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1. Introduction

Majority of failures in engineering materials such as fatigue
fracture, fretting fatigue, wear and corrosion, are very sensitive to
the structure and properties of the material surface, and in most
cases failures originate from the exterior layers of the work piece.
Therefore, it would be considerably effective to apply some techno-
logical process to enhance the material properties on the surface of
the part.

It is well established that the fatigue strength of mechanical
components can be enhanced by producing compressive residual
stress, increasing the hardness and reducing the grain size. Mechan-
ical treatments such as shot peening and thermo-chemical treat-
ments such as nitriding are extensively used to improve fatigue,
corrosion and wear resistance. Shot peening is mostly benefited
by generating compressive residual stress and nitriding is mostly
benefited by increasing the hardness. Both processes, nonetheless,
can be benefited by the additional effect. That is to say, shot peening
can also increase the hardness and nitriding is also able to produce
compressive residual stress, even if there might be some doubts on
the introduction of high level compressive residual stress. A positive
synergistic effect, therefore, could be anticipated if these two pro-
cesses are combined. In order to take the advantage of the third fac-
tor, i.e. reducing the grain size shot peening can be performed by
severe parameters. While a lot of effort was made in the last four
decades to reveal the manner of residual stress generation during
shot peening and its effect on fatigue life, it has not been a long time
that shot peening was recognized as a potential process to produce
surface nano-crystallizations. The common aspect is to use special
combinations of peening parameters to multiply the kinetic energy
of the shot impacts in order to generate a large number of defects,
dislocations and interfaces (grain boundaries) on the surface layer
of treated part and consequently transform its micro-structure into
ultra-fine grains or nano-structure [1]. In this case, the process is
called severe shot peening rather than shot peening to emphasize
the obtained micro-structural refinement at surface layers.

While there is a solid background in the literature that both
shot peening and nitriding can improve fatigue behavior, their
combination is less investigated. In this regard, literature can be
classified into two main groups. Some researcher applied shot
peening after nitriding and some other studied the reverse process:
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1.1. Nitriding followed by shot peening

Freddi et al. [2] performed nitriding on 32CrMoV13 steel spec-
imens and subsequently subjected them to shot peening, varying
shot diameter and Almen intensity in two levels. Slight improve-
ment of fatigue limit (5–10%) depending on the peening parame-
ters was reported for combined treatment as compared to
nitriding. Croccolo et al. [3] subjected unnotched and notched
32CrMoV13 steel specimens to shot peening after nitriding. No sig-
nificant enhancement of fatigue limit (only 3%) with respect to the
nitrided-only specimens was reported for smooth specimens. Roll-
ing contact fatigue behavior of the same steel was investigated
after deep nitriding and following shot peening. Following shot
peening could prolong rolling contact fatigue life and make the
spalled pit lower and smaller [4]. Contact fatigue test performed
on carbo-nitrided-only and carbo-nitrided plus shot peened gears
made of AISI 4130 steel showed that damage to the gears appears
after about the same testing time for both kinds of treatments but
in different forms: pitting and spalling for the carbo-nitrided-only
gears and micro-pitting for the carbo-nitrided and shot peened
gears [5]. This combination was not always beneficial. Deteriora-
tion of surface durability during sliding rolling contact fatigue
behavior of maraging steel subjected to nitriding and fine particle
peening was also reported in the literature [6].

Fernandez Pariente et al. [7] Investigated the effect of nitriding
plus shot peening on fatigue strength of a low alloy steel speci-
mens containing a micro-hole, acting as a pre-crack. The threshold
value of stress intensity factor increased from 14.2 MPa m1/2 for ni-
trided specimen to 25.1 MPa m1/2 for nitrided plus shot peened
specimens. Terres et al. investigated the effect of nitriding and
the following shot peening on bending fatigue behavior of
42CrMo4 steel. More improvement (35%) for fatigue limit was ob-
tained by nitriding plus shot peening with respect to the nitrided-
only specimens (8%). This was mentioned to be due to the hard-
ened layer that retarded the initiation of a fatigue crack by con-
straining the plastic deformation [8].

1.2. Shot peening prior to nitriding

The idea here is that by increasing the grain boundary area and
dislocation density, enhanced diffusion could be expected in ultra-
fine grained and nano-structured surface layers. That is to say in
this case shot peening can be useful only if performed with more
severe parameters with respect to the conventional ones, thus
becoming a severe plastic deformation process.

It was shown that radio frequency plasma nitriding of stainless
steel in combination with a pre-treatment by high pressure torsion
results in an enhanced thickness of the nitrided layer and increased
surface hardness [9]. The reason was mentioned to be the transfor-
mation of the coarse grained structure into a very fine grained one
as a result of high pressure torsion. The same result was also re-
ported by applying shot peening prior to plasma nitriding of stain-
less steel [10]. In addition to dislocation density increment, in this
case strain induced transformation of austenite to martensite had
beneficial effects to provide faster diffusion. Application of shot
peening to produce plastic deformation at the near surface layer
of AISI 304 austenite stainless steel before plasma nitriding led to
twice thicker nitrided layer than not peened specimens and im-
proved hardness down to a deeper region from the surface under
the same plasma nitriding condition [11]. Wear resistance and cor-
rosion behavior of nitrided 316L austenitic steel can be enhanced
by employing shot peening before gas nitriding [12].

Tong et al. [13] affirmed the possibility of performing nitriding
at lower temperature (300 �C) for pure iron samples by generating
nano-structured surface layers through a prior surface mechanical
attrition (SMAT). The much depressed nitriding temperature is
attributed to enhanced nitrogen diffusion in the nano-crystalline
surface layer relative to the coarse grains. It was also found that
the SMAT iron sample developed a nitrided layer twice as thick
as that on a coarse-grained sample under the same gaseous nitrid-
ing conditions [14].

Kikuchi et al. [15] applied fine particle peening prior to gas
nitriding of AISI 316 austenitic stainless steel notched specimens.
The micro-hardness values for the nitrided-only specimens were
the same as that of untreated specimen. On the other hand much
higher micro-hardness values were achieved by application of fine
particle peening prior to nitriding. This hybrid treatment could also
improve the fatigue strength as compared to nitriding. However,
the fatigue strength of double treated specimens was not substan-
tially higher than fine particle peened specimens.

In the light of this literature review, it can be concluded that
regarding the fatigue strength there are few studies carried out
to clarify the effect of shot peening prior to nitriding. Indeed most
of these studies concerned about the capability of this combination
to increase subsequent nitriding diffusion layer and surface hard-
ness. In the case of performing shot peening after nitriding the
published result is somehow controversial. Minor, major and even
no considerable improvement have been reported and it is not
clear when someone could expect the best. Moreover, the effect
of shot peening and nitriding combination on micro-structural
changes was not widely investigated. Above all, it is not yet known
which sequence of this combination leads to the best results if fa-
tigue behavior is concerned. It is therefore the purpose of this
study to clarify these unexplored aspects of nitriding and shot
peening combination.

In the present study severe shot peening, nitriding and their
combination, considering both sequences, have been performed
on steel specimens. The treated specimens have been characterized
by optical and scanning electron microscopy (SEM) observation,
residual stress measurement using X-ray diffraction (XRD), mi-
cro-hardness tests and surface roughness measurement. The spec-
imens have been tested through rotating bending fatigue tests
performed at room temperature. SEM observations of the fractured
surfaces along with a local fatigue strength approach was applied
to justify the experimental results.
2. Materials and methods

The material used in this study was low-alloy steel ESKY-
LOS6959. Its chemical composition is summarized in Table 1.
Mechanical properties evaluated through tension test are the fol-
lowing: 878 MPa yield stress, 1010 MPa ultimate tensile strength
and 17.7% elongation at break. Rotating bending fatigue test spec-
imens were machined from a forging according to the extraction
map provided in Fig. 1a. The forging was quenched from 880 �C
in water and then tempered at 635 �C for 5 h. The specimen geom-
etry is presented in Fig. 1b.

Five batches containing 12 specimens per each batch were pre-
pared to obtain rotating bending fatigue limit in order to compare
the effects of various surface treatments on the fatigue behavior of
the studied material. Different batches with corresponding naming
conventions are classified in Table 2. The first group is as-received.
Second and third groups were subjected to nitriding and severe
shot peening respectively. Nitriding followed by severe shot peen-
ing was applied for the fourth batch. The last group was subjected
to severe shot peening prior to nitriding.

Standard steel shots S230, using an air blast machine were em-
ployed to conduct severe shot peening. The shot peening intensity
measured on ‘‘Almen A’’ strip was 18A. Shot peening was per-
formed with 1000% coverage to ensure surface layers are severely



Fig. 1. (a) Extraction map of rotating bending fatigue specimens. (b) The detailed specimen geometry used for rotating bending fatigue test. All dimensions are given in mm.

Table 1
Chemical composition of steel grade 1.6959 used in this study (wt.%).

C Mn Si Cr Mo Al Ni V S P

0.28–0.3 0.6–0.65 0.30–0.35 0.83–0.88 0.51–0.54 0.02–0.035 3–3.1 0.09–0.12 0.003 0.015

Table 2
Specimens naming convention.

Group name Description

AR As-Received
N Nitrided
SSP Severe Shot Peened
N + SSP Nitrided plus Severe Shot Peened
SSP + N Severe Shot Peened plus Nitrided
deformed. Gas nitriding was carried out in an industrial unit. Pro-
cessing temperature and time were 510 �C and 15 h respectively.

Cross sections of the samples were prepared by a standard
grinding, polishing and etching procedure and micro-structure
observations were performed using Zeiss EVO50 SEM with therm-
ionic source and optical microscopy. Specimens for OM and SEM
observations have been etched by 5% Nital. Micro-hardness mea-
surements have also been performed on specimen’s section respec-
tively. A diamond Vickers indenter was used, applying a maximum
force of 100 gf. The load was applied gradually at a constant
0.1 Ns�1 rate with a dwell time of 15 s. Three measurements were
performed at each depth and averaged to account for measure-
ment errors and material’s heterogeneity. The resultant data scat-
tering was not more than 10%.

To study the state of residual stresses and to obtain a more pre-
cise distribution of hardening, XRD analysis of the surface layer in
the treated specimens was performed using an AST X-Stress 3000
X-ray diffractometer (radiation Cr Ka, irradiated area 3.14 mm2,
sin2 w method, diffraction angle (2h) �156 scanned between �45
and 45). Fig. 2a shows the specimen during XRD analysis of resid-
ual stress. In depth measurements have been carried out step by
step by removing a very thin layer of material (0.01–0.02 mm)
using an electro-polishing device in order to obtain the in-depth
profile of residual stresses. A solution of Acetic acid (94%) and Per-
chloric acid (6%) has been used for electro-polishing. On each spec-
imen, material removal has been carried on up to the depth
showing insignificant compressive residual stress values.

A Mahr profilometer PGK, that is an electronic contact instru-
ment, equipped with MFW-250 mechanical probe and a stylus
with tip radius of 2 lm was used to trace the surface profiles of
treated specimens (shown in Fig. 2b). The acquired signal was then
elaborated by Mahr Perthometer Concept 5 software [16] to obtain
the standard roughness parameters. Surface roughness data were
obtained by performing three measurements along three distinct
0.8 mm long surface axial lines of each individual specimen to con-
sider the variability of surface roughness by location. The final re-
ported experimental surface roughness values in the present work
are the mean value of the three performed measurements.

Rotating bending fatigue tests (stress ratio R = �1) have been
carried out at room temperature with a nominal frequency of
20 Hz for all batches. Staircase procedure [17] considering
10 MPa as step was followed to elaborate data and to calculate
the fatigue limit. Rotating bending fatigue test machine is pre-
sented in Fig. 2c.
3. Results and discussion

3.1. Micro-structure

As demonstrated in Fig. 3, from the overall view of the cross sec-
tion by optical microscopy three distinct regions can be recognized
for all nitrided specimens. A very thin white (compound) layer of
few microns was formed on the top surface. The composition of



Fig. 2. The experimental setup for (a) XRD measurement of residual stress, (b) roughness parameters measurement and (c) rotating bending fatigue test.

Fig. 3. Cross sectional optical microscopy of (a) N, (b) SSP, (c) N + SSP and (d) SSP + N specimens.



this hard and brittle layer is dependent on nitriding processing
parameters. However, with the conventional processing parame-
ters it is usually a combination of �0 (Fe4N) and e (Fe2–3N) phases.
More information can be found in [18] on micro-structural evolu-
tion during nitriding. Beneath the compound layer the so called
diffusion zone with dispersed needle shape precipitates of �0 in
ferritic matrix as well as the solid solution of nitrogen in ferrite ex-
ists. Compound and diffusion layer are considered as hardened
case after nitriding. Below the diffusion layer, substrate without
any evidences of micro-structural change can be observed. No mi-
cro-structural change can be observed for severe shot peened spec-
imen through optical microscopy.

Fig. 4 illustrates scanning electron microscopy of the cross sec-
tion of the treated specimens. Formation of compound layer after
nitriding is more evident here (Fig. 4a). Depth of compound layer
was measured to be in the range of 4–6 lm after nitriding. A pre-
cise look at the top surface of the nitrided specimen demonstrates
that pores have been formed up to 1–2 lm within the compound
layer (shown with arrows).

Subsequent severe shot peening suppressed the porous struc-
ture at the top of the compound layer (Fig. 4c). The rest of com-
pound layer, on the other hand, survived after peening.
Nonetheless, it was highly damaged and lots of micro-cracks
(shown with arrows) were formed. Formation of micro-cracks
can be explained by considering high brittleness of compound
layer and high coverage applied for shot peening. Bearing in mind
that 1000% coverage, theoretically, means each part of the surface
has been treated at least ten times with steel shots. When such a
hard and brittle layer is subjected to repeated impingements, pos-
sibility of micro-crack formation increases.

Performing severe shot peening prior to nitriding caused up to
three times deeper compound layer (Fig. 4d) with respect to the
nitrided-only specimen. This is due to the very dense structure
and fine grained surface layer generated by severe plastic deforma-
tion during severe shot peening (Fig. 4b). A clear micro-structure
Fig. 4. Cross sectional scanning electron microscopy of (
change can be observed at the top surface layers of severe shot
peened specimen up to 10–12 lm. By severe shot peening much
more defects and interfaces are generated in surface layers through
repeating impingements. With the proceeding of collisions, some
areas approach to the critical condition of nanocrystallization
and grain fragmentation below 100 nm occurs [1]. In fact, in con-
ventional nitriding of coarse-grained steel, nitrogen diffusion in
the Fe lattice dominates. In the nano-crystalline structures, on
the other hand, nitrogen mostly diffuses along grain boundaries
with much faster diffusivity because of a much smaller activation
energy (approximately half) compared with that for the lattice dif-
fusion [13]. It is also worth mentioning here that the compound
layer in this case is not as dense as nitrided or nitrided plus severe
shot peened specimen and more porosity and even some disconti-
nuity can be observed in the upper part of the compound layer.

3.2. Hardening

Fig. 5 depicts the variation of micro-hardness from the treated
surface to the bulk material. Maximum value of micro-hardness
was measured at the surface of all treated specimens and then it
gradually decreased to the core value. It is worth to notice that
hardness improvement by severe shot peening, even if it is a severe
plastic deformation process, was by far lower than nitriding.

Case depth after nitriding is a matter of convention. Technically
it is defined to be the depth at which the hardness is 100 HV more
than the core hardness [19]. A hardness value of 10% above the
core hardness has been also used in the literature to characterize
the case depth after nitriding when the fatigue characteristics are
regarded [20,21]. Therefore, this value was also superimposed in
the graph of Fig. 5. According to this criterion the case depth after
nitriding was measured to be approximately 500 lm. The combi-
nation of nitriding and severe shot peening, regardless of the se-
quence, did not change the hardened layer depth. Nonetheless,
this combination did improve the micro-hardness from surface
a) N, (b) SSP, (c) N + SSP and (d) SSP + N specimens.
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Fig. 5. In depth micro-hardness distribution of all surface treated specimens.
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Fig. 7. In depth residual stress distribution of all surface treated specimens.
up to 80 lm in depth. The maximum surface hardness is obtained
when sever shot peening is performed after nitriding.

It was shown that the width of the diffraction peak at half of the
maximum (FWHM) measured by XRD is able to reflect more as-
pects of surface work hardening which cannot be revealed by mi-
cro-hardness values [7]. FWHM appears to interest the only layer
where the measurement is done. On the contrary, micro-hardness
involves a finite thickness of material, and the results are an aver-
age value on the thickness of material where the indentation has
been done. FWHM is related to the grain distortion, to the disloca-
tion density and grain size. It is also assumed as an index of hard-
ening of the material.

The in-depth FWHM distribution of all treated specimens is
illustrated in Fig. 6. The estimated depth of hardened layer by
FWHM distribution is in a good agreement with that of obtained
by micro-hardness distribution. Contrary to micro-hardness, near
surface (up to 25 lm in depth) FWHM for severe shot peened spec-
imen is higher than nitrided specimen. The reason is that severe
shot peening can drastically deform surface layers and accumulate
plastic strain due to repeated impingements.

The beneficial effect of severe shot peening and nitriding com-
bination to generate harder surface layer can be realized from
FWHM distribution. In the case of severe shot peening prior to
nitriding this improvement might be attributed to facilitated nitro-
gen diffusion through dense structure and fine grained layers gen-
erated after severe plastic deformation. The most enhanced FWHM
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Fig. 6. In depth FWHM distribution of all surface treated specimens.
occurred in the reverse treatment (N + SSP), however. This is due to
the fact that a very hard target has been subjected to severe
peening.
3.3. Residual stress

In depth residual stress distribution of all treated specimens is
depicted in Fig. 7. It should be mentioned that both longitudinal
and circumferential residual stresses were measured. For all trea-
ted specimen the state of stress was quite equibiaxial. Thus one
component of residual stress (longitudinal) was plotted here. Se-
vere shot peening generated more compressive residual stress than
nitriding. Indeed, both processes increase hardness and generate
compressive residual stress. However, based on the result of this
study, nitriding is mostly benefitted by increasing the hardness
while shot peening is mostly benefited by generating compressive
residual stress.

The combination of nitriding and shot peening can be advanta-
geous in terms of residual stress distribution. In the case of severe
shot peening prior to nitriding, deeper compressed layer is pro-
duced as compared to the only nitriding. In the case of severe shot
peening after nitriding, on the other hand, remarkable augmenta-
tion is achieved for surface and maximum compressive residual
stress. Distribution of residual stress then is followed by a steeper
reduction in this case with respect to the nitrided specimen.
3.4. Surface roughness

Table 3 shows the surface roughness parameters of all treated
specimens. The parameters are based on the definition of ISO
4287 [22]. The arithmetic-mean value (Ra) can be considered as
the representative parameter of surface roughness. It is interesting
to note that nitriding increased the roughness, even if it is not a
mechanical treatment. This increment in the nitrided specimen
can be attributed to the formation of pores at the top of the com-
pound layer.
Table 3
Surface roughness parameters of all treated specimens.

Treatment Ir (mm) In (mm) Ra (lm) Rq (lm) Rz (lm) Rt (lm)

AR 0.8 4 0.07 0.10 0.62 0.82
N 0.8 4 0.59 0.76 4.37 5.04
SSP 0.8 4 4.93 6.02 23.82 32.96
N + SSP 0.8 4 1.49 1.87 7.05 9.88
SSP + N 0.8 4 5.23 6.5 25.49 33.22



Severe shot peening has considerably increased the roughness.
This is a well-recognized side effect of the shot peening process.
Surface roughness of peened plus nitrided specimen is a little bit
more than the roughness of peened specimen. This again affirms
that nitriding alters the surface roughness. Surface roughness for
nitrided plus peened specimen is not as high as the peened-only
specimen. This is due to the fact that in the former case very hard
nitrided layer was subjected to sever shot peening. Therefore, less
deformation and eventually less surface roughness was generated.

3.5. Fatigue limit

Fig. 8 shows the fatigue limit for as-received and all surface
treated specimens. Fatigue limit of as-received specimen was
491 MPa. Severe shot peening increased the fatigue limit of speci-
mens by 11.6%. Surface roughness alteration, generation of com-
pressive residual stresses, micro-structure refinement and slight
improvement of hardness were the main effects induced by severe
shot peening. It seems that the detrimental effect of surface rough-
ness masked part of the potential improvement that could be re-
sulted by severe shot peening.

Nitriding was able to significantly increase the fatigue limit
by 51.3%. It will be shown in the next section that fatigue crack
initiated form the subsurface layer of nitrided specimens. The
difference between shot peening and nitriding improvement
could be related to harder and much less rough surface of the
nitrided specimen that caused the fatigue crack to be shifted
to the subsurface where the applied bending stress is less than
surface.

It is worth to notice that the fatigue limit of the combined shot
peened and nitrided specimens, regardless of sequence, was almost
the same as the fatigue limit of nitrided specimen. Despite the ini-
tial expectation of having a synergistic effect of the combination of
these surface treatments, no further improvement in fatigue limit
was obtained with respect to the nitrided-only specimen. A justifi-
cation is presented in the following sections.

3.6. Fractography

The fractured surface of all treated specimens was examined by
SEM observation to assess the effect of different surface treatments
on fatigue crack initiation and propagation. Fig. 9a shows the frac-
tured surface of a nitrided specimen. The final fracture resulted
from initiation and propagation of a subsurface, so-called ‘‘fish
eye’’ crack. It should be noted that fish eye crack feature has been
observed in all broken nitrided specimens. The same fracture
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Fig. 8. Fatigue limit of as-received and surface treated specimens.
mechanism for nitrided specimen has been also reported else-
where [23,24]. Bearing in mind that specimens were subjected to
rotating bending loading condition, surface layers were exposed
to more severe applied stress than subsurface layers. However, fa-
tigue crack has not originated from the surface. Indeed, crack initi-
ation site was below the hardened layer produced by nitriding.
Depth of hardened layer measured by micro-hardness test was
around 500 lm and depth of compressed layer measured by XRD
was approximately 550 lm. The depth of crack initiating site for
nitrided specimens was extended up to 762 lm. This observation
confirms that high hardness and compressive residual stress gen-
erated by nitriding made a great delay in surface crack initiation.
It is well accepted that extrusion and intrusion pile up is responsi-
ble for crack initiation on the surface. However, in nitrided speci-
men extrusion and intrusion process is very limited by
surrounding hard material and they could not be easily piled up
[25].

The same fish eye crack feature, as illustrated in Fig. 9b and c was
observed for both combinations of severe shot peening and nitrid-
ing, in all broken specimens except one SSP + N specimen. The
depth of crack initiation sites for N + SSP and SSP + N were in the
range of 565–819 lm and 521–847 lm respectively. It is the result
of interest that notwithstanding the presence of surface micro-
crack in the compound layer of N + SSP or high surface roughness
as well as some discontinues in the compound layer of SSP + N,
the fatigue crack still originated from the subsurface layers in both
cases. Indeed, the high compressive residual stress field prevented
micro-cracks and discontinuities to be further propagated.

For the severe shot peened specimens, on the other hand, fa-
tigue crack initiated from the surface (Fig. 9d). Considering the
existence of ultra-fine grained layer and high compressive resid-
ual stresses in the surface layers, the crack was also in this case
expected to initiate from subsurface layers. Nonetheless, it
seems that the deteriorating effect of high surface roughness
on fatigue resistance has masked partly the beneficial effect of
ultra-fine grained structures containing high compressive resid-
ual stress. Fractured surface of severe shot peened specimens
also revealed multiple crack initiation sites feature on the sur-
face. This is a typical feature of fatigue fracture not in smooth
but in notched specimens. Bearing in mind that the tested spec-
imens were smooth, it can be concluded that high surface
roughness induced by severe shot peening acted like a notch
during the fatigue test.

3.7. Local fatigue strength

Hardness and residual stress are two important parameters
governing the fatigue behavior of steel. Local fatigue strength ap-
proach correlates the local fatigue strength to the hardness and
residual stress distribution. This approach is most often applied
for surface hardened material [15,26,27]. Local fatigue approach
proposed by Kloos and Velten [28] is implemented in this study
but similar results are obtained if other local fatigue limit formula-
tions are used. Local fatigue (rw), is considered to be a function of
base fatigue limit (rw0), ultimate tensile strength (Rm), induced mi-
cro-hardness (HV), residual stress (rres), mean applied stress (rm),
as well as applied relative stress gradient (X⁄) by the following
relationships:

Rm ¼ 3:29 HV� 47 HV 6 445 ð1Þ

Rm ¼ 4:02 HV� 374 HV � 445 ð2Þ

rw0 ¼ 1:27 HVþ 150 HV 6 500 ð3Þ

rw0 ¼ 785 HV � 500 ð4Þ



Fig. 9. SEM fractography of surface treated samples: (a) N, (b) N + SSP, (c) SSP + N and (d) SSP.
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The local fatigue strength curves of all treated specimens are de-
picted in Fig. 10. Straight lines represent stress distribution for dif-
ferent levels of applied bending stress. The intersection of applied
stress distribution with local fatigue curve represents the predicted
site of crack initiation and its corresponding surface value indicates
the predicted nominal fatigue limit by this method. It can be seen
that theoretically fatigue cracks are most likely to initiate at the
depth of 500–800 lm for all treated specimens. This is in a good
agreement with experimental observation for N, N + SSP and SSP + N
series. However, for severe shot peened specimens, unlike the pre-
diction, all fatigue cracks initiated from the surface. This is due to
high surface roughness induced by severe shot peening. It should
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Fig. 10. Local fatigue strength of surface treated specimens.
be reminded that the effect of surface roughness is not taken into ac-
count in the presented local fatigue strength approach. It is worth
mentioning that despite almost the same surface roughness values
for SSP and SSP + N, fatigue crack initiated from the surface in the
former case and from the subsurface layer in the latter case. This
observation affirms the capability of the nitriding process to delay
fatigue crack initiation phase by increasing the surface hardness.
The calculated fatigue limits are also in a good agreement with the
measured ones for N, N + SSP and SSP + N series.

The fact that despite the increment in compressive residual
stress and work hardening, subsequent or prior severe shot peen-
ing has not improved the fatigue limit of nitrided specimens can
be clearly explained by distribution of local fatigue limit shown
in Fig. 10. High Improvement due to subsequent severe shot peen-
ing occurred at the surface and subsurface layers up to approxi-
mately 200 lm in depth. In the case of prior severe shot peening,
major improvement occurred at subsurface layers up to the depth
of 300 lm. Notwithstanding the crack initiation in the depth of
500 lm or even deeper, these further improved regions by hybrid
treatments were already safe enough regions by single nitriding
where the intersection of applied stress and local fatigue curve
does not occur. Accordingly, for the smooth specimens to achieve
further fatigue life improvement, nitriding should be combined
with a treatment that is able to affect deeper than nitrided hard-
ened layer. It is worth mentioning that in the case of notched spec-
imens where stress gradient exists, fatigue cracks are most likely to
initiate from the surface. Thus fatigue limit improvement can be
expected when nitriding and severe shot peening is combined.

4. Conclusion

The effect of severe shot peening, nitriding and their combina-
tion considering both sequences (severe shot peening + nitriding
and vice versa) on micro-structure, hardening, residual stress, sur-
face roughness and fatigue limit of steel alloy was investigated. The
following conclusions can be drawn on the basis of obtained
results:

� Subsequent severe shot peening suppressed the porous struc-
ture at the top of the compound layer formed after nitriding.
The rest of compound layer, on the other hand, survived after
peening. Nonetheless, it was damaged and some micro-cracks
were formed.
� Performing severe shot peening prior to nitriding caused up to

three times deeper compound layer with respect to the
nitrided-only specimen. This is due to the very dense structure
and ultra-fine grained/nano-structured surface layer generated
by severe plastic deformation during severe shot peening.
� Hardness improvement by severe shot peening, even if it is a

severe plastic deformation, was by far lower than nitriding.
� The combination of nitriding and severe shot peening, regard-

less of the sequence, did not change the hardened layer depth.
Nonetheless, this combination did improve the micro-hardness
from surface up to 80 lm in depth. The maximum surface hard-
ness is obtained when sever shot peening is performed after
nitriding.
� The estimated depth of hardened layer by FWHM distribution is

in a good agreement with that of obtained by micro-hardness
distribution. Contrary to micro-hardness, near surface (up to
25 lm in depth) FWHM for Severe shot peened specimen is
higher than nitrided specimen. This is due to drastically
deformed surface layer after severe shot peening.
� In the case of severe shot peening prior to nitriding, deeper

compressed layer is produced as compared to the only nitriding.
In the case of severe shot peening after nitriding, on the other
hand, remarkable augmentation is achieved for surface and
maximum compressive residual stress.
� Even if nitriding is not a mechanical treatment, it increased the

surface roughness (Ra) of as-received sample from 0.07 lm to
0.59 lm and roughness of the peened sample from 4.93 lm to
5.23 lm. Severe shot peening tremendously raised surface
roughness.
� Notwithstanding the high surface roughness, severe shot peen-

ing improved the fatigue limit by 11.6%.
� Nitriding improved the fatigue limit by 51.3%. No further

improvement was obtained by the combination of severe shot
peening and nitriding.
� For nitrided series (N, N + SSP, SSP + N) fatigue crack originated

from subsurface layers below the hardened layer. Fatigue crack
initiation from the surface of severe shot peened specimens is
attributed to the high induced surface roughness. Subsequent
nitriding was able to displace the crack initiation site to the sub-
surface layers despite the presence of high surface roughness.
� With respect to nitrided-only specimens, the combination of

severe shot peening and nitriding enabled to improve local fati-
gue limit up to 200 lm in depth for N + SSP and 300 lm for
SSP + N. However, since almost all fatigue cracks were likely
to initiate at the depth of 500–800 lm, this combination did
not succeed to improve the final fatigue limit. In order to
achieve further improvement on the fatigue limit of nitrided
smooth specimen, this is a key factor, that nitriding should be
combined with another surface treatment enabling to affect
deeper than the hardened layer produced by nitriding.
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