forged surface, manually cleaned of scale

e Shot-blasted, the surface state of industrially produced connecting
rods

e Shot-peened with shot diameter 800 um, Almen intensity 3060 A
with 200% coverage. This shot-peening was performed on as-forged
specimens and was chosen so as to be as close as possible to the
shot-blasted surface.

e Shot-peening with shot diameter 400 um, Almen intensity 2030 A
with 200% coverage. This shot-peening was performed on as-forged
specimens and was chosen so as to have a lower roughness and a
shallower residual stress profile.

® Polished, used as the reference in fatigue

Fig. 3 shows specimens from each batch and details how the
specimens were prepared.

3. Surface defects, residual stresses and microstructural
characteristics for the different surface integrities

The various batches have different surface states but have all the
same core properties, determined with tensile tests and microhardness
measurements. The surface state of each batch was analysed as follows:

® Microhardness measurements

e X-ray diffraction analysis of the residual stresses

e Surface topography measurements with a profilometer

e Scanning electron microscope (SEM) and electron backscatter
diffraction (EBSD) imaging of the microstructure

3.1. Microstructure and residual stresses

The as-forged specimens have a pearlitic microstructure, which
shows no gradient from the core to the surface. Furthermore, the
microstructure is the same for the long and transverse directions. The
microstructure of the specimens is therefore homogeneous and iso-
tropic, which is generally the case in hot-forging. SEM images and
EBSD maps of the polished cross-section of as-forged specimens are
shown in Fig. 4. EBSD gives a visual representation of the ferrite grain
orientations, showing the impact of the extrusion on the grains.
Characterisation was performed on a Zeiss Supra VP55 SEM with a
field-emission gun, operated at 15 kV and equipped with an Oxford-
Instruments EBSD camera. A step size between 0.4 and 0.1 um was
used depending on magnification. It should be noted that the cementite
is not visible in the EBSD maps, meaning that only the ferrite grains are
mapped.

The SEM images show the surface microstructure of these speci-
mens remains pearlitic, even just beneath residual scale. These
observations indicate that no decarburisation occurred during the
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Fig. 2. a) Connecting rod with spark-machined specimen. b) Engineering drawing of the specimens machined out of the connecting rods.

forging process. This is due to ADJ controlling the forging and cooling
parameters in order to reduce decarburation as much as possible.
After shot-blasting and shot-peening, the specimens show a clear
microstructure gradient near the surface of shot-blasted specimens
(Fig. 5). This surface microstructure can be divided into four layers:

1. A surface layer 5-10 um deep where the grains are extremely small

2. A second layer around 20 pm deep with heavily deformed grains

3. A transition layer 100—150 pm deep where the grains are progres-
sively less deformed

4. The unaffected core material (not shown in Fig. 5)

These layers are the same as those observed by Gariépy et al. [6] on a
shot-peened aluminium alloy.

Fig. 6 shows SEM and EBSD images of a surface fold generated
during shot-blasting, with trapped scale. The scale was not detected
during EBSD mapping and appears white in the image. Additionally,
cracks running parallel to the surface were detected in the shot-blasted
surface, likely resulting from grain delamination during impact. Feng
et al. [11] have observed similar microdefects in ultrasonic peening and
have shown that they can have a negative impact on fatigue behaviour.

Fig. 7 shows examples of the shot-blasted surface integrity which all
have a potential effect on fatigue behaviour.

Fig. 8 shows the surface hardness gradient up to a depth of 1 mm
for all batches. For the as-forged batch, the surface hardness is close to

As-forged

Shot-blasting

Shot-peening

Grinding & polishing

the core value which confirms the absence of decarburisation. The shot-
blasted and shot-peened batches show a clear increase in hardness near
the surface, with a surface value around 50 Hy higher than the core
value.

The residual stresses were analysed using X-ray diffraction. A
PROTO iXRD machine was used, equipped with a Cr anode vacuum
tube and two PSD detectors. The Ka radiation of the Cr target has a
wavelength of 1 = 0.22909 nm. The diffracting planes are the {211}
planes of the BCC structure of the ferrite, with a Bragg angle of
20 = 156.4. The crystallographic elastic constants used were:
S = —1.28 x 10 MPa~! and %Sz =592 x 10°°MPa~!. The first mea-
sure (zero depth) is made on the specimen surface, with deeper
measurements obtained by locally removing thin surface layers
through electropolishing. Fig. 9 shows the residual stress profiles of
all batches. The as-forged surface shows negligible residual stresses,
which is expected in hot-forging. Shot-blasting produces a residual
stress profile which does not have the standard bell-shape seen in shot-
peening. Instead, the highest value is located on the surface (—500 MPa)
and the profile gradually decreases to reach a value close to zero at a
depth of around 500 um. Both shot-peened surfaces have the expected
profiles: shot-peening with @800 pm shot has a profile very close to that
of the shot-blasting, and shot-peening with @400 pm shot has the same
surface value but half the depth. Shot-blasting and shot-peening do not
favour specific orientations, so the stress values are similar in both
directions.

As-forged
Polished sides

Shot-blasting

D Shot-peening

Polishing

Fig. 3. Specimens from each batch with cross-section detailing the specimen preparation.
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Fig. 5. Microstructure gradient of a shot-blasted specimen.
3.2. Roughness and surface defects

3D surface scans of the specimens were made using a Bruker
ContourGT-KO-X profilometer. All specimens were scanned before
and after fatigue testing, in order to easily analyse the crack initiation
location. Fig. 10 shows a 2x2 mm close-up for each batch. Each batch
has an unique topography which makes it easily distinguishable from
the others. The forging defects are clearly visible on the as-forged
surface, and the defects are not completely erased after shot-blasting or
shot-peening. Individual shot impacts are visible on both shot-peened
surfaces, and the difference in shot diameter can be seen clearly. In the

SEM

Fig. 6. SEM and EBSD images of the same fold in a shot-blasted specimen. The trapped scale was not detected during EBSD mapping.

case of the shot-blasted surface, the individual impacts are not easily
visible. This is because for shot-blasting, the shot is not often replaced,
instead the same batch is re-used repeatedly. This means that while the
shot diameter is initially 1 mm, wear and fragmentation during shot-
blasting lead to very varied shot sizes.

The surface scans were also used to measure roughness values for
each batch. The results are given in Table 3. The roughness values are
very similar for the as-forged and the shot-peened @400 um shot
surfaces, despite the fact that the two surfaces are easily distinguished
visually. The same is also true for the shot-blasted and the shot-peened
@800 um shot surfaces. This means that the roughness values do not
accurately reflect the differences in surface topography between the
various batches. This is due to the forging defects which have a high
roughness value even before shot-peening.

4. Fatigue strength and crack initiation mechanism
4.1. Plane bending fatigue tests

The fatigue tests were performed in plane bending with a load ratio
of R = —1. This load ratio was chosen as it creates the highest loading
stress on the specimen surface and therefore favours crack initiation in
the studied surface and not the machined sides of the specimens.
Fatigue tests were performed on a RUMUL Cracktronic resonant
fatigue testing machine, at a frequency of 80 Hz. The surface of each
specimen was scanned before fatigue testing and after crack propaga-

30 pm
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Fig. 7. SEM images showing the various aspects of the surface integrity of shot-blasted specimens.

tion. This, combined with SEM observation of the fracture surface,
allowed to confirm that crack initiation had occurred on the studied
surface and to locate the crack initiation on the undamaged surface
scan.

A staircase method was performed on 15 specimens for the polished
batch. The staircase method [12] determines the fatigue limit using
multiple specimens. The first specimen is cycled with a load close to the
expected fatigue limit. If a specimen survives the 2. 10° cycles, the
loading value is increased for the next specimen. If a specimen fails,
loading is decreased for the next specimen. Loading is increased or
decreased by a fixed value chosen so as to be small enough to accurately
reflect the fatigue dispersion without leading to too many load levels
(generally 10-25 MPa). After all specimens have been cycled, a

statistical analysis determines the fatigue limit.

For the batches other than the polished specimens, the "Locati” step
method was used in order to determine a fatigue strength value for
each specimen. This method was previously used for a similar study
performed on cold-forged components [13] and also by other authors
[14].

4.2. Residual stress analysis during fatigue testing

The residual stresses potentially have a large impact on fatigue
behaviour, which is why it is important to know if stress-relief occurs
during fatigue cycling. Kang et al. [15] have shown that for high-cycle
fatigue, the surface residual stresses have only minimal stress-relief. In
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Fig. 8. Surface hardness gradients for the various batches.
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Fig. 9. Residual stress profiles for the various batches, in the direction of the specimen axis (long.), and the transverse direction (tvs.).

order to quantify stress-relief, a shot-blasted specimen with a large
surface defect was chosen; surface residual stresses were analysed in
the centre of the specimen and in the defect. The specimen was then
loaded in fatigue at a high stress value of 475 MPa, and the test was
periodically stopped to perform new measurements of the residual
stresses. Fig. 11 shows the location of the residual stress analysis on the

Shot-peening @400 um shot

surface scan of the specimen, and the results of the measurements with
the corresponding number of cycles. The specimen failed at 139, 400
cycles, with the crack initiation located at the defect. For the first
100,000 cycles, the surface residual stresses show almost no change in
value, both at the centre of the specimen and in the defect. These
results show that no stress relief occurs during fatigue cycling, the

Shot-peening @800 um shot

Fig. 10. Close-ups of surface scans of the specimens, for each batch. Surfaces have a size of 2x2 mm with Z scale in pm.



Table 3
Roughness values for each batch. Measuring length: 12.5 mm; cut-off length: 2500 um.

Table 4
Overview of the number of valid tests and fatigue strength range for each batch.

Surface state R, and std. deviation R, Sa S,
(um) (um)  (um)  (um)
As-forged 6.44 +£2.01 46.11 10.08 122.33
Shot-blasting 7.83 £0.92 58.77 10.66 160.40
Shot-peening @800 um shot ~ 7.64 +0.81 64.86 11.62 153.28
Shot-peening @400 pm shot  6.34 + 1.64 49.44 1141 138.61

residual stresses are therefore assumed to keep their initial value
during fatigue testing.

4.3. Fatigue testing results

In addition to bending fatigue tests, some tension fatigue tests were
also performed, using a hydraulic testing machine.

In order to quantify the effect of the residual stresses on fatigue
behaviour, some specimens were stress-relieved by applying a 1%
elastic deformation in tension. Residual stress analysis before and after
deformation were made to confirm that the deformation had relieved
most of the residual stresses in the longitudinal direction. The residual
stresses in the transverse direction were unaffected.

Not all specimens resulted in successful fatigue tests, as some crack
initiations occurred in the specimen corners or on the machined sides.
All the specimens which did not have a crack initiation located on the
studied surface were discarded.

Only one of the tension tests was valid, performed on a stress-
relieved shot-peened @800 um shot. This test was the only valid stress-
relieved test, as all the others had a corner crack initiation.

Table 4 details the number of valid specimens for each batch, with
their respective fatigue strength range. The average value from the
staircase method on the polished specimens is the reference fatigue
strength of the material: o = 424 MPa.

Additional tests were performed on specimens which were ground
prior to shot-peening, in order to remove the forging defects. Some of
these specimens were also stress-relieved. Because of the absence of the
forging defects, the crack initiation for these defects was always
occurred in the specimen corners (special care was taken to the
peening of the corners during shot-peening). A staircase of five speci-
mens was performed on ground and shot-peened @400 pm shot
specimens, giving a fatigue strength of 488 MPa. Another staircase
was performed on five stress-relieved specimens (ground and shot-
peened @400 pm), resulting in a fatigue strength of 388 MPa. The
fatigue results for these staircases specimens cannot be directly
exploited, however, comparing the results of these two batches shows
a 100 MPa drop in fatigue strength after stress-relief.

Analysis locations
spot size: 0.5 mm

Batch Test type  Nbr. of specimens o (MPa)
Polished Staircase 15 424

As-forged Locati 34 280-400
Shot-blasting Locati 8 420-500
Shot-peening @800 pm shot Locati 10 500-580
Shot-peening @400 um shot Locati 18 400-500
Tension SP @800 um shot stress-  Locati 1 431

relieved

4.4. Crack initiation mechanism

For all the valid specimens (except the polished batch), crack
initiation was located on a large forging defect. This defect is called
the critical defect because it is the defect which led to crack initiation
first. Fig. 12 shows examples of the fracture surface with the critical
defect for specimens of each batch. Crack initiation was always located
on the surface, for all batches (Fig. 13). For the shot-blasted and shot-
peened specimens, the crack initiation is therefore influenced by both
the large forging defects and the microdefects introduced by the shot-
blasting and shot-peening processes.

Each specimen having been scanned prior to fatigue testing, the
critical defect can be identified on the surface scans using the fracture
surface analysis. Fig. 14 shows the surface scan and a close-up of the
critical defect of the as-forged specimen shown in Fig. 12.

5. Analysis and discussion
5.1. Fatigue trend for each batch

Defect size is represented using the square root of their surface
area, projected along the loading direction [16]. The fracture surfaces
can be used to calculate the projected surface area of each critical
defect, which is generally used to represent defect size. All the defects
have a projected area of similar shape, with the width much bigger than
the depth (defects are typically 500—2000 ym wide and 50-200 um
deep). Calculating the projected area is done using the SEM fracture
surface images: the total width and maximum depth of the defects are
measured and their projected surface area is calculated by supposing
that they have a semi-elliptical shape:

na ¢

area =

1)

with a being half the defect's width (total width is 2a) and c its depth.
As suggested by Murakami, the defect width is limited by a threshold of
10 times the depth when calculating the projected area.

Number of cycles

1 10 100 1000 10 000 100 000
O T T T T 1
—a— Centre - long.
-100
° — @ - Centre - tvs.
2200 F RS - —&— Defect - tvs.
S~ - @ - Defect - tvs.

Surface residual stresses (MPa)

Surface residual stresses
failure at 139400 cycles

Fig. 11. Surface residual stresses analysis performed during the fatigue test of a shot-blasted specimen. The location of the measurements are indicated on the surface scan of the

specimen.
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Fig. 12. SEM images of fracture surfaces showing the critical defect at the origin of crack initiation for each batch.

The fatigue results are represented in a Kitagawa diagram [17]

(Fig. 15).

o As-forged specimens: the fatigue strength is always lower than

the reference fatigue strength 6 = 424 MPa. This is due solely to the
forging defects, as these specimens have no hardening or residual
stresses. This batch has a high dispersion in fatigue strength,
however a bigger defects tend to have a greater impact on fatigue
strength. The lowest fatigue strength is 140 MPa lower than the
reference fatigue strength, which is a 34% drop.

Shot-blasted and shot-peened specimens: the fatigue strength
is generally much higher than the reference, which means that shot-
blasting and shot-peening have a very positive effect on fatigue
behaviour. The highest fatigue strength is 150 MPa higher than the
reference (35% increase). However, this does not negate the
influence of the forging defects: the biggest defects also have the
lowest fatigue strengths. At equivalent defects sizes, shot-blasted
and shot-peened specimens have a fatigue strength around 150 MPa
higher than the as-forged specimens, which is an increase of roughly
50%. The shot-blasted specimens all have large defects because all
the other specimens in the batch had corner crack initiations and
were thus discarded. For equivalent defect sizes, the shot-blasted
and shot-peened @400 um shot specimens have the same fatigue
strength. The two shot-peened batches do not have quite the same
fatigue strength, with the @400 um shot being around 50 MPa
lower.

Some shot-peened specimens were scanned before and after
shot-peening in order to analyse the influence of shot-peening on
defects. Two (non critical) defects of similar size and shape were
chosen. Fig. 16 shows the surface scans before and after shot-

peening.

The after shot-peening surfaces have been altered but the general

shape of the defects remains unchanged. However, it seems that the
shot-peening @800 um shot has a greater impact on defect geome-
try.
Stress-relieved specimen: only one stress-relieved specimen was
valid, of the shot-peening @800 um shot batch, loaded in tension.
The fatigue strength for this specimen is 431 MPa, which is, for the
same defect size, roughly 70 MPa lower than the non-stress-relieved
specimens (800 pm batch) and 100 MPa higher than the as-forged
specimens. This drop of the fatigue strength after stress-relief has
been confirmed with the ground and shot-peened specimens, which
show a consistent drop of around 100 MPa after stress-relief. These
results show that the residual stresses have a very beneficial
influence on fatigue behaviour. However, relieving the residual
stresses in the loading direction was not enough to lower the fatigue
strength to the level of as-forged specimens. This could be due to the
hardening generated by the shot-peening which was not affected
during stress-relief. However, it is also possible that the residual
stresses in the transverse direction, which remained unchanged,
could also have an influence in fatigue.

5.2. Murakami's model

Murakami's model [16] can be used to predict the fatigue strength

using the defect size and the hardness value:

»_ A(Hy + 120)
T (Jarea)'s @)

with A = 1.43 for surface defects. The projected area is defined in Eq.
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8 883588
wr

L 20
Initiation
0
Loading 23
direction
40
1 mm 63

Crack

Fig. 14. Surface scan of the as-forged specimen from Fig. 12, showing a close-up of the
critical defect. Crack initiation and crack path are indicated.

(D).

However, this model shows a very conservative prediction com-
pared to the experimental values for the as-forged batch (Fig. 17). The
model can be fitted to the as-forged values using Axs_syeea = 1.91. This

fitted curve shows that the as-forged batch follows the 1/6 slope of the
model. This model predicts a critical defect size of 41 pm, which cannot
be experimentally confirmed as no specimen had a crack initiation on a
defect smaller than this value.

Using this model with the hardness value of the shot-blasted (or
shot-peened) surface (350 Hy) shows that the increased hardness is not
enough to correctly predict the shot-blasted and shot-peened fatigue
strength values (Fig. 17).

These results show that taking into account the hardening intro-
duced by the shot-blasting and shot-peening is not enough and that the
residual stresses must be included in order to accurately model the
fatigue strength values.

Murakami's model considers that the defects with the greatest
projected area have the most influence in fatigue. However, the
experimental results show that this is not always the case. Fig. 18
shows the surface scan of the critical defect of an as-forged specimen.
Next to the critical defect are two larger defects which did not initiate a
crack. The projected area for each defect is given in Table 5. The values
show that defect n°3 has a greater projected area, which means that
according to Murakami's model, this defect should have been the
critical defect. A different criterion is therefore needed in order to
explain why defect n°1 is the critical defect. Peterson [18] suggested a
way of determining the stress concentration factor of an elliptical
notch:

K,=1+2\/Z
p 3)

where t is the depth of the notch and p is it's curvature radius in the
loading direction. Where the two models differ the most is that
Murakami considers the defect size only in the direction perpendicular
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Fig. 18. Surface scan of the critical defect of the specimen shown in Fig. 14. The three
major defects are outlined and numbered.

Table 5
Projected area and K, for the three defects shown in Fig. 18.

Defect number Jarea (m) K, Peterson
1 (critical defect) 153.0 2.01
2 85.5 1.61
3 176.6 1.47

to the loading direction, while Peterson uses the geometrical properties
along the loading direction. The K, values for the three defects
(Table 5) show that the critical defect has the highest K;. The influence
of a defect is therefore determined not just by its size, but also by its
sharpness in the loading direction. Further work must be done in order
to determine the defect's geometric parameters which are the most
influential on fatigue behaviour.

6. Conclusion

This experimental study was performed on specimens machined
out of industrial components. The first part of the study was the
thorough characterisation of the surface integrity of the specimens. The
as-forged surface shows complex networks of defects which appear
during forging.

Shot-blasting and shot-peening heavily alter the surface integrity,
generating a microstructure gradient. Surface hardness is increased by
around 60 Hy and highly compressive residual stresses are also
introduced (—500 MPa on the surface). The forging defects are not
erased but the shot impacts change the surface topography.

Fatigue tests were then performed to quantify the effect of the
surface integrity on fatigue behaviour. The fatigue results show that the
surface integrity has a major impact on fatigue behaviour: large forging
defects and shot-blasting both affect fatigue strength. The forging
defects are detrimental in fatigue and lower the fatigue strength with
larger defects having a greater impact. The fatigue results show a large
dispersion because of the varied surface defects.

Shot-blasting is used to clean the specimens of the forging scale, but
has a large beneficial impact on the fatigue strength. A large part of this
effect is due to the residual stresses introduced during shot-blasting
(and shot-peening).

The fatigue strength of the shot-peened specimens is quite close to
that of the shot-blasted specimens. This shows that for the shot-
peening parameters chosen for this study, shot-peening and shot-
blasting have an equivalent effect on fatigue behaviour.

The experimental tests are the first part of a larger study: the results
will be used in subsequent studies to develop a fatigue model taking
into account the effect of both the defects and shot-peening.
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