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1. Introduction

Gas nitriding is a case hardening process whereby nitrogen is
introduced into the surface of a solid ferrous alloy by holding that
at a suitable temperature (below Ac1, for ferritic steel) in contact
with nitrogenous gas, usually ammonia [1]. As a result released
nitrogen atoms either chemically react with or diffuse between
iron atoms and a case hardened surface is generated. The hardened
case itself is sub-divided into compound and diffusion layers. Due
to its considerable improvement in wear, corrosion and fatigue
resistance, nitriding has become a well-accepted thermo-chemical
process which is widely applied for high performance transmission
shafts and gears, bearings, extruder screws, forging dies, injectors,
crankshafts, camshafts and so on.

It has been well-known for a long time that kinetics of diffusion
phenomena is highly dependent on time. Nitriding is not an
exception. A clear beneficial effect of nitriding duration on resul-
tant mechanical characteristics such as, the surface micro-hard-
ness value [2–5], the thickness of the hardened layers [2–5],
pitting corrosion resistance [2], forging die durability [6], dynamic
load-ability [5], wear resistance [5] and fatigue behavior [7–9] has
been reported in the literature. Therefore, prolonging nitriding may
seem to be the first choice to obtain a better performance. It is
accompanied, however, by the high energy cost of processing at
high temperature. There is yet another alternative based on the
fact that diffusion along grain boundaries is much more enhanced
in comparison with the diffusion through grains. This justifies the
idea of application of a prior mechanical treatment aimed to gen-
eration of defects, interfaces, increasing dislocation densities and
possibly developing new micro-structure like sub-grains and even-
tually new grain boundaries.

For instance transformation of the coarse-grained into a very
fine grained structure by high pressure torsion enhanced thickness
of the nitrided layer and increased surface hardness in the
subsequent radio frequency plasma nitriding of stainless [10].
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Dislocation density increment and strain induced transformation
of austenite to martensite obtained by shot peening [11] were
mentioned to provide faster diffusion for the subsequent plasma
nitriding of stainless steel leading to twice thicker nitrided layer
than not peened specimens under the same plasma nitriding con-
dition [12]. Prior shot peening could also improve corrosion and
wear resistance of gas nitrided 316L austenitic steel [13]. Genera-
tion of nano-structured surface layers through a prior surface
mechanical attrition (SMAT) applied on pure iron enhanced nitro-
gen diffusion such that subsequent nitriding was feasible even at
much depressed temperature (300 �C) [14]. Moreover, a nitrided
layer twice as thick as that on a coarse-grained sample was devel-
oped on a SMAT iron sample under the same gaseous nitriding con-
ditions [15].

Shot peening is actually a surface mechanical treatment gener-
ally applied to improve fatigue behavior of metallic parts. During
the process small spherical peening media (shots) are accelerated
in various kinds of peening devices to hit the surface of work piece
with energy able to cause plastic deformation, compressive resid-
ual stresses and work hardening in the surface layers [16]. While
a lot of attention was devoted in the last four decades to under-
stand how residual stresses are developed during the process
[17,18], it has not been a long time that shot peening was recog-
nized as potential process to produce surface nano-crystallization.
The common aspect is to use special combinations of peening
parameters to multiply the kinetic energy of the shot impacts in or-
der to generate a large number of defects, dislocations and inter-
faces (grain boundaries) on the surface layer of treated part and
consequently transform its microstructure into ultra-fine grains
or nano-structure [19]. The process in this case is called severe shot
peening rather than shot peening in order to put the emphasis on
the fact that it is amide to generate ultra-fine grained or nano-
structured surface layers.

Based on this literature review most studies on the application
of a severe plastic deformation prior to nitriding were done
on stainless steel. Most recently the present authors investigated
the effect of combination of severe shot peening and nitriding
on the fatigue limit of a high strength low alloy (HSLA) steel [20].
The study was accomplished to shed light first on the applicability
of this combination on HSLA steel and more importantly to find
whether or not fatigue limit can be benefitted by this combination
as much as surface hardness and case depth most often can. Based
on the result, although prior severe shot peening caused up to
three times deeper compound layer and produced deeper com-
pressed layer, it was not able to further improve the fatigue limit
of nitrided specimen. Local fatigue strength calculation revealed
that the combination did improve the local fatigue strength up to
300 lm in depth. However, since fatigue cracks initiated below
the hardened case (below 500 lm), the improvement was not seen
in the final fatigue behaviour of the specimen. Therefore, the pres-
ent study was designed to affirm even if the improvement did not
contribute in the fatigue behaviour of smooth specimen; it exists
and can be exploited in the form of nitriding duration reduction.
Notwithstanding the high temperature required to perform nitrid-
ing, its duration reduction without affecting resultant mechanical
characteristic and fatigue behaviour would be of great technologi-
cal and scientific importance. To this end severe shot peened plus
7.5 h nitrided specimens are examined and compared with 15 h
nitriding from the previous study. The treated specimens have
been characterized by optical and scanning electron microscopy
(OM and SEM) observation, residual stress measurement using
X-ray diffraction (XRD), micro-hardness tests and surface rough-
ness measurement. The specimens have been tested through rotat-
ing bending fatigue tests performed at room temperature. SEM
observations of the fractured surfaces were applied to illustrate
the failure mechanism.
2. Materials and methods

The material used in this study was high strength low alloy
steel ESKYLOS6959 (equivalent to DIN 35NiCrMoV12-5 or AISI
4340). This class of steel is mostly used in the ground vehicle appli-
cations. Its chemical composition is summarized in Table 1.
Mechanical properties evaluated through tension test are the fol-
lowing: 878 MPa yield stress, 1010 MPa UTS and 17.7% elongation
at break. 12 Rotating bending fatigue test specimens were ma-
chined from a forging that had been quenched from 880 �C in
water and then tempered at 635 �C for 5 h. The specimen geometry
is presented in Fig. 1.

Specimens were subjected to severe shot peening followed by a
nitriding in an industrial unit. Processing temperature and time
during nitriding were 510 �C and 7.5 h respectively. Indeed the
standard cycle of nitriding in the industrial unit is performed in
the same temperature but for 15 h. The standard cycle of the per-
vious study [20] was applied. However, duration was deliberately
reduced by 50% in the present study. Standard steel shots S230,
using an air blast machine were employed to conduct severe shot
peening. The shot peening intensity measured on ‘‘Almen A’’ strip
was 18A. Shot peening was performed with 1000% coverage to en-
sure surface layers are severely deformed. The experimental
assessment included OM and SEM observation of the cross section,
micro-hardness measurement from surface towards depth, XRD
measurement of residual stress carried out step by step by remov-
ing a very thin layer of material using an electro-polishing device,
surface roughness measurement and eventually rotating bending
fatigue test. The results of the in-depth residual stress measure-
ments were corrected by using the method described in [21] to
take the effect of layer removal into account. The details of the
experimental procedure are excluded in this paper for the sake of
brevity and readers are referred to [20] for more information.
The results will be given under the label of SSP + N�7.5 h for the
present samples. The corresponding results of nitriding on the
same sample and in the same atmosphere and temperature but
for 15 h from the previous study [20] were also added under the
label of N�15 h to affirm the improvement that can be obtained
by prior severe shot peening.

3. Results

3.1. Micro-structure

Overall view of the cross section by OM in Fig. 2 shows forma-
tion of a very thin compound or white layer of few microns on the
top surface. The constituents of this hard and brittle layer are �0

(Fe4N) and e (Fe2–3N) phases [22]. Beneath the compound layer
the so-called diffusion zone with dispersed needle shape precipi-
tates of �0 in ferritic matrix as well as the solid solution of nitrogen
in ferrite exists.

Formation of compound layer is more evident from the SEM
image of the cross section shown in Fig. 3. Depth of compound
layer was measured to be in the range of 4–6 lm after nitriding
for 15 h. Performing severe shot peening prior to nitriding caused
the same deep compound layer to be created even if the subse-
quent nitriding duration was shortened to 7.5 h. This is due to
the very dense structure and fine grained surface layer generated
by severe plastic deformation during severe shot peening. This
can be realized by the SEM image taken from the surface of se-
vere shot peened specimen, illustrated in Fig. 4. By severe shot
peening much more defects and interfaces are generated in the
surface layers through repeating impingements. With the pro-
ceeding of collisions, some areas approach to the critical condi-
tion of nano-crystallization and grain fragmentation below
100 nm occurs [19].



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

C Mn Si Cr Mo Ni V Fe

0.3–0.4 0.4–0.9 0.15–0.55 1–2 0.35–0.9 2.5–4.5 0.05–0.25 Balance

Fig. 1. The detailed specimen geometry used for rotating bending fatigue test. All dimensions are given in mm.

Fig. 2. Cross sectional optical microscopy of (a) N�15 h and (b) SSP + N�7.5 h specimens.
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 both treated specimens and then
it gradually diminished to micro-hardness of the base material.
Definition of 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 core hardness [23]. 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 charac-
teristics are regarded [24,25]. Therefore, both values were
superimposed in the graph. According to the first criterion the case
depth produced after nitriding at 15 h was measured to be
approximately 500 lm, while the case depth after severe shot
peening and nitriding at 7.5 h is approximately 400 lm. According
to the second criterion the case depth nitriding at 15 h is approxi-
mately 290 lm, while the case depth after severe shot peening and
nitriding at 7.5 h is approximately 200 lm. It is clear that regard-
less of the convention, the case depth of SSP + N�7.5 h is not as
deep as the case depth of N�15 h. However, it is interesting to note
that the same surface micro-hardness was obtained for both
treatments.

The width of the diffraction peak at half of the maximum
(FWHM), measured by XRD, can be also assumed as an index of
hardening. FWHM is able to reflect more aspects of surface work
hardening which cannot be revealed by micro-hardness values
[26,27]. The in-depth FWHM distribution of both treated



Fig. 3. Cross sectional scanning microscopy of (a) N�15 h and (b) SSP + N�7.5 h specimens.

Fig. 4. Cross sectional scanning microscopy of severe shot peened specimen.
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Fig. 5. In depth micro-hardness distribution of the treated specimens.
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Fig. 6. In depth FWHM distribution of the treated specimens.
specimens is illustrated in Fig. 6. It is clear from the distribution
that both treatments are able to produce hardened layers. The
amount of FWHM at the surface of SSP + N�7.5 h specimen is
appreciably higher than the corresponding surface value of the
N�15 h specimens, even if shorter time was applied in the former
case. This is due to ultra-fine grained/nano-structured surface lay-
ers generated after severe deformation and accumulation of plastic
strains by repeated impingements during severe shot peening.

The effectiveness of excellent properties generally induced by
surface nano-crystallization processes highly depends on the ther-
mal stability of the generated ultra-fine grained/nano-structured
layers. By increasing the temperature, grain coarsening might
occur which in turn tends to decrease the hardness. The higher le-
vel of surface FWHM for SSP + N�7.5 h specimens, clearly affirms
that ultra-fine grained structure generated by severe shot peening
was quite stable after being subjected to 510 �C for 7.5 h during
subsequent nitriding.

3.3. Residual stress

In depth longitudinal and circumferential residual stress distri-
bution of both treated specimens is depicted in Fig. 7. Nitriding and
its combination with severe shot peening generated equi-biaxial
compressive residual stress state. From the surface up to 150 lm
in depth, slightly higher compressive residual stresses were devel-
oped for the SSP + N�7.5 h treated specimens with respect to the
N�15 h treated specimen. The increment of compressive residual
stress for the hybrid treatments is more evident below 150 lm
in depth up to to 680 lm where it vanishes. For instance, the incre-
ment of compressive residual stress by application of prior severe
shot peening at the depth of 245 lm is nearly 65%. It is also worth
noticing that the by application of prior severe shot peening depth
of compressed layer increased by 22% even if the nitriding duration
had been shortened by 50%.

3.4. Surface roughness

Table 2 shows the surface roughness parameters of all treated
specimens. The parameters are based on the definition of ISO
4287 [28]. The arithmetic-mean value (Ra) is most often considered
as the representative parameter of surface roughness. Nitriding
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Fig. 7. In depth residual stress distribution of all surface treated specimens.

Table 2
Surface roughness parameters of as-received and surface 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�15 h 0.8 4 0.59 0.76 4.37 5.04
SSP + N�7.5 h 0.8 4 4.72 5.93 23.67 32.96
increased the Ra value of as-received specimens from 0.07 to
0.59 lm. The roughness increment by nitriding can be attributed
to the formation of pores at the top of the compound layer which
can be seen from Fig. 3a. The Ra value for the case of SSP + N�7.5 h
is eight times bigger than the corresponding value for the only ni-
trided specimen. This is a well-recognized side effect of the shot
peening process especially when severe parameters are applied.
The rough surface generated by severe shot peening can be clearly
observed in the OM and SEM image shown in Figs. 2b and 3b
respectively.

3.5. Fatigue limit

Fig. 8 shows the fatigue limit for as-received and both surface
treated specimens. Fatigue limit of as-received specimen was
491 MPa. Nitriding significantly increased the fatigue limit of spec-
imens by 51.3%. It is interesting to note that severe shot peening
plus nitriding, notwithstanding the 50% duration reduction, was
able to come up with the same level of fatigue limit or even with
some slight improvement (54.7% with respect to the fatigue limit
of the as-received specimens).
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Fig. 8. Fatigue limit of as-received and surface treated specimens.
3.6. Fractography

The fractured surface of both treated specimens was examined
by SEM observation to assess the effect of different surface treat-
ments on fatigue crack initiation and propagation. Fig. 9a and b
shows the fractured surface of a nitrided and severe shot peened
plus nitrided specimen respectively. The final fracture in both cases
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 specimens. The same fracture mecha-
nism for nitrided specimen has been also reported elsewhere
[29,30]. Although in rotating bending loading condition, surface
layers are exposed to higher levels of applied stress than the sub-
surface layers, fatigue crack has not originated from the surface
but beneath the hardened layer produced by nitriding.
4. Discussion

Kikuchi et al. [31] applied fine particle peening prior to gas
nitriding of austenitic stainless steel and showed that hybrid treat-
ment could further improve the fatigue strength as compared to
nitriding only. Based on the result of the pervious study [20] nitrid-
ing at 15 h improved the fatigue limit by 51.3%. No further
improvement in fatigue limit was obtained by the combination
of severe shot peening and nitriding at 15 h. The two conclusions
at the first glance may seem contradictory. But it is worth noticing
that improvement in the former case occurred for notched speci-
men while no change in the latter case was found for smooth spec-
imen. It was demonstrated that the combination did improve the
local fatigue strength in the subsurface layer up to 300 lm. But
since the critical site of crack initiation was located at the depth
of 500 lm or even deeper, the local fatigue strength improvement
could not contribute to increase the fatigue limit. If the same
experiment was applied for notched specimens an increase in fati-
gue limit would have been expected. Because the critical site of ini-
tiation for notched specimens is always on the surface where, as
shown, is benefitted by the hybrid treatment. In the present study
combination of severe shot peening with nitriding at 7.5 h was as-
sessed. 50% reduction of duration was deliberately decided to af-
firm the fact that even for smooth specimens the improvement
by hybrid treatment can be actively exploited and indeed it is in
the form of duration reduction. According the available reports
on the effect of nitriding duration on fatigue limit [7,9], an absolute
progress in fatigue limit is obtained with prolonging nitriding. The
reason is that effective depth increases with the process time.
A deep nitrided case helps to move the crack initiation site further
toward the core, thus a higher bending stress at the surface is
required to create a sufficiently high stress in the subsurface to ini-
tiate a fatigue crack [24]. What was shown here by comparing the
results for N�15 h and SSP + N�7.5 h is that 50% duration reduc-
tion did not come up with less fatigue limit as expected in the
literature. This is undoubtedly due to the beneficial effect of prior
severe shot peening.

In conventional nitriding of coarse-grained steel, nitrogen diffu-
sion 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 much smaller activation
energy (approximately half) compared with that for the lattice dif-
fusion [14]. A clear and well-defined micro-structure change can
be observed from the SEM image illustrating the surface of severe
shot peened specimen (Fig. 4). Ultrafine grained/nano-structured
surface layer up to 10–12 lm was generated after sever shot peen-
ing. Such a structure provided facilitated nitrogen diffusion
through dense structure and generated fine grained layers for the
subsequent nitriding. There is generally a direct correlation



(a)

(b)

Fig. 9. SEM fractography of surface treated samples: (a) N�15 h and (b) SSP + N�7.5 h.
between nitrogen concentration and increased surface micro-hard-
ness in the nitriding process and micro-hardness profiling scaled
fairly well with the nitrogen concentration [32–34]. A precise look
at the micro-hardness distribution (Fig. 5) affirms that the resul-
tant micro-hardness at the very top surface for N�15 h and
SSP + N�7.5 h is quite the same. Furthermore, the depth of
compound layer, shown in the SEM image of Fig. 3 is quite the
same for both specimens. These two confirm that the ultrafine
grained/nano-structured surface layers generated after sever shot
peening increased the kinetic of nitrogen diffusion in such a way
that the nitriding with 50% time reduction ended up with the same
micro-hardness and thus nitrogen concentration in the affected
zone. Micro-hardness difference for both treated specimens is
not appreciable up to 70 lm by going further in depth, nonethe-
less, a clear deviation between the two micro-hardness distribu-
tions appears. This is due to the fact that severe shot peening
was able to refine the micro-structure up to a limited depth after
which the advantages of refined micro-structure cannot be taken
in the subsequent nitriding. Eventually, as can be seen in the mi-
cro-hardness distribution, the hardened layer in the N�15 h spec-
imens is deeper than SSP + N�7.5 h specimens. This is also
affirmed by the OM observation shown in Fig. 2.

Rotating bending fatigue tests demonstrated that the same level
of improvement can be obtained by application of severe shot
peening before nitriding while nitriding duration is reduced. In
both N�15 h and SSP + N�7.5 h specimens, fatigue cracks initiated
form the sub-surface layers below 500 lm in depth for all broken
specimens. It is well accepted that extrusion and intrusion pile
up is responsible for crack initiation on the surface during fatigue.
However, in both treated specimen extrusion and intrusion process
is very limited by surrounding hard material and they could not be
easily piled up [35]. This behavior is even more interesting in the
case of severely peened specimens where surface roughness is 8
times bigger than only nitrided specimens. The surface micro-
hardness increased sufficiently by subsequent nitriding that de-
spite the presence of high surface roughness and potential sites
of crack initiation, the initiation site shifted to the sub-surface
layers. Furthermore, highly distorted structure of surface layer of
severely peened and nitrided specimens in comparison with only
nitrided ones, which can be clearly realized from the FWHM distri-
bution and SEM image, could play a positive role to prevent the ini-
tiation of fatigue cracks from the surface.

Crack initiation most likely occurs where applied stress ex-
ceeds the local fatigue strength which generally lies in the sub-
surface layers below the hardened case. Local fatigue strength is
a function of compressive residual stress and micro-hardness
for a given material. In the present work, although the depth of
hardened layer is not exactly the same for both specimens, the
same average crack initiation depth was found in both cases. This
can be attributed to the fact that, as shown in Fig. 7, deeper com-
pressive residual stress was created for SSP + N7.5 h. In another
word, slightly shallower hardened layer of SSP + N7.5 h was com-
pensated by slightly deeper compressed layer so that the final
crack initiation site and fatigue limit is the same for both
specimens.

5. Conclusions

The effect of surface nano-crystallization by prior severe shot
peening aimed to shorten subsequent nitriding on micro-structure,
hardening, residual stress, surface roughness, fatigue and fracture
behavior of low alloy steel was investigated. The following conclu-
sions can be drawn on the basis of obtained results:

� Ultrafine grained/nano-structured surface layer up to 10–12 lm
was successfully generated by sever shot peening. Such a struc-
ture provided facilitated nitrogen diffusion through dense
structure and generated fine grained layers during subsequent
nitriding. In comparison with the only nitrided specimen, per-
forming severe shot peening prior to nitriding caused the same
deep compound layer to be created even if the nitriding dura-
tion was shortened by 50%.



� In comparison with the only nitrided specimen, the same
surface micro-hardness was obtained by application of prior
severe shot peening despite 50% reduction of the subsequent
nitriding duration.
� The higher level of surface FWHM for severe shot peened plus

nitrided specimens with respect to only nitrided ones, clearly
affirm that ultra-fine grained structure generated by severe shot
peening was quite stable after being subjected to 510 �C for
7.5 h during subsequent nitriding.
� Nitriding and its combination with severe shot peening gener-

ated equi-biaxial compressive residual stress state. Higher com-
pressive residual stresses and deeper compressed layer were
developed for the combined severe shot peened and nitrided
specimens with respect to the only nitrided specimen.
� Nitriding at 15 h significantly increased the fatigue limit of

specimens by 51.3%. It is interesting to note that severe shot
peening plus nitriding, notwithstanding the 50% nitriding dura-
tion reduction, was able to come up with the same level of fati-
gue limit or even with some slight improvement to 54.7%.
� Diffusion layer for nitriding at 15 h was deeper than severe shot

peening plus nitriding at 7.5 h. This is due to the fact that severe
shot peening was able to refine the micro-structure up to a lim-
ited depth after which the advantages of refined micro-struc-
ture cannot be taken in the subsequent nitriding. This
deficiency, however, was completely compensated by deeper
compressed layer in the combined treatment and eventually
fatigue behavior was almost identical.
� Based on the results demonstrated in this paper, nitriding dura-

tion can be successfully reduced without losing improvements
in mechanical characteristics and fatigue behavior if a suitable
prior severe shot peening, aimed to surface nano-crystallization,
is performed.
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